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Using Disposable Electrochemically Pretreated
Graphite Pencil Electrode Surfaces
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Abstract

An electrochemically pretreated graphite pencil electrode (PGPE) was designed to assay trace levels of Hg(I) in human
saliva. The GPE was pretreated in 0.1 mol/L nitric acid by cycling the potential between —1.6 and —0.6 V for 60 cycles
at a scan rate of 50 mV/s. The effects of pretreatment conditions, including media constituents, pH, and various elec-
trochemical techniques and parameters, were analyzed and optimum conditions determined. Square wave anodic strip-
ping voltammetry (SWASV) was used for the determination of Hg(I). The calibration curve obtained under optimum
conditions showed that the linear range of the PGPE was from 10.0 x 10~ mol/L to 175.0 x 10~ mol/L with a detection
limit of 3.0 x 10~ mol/L (S/N = 3). Relative to non-pretreated GPE surfaces, electrochemical pretreatment improved the
electrochemical performance of GPE surfaces in detecting Hg(II). The present analytical method was used to measure

Hg(Il) released from dental amalgam in human saliva.

Keywords: Pretreated graphite pencil electrode, Mercury (II), Square wave anodic stripping voltammetry, Human saliva

1. Introduction

Mercury is a long-standing occupational hazard, es-
pecially in dental offices and health care institutions, as
well as in some homes.!? The major manifestations of
mercury poisoning include nephrotoxicity, primarily pro-
teinuria and tubular necrosis, and neurotoxicity, which
can be profound with high exposure.® The most important
symptoms of mercury toxicity include tremors, nail chan-
ges, hair loss, oral and gingival inflammation, ataxia, ex-
cessive and uncontrollable salivation, anorexia and weight
loss, labile affect and irritability, pathologic shyness and
avoidance of people, and acrodynia (erythema and painful
desquamative dermatitis of the hands and feet).*'* Indivi-
duals with congenital mercury toxicity will have severe
mental retardation and motor abnormalities, including di-
sturbances in swallowing.'>1

Various methods have been developed recently to
determine mercury in body fluids, including urine,'” se-
rum,'® and saliva.'>? Trace levels of mercury can be mea-
sured by techniques including atomic absorption spectros-

copy,?! cold vapor atomic emission,*> X-ray fluorescen-

ce,” mass spectrometry,24 and ICP-OES.” However, all of
these methods have limitations in the routine analysis of
mercury, including high costs, complex instrumentation,
long duration and poor selectivity.

Electrochemical methods are frequently used in
analytical chemistry due to their high sensitivity, low cost,
fast response, simple instrumentation and portability.>**’
The poor electrocatalytic properties of conventional elec-
trodes, however, limit their use in measuring mercury con-
centrations. These electrocatalytic properties of electrodes
can be improved by electrochemical pretreatment,” mo-
difying the electrode with a suitable electrocatalyst or
electron mediator,”®*° and using a solution that enhances
electrochemical reactions. Various types of modified elec-
trodes have been developed to detect and measure mer-
cury concentrations. These include silica modified elec-
trodes,?' bimetallic Au-Pt inorganic-organic hybrid nano-
composite-modified electrodes,’* mercaptoacetic acid
modified gold microwire electrodes,*® organic—inorganic
pillared montmorillonite-modified electrodes,** electro-
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des modified with 5-methyl-2-thiouracil, graphene oxide
and gold nanoparticles,* carbon nanotube modified elec-
trodes,*® and DNA-modified electrodes.’” Despite the se-
lectivity of these voltammetric techniques, methods that
are cheaper and/or more sensitive and selective are needed
to detect mercury. Electrochemical pretreatment of pencil
graphite electrodes is a simpler, less time consuming and
more applicable strategy compared with other procedures.
This method eliminates the use of some toxic compounds
required in the modification of the electrode surface.

Trace metals in saliva may be biomarkers for exposu-
re to and metabolism of trace metals.*® Blood flow in sali-
vary glands is high, with chemicals and metabolites distri-
buted in saliva by several mechanisms, including passive
diffusion, active transport, and ultrafiltration.® Previous
studies on the use of saliva for biomonitoring have focused
on herbicides,*’ lead,*' phthalate,*” and fluoride ions,* in
humans, animals or artificial models. The concentrations
of chemical contaminants in saliva have been shown to ref-
lect their concentrations in plasma. Saliva sampling is non-
invasive and has advantages over urine and blood collec-
tion, particularly from newborns and infants. The present
study describes a simple sensor, based on an electrochemi-
cally pretreated graphite pencil electrode (PGPE), for the
detection of trace levels of mercury (II) in human saliva.
The analytical performance of this sensor was evaluated by
anodic stripping square wave voltammetry.

2. Experimental

2. 1. Reagents

All chemicals used in this study were analytical rea-
gent grade and used without further purification. Hydro-
gen peroxide (30%), sodium hydroxide, lithium chlorate
and sodium acetate buffer (3.0 mol/L, pH 5.2) were obtai-
ned from Sigma Aldrich® (USA). Nitric acid was obtained
from AnalaR® (England). A standard stock solution of
mercury (5.0 x 10~ mol/L, plasma emission standard so-
lution) was obtained from BDH, ARISTAR® (England)
and diluted as required. Hi-polymer graphite pencil HB
black leads were obtained from Pentel (Japan). All leads
had a total length of 60.0 mm and a diameter of 0.5 mm
and were used as received.

2. 2. Apparatus and Procedures

A Jedo mechanical pencil (Korea) was used to hold
both bare and pretreated graphite pencil leads. Electrical
contact with the lead was achieved by soldering a copper
wire to the metallic part that holds the lead in place inside
the pencil. The pencil was fixed vertically with 15 mm of
the lead extruded outside, and 10 mm of the lead immer-
sed in the solution, corresponding to an electrode area of
ca. 16 mm? An electrochemical analyzer ("CHI 660C
model, CH Instruments, USA), was used in all electroche-

mical experiments. The electrochemical cell contained a
PGPE as a working electrode, a Pt wire counter electrode,
and an Ag/AgCl (Sat. KCI) reference electrode. Saliva
samples were analyzed using an ICP-OES (iCAP 6000 se-
ries) spectrometer (Thermo Scientific, USA).

2. 3. Pretreatment of GPE

A 10.0 mm length of GPE extruded from the pencil,
an Ag/AgCl reference electrode, and a Pt counter electro-
de were immersed in a cell containing HNO; or other so-
lutions at different concentrations, and different potential
ranges were applied to pretreat the GPE surface. The pre-
treated electrodes were washed by gently dipping them
twice in deionized water, and all entire electrochemical
measurements were performed right after preparation of
the pretreated electrodes.

2. 4. Saliva Collection

Saliva was collected according to the recommenda-
tions of the World Medical Association Declaration of
Helsinki for International Health Research. Saliva sam-
ples were obtained from volunteers living in Dhahran,
Saudi Arabia, at least one hour after food consumption
and after participants rinsed their mouths with water at
least three times to remove any food residue. The samples
were spat into detergent washed collection vials and exa-
mined for the presence of food, blood or nasal discharge.
Contaminated samples were discarded, and retained sam-
ples were stored at —20.0 °C until analyzed.

2. 5. Digestion of Saliva

Prior to sample preparation, the saliva samples were
thawed and allowed to equilibrate to room temperature
before being rechecked for any trace contaminants. A 5.0
ml aliquot of saliva was placed in a beaker, to which 20.0
ml of 2% nitric acid and 5.0 ml of 10.0 mol/L hydrogen
peroxide were added. This solution was filtered through a
Whatman no. 42 filter paper into a 100.0 ml volumetric
flask and diluted to a final volume with distilled deionized
water (DDW). These samples were stored until analyzed.

2.6. Electrochemical Procedure

The GPE, a working electrode in a three electroche-
mical cell, was immersed in 0.1 mol/L. HNO, solution and
treated electrochemically using cyclic a voltammetric
technique at a scan rate of 50 mV/s, with a potential range
of —1.6 to 0.6 V, for 60 segments. The SWASV measure-
ments of Hg(II) were completed after a deposition time of
300 s at —1.6 V from a stirred 0.1 mol/L pH 5.5 acetate
buffer solution. The electrode was stripped after a 10 s rest
period (without stirring) at an amplitude of 0.06 V and a
frequency of 100 Hz, the experimentally determined opti-
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mal parameters for Hg(II) determination by the SWASV
method using PGPE (Table 1).

3. Results and Discussion

3. 1. Evaluation of the Electrode and
Pretreatment Solution

The electrochemical oxidaton of Hg(II) was asses-
sed by recording SWASVs of different electrode mate-
rials, including glassy carbon, graphite pencil, carbon pa-
ste, Pt disc and gold disc electrodes, in acetate buffer (0.1
mol/L, pH 5.5) (Figure 1a). Carbon paste, Pt disc and gold
disc electrodes did not respond well to 6.2 x 10~ mol/L
Hg(II) solution. This may have been due to differences
among the various types of carbon electrodes (i.e. carbon
paste, glassy carbon, and graphite electrodes), and to the
effect of the electrochemical treatment in 0.1 mol/L
HNO,. Both GCE and GPE gave a relatively well-defined
SWASYV signal, with the highest obtained signal at the
GPE (Figure 1b).

a) 200

150 1

of |

1/ WA

1 —
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E/V
b) 80
60 -
a 40 -
=
20 -
" I
GPE GCE  CPE Pt Au

Working Electrode Type

Figure 1: a) Square wave anodic stripping voltammograms
(SWASVs) and b) corresponding histograms of 6.2 x 10~ mol/L
Hg(II) in acetate buffer (0.1 mol/L, pH 5.5) at 1) carbon paste, 2)
Pt, 3 Au. 4) glass carbon and 5) graphite pencil electrode. Working
conditions: deposition potential, —1.6 V; deposition time, 120 s; fre-
quency, 100 Hz; scan rate, 100 mV/s; amplitude, 0.06 V

The differences in behavior among these five elec-
trodes, in particular between the Pt- and Au-electrodes il-
lustrated in Figure 1b, are observed. This may be due to
amalgam formation with gold, as gold-mercury amalgam
formation is well-known and even used in the extraction
of gold from ore; platinum, by contrast, does not form
such an amalgam. Various types of gold electrodes, inclu-
ding solid gold,** gold fiber,** and plated gold,**™*® elec-
trodes have been used for the determination of mercury;
however, to the best of our knowledge, no study to date
has examined platinum electrodes for this purpose.

Because a high electrochemical oxidation signal is
essential for the fabrication of an ultrasensitive elec-
troanalytical sensor, GPE was chosen as the transducer
material for the electroanalytical determination of Hg(II).

The effect of GPE pretreatment solution was evalua-
ted in NaOH, LiClO,, HNO,, H,0, and a mixture of H,O,
and HNO, (Figure 2a). The potential pretreatment range
was between —1.6 to —0.6 V of cyclic voltammetry (CV)
with 20 pretreatment scans at a scan rate of 100 mV/s, fol-
lowed by detection of Hg(Il) in acetate buffer (0.1 mol/L,
pH 5.5). Pretreatment of the pencil graphite electrode in

a) 300
250 -

200 1

R,
= %

Ip/ HA

50 1

00 01 02 03 04 05 0.6
E/V
b) 100

o |
0 4 |

Unpretreated  0.1mol/L 0.1mol/L 10.0 molfL 10.0 molfL 0.1 mol/L
Liclo,  NaOH H,0, H,0, HNO,

+
0.1 mol/L
HNO,

Figure 2: a) Square wave anodic stripping voltammograms
(SWASVs) and b) corresponding histograms of 6.2 x 10~ mol/L
Hg(I) in acetate buffer (0.1 mol/L, pH 5.5) at 1) unpretreated (6)
and pretreated GPEs in 1) NaOH, 2) LiCIO,, 3) H,0, and HNO,
and 5) HNO,, each at a concentration of 0.1 mol/L. Working condi-
tions: deposition potential, —1.6 V; deposition time, 120 s; fre-
quency, 100 Hz; amplitude, 0.06 V
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LiClO, and NaOH did not increase the SWASV response
of Hg(I). In contrast, both H,0, and HNO, prominently
increased the peak current for Hg(Il), with 0.1 mol/L
HNO, showing the highest peak current of Hg(II). This
may be attributed to an increase in surface roughness and
a corresponding increase in electrode surface area. GPEs
electrochemically pretreated with 0.1 mol/L. HNO, were
used in further experiments.

3. 2. Effect of Electrochemical Pretreatment

The main constituents of pencil graphite electrodes
are graphite (65%), clay (nearly 30%) and an electro-inac-
tive polymer acting as a binder (5%). Graphite is a form of
carbon in which atoms are connected by weak bonds bet-
ween planes. Clay is a naturally occurring aluminosilicate
with ion exchange properties. However, the graphite part
of a pencil in contact with the pretreatment solution, such
as HNO,, is cleaned and linked to various oxygen-contai-
ning functional groups. An increased GPE signal after
pretreatment can be attributed to an increase in the num-
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400 1 il St
6
300 - ﬁ
£
:}‘zoo- hﬂﬂﬁ/,,//\\“—-—*-——“'
100 - —’/\_/
1
0.
00 01 02 03 04 05 06
E/V
b) 120
80
S
_D.
40
0
0 0.2 0.4 0.6 0.8 1
[HNO,] / mol/L

Figure 3: a) Square wave anodic stripping voltammograms
(SWASVs) of 6.2 x 107 mol/L Hg(II) in 0.1 mol/L acetate buffer,
pH 5.5 at GPE surfaces pretreated in 1) 0.05, 2) 0.1, 3) 0.2, 4) 0.4,
5) 0.6 and 6) 0.8 mol/L HNO,. Working conditions: Pretreatment
CV segments, 20; pretreatment potential, —1.6 to —0.6; deposition
potential, —1.6 V; deposition time, 120 s; frequency, 100 Hz; ampli-
tude, 0,06 V. b) Corresponding plot of peak currents ip (u A) vs.
HNO, concentrations.

ber of oxygen-containing groups on the electrode surface
or to the formation of a graphite oxide film.

To determine the effect of the concentration of pre-
treatment solution (HNO,) on the PGPE, GPEs were pre-
treated with different concentrations of HNO,, ranging
from 0.05 mol/L to 0.8 mol/L, in a potential range of —1.6
to —0.6 V at a fixed scan rate of 100 mV/s, and Hg(II) con-
centrations were measured with the pretreated electrodes.
Figure 3a shows SWASVs obtained using these electrodes
in acetate buffer (0.1 mol/L, pH 5.5). As it concentration
increased, the peak current for 6.2 x 10~ mol/L Hg(II) al-
so increased, with a maximum peak current obtained at
0.1 mol/L HNO, (Figure 3b).

To evaluate the number of CV segments, GPEs were
potentiodynamically pretreated by altering the number of
scans between —1.6 and —0.6 V, at a scan rate of 100 mV/s.
The maximum i, was observed after 60 pretreatment
scans, making the optimum number of pretreatment scans
60 segments (Figure 4).

We also assessed the effect of potential scan range
on GPE. Figure 5a shows the influence of scanning poten-

a) 400
300 -
200 -

2

100 A

00 01 02 03 04 05 06
E/V
200

b)
180

g 160
HQ.
= 140

120

100

0 20 40 60 80 100 120
Number of CV segments

Figure 4: a) Square wave anodic stripping voltammograms
(SWASVs) of 6.2 x 10~ mol/L Hg(II) in 0.1 mol/L acetate buffer,
pH 5.5 as a function of number of pretreated CV segments on GPE
surfaces: 1) 20, 2) 40, 3) 60, 4) 80 and 5) 100 segments. Working
conditions: Pretreatment potential, —1.6 to —0.6; pretreatment solu-
tion, 0.1 mol/LL HNO,, deposition potential, —1.6 V; deposition ti-
me, 120 s; frequency, 100 Hz; amplitude, 0,06 V. b) Corresponding
plot of ip vs number of pretreated CV segments.
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tial range used during GPE pretreatment on SWV in a 0.1
mol/L solution of acetate buffer (pH 5.5) containing 6.2 x
10”7 mol/L Hg(II). The potential range of —1.6 to —0.6 V
showed the highest peak current (Figure 5b).

a) 300

250 -
200 1
150 -

3

100 1 ‘l‘
50 -

Ip/ WA

1
0 r ' r v r v
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E/V
b) 200
150 -
-~ 100 -
8
50 4
0 -
CV Range 1 CV Range 2 CV Range 3

Figure 5: a) Square wave anodic stripping voltammograms
(SWASVs) and b) corresponding histograms of 6.2 x 10~ mol/L
ppb Hg(II) in 0.1 mol/L acetate buffer, pH 5.5 at GPE surfaces and
after pretreatment potential ranges of 1) —1.6 to —0.6, 2) —0.6 to 0.6
and 3) 0.6 to 1.6 V. Twenty CV segments were pretreated; other
working conditions were identical to those in Fig. 4a.

60
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1,/ HA

20 A

20 50 100 200 300 500
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Figure 6: Histograms showing the effect of pretreatment scan rate
on the detection of 6.2 x 10~ mol/L Hg(Il) in 0.1 mol/L acetate
buffer (pH 5.5) at GPE surfaces. Pretreatment CV segments, 20; ot-
her working conditions are described in Fig. 4a.

Figure 6 shows the effect of scan rate on Hg(II) res-
ponse at the electrochemically pretreated GPE, with a
scan rate of 50 mV/s showing the maximum response.

3. 3. Optimization of SWASV Parameters

To select a suitable voltammetric technique for the
detection of Hg(II) using the developed GPE, different vol-
tammetric techniques were tested, including differential
pulse, square wave, differential normal pulse, linear sweep,
staircase, and normal pulse voltammetry. Of these methods,
square wave voltammetry showed the highest peak current
for the same concentration of Hg(IT) (Figure 7).

80
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Figure 7: Histograms showing the effect of various voltammetric
techniques at GPE surfaces on the detection of 6.2 x 1077 mol/L
Hg(II) in 0.1 mol/L acetate buffer (pH 5.5). Working conditions:
deposition potential —1.6 V, amplitude 0.06 V, frequency 100 Hz,
deposition time 120 s.

To select the best medium for detecting Hg(II), vari-
ous solutions were tested, including HNO,, NaOH, and
acetate and phosphate buffers, all at the same concentra-
tion, 0.1 mol/L. NaOH and phosphate buffer showed no
peak for 6.2 x 10~ mol/L Hg(1I), whereas HNO, and ace-
tate buffer showed well-defined peaks (Figure 8a). Becau-
se the peak current for Hg(II) was the highest in 0.1 mol/L
acetate buffer (Figure 8b), further optimizations were
completed in acetate buffer solution.

The pH of the aqueous medium and the SWASV
parameters can significantly influence the detection li-
mit of any analyte. Thus, the effects of pH and SWASV
parameters on Hg(II) electro-oxidation by PGPE were
analyzed.

The SWYV response to the electro-oxidation of 6.2 x
10~ mol/L Hg(I) in acetate buffer at the PGPE was syste-
matically studied over the pH range 3.2-6.5. As the pH in-
creased, the electro-oxidation peak potential (Ep) of
Hg(II) became less positive (Figure 9a). The highest elec-
tro-oxidation signal was obtained at pH 5.5 (Figure 9b),
making this the optimum pH.
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Figure 8: a) Square wave anodic stripping voltammograms
(SWASVs) and b) corresponding histograms of 6.2 x 10~ mol/L
Hg(I) at GPE surfaces in a) 0.1 mol/L NaOH b) 0.1 mol/L phosp-
hate buffer, ¢) 0.1 mol/L HNO, and d) 0.1 mol/L acetate buffer.
Pretreatment CV segments, 20; other working conditions are iden-
tical to those in Fig. 4a.

To determine the effect of amplitude variation on the
activity of the PGPE, Hg(II) was measured at different
amplitudes. The SWV curves showed variations in peak
current and peak potential, with an amplitude of 0.06 V
being optimal for Hg(II) detection (Figure 10a).

To test the effect of frequency on PGPE activity, dif-
ferent frequencies were applied to detect of 6.2 x 107
mol/L Hg(II), while maintaining all other parameters con-

Table 1: Optimal parameters for Hg(II) determination by the
SWASYV method using PGPE.

Parameter

Optimum Parameter

Electrode type

Pretreatment solution
Pretreatment potential range, V
Pretreatment CV scan segments
Pretreatment CV scan rate, V/s
Sensing solution, mol/L

Sensing pH

Amplitude, V

Frequency, Hz

Deposition time, s

PGPE

0.1 mol/L HNO,
-1.6t0 -0.6

60

50

0.1 acetate buffer
pHS.S

0.06

100

300

a) 400

00 01 02 03 04 05 06

E/V
b) 200 /

100 -

1o/ KA

0 T T
3 a 5 6 7

pH

Figure 9: a) Square wave anodic stripping voltammograms
(SWASVs) of 6.2 x 107”7 mol/L Hg(II) at GPE surfaces in 0.1 mol/L
acetate buffer at pH 1) 3.2, 2) 4.0, 3) 4.8,4) 5.5, 5) 6.0 and 6) 6.5.
Pretreatment CV segments, 20; other working conditions are iden-
tical to those in Fig. 2a. b) Corresponding plot of pH vs peak cur-
rent.

-

stant. The highest peak current was obtained when a 100.0
Hz frequency was applied (Figure 10b), making 100.0 Hz
the optimum frequency for Hg(II) detection.

We also attempted to optimize the deposition time
required for the detection of Hg(II) at the PGPE. Peak cur-
rent increased at deposition times of 0-300 s, but later be-
came nearly constant (Figure 10c). Finally, we attempted
to optimize the deposition potential for 6.2 x 10”7 mol/L
Hg(II) at the PGPE. The deposition potential was varied
from —-1.4 V to 2.0 V, with the peak current highest for
—1.6 V (Figure 10d). The optimal SWASYV parameters are
summarized in Table 1.

3. 4. Calibration

The dependence of Hg(II) peak currents on their
concentrations are presented in Figure 11. Under the opti-
mum conditions described in Table 1, the peak currents
were linearly proportional to Hg(IT) concentration ranging
from 5.0 x 10~ mol/L to 1.75 x 107" mol/L (R* = 0.994;
Figure 11, inset). Thus the limit of quantification was 10.0
x 10 mol/L and the limit of detection was (S/N = 3) 3.0
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Figure 10: Plots of peak current vs. a) amplitude, b) frequency, ¢) deposition time, and d) deposition potential of the square wave voltammograms
of 6.2 x 107”7 mol/L Hg(I) solution in 0.1 mol/L acetate buffer (pH 5.5) at GPE surfaces. Other conditions are identical to those described in Fig.
2a.

x 107 mol/L for Hg(II) at the PGPE. The relationship bet- intercept of the straight line respectively. These results in-
ween ip and Hg(IT) concentration can be represented by dicate that our method based on square wave adsorption
the equation i ,=4a C + b, where a and b are the slope and stripping voltammetry using inexpensive and renewable
graphite pencil electrodes is both convenient and efficient
500 — for quantitation of Hg(II).
400 1 ‘f:m 3. 5. Determination of Hg(II) in Human
. Saliva
q 300 + ® 0 om0 . ..
3 Mgl x 10 mol. 2 Because of their low electroactivity, non-pretreated
S p— GPEs cannot detect Hg(IT) in human saliva. The ability of
b the PGPE to detect low Hg(II) concentrations in saliva
was determined. PGPE yielded promising results (Table
100 1 2), similar to ICP-OES for the same Hg(Il) concentra-
tions.
0 . . . . . .
00 01 02 03 04 05 06 .
E/V 4. Conclusions
Figure 11: Square wave anodic stripping voltammograms This study showed that pretreatment of GPE electro-
(SWASVs) in 0.1 mol/L acetate buffer, pH 5.5, containing 1) 0.0, 2) de surfaces enhanced the electrochemical catalytic activity

9 g -8 3 3 . .
20x 107, 3) 1.0x 107, 4) 2.5 x 107, 5) 5.0 x 107, 6) 7.5 x 107, of these electrodes towards the oxidation of Hg(II). Compa-
7)1.0x107,8) 1.5%x 107, and 9) 1.75 x 10~ mol/L of Hg(II) at the

pretreated GPE. Other working conditions were identical to those rison of nqn-p retreat.e.d GPE’S and PGPES Showed.that the
in Table 1. The inset shows the corresponding calibration curve latter are highly sensitive, with a low limit of detection (S/N
from 1.0 x 107 to 1.0 x 10”7 mol/L HG(II). =3) of 3.0 x 10~ mol/L. Moreover, PGPEs are sensors that
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Table 2: Concentrations of Hg(II) in spiked saliva samples measured by PGPE and inductively coupled plasma (ICP-OES).

Saliva Hg(IT) Concentration Hg(IT) Concentration Hg(IT) Concentration Detected Recovery of the

Sample after Addition Detected by ICP-OES by the Electrochemical Method Electrochemical
Method

1 25.0 nmol/L 25.0 £ 10.0 nmol/L. 25.0 = 4.0 nmol/L 100.0%

2 50.0 nmol/L 41.0 = 6.0 nmol/L 47.0 £ 5.5 nmol/L 94.0%

3 100.0 nmol/L 96.0 = 4.9 nmol/L 99.5 + 3.5 nmol/L 99.5%

(where n =3)

are both inexpensive and easy to manufacture. These sen-
sors give satisfactory results when used to detect low con-
centrations of Hg(II) in human saliva samples. As saliva can
be easily and non-invasively collected, the development of
these sensors can allow the use of human saliva as a biomo-
nitoring matrix to electrochemically measure Hg(II).
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Pripravili smo elektrokemijsko obdelano elektrodo iz grafitnega svin¢nika (PGPE) za analizo sledov Hg (II) v humani
slini. Obdelavo GPE smo izvedli z uporabo 0,1 mol/L dusikove kisline in ciklanje potenciala med —1,6 in 0.6 V v 60
ciklih pri hitrosti skeniranja 50 mV/s. Optimalne pogoje smo dolocili na osnovi analize vplivov sestavin medija, pH in
razli¢nih elektrokemijskih tehnik in parametrov. Za doloc¢anje Hg (II) smo uporabili anodno inverzno voltametrijo s pra-
vokotnimi pulzi (»square wave anodic stripping voltammetry«, SWASV). Pri optimalnih pogojih je bila kalibracijska
krivulja linearna v obmocju od 10 x 10~ mol/L do 175 x 10~ mol/L, meja zaznave pa 3,0 x 10 mol/L (S/N = 3).
Metodo smo uporabili za merjenje Hg (I) v slini, kamor prehaja iz amalgamskih zalivk.
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Abstract

The concentrations of zinc (Zn), iron (Fe) and copper (Cu) in both human milk and infant formula were determined us-
ing a new sample preparation method, by inductively coupled plasma — optical emission spectometry (ICP-OES) and
flame atomic absorption spectrometry (FAAS). Human milk samples were diluted in ultrapure water. The infant formu-
la of powder samples (suitable for an infant 1-6 months of age) and standard reference material (SRM-1849) were
analyzed in parallel.

The results have shown that FAAS method was more sensitive for Fe determination in human milk while ICP-OES was
more sensitive for both Zn and Cu detection. The limit of quantification for both Zn and Cu was 5 ug L™ and 10 pg L™
for Fe and the recovery for Zn, Fe and Cu was ranged from 90% to 94%, 97% to 103% and 90% to 102%, respectively.
Mean concentrations of Zn, Fe, and Cu in human milk samples were 5.35, 0.47 and 0.83 mg L™, respectively while the-
se values in infant formula were ranged from 3.52-4.75 mg L™}, 3.37-4.56 mg L' and 0.28-0.41 mg L', respectively.
Despite the sample complexity, the proposed method using dilution of milk samples with water-was simple, rapid, effec-
tive and accurate. ICP-OES was a better method for Zn determination while FAAS was a better method for Fe determi-
nation. In the case of Cu both methods were comparable.

Keywords: Microelements, human milk, method validation, sample preparation

diatric Gastroenterology, Hepatology and Nutrition
(ESPGHAN) proposed standards for infant formula com-

1. In troduction

Human breast milk is a complex mixture of nu-
trients. The World Health Organization recommends
breast milk as the ideal food for the growth of infants un-
der 12 months of age." Human milk contains almost all
the essential components (minerals, vitamins, essential
amino and fatty acids) required for normal growth and de-
velopment of newborns.”™ Microelements are important
constituents of a large number of molecules including
structural proteins and catalytic enzymes. Zinc (Zn), iron
(Fe), and copper (Cu) are essential microelements for the
normal growth of an infant. The European Society for Pe-

position, specifically 0.5-1.5 mg of Zn and 0.3—1.3 mg of
Fe in 100 kcal of infant formula.” Human milk during ear-
ly childhood (the first few months of a baby’s life), provi-
des both protection for the immune system and healthy
development.® Zn is an essential microelement for many
biochemical processes, especially for infants as it is a co-
factor and constituent of almost 300 enzymes. Zn partici-
pates in nucleic acid metabolism, synthesis and turnover
of proteins, lipids, carbohydrates, cell replication and ge-
ne regulation.” During pregnancy, childhood and adoles-
cence Zn supports healthy development and normal
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growth.>'” Copper (Cu) is another very important mi-
croelement for enzyme catalysis crucial for balanced me-
tabolism.'! Moreover, Cu regulate myelin sheath produc-
tion in the nervous system, melanin synthesis and normal
thyroid gland function.'” Cu has both, antioxidant and
pro-oxidant properties. Another trace element of interest
is iron (Fe) which is absolutely required for hemoglobin
synthesis and red blood cell formation and for regulation
of oxidative reactions.””'* Human milk demonstrates some
bacteriostatic properties most likely due to the content
and/or bioavailability of Fe in breast milk. Many in vivo
and in vitro studies have confirmed that Fe is a key factor
in breast milk to protect against pediatric pathogens.'
Therefore, a deficiency or excess of these microelements
could threaten enzyme activities and biological processes
in the human body.'®!

Definition of nutritional requirements as well as
physiology of milk secretion for infants is based on appro-
priate date of micronutrient content in human milk during
lactation. Determination of trace elements content is very
important since the examined matrix is very complex
emulsion, with low metal ions concentration. Previous
studies using a number of different methods have been
published.'®?° Atomic absorption spectrometry was one
of the first techniques employed and it is still used in cli-
nical and dairy product analysis.?' ICP-OES, FAAS, elec-
trothermal atomic absorption spectrometry (EAAS) and
inductively coupled plasma — mass spectometry (ICP-
MS) are standard techniques nowadays.”** A new met-
hod for Cu determination, zeeman electrothermal atomic
absorption spectrophotometry (ZEAAS), was recently es-
tablished. It does not require sample digestion, requires
minimal preparation and uses two chemical modifiers.**
Determination by inductively coupled plasma — atomic
emission spectroscopy (ICP-AES) and ICP-MS of major
and minor elements has used milk dilution procedures
with 5 or 10% v/v water-soluble extract mixed with ter-
tiary amine reagent at pH 8.7

Despite the fact that ICP-MS is highly sensitive, ac-
curate and precise, it is the least used technique in clinical
laboratories due to high instrument cost and demanding
protocols.”*® Neutron activation analysis (NAA) is one
of the most sensitive techniques for applications in clini-
cal biology. However, analyses are time consuming and
therefore largely inappropriate.?’

Microwave-assisted digestion is the most common
sample preparation method for clinical and diary sam-
ples.?” Despite the fact that the technique is fast and sim-
ple, strong acids for sample degradation are needed. The-
re is a lack of information regarding a unified human sam-
ple preparation procedure. Accordingly, the first aim of
our study was to introduce a new method for human milk
and infant formula sample preparation based on simple
water-based dilution without chemical consumption. This
could be considered as an environmentally-friendly
“green method” for clinical and diary sample preparation.

This is similar to inorganic ion determination using mini-
mal nitric acid consumption and water dilution in don-
key’s milk by ion chromatography.*'

The second aim of this study was to optimize mi-
croelement analysis using ICP-OES via an easy, rapid,
cost-effective and environmentally acceptable procedure
amenable to most laboratories.

2. Material and Methods

2. 1. Sample Collection and Storage

Twenty-eight human milk samples (10-20 ml) were
obtained from healthy mothers (aged 31.2 + 6 years) on a
first day after on-term delivery at the Department of Neo-
natology in Subotica Hospital in January 2013. All the
mothers gave written consent for milk sampling. The Et-
hical Committee of the Faculty of Medicine in Belgrade
approved the study (No.01-434/4, dated 22/05/2012). The
study protocol adhered to general guidelines laid down by
the Ethical Committee of the Faculty of Medicine.

Every mother cleaned her breast and nipple with ul-
trapure water (Milli-Q, conductivity <1puS/cm) using pro-
tective gloves prior to milk sampling using a manual
breast milk pump and/or a passive breast milk sampler.
The women were instructed to sample milk both at the
beginning and at the end of the breast-feeding session.
Milk samples were collected in clean plastic vessels
which were previously washed with ultrapure water. Hu-
man milk samples were labeled and stored at —20°C befo-
re analysis. Random samples of infant formula were ob-
tained from the local market (five different manufactu-
rers) in Montenegro (APTAMIL 1, BEBELAC 1, HIPP,
NAN 1 and IMPAMIL®MIL1). IMPAMIL®MIL1 was
produced in Serbia. Others originated from EU countries.
Formulae were purchased in triplicate from January to
April, 2013. The samples were stored in a dark and dry
location until analysis, which was performed before the
expiry date.

Human milk samples were defrosted at room tempe-
rature and diluted 10 times with ultrapure water. Infant
formulae samples were prepared as follows: 1 g was made
up to 100 ml of ultrapure water, due to the higher concen-
trations of the microelements and higher density of the re-
sulting solutions in comparison to diluted human milk
samples. This procedure allowed analyses to fall within
the linear ranges of the analytical standard calibration cur-
ves. Our methodology allowed direct analysis of samples
without digestion and took into consideration possible in-
terference from organic matter during the detection of the
microelements. Using the above-mentioned dilution pro-
cedures, the samples were prepared in such a way to be
very similar (fat and protein content) and enabled us to
correctly validate the method. The content of the analyzed
microelements in the samples was similar to the chosen
reference material.
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2. 2. Reagents

All chemicals used were purchased as analytical
grade. Zn, Fe and Cu analytical solutions were prepared
after serial dilutions of stock reference solutions contai-
ning 1000 mg L' of each element (LGC-ICP-OES
stock solution). Reference material from the National
Institute of Standards and Technology (NIST), and in-
fant/adult nutritional formula SRM-1849 were used as
calibrators.

2. 3. Equipment

The ICP-OES instrument (with axial configuration)
was purchased from Spectro Analytical Instruments Gmb-
H (Kleve, Germany). It was controlled using Smart
Analyzer Vision Software (version 5.01.0928) and con-
nected to an ASX-520 auto sampler (CETAC). Spectro
ICAL solution (10x concentrate, Berd Kraft Der Stan-
dard) was used for self-checking and self-adjustment of
the instrument (over the entire polychromator). ICP-OES
instrument parameter settings are shown in Table 1.

Table 1. ICP-OES instrument parameter settings

Parameter Setting
Plasma Power 1.4 KW
Pump Speed 30 Rpm
Coolant Flow 14 L min™!
Auxiliary Flow 0.7 L min™!
Nebulizer Flow 0.9 L min™
Spray chamber Cyclonic
Plasma viewing mode Axial
Processing mode Area

Metal (wavelength, nm)

Zn (213.857), Fe (238.204),

Cu (327.396)

Correlation Coefficient 0.999
Number of replicates 3
Rinse delay 30s
Read delay 30s

2. 4. Statistical Analysis

Statistical analyses were conducted using SPSS Ver-
sion 17.0 for Windows. Correlation coefficients for Zn, Fe
and Cu in human milk samples were established (Pearson
coefficient). The results were considered to be statistically
significant if p was < 0.05. Linear regression was used to

Table 2. Analytical method validation

evaluate the differences between FAAS and ICP-OES. Des-
criptive statistics was used for data evaluation. The results
are presented as tables and box plots. The boxes represent
the median and the 25" and 75" percentiles; the whiskers
represent the non-outlier range. Outliers and extremes were
defined as data point values that were more than 1.5x and
3x the interquartile range (IQR) outside of the box.

3. Results and Discussion
3. 1. Method validation

Table 2 summarizes sensitivity and linearity. The li-
nearity of the measurement was assessed by analyzing five
standard solutions prepared by diluting the standard mixtu-
re solution (1000 mg L™") in ultrapure water. All standards
(0, 0.05, 0.1, 0.5 and 1.0 mg L) were measured in tripli-
cate. Standards were analyzed on a regular basis for the
purpose of monitoring instrument drift. In order to monitor
cross-contamination and sample loss blank solutions were
analyzed on a regular basis.*”> Surface area vs. metal ion
concentration was plotted and calibration curves were con-
structed. The aim of the study was to obtain a correlation
coefficient of R* > 0.999 for linearity.** Since the correla-
tion coefficients for Zn, Fe and Cu were R?> 0.9999, the
aim of study was met. Within the measurement range de-
viations from theoretical values did not exceed 5% which
demonstrated good correlation between element concen-
tration and surface area. To evaluate sensitivity of the
analytical method the limits of detection (LOD) and limits
of quantification (LOQ) were used. Their values were de-
termined as (3 ¢/S) and (10 ©/S), respectively. According
to International Union of Pure and Applied Chemistry (IU-
PAC) recommendations, detection and quantification li-
mits were calculated where ¢ was the standard deviation
(SD) of the response to ten calibration blanks and S was
the slope of the analytical curve. The highest detection li-
mit was for Fe, 3.0 mg L. Precision was evaluated
through the determination of the coefficient of variation
(CV) by measuring the relative standard deviation.** For
each sample duplicate measurements were repeated as six
replicates per day for intra-assay variation. The standard
deviations (SDs) of intra-assay variation were 4% for Zn,
8% for Fe and 1% for Cu by ICP-OES and 3% for Zn, 3%
for Fe and 0.6% for Cu by FAAS. Coefficients of variation
(CVs) were acceptable for clinical sample detection (CV <
7%). CV values were lower from FAAS, whereas the reco-
very of Zn and Cu was superior from ICP-OES.

Element Relative precision (%) R? Linearity range (ug L) LOD (ug L™ LOQ (ug L)
Zn 4 0.99994 0.9-2400 1.5 5
Fe 8 0.99971 0.7-2400 1.5 5
Cu 1 0.99957 1.2-2400 3.0 10
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3. 1. 2. Accuracy

There was no suitable and available reference mate-
rial for human milk. Accordingly, the method accuracy
was assessed using the SRM. Quality control was verified
by recovery experiments for the three selected microele-
ments. Recoveries of the analyzed microelements by ICP-
OES and FAAS for SRM NIST-1849 are presented in Tab-
le 3. Although milk is a complex matrix composed of pro-
teins, carbohydrates and lipids accuracy indicated good
recovery from two different microelement spiked concen-
trations (10 and 50 pg L™") in human milk pools (Table
4).” Specifically, average recovery ranged from 90% to
94% for Zn, 90% to 102% for Cu by ICP-OES and 97% to
103% for Fe by FAAS (Table 4). Blank samples and the
0.25 mg L™" control standard were evaluated together with
samples in each batch (Table 5).

Table 3. Recovery (%) of NIST 1849 by ICP-OES and FAAS

Element ICP-OES FAAS
Zn 91 85
Fe 93 100
Cu 99 98

Table 4. Recoveries of spiked (10 and 50 pg L™") Zn, Fe and Cu in
milk samples from lactating mothers

Element Min % Max %
Zn 90 94
Fe 97 103
Cu 90 102

Table 5. Recovery and precision for control standard 0.25 mg L™

Element Mean = SD Recovery (%) RSD (%)
Zn 0.2632 + 0.0085 105.3 3.40
Fe 0.2592 +0.0043 103.7 1.65
Cu 0.2583 +0.0032 103.3 1.23

ICP-OES and FAAS analysis of Zn, Fe and Cu in
SRM-1849 infant/adult Nutritional Formula and infant
formula (Aptamil, Bebelac, NAN1, HIPP and Impamil
Mill) are summarized in Tables 6 and 7. The concentra-
tions of Zn, Fe and Cu in SRM-1849 obtained by FAAS
and ICP-OES were similar with the stated reference va-
lues. Better results for Zn and Cu were obtained by ICP-
OES whereas FAAS provided a better result for Fe. For
each sample, duplicate tests were repeated 6 times per day
for intra-assay comparison. Analytical characteristics (li-
nearity, sensitivity, precision and accuracy) were conside-
red satisfactory for analysis of clinical and infant formula
samples by ICP-OES.

3. 1. 3. Clinical Sample Detection

After method validation 28 samples of human milk
were analyzed for Zn and Cu content by ICP-OES while
Fe content was measured by FAAS. Results of human milk
analysis are shown in Table 8, while concentration correla-
tion with dietary reference intake of Institute of Medicine**
between Zn, Fe and Cu is to be found in Table 9.

The results reported in Table 8 showed that Zn
concentration on a first day after delivery (5.35 = 2.15

Table 6. Detected (by ICP-OES) and certified and labeled values of microelements in infant formula and SRM. Mi-
nimum and maximum values are expressed as mean values (n = 12)

Detected values mg/100g of powder

Certified and labeled values

Min Max Mean = SD mg/100g of powder

SRM 12.89 14.25 13.93 £ 0.4 1523 +0.5
Aptamil 1 3.49 3.71 3.52+0.2 3.6
Zn Bebelac 1 3.28 3.55 3.48+0.3 3.6
HIPP 3.75 4.10 3.86 £ 0.4 4.0
NAN 1 4.65 5.10 475+ 0.4 54
Impamil®Mill 4.25 4.85 4.45x0.2 4.3

SRM 13.88 17.04 16.47 = 0.8 17.71 £ 0.3
Aptamil 1 3.59 3.94 3.78 £ 0.4 3.9
Fe Bebelac 1 3.38 3.71 3.63+0.3 3.9
HIPP 3.73 4.21 3.89 + 0.5 4.0
NAN 1 4.45 4.95 4.56 £ 0.4 5.2
Impamil®Mill 3.26 4.00 3.37x0.1 3.6

SRM 1.83 2.07 2.01 £0.10 2.03 £0.04
Aptamil 1 0.26 0.33 0.30 = 0.05 0.29
Cu Bebelac 1 0.26 0.31 0.28 = 0.03 0.29
HIPP 0.25 0.28 0.26 = 0.05 0.27
NAN 1 0.34 0.41 0.38 = 0.05 0.40
Impamil®Mil1 0.30 0.36 0.32 + 0.06 0.36
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Table 7. Detected (by FAAS) and certified and labeled values of microelements in infant formula and SRM. Mini-
mum and maximum values are expressed as mean values (n = 12)

Detected values mg/100g of powder

Certified and labeled values

Min Max Mean = SD mg/100g of powder

SRM 12.74 13.14 12.90 + 0.3 1523 +0.5
Aptamil 1 2.75 3.21 3.10 + 0.4 3.6
Bebelac 1 2.85 3.15 3.09+04 3.6
Zn HIPP 337 3.75 35803 40
NAN 1 4.12 5.00 4.55+ 0.5 54
Impamil®Mil 1 3.89 4.15 4.01 £0.1 4.3

SRM 17.23 18.30 17.74 + 0.3 17.71 0.3
Aptamil 1 3.55 3.85 3.61+0.3 3.9
Fe Bebelac 1 3.67 3.90 3.75+0.3 3.9
HIPP 3.78 4.10 3.95+0.3 4.0
NAN 1 4.98 5.29 5.05+0.5 5.2
Impamil®Mill 3.25 3.75 3.55+0.1 3.6

SRM 1.82 221 1.99 + 0.06 2.03 +0.04
Aptamil 1 0.27 0.32 0.29 + 0.03 0.29
Bebelac 1 0.25 0.30 0.27 + 0.03 0.29
Cu HIPP 0.21 0.27 0.24 + 0.04 0.27
NAN 1 0.34 0.40 0.37 + 0.02 0.40
Impamil®Mil 1 0.31 0.37 0.33 + 0.08 0.36

mg L") was higher than in the previously reported
study.*> Mean values for Zn in a study reported by Hon-
da were very similar to our study and it was 5.32 mg
L'.3® Based on this data Zn concentration on a first day
after delivery are in accordance to the Daily Recommen-
ded Intake (DRI) and can satisfied infant needs. The
mean concentration of Zn reported for donkey milk, that
is considered as a best replacement for human milk, re-
ported in some studies are comparable to our human
milk study.?*373%

The mean Fe concentration determined for clinical
samples was 0.83 + 0.99 mg L' and as such it was lower
than the value reported in the previous studies as well as

Table 8. Descriptive analysis of for Zn, Fe and Cu in human milk
samples

Concentration, (mg L™)

Element . Max. Mean+SD DRI (mg)
Zn %) 091 535%2.15 2.00
Fe 0.32 550  0.83%0.99 0.27
Cu 0.12 092 0472020 0.20

N 28

Table 9. Correlation concentration coefficient for Zn, Fe and Cu in
human milk samples

Element Cu Zn Fe
Cu 1
Zn -0.135 1
Fe 0.116 -0.069 1

in some studies for donkey milk.**>¥"* The mean con-
centration of Cu in human milk samples was 0.47 + 0.20
mg L', The obtained data pointed out that Fe content sho-
wed the same trend as Zn, which is a lower concentration
in both, human and donkey milk as it has been established
in the previous studies.’”** It could be concluded that on a
first day of delivery level of Zn, Fe and Cu human milk is
sufficient to meet the recommended values.

There is no statistically significant correlation bet-
ween Zn, Fe and Cu content in human milk samples (p >
0.05).

The obtained data showed that ICP-OES method
provided statistically significantly higher average values
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Figure 1. Concentration of Zn, Fe and Cu in human milk samples
on a first day after the delivery. The boxes represent the median and
the 25th and 75th percentiles; the whiskers represent the non-out-
lier range.
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for 9.5 mg L' for Zn when compared to FAAS (p =
0.001). Method FAAS provided statistically significantly
higher average values of 23.25 mg L' for Fe when com-
pared to ICP-OES (p < 0.001). For Cu, there was no stati-
stically significant difference between both methods (p =
0.671). Figure 1 shows changes of Zn, Cu and Fe concen-
tration in human milk samples on the first day after the de-
livery.

4. Conclusion

In this study, a fast, easy, economical and simple
method for sample preparation was developed (no degra-
dation) in order to determine the essential trace elements
in human breast milk. Method evaluation and clinical
sample detection on ICP-OES were used for validation of
accuracy, reliability and practicality. The main advantage
of presented sample preparation method is the fact that
there is no chemical consumption and it is considered to
be a green chemical method, i.e. it is environmentally ac-
ceptable. In conclusion, the proposed method is simple,
economical, accurate, and highly reliable and as such, it
can be applied to the clinical detection of trace elements
in biological samples. There is no statistically significant
correlation between Zn, Fe and Cu concentrations in hu-
man milk samples. Based on the obtained data and linear
regression, it could be concluded that ICP-OES is a better
method for Zn determination, FAAS for Fe, while there is
no statistically significant difference between these two
methods, when Cu is concerned.
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Z uporabo opti¢ne emisijske spektrometrije z induktivno sklopljeno plazmo (ICP-OES) in plamenske atomske absorp-
cijske spektrometrije (FAAS) smo v vzorcih humanega mleka in vzorcih mle¢nih formul za dojencke dolocili koncen-
tracije cinka, Zeleza in bakra. Poleg mle¢nih formul za dojencke stare od 1 do 6 mesecev smo analizirali tudi standard-
ni referen¢ni material SRM-1849. Za Fe smo najbolj$o obcutljivost dolocili s FAAS, za Zn in Cu pa z ICP-OES. Meja
dolo¢anja za Zn in Cu je 5 ug L™" in 10 ug L™ za Fe. Izkoristki za Zn, Fe in Cu so v obmocjih od 90 % do 94 %, 97 %
do 103 % in 90 % do 102 %. V vzorcih humanega mleka so bile povprecne koncentracije Zn, Fe in Cu 5,35, 0,47 in 0,83
mg L', medtem ko so bile v mle¢nih formulah za dojencke v obmogjih od 3,52-4,75 mg L™, 3,37-4,56 mg L™ in
0,28-0,41 mg L™". Kljub kompleksnosti vzorcev je predlagana metoda preprosta, hitra in uéinkovita. Za dolo¢anje Zn je
boljsa ICP-OES metoda, za doloc¢anje Fe pa FAAS. V primeru Cu sta metodi primerljivi.

DPurovic et al.: Determination of Microelements in Human Milk ...
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Abstract

In this study sour cherry pomace was extracted with food-grade solvent (50% ethanol), concentrated and stabilized in
whey and soy proteins by encapsulation. Soy proteins exhibited higher encapsulation efficiency (94.90%), but not sig-
nificantly (p < 0.05), from whey (90.10%). Storage properties of whey (WP) and soy protein (SP) encapsulates in terms
of total polyphenols, anthocyanins and antioxidant activity were tested for 6 weeks. At the end of storage period the re-
tention of polyphenols in SP and WP was similar (67.33 and 69.30%, respectively), while the content of anthocyanins
has increased in SP (for 47.97%) and decreased in WP (for 1.45%). The decrease in antioxidant activity in SP (12.22%)
was lower than in WP (35.04%). Colour parameters of encapsulates have followed the similar trend as anthocyanin
change during storage. The technique reported herewith can be used for obtaining quality encapsulates for their use as

functional food additives, as a way of fruit waste valorization.

Keywords: Sour cherry, encapsulation, polyphenols, antioxidant activity, colour

1. Introduction

Polyphenols have attracted the interest of many re-
searchers and the general public due to the potential
health benefits to humans, resulting from their antioxi-
dant, anti-inflammatory, cardioprotective, and neuro-
protective activities, inhibition of bacterial, viral, or fun-
gal infections, development of tumors, and interaction
with proteins, such as enzymes, tissue proteins, and mem-
brane receptors. Based on these facts employment of
polyphenols in food, pharmaceutical and biomedical
fields is suggested.! The fate of dietary polyphenols du-
ring thermal food processing is associated with destruc-
tion of some primary compounds and introduction of
many new compounds, and can lead to alterations in
foods’ organoleptic properties and, more importantly, bio-
logical activities. It was suggested that during future func-
tional food development by means of dietary polyphenol
fortification before food processing, cautious measures

are required to efficiently retain the primary chemical
structure and the structure-associated health-beneficial bi-
oactivities of polyphenols during thermal treatment.? So-
me polyphenols show low water solubility and low stabi-
lity to other environmental conditions (exposure to light,
oxygen, and enzymatic activities) and may undergo de-
gradation in water or oxidation, with a consequent loss in
activity. Also, some of them have a high rate of metabo-
lism and rapid elimination from the human body (e.g.
non-conjugated polyphenols).* Additionally, high molecu-
lar weight polyphenols (tannins, proanthocyanidins etc.)
cannot be easily absorbed.'** Further, phenolics are in-
stable in various solutions and therefore it is necessary to
coat them in order to stabilize them which can be achieved
by the process of encapsulation. This process prolongates
the shelf life of the phenolics and accompanied biochemi-
cal functionalities, and eases the incorporation of such
components into certain food products due to prevention
of lumping, improving flow ability, compression and mi-
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xing properties, reducing core particle dustiness and mo-
difying particle density.>*

Polyphenolics from various sources have been en-
capsulated in predominantly protein and polysaccharide
carriers and their mixtures. For example, beetroot juice
was encapsulated in maltodextrin, Arabic gum and a mix-
ture of both,” saffron and beetroot extracts in maltodex-
trin, gum Arabic, modified starch and chitosan,® pomegra-
nate peel,’ green tea and olive pomace in maltodextrin,*’
cranberry pomace in soy proteins,'® curcumin in Saccha-
romyces cerevisiae, B-cyclodextrin and modified starch,'!
onion and apple extracts in gum acacia and pea protein
isolate or modified starch,'? blueberry in whey protein
isolate,'® and so on. Ezhilarasi et al.'* reported that whey
protein possesses unsurpassed nutritional quality and in-
herent functional properties that meet the demands of en-
capsulation, while Ribnicky et al.'> showed that polyphe-
nols sorbed to soy protein isolate express higher bioavai-
lability and bioaccessibility. In another study, ethanol ex-
tracts of ginkgo leaf were microencapsulated with malto-
dextrin, gum Arabic, or a soluble soybean protein by
spray drying. The volume of core and wall materials had a
significant influence on the encapsulation efficiency. This
value was equal to 82.4% when the ratio for core material
ingredients gum Arabic:maltodextrin:soybean protein was
6.1:2.87:11.75:4.28."° Ezhilarasi et al.'"* have determined
the efficiency of encapsulation of the extract of Garcinia
cowa on various protein and carbohydrate matrices (soy
protein isolate, maltodextrin, and combinations thereof).
All three materials had high encapsulation efficiency, in
the range of 90-97%. Umesha et al.!” examined the effec-
tiveness of encapsulation of Lepidium sativum oil on
whey proteins. It was found that the entrapment efficiency
was significantly lower (64.8%).

There are very few studies on microencapsulation of
polyphenols extracted from sour cherry pomace using
freeze-drying.'®!” The Republic of Serbia has very favo-
rable natural and climatic conditions for sweet and sour
cherries growing, and is a significant and promising fruit
product in Serbia, primarily from the standpoint of ex-
ports to the international market. It has considerable nutri-
tional, medicinal, dietetic and technological value. It is
used in the fresh state or as a raw material, mainly in soft
drinks, less in jams, yoghurt, liqueurs, brandy, compotes,
and also serves as a raw material in the confectionery in-
dustry. According to the production volume of cherries,
Serbia ranks seventh in the world, with a share of 7% of
the total production.”” Processing of sour cherries leaves
bulky by-products, such as pomace, behind every year.
Sour cheery pomace is still a good source of polyphenols,
particularly anthocyanins.?! According to the literature,
sour cherry polyphenols have not been investigated much.
Polyphenols identified in sour cherry juices, besides ant-
hocyanins, include (-)-epicatechin (flavanol), neochloro-
genic, chlorogenic and 3-coumaroylquinic acids (hydroxi-
cinnamic acids), as well as quercetin and kaempferol

glycosides (flavonols).?* In this study, sour cherry cv. ‘Fe-
keticka’ was chosen for its more intensive taste and deeper
red colour, indicating high anthocyanin content. Although
grown exclusively in northern Serbian province Vojvodi-
na, in Feketid, this variety is officially recognized, even at
the international level, as a separate high-quality variety.

The present study was aimed at stabilization and
concentration of polyphenols extracted from sour cherry
pomace by encapsulation using freeze-drying method.
Whey and soy protein were used as carriers for sour cher-
ry pomace polyphenols. Further, the effects of storage on
microencapsulated phenolics, antioxidant activity and co-
lour parameters of powders were evaluated during 6
weeks.

2. Experimental

2. 1. Chemicals and Instruments

Chemicals used in the study were of analytical grade
purchased from Sigma Chemicals Co. (St. Louis, MO,
USA), J.T. Baker (Deventer, Holland) and Lachner (Brno,
Czech Republic). Distilled water was produced using wa-
ter purification system DESA 0081 Water Still destilator
(POBEL, Madrid, Spain). Soy protein isolate was purcha-
sed from “Macrobiotic prom” (Belgrade, Serbia) while
whey protein was from “Lucar” (Novi Sad, Serbia).

Spectrophotometric assays were carried out using
UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan).
Freeze drier, model Christ Alpha 2—4 LSC, was from Mar-
tin Christ, Osterode am Harz, Germany. High performan-
ce homogenizer (model Silent Crusher M) and shaker
(model Unimax 1010) were from Heidolph Instruments
GmbH, Kelheim, Germany. Centrifuge, model EBA 21,
was from Hettich Zentrifugen, Tuttlingen, Germany.

2. 2. Plant Material

Ripe sour cherries, variety ‘Feketicka’, were purc-
hased from local producer “Horkai”, Feketié, Serbia.
Fresh undamaged sour cherries were washed, all of the
stones were removed by hand, and stoneless fruits were
packed immediately, frozen and stored in a freezer at —20
°C pending further use.

2. 3. Preparation and Extraction of Sour
Cherry Pomace

Sour cherry pomace was obtained by pressing the
unfrozen stoneless sour cherries through cheesecloth. The
yield of pomace compared to the unfrozen fruits was
22.40%. The obtained pomace was dried in a freeze drier
at —40 °C for 120 h. The extraction of phenolic substances
from dry pomace was performed using 50% ethanol aque-
ous solution, according to Roopchand et al.'® Sample of
pomace (100 g) was extracted in three steps. The first step
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includes homogenization with 500 ml of 50% ethanol for 3
min on a high performance homogenizer followed by ex-
traction for 60 min on a laboratory shaker (200 rpm). The
second and third steps were performed with the same para-
meters, extraction with 250 ml of 50% ethanol for 30 min
on a laboratory shaker (200 rpm). After each step liquid ex-
tract was collected after separating the pomace solids by
vacuum filtration using Whatman filter paper @ 47 mm.
Obtained three extracts were combined and organic sol-
vent in the collected hydro-alcohol extract was evaporated
by rotary evaporation set at 40 °C.

2. 4. Encapsulation of Sour Cherry Pomace
Extract

Concentrated water pomace extract (100 ml) was
mixed with wall material (50 g of soy protein isolate or
whey, core:coating ratio 2:1) with additional 200 ml of
water for 30 min on laboratory shaker (200 rpm). The ho-
mogenized mixtures were iced and then freeze dried at
—40 °C for 24 h, yielding red and purple-blue free-flowing
powders — whey (WP) and soy protein (SP) encapsulates,
respectively.

2. 5. Encapsulate Powder Storage Stability
Studies

Encapsulate samples (WP and SP) were stored at
room temperature (25 °C) in high-density polyethylene
bags for 6 weeks to determine the effect of time on the
stability of total polyphenols, anthoyanins, antioxidant
activity and colour parameters. For determination of the
content of polyphenols and anthocyanins, as well as
antioxidant activity of WP and SP, three portions of 100
mg of each encapsulate were removed every second
week, in triplicate.

2. 5. 1. Polyphenol Content

For determination of encapsulation efficiency phe-
nolic content in the core (CPC) and surface (SPC) of en-
capsulate were determined, according to Saikia et al.* For
the core phenolic content, as well as for the storage stu-
dies, encapsulates were extracted using the following pro-
tocol: 100 mg of powders were mixed with 1 ml ethanol,
acetic acid and water (50:8:42) on vortex for 1 min, then
centrifuged at 6000 rpm for 3 min. Liquid part was collec-
ted and filtered through 0.45 um filter. Similarly, for surfa-
ce polyphenols, 100 mg of sample was dispersed in 1 ml
of ethanol and methanol (1:1) mixture. The mixture was
vortexed for 1 min, centrifuged for 2 min, and the super-
natant was separated. Total polyphenol contents in encap-
sulate extracts were determined by Folin—Ciocalteu met-
hod given by Singelton et al.>* Results were expressed as
mg gallic acid equivalents per 100 g encapsulate (mg
GAE/100 g).

The encapsulating efficiency was determined by us-
ing the given equation:

EE (%) = ((CPC-SPC)/CPC) x 100 (1)

where CPC is the phenolic content inside the core of the
encapsulate; SPC is the surface phenolic content.

2. 5. 2. Anthocyanin Content

For determination of total anthocyanins in encapsu-
lates, the same extraction procedure as for core polyphe-
nols was used. Total anthocyanins were determined accor-
ding to the pH differential method by Lee et al.> Results
were expressed as mg cyaniding-3-glycoside per 100 g
encapsulate (mg CyGE/100 g).

2. 5. 3. Antioxidant Activity

The antioxidant activity of encapsulates, extracted
by the aforementioned protocol for core polyphenols, was
evaluated using the DPPH assay.”® Trolox was used as a
positive control for callibration. Results were expressed as
pumol Trolox equivalents per 100 g encapsulate (umol TE
per 100 g).

2. 5. 4. Colour Parameters of Powder Encapsulates

Encapsulate colour was measured in triplicate every
second week in the period of six weeks. The CIELab co-
lour coordinates (L* — lightness, a* — redness to greenness
and b* — yellowness to blueness)?’ were determined using
MINOLTA Chroma Meter CR-400 (Minolta Co., Ltd.,
Osaka, Japan) using D-65 lighting, a 2° standard observer
angle and an 8-mm aperture in the measuring head. The
Chroma Meter was calibrated using a Minolta calibration
plate (No. 11333090; Y =92.9, x = 0.3159; y = 0.3322).

2. 6. Statistical Analysis

All data are presented as mean values of triplicate
analysis along with their standard deviations. Variance
analysis (ANOVA) was performed, with a confidence in-
terval of 95% (p < 0.05). Statistical analyses were carried
out using STATISTICA 12.0 (StatSoft, Inc., Tulsa, OK,
USA).

3. Results and Discussion

3. 1. Sour Cherry Pomace Encapsulation

A characteristic of bioactive food components is that
they are subject to rapid inactivation or degradation. Many
bioactive food components would therefore benefit from
an encapsulation procedure that slows down the degrada-
tion processes and/or prevents degradation until the pro-
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duct is delivered at the sites where absorption is desired.”®
Selecting the appropriate carrier for the given bioactives is
a critical step. The type of coating affects the encapsula-
tion efficiency as well as its final morphology. It has to be
biodegradable, stable, avoid reaction with the bioactive,
maintain the bioactive structure and improve functionality
during processing and storage at different conditions.”
For our study we have chosen whey and soy proteins for
coating polyphenols extracted from sour cherry pomace.
The encapsulation efficiency did not differ significantly (p
< 0.05) among the two wall materials, being higher in soy
proteins (94.90%) than in whey (90.10%). These results
show that the procedure of encapsulation of sour cherry
pomace polyphenols was very successful.

3. 2. Encapsulate Powders Storage Stability
Studies

3. 2. 1. Bioactive Compounds in Powders

The results of testing the powders’ polyphenol and
anthocyanin shelf life are presented in Figure 1. During
the first 4 weeks the content of total polyphenols has de-
creased considerably in SP (70%) and WP (80%). Howe-
ver, during the last two weeks of storage, there was a sig-
nificant (p<0.05) increase in polyphenol contents in both
encapsulates, resulting in final retention 67.33% in SP and
69.30% in WP, compared to the initial polyphenol con-
tents.

These results are in accordance with the findings of
other authors. An increase in total phenolics from 2 to 2.5
fold was found after 30 days of storage at 22, 37 and 45°C
in spray-dried blueberry pomace extract encapsulated
with whey protein isolate as wall material.** The total
polyphenol contents of black currant encapsulated in mal-
todextrin increase in the first 6 months at 8 °C, while in
inulin-based encapsulates they increase even after 12
months.*! Saénz et al.* reported that cactus pear polyphe-
nols in powders dried with inulin increase after 44 days
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storage at 60 °C. During degradation of conjugated polyp-
henols free hydroxyl groups are released, causing an ove-
restimation of the total polyphenol content determined by
Folin-Ciocalteu assay. The decreases in anthocyanin le-
vels in SP happened in the first two weeks of storage, whi-
le in WP during four weeks, and after that the content of
anthocyanin levels increased, in both encapsulates. Com-
pared to the initial concentrations of anthocyanins in en-
capsulates, the final concentration after 6 weeks of storage
in SP has increased (for 47.97%) and in WP it has decrea-
sed very slightly (for 1.45%). This difference in anthocya-
nin retention in SP and WP encapsulates can be explained
by different encapsulation efficiency in these two wall
materials. Since the efficiency to encapsulate polyphe-
nols, which includes anthocyanins, was higher in soy pro-
teins (94.90%) than in whey (90.10%), more anthocyanins
have remained unbound, on the surface of WP compared
to SP, leading to higher degradation rate. Robert et al.*?
found that anthocyanins in fresh pomegranate juice totally
degraded in less than 10 days while in juice microencap-
sulated in SPI and maltodextrin the retention of anthocya-
nins was above 70% even after 60 days of storage, sho-
wing the importance of the encapsulation in preserving
the bioactive compounds. In the same study it was repor-
ted that when SPI is used as a wall material both polyphe-
nol and anthocyanin retention increase during the first 35
days of storage, possibly due to the hydrolysis of the po-
megranate conjugated polyphenols, and then decrease.
They showed the first-order degradation rate constant for
polyphenols and anthocyanin encapsulated, calculated
between 35 and 56 days. Similar behaviour was also re-
ported by other authors.***

3. 2. 2. Antioxidant Activity of Powders

Based on the retention of antioxidant activity pre-
sented in Figure 2, tested by DPPH assay, the storage af-
fected this feature of encapsulates as well. The preserva-
tion of antioxidant activity was dependent on the material
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Figure 1. Polyphenol (a) and anthocyanin (b) stability of sour cherry pomace encapsulates during storage
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Figure 2. Antioxidant activity of sour cherry pomace encapsulates
during storage

used for encapsulation, but only after the second week of
storage. There was no significant diference (p < 0.05) in
antioxidant activity of powders during the first two weeks.
After 6 weeks the antioxidant activity of SP (12.13 umol
TE per 100 g) was almost 4-fold higher than WP (3.24
umol TE per 100 g). Final decrese in antioxidant activity
after 6 weeks of storage compared to the fresh powdres in
SP (12.22%) was lower than in WP (35.04%). This is in
agreemant with the results of polyphenol and especially
anthocyanin retention in powders showing the superior
ability of soy proteins to bind polyphenols and anthocya-
nins, due to higher content of proteins.

Nori et al.*® encapsulated propolis extract emplo-
ying isolated soy protein and pectin as wall materials,
with relatively high encapsulation efficiency. They confir-
med that encapsulation provided not only protection
against degradation of phenolic and flavonoids com-
pounds present in free propolis, but also preservation of
their antioxidant properties.

3. 2. 3. Colour Parameters of Powders

Encapsulation of natural colours can be an intere-
sting alternative for the replacement of artificial colourants
for natural colourants in the food and pharmaceutical indu-
stry.® Change in colour parameters of sour cherry encapsu-

Table 1. Colour change of sour cherry pomace encapsulates during storage

late powders, measured by CIE L*a*b* method, during 6
weeks of storage is presented in Table 1.

According to the instrumental measurements of co-
lour parameters it can be observed that the initial colour of
WP and SP encapsulates was different (Table 1). SP encap-
sulate had lover L* values (i.e. it was darker) than WP en-
capsulate, due to the fact that SP encapsulate showed hig-
her initial anthocyanin content (Figure 1). Also, there was
a significant difference (p<0.05) in redness (positive a* va-
lues) and in yellowness/blueness (b* values) between SP
and WP encapsulates. WP encapsulate had higher a* and
b* values and was coloured red, while SP encapsulate was
purple-blue as evidenced by negative b* value (—1.37). The
reason for this is that the colour of anthocyanins depends
on pH. Weakly acidic medium, as whey, causes red tone
coloration of anthocyanins, while in slightly alkaline con-
ditions in soy protein isolate they change their colour to
blue. Storage period and type of encapsulation agent signi-
ficantly affected the colour change of encapsulates. During
the storage, samples changed their colour to less intense
red/purple-blue. In both samples, lightness (L* values) and
redness (a* values) decreased significantly (p < 0.05), whi-
le b* values increased. The loss of red colour (decrease in
a* values) was higher in WP then in SP encapsulate due to
higher encapsulation efficiency of soy protein which had
superior ability to bind anthocyanins, as mentioned above.

Idham et al.*’ noticed the same trend (decrease in L*
and a* values, and increase in b* values during storage) in
spray dried encapsulated anhocyanins from Hibiscus sab-
dariffa. They also concluded that colour changes depend
on the type of carriers. In SP encapsulate a* values de-
creased in the first two weeks from 16.52 to 15.09, and
then increased to 16.25. In WP these values decreased
from 25.17 to 19.23 during the first four weeks and then
increased slightly to 21.88. The increase in redness after
some time could be explained by the increase in anthocya-
nin levels in encapsulates during storage (Figure 1).

4. Conclusions

Sour cherry pomace polyphenols were encapsulated
in whey and soy proteins as a protecting core material.

L* a* b*
Week WP SP WP SP WP SP
0 5325+ 0.01°  47.55+0.23° 25.17 = 0.4° 1652+ 0.01° 147 +0.75° —1.37+0.03
2 5122+058° 4621 +0.14¢ 2234+052°  15.09 + 0.23° 416045  2.54+038
4 49,41 +1.02°  45.88+0.13° 1923 +0.74%  15.95+0.54° 705+033° 473 +0.42¢
6 4835+ 0.14° 4375+ 0.26" 21.88+0.85  16.25+0.55 1035+ 1.25¢ 829 +0.35¢

Values represent average of triplicates + standard deviation. Means with different letters in superscript (a—d) in columns are significantly different

(p<0.05).
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Free-flowing powders obtained by freeze drying with high
encapsulation efficiency had favourable antioxidant featu-
res (polyphenol and anthocyanin contents as well as an-
tioxidant activity on DPPH radicals) and colour parame-
ters, even after six weeks of storage. From the results pre-
sented herewith it can be concluded that the sour cherry
pomace encapsulates represent a promising food ingre-
dient for functional food development, due to both antio-
xidant content and potential as a colourant. The results of
this study also suggest that encapsulation can be regarded
as a final stage of high added-value compounds proces-
sing from food wastes. Future studies will involve incor-
poration of encapsulates in a food model system to test the
influence of other components as well as food processing
parameters on stability of encapsulated bioactive com-
pounds.
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Povzetek

V tej Studiji smo tropine viSenj ekstrahirali s 50 % etanolom, ji koncentrirali in stabilizirali z enkapsulacijo z uporabo
sirotkinih in sojinih proteinov. U¢inkovitost enkapsulacije je bila vecja pri uporabi sojinih proteinov (94,90 %), a ne sta-
tisti¢no znacilna (p <0,05), kot pri uporabi sirotkinih proteinov (90,10 %). Preverili smo tudi stabilnost enkapsulatov s
proteini sirotke (WP) in soje (SP) med skladi§¢enjem v obdobju Sestih tednov, kjer smo se osredotocili na vsebnost
celokupnih polifenolov in antocianinov ter antioksidativno aktivnost. Po kon¢anem obdobju skladiS¢enja je bila vseb-
nost polifenolov v enkapsulatih SP in WP podobna (67,33 % in 69,30 %), vsebnost antocianinov v SP se je povisala (za
47,97 %), v WP pa zmanjsala (za 1,45 %). Antioksidantivna aktivnost enkapsulatov z SP se je znizala (12,22 %), a manj
kot v primeru enkapsulatov z WP (35,04 %). Skladno s spremembami, ki smo jih med skladi§¢enjem zaznali pri anto-
cianinih, se je spreminjala tudi barva enkapsulatov. Opisana tehnika omogoca pripravo kakovostnih enkapsulatov, ki se
jih lahko uporabi kot funkcionalne aditive v Zivilih in se s tem izkoristi vrednost sadnih odpadkov.
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Abstract

Transannular electrophilic addition reaction of halogens to face-to-face(juxtaposed) double bonded strained alkenes we-
re theoretically investigated. General rules that allow us to stipulate the factors that direct the main steps of the energy
hypersurface of reactions as well as the products were established. Direction of the reaction flow is determined by direc-
tion of intramolecular skeletal isomerisation of cyclic-bridged halogenium cation and isomerisation takes place to crea-
te a more stable skeletal structure. Stability of resultant skeletal structure is determined by the number of ¢ bonds bet-
ween isolated double bonds of the alkene and bonding-type of double bonds (N- and U-type). When the number of ¢
bonds between double bonds of the alkene is three (m = 3), the reaction takes place to predominantly give an N-type
product, and when four (m = 4), N- and U-type products are formed. Structure and stability of cation intermediates
(bridged, N- and U-type cations) of electrophilic addition reaction of homohipostrofen molecule, whose double bonds
were linked by three ¢ bonds, with bromine were investigated by DFT methods in detail. Also the addition reaction of
endo,endo-tetracyclo [6.2.2.236.0*7]tetradeca-4,9-dien molecule, whose double bonds were linked by four ¢ bonds, with
bromine were investigated by quantum chemistry.

Keywords: DFT calculations, Strained alkenes, Electrophilic transannular addition, Face-to-face (juxtaposed) double

bonds, Intramolecular skeletal rearrangement.

1. Introduction

Although theoretical and experimental investiga-
tions of the electrophilic additions of halogens to carbon-
carbon double bond have been carried out extensively, the
structure, the nature and the stability of the reaction inter-
matiates as well as the mechanism of these reactions are
still under discussion. The attack of an electrophile to a
molecule having two isolated double bonds in spatial pro-
ximity usually leads to the transannular bridge formation
in either cross (N-type) or parallel (U-type) manner or
both.'* Experimental results on this type of reaction have
been confusing. In some cases, only the cross or the paral-
lel bridged product is isolated, while in other cases both
products are formed simultaneously.>*>'> Recently Ina-
gaki et al. advanced a perturbation theory to interpret tho-
se cases where preferential cross bridging takes place.'®

While the orbital mixing effect must certainly be working
when cross bridging occurs, a general theory must explain
why and to what extent parallel addition takes place in ot-
her systems. Osawa et al. suggested that this was due to
the thermodynamic stability of the N- and U-type pro-
ducts.? According to Osawa, it is possible for both pro-
ducts to form when the difference between the thermody-
namic stability of N- and U-type products is less than 10
kcal mol™!. If the difference is more than 10 kcal mol™,
more stable product is obtained.

In order to learn the inner mechanism and dynamic
stereochemistry of these reactions in detail, it is crucial to
determine the structure and the stability of the intermedia-
tes (cyclic-bridged, N- and U-type cations) formed during
the course of the reaction and investigate their skeletal
isomerization. It is feasible for the cyclic bridged haloge-
nium cation to transform into N- and U-type bridged ca-
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tions as a result of the transannular cross (N-type) and pa-
rallel (U-type) linkage of the double bonds. Therefore, the
stability of N- and U-type cations, into which cyclic brid-
ged halogenium cation isomerized, is important in order
to ascertain the direction of the flow of the addition reac-
tion.

The structure and the nature of the alkene play an
important role in the display of characteristic behavior of
the electrophilic addition reactions of the halogens to pa-
rallel face-to-face (juxtaposed) double bonded strained al-
kenes. The investigation of the geometrical and electroni-
cal structure of alkenes is necessary to resolve the link
between the structure of the alkenes and their behaviors
during the electrophilic addition reactions. The study of
the stability and stereochemistry of the different configu-
rations of the reaction products is vital so as to interpret
the many features of the electrophilic addition reactions.

The objective of this study is to establish relations-
hips between geometric and electronic structures of face-
to-face double bonded strained alkenes and their beha-
viors during electrophilic transannular addition reactions.
Furthermore, we aimed to study unique characteristics of
these reactions, identify essential factors that determine
the direction of reactions’ flow and establish general rules
that allow us to stipulate the factors that direct the flow of
such reactions, and reaction products considering the re-
sults of this investigation and structure-characteristic rela-
tionships. In order to prove these suggested rules, elec-
trophilic transannular addition reactions of bromine mole-
cule to two face-to-face double bonded strained alkenes,
namely tetracyclo[6.3.0*'".0°]undeca-2,6-diene(homohi-
postrofene) and endo,endo-tetracyclo[6.2.2.23’6.02'7]tetra-
deca-4,9-diene(TCTD) were studied by DFT method.

2. Methodology

The geometry and the electronic structure of the te-
tracyclo[6.3.0*'!.0>°Jundeca-2,6-diene (homohipostrofe-
ne) and endo,endo-tetracyclo[6.2.2.2%%.0*]tetradeca-4,9-
diene(TCTD) molecules were investigated by
DFT/B3LYP'"'® method using the 6-311G(d,p) and 6-
311++G(d,p)" basis sets. The predicted cationic interme-
diates and products formed in the addition reactions were
investigated using the B3LYP/6-311G(d,p) method. By
using the optimized geometries of cations and products by
B3LYP/6-311G(d,p) method, their single point energies
were calculated at the B3LYP/6-311++G(2d, 2p)"’ level.
Solvent effects were calculated at the same theory level as
the optimizations by performing single-point calculations
on the optimized structures using the CPCM (conducting
polarized continuum model)***! method (with UAKS ca-
vities??) in chloroform (€ = 4.9). All stationary points we-
re characterized by calculating the vibrational frequencies
and zero-point vibrational energies have been added for
all species. We did not calculate the two TSs of the addi-

tion reaction of the intermadiate carbocations because of
the complexity of the method; instead we used the energy
of the intermediates applying the Hammond-principle to
predict the stereoselectivity (ratio of N- and U-type pro-
duct) of the reaction. The calculations were perfomed
with Gaussian 03* program with an IBM PC Pentium IV
computer.

3. Results and Discussions

3. 1. Factors Driving Electrophilic
Transannular Addition Reactions
of Halogens to Face-to- Face Double
Bonded Strained Alkenes and Unique
Characteristics of These Reactions

It is important to investigate stability of cyclic-brid-
ged halogenium cations formed as a result of heterolytic
decomposition of alkene...halogen molecular complexes
formed during first step of electrophilic addition reaction
of halogens to face-to-face double bonded strained alkenes
as well as their skeletal isomerisation for determination of
addition reaction’s mechanism. Direction of the addition
reaction’s flow is determined by direction of intramolecu-
lar skeletal isomerisation(intramolecular rearrangement of
bonds) of cyclic-bridged halogenium cation and isomerisa-
tion takes place to create a more stable skeletal structure.
Moreover, the direction of intramolecular skeletal isomeri-
sation of bridged halogenium ions is determined by stabi-
lity of N- and U-type cations formed as a result of cross
(N-type) and parallel (U-type) bonding of double bonds.
Therefore, the direction of addition reaction is determined
by stability of skeletal structure formed as a result of skele-
tal isomerisation of bridged halogenium cation.

Skeletal isomerisation of bridged halogenium ion by
formation of two different new cyclic structures(having
different number of carbon atoms) depending on the num-
ber of ¢ bonds between double bonds of the alkene and
bonding type of such double bonds (Chart). The following
chart shows skeletal isomerisation of cyclic bridged halo-
genium cations and new cyclic structures involved in the
molecular structure. Hence, stability of skeletal structure
formed by skeletal isomerisation of bridged halogenium
cation depends on type and stability of new cyclic structu-
res involved in the molecular system as a result of the iso-
merisation. On the other hand, type and stability of cyclic
structures formed as a result of isomerisation are determi-
ned by the number (m) and type of bonding of ¢ bonds
between double bonds of the alkene, hence, the structure
of the alkene. In the case of alkenes with three (m = 3) ¢
bonds between its double bonds, four-ring structure
(cyclobutane ring) and six-ring structure (cyclohexane
ring) are obtained as a result of parallel (U-type) bonding
of double bonds whereas two five-ring structures (cyclo-
pentane ring) are obtained as a result of cross (N-type)
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bonding (Chart, a). A four-ring structure has high stretc-
hing energy so there is a low possibility of formation of
U-type cation. Therefore, the possibility of transformation
of a cyclic halogenium cation into a U-type cation is low,
causing a low possibility that addition reaction will take
place over the U-type cation. Compared to a four-ring
structure, a five-ring structure has lower stretching energy.
Skeletal isomerisation of a cyclic bridged halogenium ion
to an N-type cation(having two five-ring structures) has
higher possibility. Addition reaction should primarily take
place to give N-type cation (N-type product). In the case
of alkenes having four 6 (m = 4) bonds between its doub-
le bonds, a five-ring structure (cyclopentane ring) and a
six-ring structure (cycloheptane ring) are obtained as a re-
sult of parallel (U-type) bonding of double bonds, and two
six-ring structure (cyclohexane ring) are obtained as a re-
sult of cross(N-type) bonding(Chart, b). Since there isn’t a
large difference between stretching energies of resultant
structures, the difference between stabilities of U-type ca-
tion having five-ring and seven-ring structures and of N-
type cation having two six-ring structures should be small.
In conclusion, during electrophilic addition reaction of
halogens to alkenes having four ¢ bonds between its
double bonds, skeletal isomerisation of cyclic bridged ha-
logenium cation should take place to give N- and U-type
cations (Chart, b) and thus N- and U-type products.

Hence, general rules that allow us stipulate any fac-
tors that direct the flow of electrophilic addition reactions
of halogens to face-to-face double bonded strained alke-
nes as well as possible resultant products by considering
the abovementioned suggestions, results of calcula-
tions®** and structure-characteristic relationships can be
listed as follows:

U
N
X
U
N
X
X= halogen

Chart

1. Direction of the reaction’s flow is determined by the di-
rection of intramolecular skeletal isomerisation(intra-
molecular rearrangement of bonds) of cyclic bridged
halogenium cation.

2. Intramolecular skeletal isomerisation of cyclic bridged
cation takes place to give a more stable skeletal structu-
re.

3. Stability of resultant skeletal structure depends on type
(Chart) and stability of new cyclic structures involved
in the molecular system as a result of isomerisation.

4. Type and stability of cyclic structures formed as a result
of isomerisation are determined by the number of ¢
bonds between double bonds of the alkene and bonding
type of double bonds (N- and U-type), thus, by the
structure of the alkene.

5. Direction of addition reaction is determined by the
number of ¢ bonds between isolated double bonds of
the alkene: When m = 3 (Chart, a), the reaction predo-
minantly takes place to give N-type product and when
m = 4 (Chart,b), to give N- and U-type products (Abba-
soglu rule).*>3*

Number of ¢ bonds (m) Bonding type Product

3 N N-type

4 N and U N- and U-type

These suggested rules are also confirmed by experi-
mental results of transannular electrophilic addition reac-
tions of halogens to face-to-face double bonded strained
alkenes.>*>"15 It is also vital to theoretically investigate
electrophilic addition reactions in order to prove such ru-
les. Therefore, electrophilic addition reactions of bromine
to tetracyclo[6.3.0*!".0°]undeca-2,6-diene (homohipo-
strofene) and endo,endo-tetracyclo[6.2.2.23‘6.02’7]tetrade-
ca-4,9-diene were investigated by DFT method.

== (4-6)
X

E{ E} (5-5)
X

— {, (5-7)
X

P
= (6-6)
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3. 2. DFT Study on the Electrophilic
Transannular Addition Reaction of
Bromine to Tetracyclo[6.3.04,11.05,9]
undeca-2,6-diene (Homohipostrofene)

Bromination of the homohypostrophene molecule
(ph) gave only the adduct of N-type (Scheme 1).** Ho-
wever, the formation of U-type adduct can’t be observed.
To identify the reason for this, it is important to study

—BFLB;2

-3

Br

U-type cation bridged cation N-type cation

- -

Br Br

U-type dibromide N-type dibromide

Scheme 1. The electrophilic addition reaction of bromine to ph

structures and stabilities of electrophilic addition reaction
intermediates (bridged, N- and U-type cations) as well as
geometric and electron structure of homohipostrofene
molecule. Full geometric optimization of the ph was per-
formed by DFT/B3LYP method in 6-311G(d,p) and 6-
311++G(d,p) basis and the structure of the molecule was
also investigated in detail.

Bridged cation and its isomers (N- and U-type ca-
tions) are the possible intermediates of the addition reac-
tions of bromine to ph in gas phase and solvent medium
(Scheme 2). The structures and relative stabilities of these
cations were determined by carrying out geometrical opti-
mization using the B3LYP/6-311G(d,p) method and the
total energies (E, ) were also calculated. By using the op-
timized geometries of cations at the B3LYP/6-311G(d,p)
level, their single point energies have been computed us-
ing B3LYP/6-311++G(2d,2p) and CPCM-B3LYP/6-
311++G(2d,2p) methods. The calculated relative energies
are given in Table 1.

According to the results of each method, bridged
bromonium cation is more stable than U type cation and
less stable than N-type cation (Table 1). In other words,
bridged bromonium cation transforms into more stable N-
type cation by cross-bonding (cross mechanism) of the
double bonds (Scheme 1). It is not possible for the bridged
bromonium cation to isomerizes skeletally to the unstable
U-type cation. As a result, the direction of the electrophi-
lic addition reaction of bromine to ph is determined by the
direction of the skeletal isomerization of the bridged bro-
monium cation into N-type cation and N-type reaction
product is prefered to the N-type cation.

The stereochemistry and the stable configurations of
the reaction products were investigated by DFT method.

bridged N-type U-type

Scheme 2. The optimized geometries of cations (B3LYP/6-311G(d,p))

Table 1. The calculated relative energies of cations
Cations Relative energy (kcal mol™)

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

bridged 3.485 3.242 3.926

N-type 0.0 0.0 0.0

U-type 6.647 6.976 7.252
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N-type U-type

Scheme 3. The optimized geometries of products (B3LYP/6-311G(d,p))

Table 2. The calculated relative energies of products
Products Relative energy (kcal mol™)

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

N-type 0.0 0.0 0.0

U-type 8.260 8.203 7.896

The geometrical structure of the N- and U-type products
(Scheme 3) were optimized by B3LYP/6-311G(d,p) met-
hod and their total energies (E,,) were also calculated.
The single point energies of products were calculated by
using B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p)
and CPCM-B3LYP/6-311++G(2d,2p)//B3LYP/6-311G
(d,p) methods. The calculated relative energies are given
in Table 2. According to the results of each method, the N-

type dibromide molecule was more stable than U-type di-
bromide molecule (Table 2).

In other words, parallelism exists between the cation
and the corresponding product (Figure 1). In Figure 1, the
energy diagram of electrophilic addition reaction of bromi-
ne to ph is given. As can be seen from the energy diagram,
the reaction progresses in the direction of the more stable
cation and the skeletal isomerisation of the bridged cation

o Br

Br

Figure 1. The energy diagram of homohipostrofene-Br, system (kcalmol™) [B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p)].
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into N-type cation and finally an N-type product was obtai-
ned. Thus, the reaction occurs by the formation of the most
stable intermediate combination (N-type cation). In ph,
there are three ¢ bonds between double bonds and hence
N-type product is obtained. Hence, theoretical investiga-
tion results of addition of bromine molecule to homohipo-
strofen demonstrate accuracy of the abovementioned rules.

3. 3. DFT Investigation of Electrophilic
Transannular Addition Reaction
of Bromine to Endo,endo-tetracyclo
[6.2.2.23,6.02,7]tetradeca-4,9-diene
(TCTD)

A mixture of N-type and U-type products was obtai-
ned in the electrophilic addition reaction of bromine to
TCTD molecule (Scheme 4).>*® The geometry and the

|

N- type cation bridged cation U-type cation

lli? le
. Br
Br i

N-type dibromide U-type dibromide

Scheme 4. The electrophilic addition reaction of bromine to TCTD
molecule

electronic structure of the TCTD molecule were investiga-
ted using the B3LYP/6-311G(d,p) and B3LYP/6-311+
G(d,p) methods and the structure of the molecule was also
investigated in detail.

In order to determine the structures and relative sta-
bilities of the predicted cationic intermediates (bridged,
N- and U-type cations) (Scheme 5) formed in the addition
reaction, their full geometry optimization was performed
at the B3LYP/6-311G(p,d) level and the total energies
(E,,) were also calculated. By using the optimized geome-
tries of cations at the B3LYP/6-311++G(d,p) level, their
single point energies were computed using B3LYP/6-
311++G(2d,2p) and CPCM-B3LYP/6-311++G(2d,2p)
methods. The calculated relative energies are given in
Table 3.

The results of each method showed that the N- and
U-type cations are more stable than the bridged bromo-
nium cation. The skeletal isomerization of the bridged
bromonium cation into N- and U-type cations is ther-
modynamically feasible. The total energies of N- and U-
type cations differ little and their stabilities are nearly the
same. Hence, the bridged bromonium cation transforms
into appropriate N- and U-type cations as a result of skele-
tal isomerization, where crosswise and parallel mecha-
nisms take place. The direction of the addition reaction is
determined by the direction of the rearrangement of the
bridged bromonium ion into N- and U-type cations. The
reaction takes place over the N- and U-type cations in the
parallel direction and finally, the N- and U-type reaction
products are obtained. In TCTD molecule, there are four ¢
bonds between double bonds and hence N- and U-type
products are obtained. Hence, the results of DFT investi-
gation of addition of bromine molecule to TCTD molecu-
le prove accuracy of the abovementioned rules.

bridged N-type U-type

Scheme 5. The optimized geometries of cations (B3LYP/6-311G(d,p))

Table 3. The calculated relative energies of cations

Cations Relative energy (kcal mol™)
B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)
bridged 6.253 5.525 8.876
N-type 0.0 0.0 0.0
U-type 1.003 0.590 0.154

Abbasoglu: Theoretical Investigation of Electrophilic Transannular ...

295



296

Acta Chim. Slov. 2017, 64, 290-298

N-type U-type

Scheme 6. The optimized geometries of products (B3LYP/6-311G(d,p))

Table 4. The calculated relative energies of products
Product Relative energy (kcal mol™))

B3LYP/6311 B3LYP/6311++G(2d,2p) CPCM-B3LYP/6311++G(2d,2p)
G(d,p) //B3LYP/6-311G(d,p) //B3LYP/6-311G(d,p)

N-type 0.0 0.0 0.0

U-type 3.601 3.977 3.733

The stereochemistry and the stable configurations of
the reaction products were investigated by DFT method.
The geometrical structure of the N- and U-type products
(Scheme 5) were optimized by B3LYP/6-311G(d,p) met-
hod and their total energies were evaluated. By using the
optimized geometries of products by B3LYP/6-311G(d,p)
method, their single point energies were calculated at the
B3LYP/6-311++G(2d, 2p) and CPCM-B3LYP/6311
++G(2d,2p) levels. The calculated relative energies are gi-
ven in Table 4.

Figure 2 shows the energy diagram of the electrop-
hilic addition reaction of bromine to TCTD molecule. As
seen from the diagram, the reaction takes place by the

transformation of the bridged bromonium cation into the
N- and U-type cations. As the reaction progresses over the
N- and U-type cations, the N- and U-type products are ob-
tained. The stabilities of the N- and U-type cation differ
little and the stabilities of the N- and U-type products are
very close to each other.

4. Conclusions

General rules that allow us to stipulate the factors
that direct the flow of electrophilic addition reactions of
halogens to face-to-face double bonded strained alkenes

Figure 2. The energy diagram of TCTD-Br, system (kcal mol™") [B3LYP/6-31 1++G(2d,2p)//B3LYP/6-311G(d,p)] (The formations of N- and U-
type products are controlled by the relative energy of N- and U-type cationic intermadiates. And also, both products are formed because the relati-

ve energies of the cations intermediates are low.)
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and reaction products were established by considering
the results of the calculations and structure-characteristic
relationships. Direction of the addition reaction is deter-
mined by direction of isomerisation of bridged haloge-
nium cation and isomerisation takes place to create a mo-
re stable skeletal structure. Stability of resultant skeletal
structure depends on types and stability of new cyclic
structures. Stability of resultant new cyclic structures are
determined by the number of ¢ bonds between isolated
double bonds of the alkene and bonding-type of double
bonds (N- and U-type), hence by the structure of alkene.
When the number of ¢ bonds between double bonds of
the alkene is three (m = 3), the reaction takes place to pre-
dominantly give an N-type product, and when four (m =
4), N- and U-type products. Structure and stability of ca-
tion intermediates of electrophilic addition reaction of
bromine to homohipostrofen molecule having double
bonds with three ¢ bonds inbetween, were investigated
by DFT methods in detail. The reaction takes place over
more stable N-type cation which bridged bromonium ca-
tion isomerizes into to give N-type dibromide product.
Addition reaction of bromine to endo,endo-tetracyclo
[6.2.2.23°.0*"Jtetradeca-4,9-dien molecule, whose doub-
le bonds were linked by four ¢ bonds, was investigated
by quantum chemistry. Bridged bromonium cation iso-
merizes into more stable N- and U-type cations and the
reaction takes place over these cations to give N- and
U-type dibromide products.
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Teoreti¢no smo proucevali elektrofilno adicijo halogenov na sosednja mesta v alkenih. Dolo¢ili smo splo$na pravila, ki
nam omogocajo dolo¢anje dejavnikov pri usmerjanju glavnih stopenj te reakcije. Ugotovili smo, da je smer reakcije od-
visna od usmerjenosti intramolekularne skeletne izomerizacije ciklicno premoscenega halogenskega kationa. Izomeri-
zacija potece tako, da nastane bolj stabilna skeletna struktura. Njeno stabilnost smo dolo¢ili s Stevilom ¢ vezi med izo-
liranimi dvojnimi vezmi v alkenu in dvojnimi vezmi N- in U-tipa. Ce je §tevilo 6 vezi med dvojnimi vezmi v alkenu tri
(m = 3), reakcija poteka pretezno tako, da dobimo produkt N-tipa, pri m = 4 pa nastanejo produkti N- in U-tipa. Struk-
turo in stabilnost kationskih intermediatov (premosc¢en, N in U-tip) pri elektrofilni adiciji smo natan¢no preucili z meto-

do DFT.

Abbasoglu: Theoretical Investigation of Electrophilic Transannular ...



DOL: 10.17344/acsi.2016.3049 Acta Chim. Slov. 2017, 64, 299-311 @EEAMGns 90

Scientific paper

Mixed Metal Oxides of the Type Co Zn,_ Fe,O,
as Photocatalysts for Malachite Green Degradation
Under UV Light Irradiation

Martin Tzvetkov,! Maria Milanova,"” Zara Cherkezova-Zheleva,’
Ivanka Spassova,’ Evgenia Valcheva,! Joana Zaharieva' and Ivan Mitov?

! Department of Inorganic Chemistry, Faculty of Chemistry and Pharmacy, Sofia University “St. Kliment Ohridski”,
1, J. Bourchier, 1164 Sofia, Bulgaria

2 Institute of Catalysis, Bulgarian Academy of Sciences, Acad. G. Bonchev St., Block 11, 1113 Sofia, Bulgaria

3 Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Acad. G. Bonchev St., Block 11,
1113 Sofia, Bulgaria

* Department of Solid State Physics, Faculty of Physics, Sofia University “St. Kliment Ohridski”, 3, J. Bourchier,
1164 Sofia, Bulgaria

* Corresponding author: E-mail: mariamilanova2 @ abv.bg ,
tel. +35928161322

Received: 07-11-2016

Abstract

A combination of thermal and mechanical (high energy ball milling) treatment was applied in an attempt to obtain poly-
crystalline mixed metal binary and ternary oxides of the type Co,Zn, Fe,O, (x = 0; 0.25; 0.5; 0.75; 1). The synthetic
procedure used successfully produced single-phased, homogeneous ZnFe,O,, CoFe,0,, and Co, ,sZn ,.Fe,0,, as well
as mixed oxides, whose composition depended both on the duration of the high energy ball milling and the ratio
Zn(II)/Co(II). The formation of spinel-like structures was proved by XRD, Mossbauer spectroscopy and Raman spec-
troscopy. For the characterization of the samples low-temperature N, adsorption, UV/Vis spectroscopy and transmission
electron microscopy were applied. The energy band gap of the samples was calculated, suggesting they are promising
photocatalysts. The decomposition of the Malachite Green in model water solutions under UV-light irradiation was suc-
cessfully achieved in the presence of the samples as photocatalysts. The highest rate constant was obtained for the sam-
ple synthesized at longer milling time in combination with higher Zn(II)/Co(II) ratio. The photocatalytic activity of the
ternary mixed oxides was compared with the pure hematite, o-Fe,0,, and the binary ZnFe,O, and CoFe,0, ferrites with
spinel structure that were treated in the same way. A synergetic effect of o-Fe,O, and the spinel-like structure on the
photocatalytic properties of ternary mixed metal oxides was detected.

Keywords: ferrites; mechanoactivation, Mossbauer spectroscopy; powder diffraction, photocatalysis, malachite green

1. Introduction

Ferrites with spinel-like structure with the formula
MFe,0,, where M represents a divalent metal ion, are tech-
nologically important and have been used in many applica-
tions including magnetic recording media and magnetic
fluids for the storage and/or retrieval of information, mag-
netic resonance imaging enhancement, catalysis, magneti-
cally guided drug delivery, sensors, pigments, etc. '~

Among all the properties they possess, ferrites offer
the advantage of having a band gap capable of absorbing
ultra violet and visible light. Ferrites with spinel-like
structure prepared through solid state reaction have been
used for photocatalytic hydrogen generation.* The spinel
crystal structure enhances the effciency of light absorp-
tion due to the available extra sites in the crystal lattice.’
Some organic molecules have been decomposed under
UV irradiation in the presence of different spinels as pho-
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tocatalysts, such as methyl orange by BaFe,O, % phe-
nolphthalein by CoFezO4—ZnO,7 rhodamine B By Ag/
ZnFe, O, nanocomposites,® and methylene blue by Zn-
Fe,0, nanorods.” There are not many data available for
CoFe,0, used as a photocatalyst, but it has been used for
decomposition of H,0,."” The testing of ferrites as photo-
catalysts for degradation of inorganics, bacteria as well as
organic molecules such as methylene blue, methyl orange
and rhodamine B has been summarized,'! but no data are
available for malachite green degradation. Malachite
Green, MG, is a water-soluble azo dye that is widely used
in research laboratories and in the textile, pharmaceutical
and food industries. It appears in waste waters, so the wa-
ter need treatment and purification.

Among the spinel ferrites, ZnFe,O, has significant
absorbance in the 450-700 nm wavelength range.'? It is
regarded as a promising photocatalyst with a band gap of
1.92 eV (646 nm), which makes it possible to utilize solar
energy.'"!? Possessing photochemical stability and low to-
xicity, ZnFe,O, has been applied to degrade organic pollu-
tants,'>!* modified by multiwall carbon nanotubes,' by
SrTiO,,'® by TiO,'>'7'¥ etc. In those cases no energy band
gaps have been calculated, but it can be expected that the
modification influences the energy band gap of the sam-
ples: for example, for bulk CoFe,O,, the band gap was
found to be 2.7 eV*!” while for modified nanostructure
CoFe,0,/ZnO it was found to be 4.5 eV.” One can therefo-
re expect that polycrystalline mixed metal ternary oxides
of the type CoxZnl-xFe,O, will have energy band gaps
different from that of pure CoFe,O, and ZnFe,O, and the-
refore can have different photocatalytic activities for ma-
lachite green degradation.

Different methods for synthesis of ferrites have been
developed, among them co-precipitation and sol-gel tech-
niques. These usually result in large particles and a broad
size distribution.'”***! A combination of mechanical and
thermal treatment is often used in a procedure that inclu-
des several steps. Mechanical treatment with a ball mil-
ling technique has been applied to synthesize Ni—Zn ferri-
te from initial mixtures of NiO, ZnO and Fe203,22’23 while
polycrystalline Mn, Zn Fe,O, was prepared by mechani-
cal alloying of stoichiometric mixtures of MnO* or Mn-
0,” and ZnO and Fe,O, powders. Variations of the mec-
hanical treatment method include the duration of the pre-
heating process as well as the number and the duration of
heating steps to anneal after the mechanical treatment.
The annealing of a milled powder is usually applied to re-
duce the lattice defects and strains and to improve the
magnetic properties of the ferrites (internal strain has a
negative effect on the magnetic properties).?**® The
annealing includes heating at a constant rate and isother-
mal holding, followed by cooling down to room tempera-
ture. The milled powders can be annealed at different tem-
peratures to obtain a single-phase powder.'” During the
ball milling, crystal defects can be created so they might
have various life times and different natures. The crystal

defects influence the properties of oxides such as electri-
cal,””**? magnetic* and optical,’' and may act both as a
source and as a trap of electrons. In the synthetic procedu-
re applied in the work presented, we tried to preserve the
potential defects formed by first pre-grinding the oxides
in order to mix them carefully, then calcining them at high
temperature and finally ball milling them in order to sti-
mulate crystal defects in the structure. The later should be
preserved if further annealing is not applied.

Shortly, in the work presented, by a two-step proce-
dure combining high temperature treatment and mechani-
cal treatment, polycrystalline binary and ternary mixed
metal oxides were synthesized and characterized. The pho-
tocatalytic decomposition of Malachite Green under UV
irradiation in model water solutions in the presence of the
samples obtained was tested. By this an attempt was made
to evaluate the application of the synthesized catalysts.
Ferrites are seldom used for the decomposition of Malac-
hite Green, so the results obtained increase the range of
photocatalysts that can be used for degradation of this dye.

2. Experimental

2. 1. Materials and Synthetic Procedure

The initial materials used were hematite, o-Fe,O,
(>99%, p.a), ZnO (>99%, p.a.) and Co(NO,), 6H,0 (p. a.)
(all Alfa Aesar). Cobalt nitrate was used to produce CoO
after calcination at 900 °C for 5 hours. The synthetic pro-
cedure for the samples used in the work included calcina-
tion at 900 °C for 5 h and then milling for two different
periods of time (4 or 8 hours). A high energy ball mill
(Pulverisette 7, Fritsch) with zirconium oxide vials and
balls was used. The milling intensity was 600 rpm and the
ball-to-milled powder ratio was 8:1. By treating in the sa-
me way the commercial hematite o-Fe,O;, three different
samples were obtained, namely Fe-TS, Fe-4MA and Fe-
8MA, where TS is the symbol for the calcined sample and
it comes from Thermal Synthesis, MA presents the treat-
ment by milling at 4 or 8 hours, respectively and it means
MechanoActivated sample. The binary mixed metal oxi-
des ZnFe,O, (Co,Zn, Fe,O, where x = 0) and CoFe,0O,
(Co,Zn,_Fe,O, where x = 1) were synthesized in two
steps. In the first step, the stoichiometric mixture of the
oxides was hand-grinded for 30 min to ensure complete
homogenization, and then compacted to disks 50 mm in
diameter and 1-2 mm thick and finally sintered at 900 °C
for 5h. In the second step, the as prepared samples were
milled for 4h. For the powders obtained, the symbols
ZFO-TS, ZFO-4MA, CFO-TS and CFO-4MA, respecti-
vely (TS and MA as mentioned above) are used, where
ZFO is for Zinc Ferrite Oxide and CFO for Cobalt Ferrite
Oxide. The synthetic procedure for ternary mixed metal
oxides included the same two steps, and the samples pro-
duced can be presented by the stoichiometric formula
Co,Zn,_ Fe,O, where x = 0.25; 0.5; 0.75 and denoted as
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ZC31/4,ZC11/4 and ZC13/4 after 4h milling and ZC31/8,
ZC11/8 and ZC13/8 after 8h milling where ZC is for
Zinc-Cobalt ferrite. The mole ratio of the ions
Zn(II)/Co(Il) (3:1, 1:1, 1:3) as well as the duration of the
milling (4 or 8 hours) are mentioned in the symbols by
31/4,11/4,11/4 and 31/8, 11/8, 11/8.

2. 2. Methods for Characterization of the
Samples

X-ray powder diffraction (XRD) patterns for pha-
se identification were recorded in the angle interval
10-80° (20), on a Philips PW 1050 diffractometer, equip-
ped with a Cu Ko tube and a scintillation detector. Data
for cell refinements were collected in 826, step-scan mo-
de in the angle interval from 25 to 70° (20), at steps of
0.04° (20) and a counting time of 1 s/step. The cell refine-
ment analysis was carried out in BRASS (Bremen Rie-
tveld Analysis and Structure Suite).*?

Internal strain of the samples was estimated by
analysis of XRD peaks using the Wiliamson-Hall formu-
1a% (B/2)cotd = 0.45M/(sinBD) + €, where P is the peak
width at half maximum, 6 is the Bragg diffraction angle, A
is the X-ray wavelength, D is the average crystallite size
and ¢ is the value of the strain.

Mossbauer spectra were recorded with an electro-
mechanical spectrometer (Wissenschaftliche Elektronik
GmbH) in constant acceleration mode at room temperatu-
re. The source of radiation is >’Co/Rh (activity = 50 mCi)
and standard o-Fe. The recorded spectra were used for
calculations using software working with the method of
least squares. The following parameters of the hyperfine
interactions were calculated: isomer shift (IS), quadrupole
splitting (QS), effective inner magnetic field in the site of
iron nuclei (H,y), as well as the full width at half maxi-
mum (FWHM) and relative weights (G) of the compo-
nents.

The texture characteristics were determined by
low-temperature (77.4 K) nitrogen adsorption using a
Quantachrome Instruments NOVA 1200e apparatus. The
specific surface area (Sygy) was calculated using the Bru-
nauer—-Emmett—Teller (BET) surface area method.

Raman spectroscopy — The measurements were
carried out in a HORIBA Jobin Yvon Labram HR 800 mi-
cro-Raman spectrometer with a He—Ne (633nm) laser, the
absolute measurement accuracy being 0.5 cm™ or better.

UV-VIS absorption spectroscopy — an Evolution
300 UV-Vis spectrometer (Thermo Scientific) was used
for measuring the absorption of the samples in the range
200-900 nm.

Transmission electron microscopy (HRTEM) was
done using a JEM 2100 (JEOL), with an accelerator volta-
ge of 200 kV and up to 1 500 000 times magnification, to
follow the morphology of the samples.

Band gap energy calculations. The optical proper-
ties (absorption and optical band gap energy) of the sam-

ples were studied using UV-Vis absorption spectra. In all
cases broad absorption was registered in the 300-900 nm
range of the spectra. The UV-Vis data were analysed for
the relation between the optical band gap, absorption
coefficient and energy (hVv) of the incident photon for near
edge optical absorption in semiconductors. The band gap
energy was calculated from the measured curves by fits
according to Tauc’s equation®* ahv = A(hv — Eg)“, where
A is a constant independent of A v, Eg is the semiconductor
band gap and n depends on the type of transition. In addi-
tion, the well-known approach for semiconductor band
gap energy determination from the intersection of linear
fits of (ahv)'™ versus hv on the x-axis was used, n being
1/2 and 2 for direct and indirect band gap, respectively.

2. 3. Photocatalytic Activity

The photocatalytic tests were performed in a slurry
(1 g catalyst/l), using a 10> M aqueous solution of Malac-
hite Green oxalate (Chroma GmbH) as a model pollutant.
After a 30-min “dark” period (in order to establish the
equilibrium of the sorption process), the system was UV-
illuminated by a lamp (Sylvania 18 W BLB T8, emission
in the 345-400-nm region with a maximum at 365 nm),
situated at 9.5 cm distance above the slurry (illumination
intensity 0.5 W/m?), under continuous magnetic stirring
(400 min') and bubbling with air (45 L/h). The initial pH
of the solutions were between 5.8 and 5.9. Periodically, a
5-ml aliquot was taken from the solution and filtered
through a 0.20-pu Minisart filter. The dye concentration
was determined spectrophotometrically using the band at
622 nm. The data obtained were plotted in coordinates
(C/Cp)/t and —In(C/C)/t (where C is the concentration af-
ter the “dark” period, and C is the concentration after t
min irradiation), and apparent rate constants of the degra-
dation process were determined assuming first-order kine-
tics. The sorption capacity was calculated as the ratio
(Coo=C)/Cy» Where C, is the starting solution concentra-
tion (before the “dark” period). The malachite green de-
gradation at moment t is determined by the formula: de-
gradation, % = (Ao — At)/Ao x 100, where Ao is the initial
absorption of the malachite green solution at moment t =0
min, and At is the absorption at moment t min.

3. Results

3. 1.Characterization of the Samples

3. 1. 1. Phase Composition and Crystal Structure
of the Hematite and the Binary Mixed
Oxides With Spinel-like Structure
(ferrites).

The XRD patterns of the samples Fe-TS, Fe-4MA,
Fe-8MA (Figure S1), those of the binary metal oxides
ZF-TS, ZF-AMA (Figure S2, a), and CF-TS and CF-4MA
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(Figure S2, b) reveal a single phase without detectable se-
condary phase (within the limit of X-ray detection, typi-
cally 5 %). The calculated unit cell parameters are in
good agreement with the data from the crystallographic
databases (ZFO 8.4430 A, ICSD 98-002-8511; CFO
8.3550 A, ICSD 98-018-4063) (Table 1). The data for the
crystallite sizes for ZF-4MA and CF-4MA are close and
are similar to those for the ternary oxides milled for 4h
(Table 1). For CF-TS and CF-4MA, the unit cell parame-
ters slightly decrease with the milling time, although they
are bigger in comparison with the literature data (CFO
8.3550 A, ICSD 98-018-4063). The intensity of the refle-
xes is slightly higher for the TS (only calcined) samples
compared with those for the MA (calcined and milled)
samples (Figure S2). With increasing milling time, the
unit cell parameters and the crystallites size decrease for
both the zinc and cobalt ferrites, while the lattice distor-
tion increases. An inducing of cation redistribution in spi-
nel ferrites by the high energy ball milling®*-® as well as
contraction of the lattice caused by lattice defects™ have
been pointed out as probable reasons for reduction of lat-
tice parameters.

The experimental Mossbauer spectra of the samples
ZF-TS and ZF-MA analysed contain a typical doublet
spectrum for the spinel ferrite paramagnetic phase (Figure
S3 a, b). The experimental Mdossbauer spectra of CF-TS
and CF-MA include only components expressing super-
fine magnetic structure i.e. sextets (Figure S3 ¢, d) that
correspond to tetrahedral and octahedral sites of Fe**, in-
dicating the inverse spinel structure of CoFe,O, at ambient
temperature (the inverse spinel structure of CoFe,O, has
oxygen atoms which make up an fcc lattice, with half of
the Fe** ions occupying the tetrahedral A sites and the oth-
er half, together with the Co** ions located at the octahe-
dral B sites®”). The third component (Sextet-3) is likely
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due to the presence of ferrite spinel particles having a
smaller size. So far the analysis confirms that the synthe-
tic procedure used resulted in CoFe,O, and ZnFe,O, bina-
ry mixed metal oxides with spinel structure both after cal-
cination only and after a combination of calcination and
milling for 4 hours.

3. 1. 2. Phase Composition and Crystal Structure
of Ternary Mixed Metal Oxides

The XRD patterns of the mixed oxides show single
phases of well crystallized Co,Zn, Fe,O, (x = 0.25; 0.5;
0.75) (Figure 1). The longer milling time is the reason for
the weak amorphous halo in the XRD of the samples
ZC11/8 and ZC13/8. The calculated unit cell parameters
are smaller than those for pure ZnFe,O, and bigger than
those for pure CoFe,O,, compared both with the literature
data and with the samples synthesized by us. The uncer-
tainty of the calculations for 8h-milled samples is high
due to the smaller size of the crystallites, which leads to
higher full width at half maximum (FWHM) values.

The results of the Rietveld analysis are summarized
in Table 1. The shape factor used for determination of the
crystallite size with the Scherrer formula is 1. The sam-
ples milled for 4h have bigger crystallite sizes (almost
double the size of 8h-milled samples). The tendency in the
decrease of the cell parameters with decrease of the ratio
Zn(II)/Co(1II) is analogous to reported data (8.4210 A for
Zn/Co = 0.6/0.4: (ICSD 98-016-6203); 8.4120 A for
Zn/Co = 0.4/0.6: ICSD 98-016-6202)).

The Méssbauer spectra of the powdered samples are
a result of a superposition of lines of components without
resolved hyperfine magnetic structure i.e. quadruple
doublets and components with expressed superfine mag-
netic structure, i.e. sextets (Figure 2). The models for
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Figure 1. XRD patterns of the samples, from bottom to top (a) ZC31/4, ZC11/4, ZC13/4 and (b) ZC31/8, ZC11/8, ZC13/8, respectively.
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Table 1. Unit cell parameter (a, ), average crystallite size (D) and lattice strain (e).

Sample a, (A) D, nm e, x 107, a.u.
a=15.0352 +0.0001
Fe-TS ¢ = 13.7440 + 0.0001 76.3x2.7 0.006
a=15.0334 +0.0002
Fe-4MA c = 13.6846 + 0.0030 21.5x0.5 1.20
a=15.0342 +0.0001
Fe-8MA ¢ = 13.6940 + 0.0025 19.8+1.9 1.23
ZF-TS 8.4428 + 0.0005 77.3+0.9 1.70
ZF-AMA 8.4418 +0.0013 53.2+0.5 1.90
CF-TS 8.3840 + 0.0022 73.5+0.2 2.05
CF-4MA 8.3827 + 0.0031 579 +0.3 2.31
ZC31/4 8.4230 + 0.0012 56.1 £0.2 1.95
ZC11/4 8.4160 + 0.0013 574 +0.4 1.86
ZC13/4 8.4090 + 0.0023 56.5+0.3 1.96
ZC31/8 8.4260 + 0.0025 263 +0.5 091
ZC11/8 8.4173 +0.0031 28.0+0.6 1.37
ZC13/8 8.4101 = 0.0401 24.1+0.5 1.00

Mbossbauer spectra processing include these two types of
components i.e. two sextets and one doublet for samples
ZC31/4 to ZC11/8 and two sextets for the sample ZC13/8.
In the calculations, both components are included. The re-
sults are summarized in Table S1.

The five ternary mixed metal oxides ZC31/4,
ZC11/4,7C13/4,7C31/8 and ZC11/8 have a similar com-
position of the three components i.e. Sx1-hematite

100
a) Y y N
98
90 -
854703114
L L L L I L | I 1
£ 10 & & -4 2 0 2 4 & & 10
C-'I-J-J—
o
‘B
w
E 85 J
w
c
o
S g0 4
1]
2 !
K ZC11/4
o e A e e e s
40 8 8 4 .2 0O 2 4 & B 10
100 <
§5 -
80 4
85 q4zc 134
T rrrrT—-.——T——Tree T LU L A BN A |

10 -8 -8 -4 -2 0 2 4 ] g 10

Velocity, mm /s

(17-20% of the sample), Sx2-spinel (50-55%) and a su-
perparamagnetic component (26—-33%). A possible expla-
nation of the presence of hematite is either because of so-
me incompletely reacted initial hematite material or be-
cause some partial destruction of the spinel phase during
the milling process. The absence of reflections of hemati-
te in the XRD patterns (Figure 1) suggests that the hema-
tite is present as very small crystals. Taking into account
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Figure 2. Mossbauer spectra of ZC31/4, ZC11/4, ZC13/4 (a) and ZC31/8, ZC11/8, ZC13/8 (b), from top to bottom.
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that the oxides in the initial source system were present in
stoichiometric ratios for the formation of ferrite, the pre-
sence of hematite suggests that unreacted free ZnO and
CoO should also be present in the samples. The latter are
not registered by XRD either because of their very small
crystals (just like the hematite) or because of their low
concentration.

The hyperfine parameters of the other two compo-
nents in the Mossbauer spectra of samples ZC31/4,
ZC11/4,7ZC13/4, ZC31/8 and ZC11/8 can be attributed to
the presence of a spinel phase. Its relatively small particle
size gives rise to an incompletely resolved magnetic struc-
ture. A bidisperse particle size distribution is evidenced by
both sextet and doublet components of bigger particles
with collective magnetic excitations behaviour and smaller
spinel particles with completely collapsed magnetic struc-
tures due to thermally activated reversals of particle mag-
netisation moments*. The lower than typical values of H,;
of the crystalline spinel phases may also be a result of the
mixed nature of the spinel component. The described com-
position of the samples from ZC31/4 to ZC11/8 can be
explained with their heterogeneity. Sample ZC13/8 has a
different spectrum, consisting of two sextets of a spinel
phase i.e. Sx1 that includes Fe** ions in tetrahedral coordi-
nation and Sx2 with Fe* ions in octahedral coordination.

The spinel-like structure of the sample ZC13/8
shown to be homogeneous by Mdssbauer spectrum is con-
firmed by its Raman spectrum (150-1200 cm™) (Figure
3), which shows clear bands at 468, 612 and 682 cm™. Ac-
cording to the literature, both Raman modes at 612 and
682 cm™ are reflecting the local lattice effect in the tetra-
hedral sublattice, while the peak at 468 cm™ is probing
the local lattice effect in the octahedral sublattice.***° The
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Figure 3. Raman spectra of the samples ZC31/4, ZC11/4, ZC13/4,
7C31/8, ZC11/8, ZC13/8 compared with the spectra of pure hema-
tite and ZnO.

same Raman bands mentioned above as well as additional
bands at 222 cm™ and 286 cm™' can be seen in samples
ZC31/4 to ZC11/8; these additional bands can be assigned
to o-Fe,O,, which has very intense bands at these posi-
tions, shown in the Figure 3 for convenience. The Raman
data thus confirm the observed significant difference bet-
ween sample ZC13/8 and samples ZC31/4 to ZC11/8 by
Mossbauer spectroscopy, i.e. the presence of a-Fe,0,.
The broadening and the asymmetry of the Raman peaks
may be related to a high degree of cation disorder induced
by the milling.* No ZnO and CoO are detected as separa-
te phases in the Raman spectra of the samples (no distor-
tion of the lattice cell was observed by XRD either). No
peaks induced by CoO could be detected according to lite-
rature.*?

3. 1. 3. The Lattice Strain

The influence of the milling on the samples can be
evaluated by the lattice strain data. From the data of Table
1, it appears that for the individual oxide Fe-TS the annea-
ling at 900 °C causes the biggest relaxation, as the lattice
strain observed is insignificant. The milling for 4h leads to
a distortion and introduces point defects, but the further
milling for 8h does not change crystallites size and the lat-
tice strain. For the binary oxides the decrease of the cry-
stallites size leads to higher values of the lattice strain.
Between pure CF and ZF, CF shows the higher lattice
strain. A possible reason could be the inverse spinel struc-
ture of CoFe,O, at ambient temperature, as proved by
Mossbauer spectroscopy (Table S1). For the ternary oxi-
des the shorter milling time (4 h) causes bigger lattice
strain than the longer 8 h. The fact that the samples con-
tain three metal cations, with different ratio Zn(IT)/Co(II)
and a more complicated heterogeneous phase composition
makes the interpretation of the values for these samples
complicated. In conclusion, the milling introduces energy
in the system, which partially dissipates but partially caus-
es point deffects i.e. lattice strain.

3. 2. Optical Properties and Band Gap
Energy Calculation

The absorbance in the UV/Vis range (450-700 nm,
spectra not shown here) showed a clear maximum at
around 400 nm and a weaker band at around 750 nm. Ba-
sed on these data, the band gap energy, E, was determi-
ned after plotting o/E, where o is the absorption coeffi-
cient. Examples for ZC31/4 are shown in the range of di-
rect and indirect transitions (Figure 4 a, b).

The crossing point with the x-axis was found after
applying different analyses.** For the direct transition,
o*/E was plotted against energy and the linear part of the
graph was extrapolated to zero where a value of 1.83 eV
was obtained; for the indirect transition, ot'>/E was plotted
against energy and in a similar way, a value of 1.3 eV was
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Figure 3. Raman spectra of the samples ZC31/4, ZC11/4, ZC13/4, ZC31/8, ZC11/8, ZC13/8 compared with the spectra of pure hematite and ZnO.

found. Similar graphs were obtained for ZC11/4, ZC13/4,
ZC31/8, and ZC11/8. However, the data for ZC13/8 are
different from the other samples and a linear fit is obtai-
ned if the expression accounting for Urbach tails for
amorphous material is used, o(hv) ~ exp (hV/E,).** The fit
gives one linear part of the graph and a value of 1.3 eV
was obtained by extrapolation of the straight section to the
x-axis (Figure 4, c). This model accounts for static disor-
der in amorphous solids. The fact that sample ZC13/8 has
the smallest particle size of all samples (24 nm, Table 1)
could be the reason for the similarity of sample ZC13/8
with an amorphous sample. The band gap in the range 1.1-
1.3 eV for the samples ZC31/4, ZC11/4, ZC13/4 ZC31/8,
ZC11/8 (Table 2) confirms the presence of spinel phase as
detected by IR (not included here), Raman and Mdssbauer
spectroscopy and XRD, along with mono metal oxides li-
ke hematite.

Table 2. Calculated data for E g1 and E g2.

Sample E 1 (direct), eV E 2 (indirect), eV
ZC31/4 1.83 1.3
ZCl11/4 1.79 1.3
ZC13/4 1.69 1.21
ZC31/8 1.68 1.22
ZC11/8 1.72 1.11
ZC13/8 - 1.3

It can be speculated that the values found for E 1 are
due to the presence of hematite, ZnO and CoO. The band
gap data Egl (direct) for ZC31/4, ZC11/4, ZC13/4 show a
clear tendency of a decrease upon substitution (according
the experimental stoichiometry) by a lighter cation, i.e.
Co(II). A similar observation was made for Co(II) doped
ZnO,** an increase is observed for cations such as AI(TIT)
and Ga(Ill), with a larger mass difference than Zn(II) and
Co(II).* Considering the literature data for the values of the
band gap i.e. 0-Fe,0, with 2.2 eV*’, ZnO with 3.77 eV'? or

3.3eV, according45 ZnFe,0, with 1.92 eV,!"2and CoFe, O,
with 2.7 eV*" it is obvious that the resulting ternary oxides
have lower values of the band gap than the individual com-
ponents. It is an indication that the composite oxides can ab-
sorb more photons and generate more e+/h pairs so the pho-
tocatalytic activity can be enhanced. Similar behaviours for
composite systems has been reported.*®

3. 3. Specific Surface Area (SSA), Pore
Volume and Average Pore Diameter

The BET specific surface areas (Table 3) were
found to be low, which is probably caused by the high
temperature for calcination during the first step of the
synthetic procedure. The value for a-Fe,O, calcined, Fe-
TS, is the lowest among all the samples and increased
with the milling time for Fe-4MA and Fe-8MA, which is
to be expected. The highest observed values are those for
ZF-4MA, 30 mz/g, and for CF-4MA, 21 m2/g, in agree-
ment with expectations for higher SSA after the milling

Table 3. Specific surface area (SSA), pore volume and average po-
re diameter of the samples

Sample SBZET, Pore V(;lume, Ave}‘age pore
m-/g cm’/g size, nm

Fe-TS 2

Fe-4MA 8

Fe-8MA 12

ZE-TS 7

ZF-4MA 30

CF-TS 9

CF-4MA 21

ZC31/4 14 0.02 5.4
ZCl11/4 14 0.03 8.1
ZC13/4 14 0.03 9.4
7C31/8 12 0.02 7.4
ZC11/8 14 0.03 8.0
7C13/8 22 0.20 32.8
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Figure 5. TEM-micrographs of ZC31/4 (a), ZC31/8 (b) x100k and ZC13/8 (c) and (d), respectively at x 100k and x 40k.

procedure. Among the ternary oxides the sample ZC13/8
shows a substantially higher S, than the other ternary
oxides, 22 m*/g.

The values for pore volume were determined only
for the ternary oxide systems. It was determined from the
amount of nitrogen adsorbed at the end of the isotherm at
p/p, = 0.98 according to the Gurvitch rule. Nitrogen ad-
sorption — desorption isotherms conducted at -196 °C over
powdered samples (Figure S4, a, b) show different shapes.
The samples ZC31/4, ZC11/4, ZC13/4 ZC31/8, and
ZC11/8, showed II type isotherms according to the IUPAC
classification*” (non-porous or macroporous forms which
allow monolayer-multilayer adsorption to occur at high
p/py); the H3 loop is usually assigned to aggregates of pla-
te-like particles which possess non-rigid slit-shaped pores.
The isotherm of ZC13/8 is of the II type with HI loop,
which shows well-defined cylindrical pores or agglomera-
tes of approximately uniform spheres appearing probably
as secondary intra-particle porosity (Figure S4, b). The
hysteresis loops are characteristic of mesoporous solids
and their shape reveals a change in the pore structure.

The average pore size is rather close for ZC31/4,
ZC11/4,Z2C13/4,2ZC31/8 and ZC11/8 (Table 3) and diffe-
rent from that of the sample ZC13/8. The Sy, pore volu-
me and average pore diameter are changing in the order
ZC31/4,ZC11/4,7C13/4,7ZC31/8,ZC11/8,ZC13/8 in the
same way. The change of the porous structure is clearly
shown (Figure S5) for the pore size distribution of the
samples, where ZC13/8 shows a large amount of mesopo-
res in the range 15-100 nm.

BET

3. 4. Transmisson Electron Microscopy

TEM micrographs show agglomerates for ZC31/4,
ZC31/8 (Figure 5, a, b) and crystallites for ZC13/8 (Figu-
re 5 c, d). Agglomeration was present even after sonifica-
tion, and can be attributed to the mechanotreatment of the

samples without the addition of surfactants. This can lead
to partial melting of the edges of the smaller particles du-
ring the milling and can play the role of glue between the
bigger particles. Because of the agglomeration in the
ZC31/4, ZC11/4, ZC13/4, ZC31/8, ZC11/8 samples, eva-
luation of the particles size distribution on the base of
TEM micrograph was attempted only for the ZC13/8 sam-
ple (Figure 6). Nanosized particles in the broad range bet-
ween 5-45 nm can be observed, while sizes between
15-25 nm are the most typical (more than 60% of all par-
ticles) (Figure 6).
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Figure 6. Particles size distribution for ZC13/8 (based on the TEM
micrograph, Figure 5, c).

3. 5. Photocatalytic Properties
of the Samples

o-Fe,0,: hematite is an n-type semiconductor with
a band gap in the region 2.0-2.2 eV.*’ The rate constants
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for a-Fe,0, shown in Table 4 are decreasing with in-
creasing milling time, so Fe-TS is showing the highest va-
lue of (6.6 + 0.4) x10~* min™'; the values for the rate con-
stants for Fe-4MA and Fe-8MA are only half of that. The
rate constant per unit surface area shows the same ten-
dency i.e. high for Fe-TS, lower for Fe-4MA and Fe-
8MA; the difference is bigger here because of the high
SSA of Fe-TS. The lattice strain (Table 1) is higher for the
less photocatalytically activite samples.

Binary mixed metal oxides ZnFe,O, and
CoFe,0,: Among the binary mixed oxides, the highest
rate constant is observed for ZF-TS, (12.7 + 0.73) x 107
min~'. The values for ZF-4MA, CF-TS and CF-4MA are
smaller and similar. The lattice strain increases with the
milling for CF-4MA, but there is no difference in the rate
constants for CF-TS and CF-4MA. The very big differen-
ce in the rate constants for ZF-TS and ZF-4MA can hard-
ly be explained with the insignificant difference in the
lattice strain. The activity per unit surface for ZF-4MA
and CF-4MA are the same; apparently the milling is cau-
sing the same effect on the surface and on the photoca-
talytic activity.

Ternary oxides: The data in Table 4 show the rate
constants and sorption, and those in Table 5 show the de-
gradation of Malachite Green with the time. It is obvious
that the samples are active as photocatalysts. They suc-

Table 4. Photocatalytic activity: rate constants and sorption

Rate constant

Sample Rxa;‘(’)g"“:z:z{‘f’ to .SB_EIT, X 10:‘2', Sor?%t)mn’
min~. g. m
Fe-TS 6.6 +0.41 3.30 53.03
Fe-4MA 2.9 +0.35 0.37 37.32
Fe-8MA 3.3+0.35 0.28 43.46
ZE-TS 12.70 = 0.73 1.81 78.13
ZF-4MA 6.53 +0.40 0.22 70.82
CF-TS 5.73 £0.38 0.64 77.80
CF-4MA 5.33 +0.31 0.25 68.34
7C31/4 10.6 + 0.45 7.57 78.32
7ZCl11/4 8.4 +0.25 6.00 75.89
7C13/4 8.1 +0.25 5.78 78.18
7ZC31/8 12.3+0.71 10.25 82.46
ZC11/8 9.0+0.3 6.43 78.28
7ZC13/8 8.3 +0.25 3.77 79.35

cessfully degrade more than 50% of the Malachite Green
present in the suspension within 90 min. The highest con-
version of 68% (Table 5) was obtained by sample ZC31/8
with the highest rate constant observed, 12.3 x 107> min™!
(Figure 7, Table 4).

1.0
—n—7C31/4
0.9 : —=—7C11/4
—7C13/4
0.8 4 - —=—7C31/8
—n—7C11/8
0.7 —a—7C13/8
(=]
Q
S 061
05
0.4
0.3 : : . :
0 20 40 60 80 100

Time, min

Figure 7. Photocatalytic degradation of Malachite Green by the
samples ZC31/4,ZC11/4,ZC13/4,ZC31/8,ZC11/8, ZC13/8 under
UV-irradiation

The photocatalytic rate constants (Table 4) increase
both with increasing Zn(II)/Co(II) ratio in the samples and
with increasing milling time. The values for the rate con-
stants for the ternary oxides ZC31/4, 10.6 x 1073, ZC11/4,
8.4 x 107, and ZC13/4, 8.1 x 10~ min™" are higher than
those for a-Fe,0,, 6.6 x 1073 min™' (the highest value
among Fe-TS, Fe-4MA, Fe-8MA) as well as higher than
those for the binary mixed metal oxides made at the same
milling time, ZF-4MA, 6.53 x 107, and CF-4MA, 5.33 x
10~ min~". This may be explained by o-Fe,0, and the spi-
nels in the ternary mixed metal oxides having a synergetic
effect on the photocatalytic activity.

4. Discussion

The aim of the work was to obtain polycrystalline
ternary spinel ferrites with different Zn/Co ratios and to
test their photocatalytic activity. In order to reveal the inf-

Table 5. Degradation of Malachite Green with the time, %

Time, Samples

min 7.C31/4 7.C11/4 7.C13/4 7C31/8 ZC11/8 7C13/8
15 17.76 8.69 12.26 9.16 13.85 12.98
30 29.61 22.46 19.24 23.89 20.72 22.25
45 34.69 33.92 28.71 36.53 34.16 27.41
60 56.31 43.94 36.93 56.56 44.00 38.76
90 56.55 50.35 53.29 68.13 54.26 53.95
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luence of the synthetic procedure on the photocatalytic
properties of the samples, a combination of solid state
reaction with high-energy ball-milling was applied both to
treat a commercial ferric oxide (hematite) and to synthesi-
ze oxides with spinel structure of the type M" . M”",_ Fe,O,
M"=Zn, M= Co; x =0, 0.25, 0.5, 0.75, 1). Homogene-
ous ZnFe,O, and CoFe,O, ferrites with spinel structure
were obtained both by solid state reaction and by a combi-
nation of solid state reaction with high-energy ball-milling.
The ternary mixed metal oxide Co,,sZn,,;Fe,O, was ob-
tained as a well-crystallized homogeneous spinel structure
after 8 hours of milling. In spite of the XRD data showing
single phases of well crystallized oxides Co Zn, Fe,O, (x
=0.25; 0.5), the Mossbauer and Raman spectroscopy mea-
surements revealed the presence of both a spinel-like struc-
ture and hematite. This illustrates the importance of com-
bining different methods for analysis of the structure in
ferrite multicomponent systems, and gives a chance to test
a potential synergism in the photocatalytic activity of the
spinel structure and hematite, when they are treated at the
same experimental conditions. Some considerations on the
photocatalytic activity are worth mentioning:

(i) The composition and the photocatalytic proper-
ties of ternary mixed metal oxides: Considering the com-
position of the ternary mixed metal oxides presented, they
can be divided in two groups, namely ZC31/4, ZC11/4,
ZC13/4, ZC31/8, and ZC11/8 in first group and ZC13/8
the other one. The five samples ZC31/4, ZC11/4, ZC13/4,
Z(C31/8 and ZC11/8 are phases, containing spinel-like fer-
rite (50-55%) and hematite, o-Fe,O, (17-20%). The he-
matite, with an energy band gap of 2.2 &V, absorbs light up
to 550 nm and (as other iron oxides) possesses photoca-
talytic activity.’ Any of the components can be active du-
ring the photocatalytic decomposition of Malachite Green;
their activity is difficult to be separated, especially because
of the fact that they have close energy band gap values. The
sample ZC13/8 is the only one with a homogeneous spinel
structure, Co,,sZn, ,sFe,0,, but its photocatalytic behavi-
our does not differ from the samples ZC31/4, ZC11/4,
ZC13/4 and ZC11/8 (containing both hematite and spinel-
like ferrite). Taking into account the data from Table 4, an
increasing of the rate constant with the increasing of Zn(II)
content in the samples is observed for both milling periods
applied. The samples ZC31/4 and ZnC31/8 show the best
activity among the others, with rate constants of 10.6 x
107 and 12.3 x 107> min™, respectively.

It can be assumed that peculiarities of the synthetic
procedure namely a heat treatment, followed by mechano-
treatment without annealing in combination with the
Zn(II)/Co(II) ratio, favoured the photocatalytic activity.
That the highest rate constant was observed for the sample
with the longest mechanotreatment and highest
Zn(I1)/Co(II) ratio, ZC31/8, is an illustration for this. Ad-
ditional reason for the highest rate constant value for
Z(C31/8 is the synergetic effect of the spinel-like structure
and o-Fe,0,. Considering the data from Mossbauer (Tab-

le S1), the amount of hematite in all five samples ZC31/4,
ZC11/4, ZC13/4, ZC31/8, ZC11/8 is very close, so the
difference in their activity could be a result of the different
Zn/Co ratios and different milling times.

(ii) The specific surface area, Sy, and the photoca-
talytic activity: The specific surface area is rather low,
which is to be expected taking into account the high tem-
perature for heat treatment of the samples, 900 °C. The
samples ZC31/4, ZC11/4, ZC13/4, ZC31/8, ZC11/8 have
similar values of S;.;, but have different photocatalytic
behaviour. The sample ZC13/8 is very different from the
others, with a specific surface area twice as high, but it
does not show the highest rate constant obtained. It looks
like Sy is not decisive for the photocatalytic activity in
our case because no correlation between specific surface
area and photocatalytic activity is observed. If the degra-
dation rate constant is divided by the specific surface area
(the same approach as applied in®’) the “normalized” va-
lues (min™' g. m™, Table 4) show the weakest catalytic ac-
tivity for ZC13/8 while the best sample is still ZC31/8.
According to Bubacz et al.’! the process of photodegrada-
tion is not determined only by the specific surface area,
Sger- The peculiarities of the surface structure are respon-
sible for differences in the catalytic activity. The size of
the particles and crystallites is influencing the activity of
the catalyst by influencing the processes of recombination
of the electron-hole couples.’>> The best catalyst among
the synthesized, ZC31/8, has the smallest crystallite size.
That the crystallite size for ZC31/4 (56 nm) is twice as
large as that for ZC31/8 (26 nm) does not reflect in their
catalytic activity, which are similar (10.3 x 10~ min™ for
ZC31/4 and 12.3 x 10~ min™! for ZC31/8).

The rate constants for some of the samples (ZC31/4,
Z(C31/8) are close to those obtained by us for TiO, (De-
gussa P-25) when decomposing Malachite Green with UV
light irradiation, namely 11.6 x 10~ min~!, but at higher
specific surface area (52 m%g).*° The “normalized” value
for Degussa P25 (rate constant/Sy.) is 2.2 x 10* min™' g.
m~2, which is rather low compared with the values for our
samples (Table 4), even including our weakest result, the
one for the sample ZC13/8. This is in accordance with the
values for the energy band gap (Results, 3,2), obtained for
our samples that are considerably smaller than the one for
Degussa-P25.

(iii) Comparison of the homogeneous ZC13/8 and the
other five inhomogeneous samples ZC31/4, ZC11/4,
ZC13/4, ZC31/8, ZC11/8 shows that ZC13/8 has the same
UV/Vis and IR spectra as the other samples although it is
the only one with a clearly crystallised spinel structure.
ZC13/8 differs in some physicochemical parameters such
as Sy.r, pore volume, average pore size and composition,
but its photocatalytic activity is similar to ZC13/4 (and
ZC11/4), synthesised at shorter milling time (Table 4). Pro-
bably the activity of ZC13/4 (and ZC11/4) is similar to
Z(C13/8 because of the synergetic effect observed. The pho-
tocatalytic activity of sample ZC13/8 is the only one repor-
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ted in the literature for a pure spinel-like structure for de-
gradation of Malachite Green under UV light irradiation.

If the reason for inhomogeneity of the five ternary
oxides ZC31/4, ZC11/4, ZC13/4, ZC31/8, ZC11/8 is the
milling procedure, which could cause some decomposi-
tion, the reason to obtain ZC13/8 could be a combination
of successful synthesis by the longer mechanotreatment
assisted by the stabilizing role of the smaller Co** ions.

(iv) The relation between the defects in the structure
of the samples and their photocatalytic activity: Appa-
rently the milling increases the defects and the lattice
strain for o-Fe,O,, but the photocatalytic activity of o-
Fe,O, decreases, so it looks like for a-Fe,O, the defects
do not have a positive effect on its activity as a photoca-
talyst. For the binary mixed metal oxides the one with the
lowest strain has the highest activity, i.e. the pure Zn-
Fe,O,. No positive effect of the lattice strain is observed
for the ternary oxides: the sample with the lowest strain
possesses the best activity. It is known that cationic vacan-
cies (and/or interstitial atoms) can be observed in the
structure of spinels.>* The possible defects in the powde-
red samples are evaluated on the base of the calculated lat-
tice strain. In spite of the expectations that the lattice
strain induces structural distortion and by that transforms
the properties,” we did not observe a correlation between
the lattice strain and the photocatalytic activity. The sam-
ple with the best activity among the ternary oxides,
Z(C31/8, has the lowest value of lattice strain. We can sug-
gest there are factors which are compensating the lattice
strain caused by the defects.

5. Conclusions

Polycrystalline spinel-like ferrites were synthesized
and tested for degradation of Malachite Green in model
solutions under UV light irradiation. The values for the ra-
te constant and the degree of degradation obtained show
that these samples have potential to be used as photoca-
talysts to purify contaminated waters. The rate constants
observed are similar to that obtained for TiO, Degussa
P25, but at lower specific surface area. Considering all the
factors influencing the photocatalytic activity, differences
in photocatalytic behavior are observed depending on the
duration of high energy ball-milling and Zn(II)/Co(II) ra-
tio. A synergetic effect of the a-Fe,O, and spinel-like
structure on the photocatalytic properties was detected.
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Povzetek

Kombinacijo toplotne in mehanske (krogelni mlini) obdelave smo uporabili pri pripravi polikristalni¢nih meSanih binar-
nih in ternarnih kovinskih oksidov tipa Co Zn, Fe,0,(x =0, 0.25,0.5,0.75, 1). S tak§nim sinteznim pristopom smo us-
pesno pripravili homogene ZnFe,O,, CoFe,0,, in Co,,sZn,,;Fe,0, ter tudi meSane okside, katerih sestava je odvisna
tako od trajanja mletja s kroglicami in razmerja Zn(II)/Co(II). Tvorbo spinelu podobnih struktur smo dokazali z rent-
gensko praskovno difrakcijo (XRD), Mossbauerjevo spektroskopijo in Ramansko spektroskopijo. Za nadaljnjo karakte-
rizacijo vzorcev smo uporabili nizko-temperaturno adsorpcijo N,, UV/VIS spektroskopijo in transmisijsko elektronsko
mikroskopijo (TEM). Izracunana energija prepovedanega pasu (band gap) vzorcev kaZe, da so materiali potencialni fo-
tokatalizatorji. V prisotnosti vzorcev, ki smo jih uporabili kot fotokatalizatorje, je barvilo malahitno zeleno v modelnih
vodnih raztopinah pri obsevanju z UV svetlobo razpadlo. Najboljso fotokatalitsko uc¢inkovitost smo opazili pri vzorcu
za katerega smo pri sintezi uporabili daljsi ¢as mletja in viSje razmerje Zn (II)/Co (II). Primerjali smo tudi fotokatalitsko
aktivnost ternarnih meSanih oksidov s Cistim hematitom ¢-Fe,O, in binarnima ZnFe,0, in CoFe,0, feritoma s spinelno
strukturo, ki smo jih pripravili na enak nacin. Zaznali smo sinergijski uc¢inek o-Fe,O, in strukture podobne spinelu na
fotokatalitske lastnosti ternarnih meSanih kovinskih oksidov.
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Abstract

In this study, zinc—nickel (ZnNi) particles were electrochemically deposited on carbon steel (CS) electrode applying
constant current of 1 mA with chronopotentiometry technique. Poly(N-methylpyrrole) (PNMP) film on CS/ZnNi elec-
trode was synthesized with cyclic voltammetry technique from 0.10 M N-methylpyrrole containing 0.20 M sodium oxa-
late solution. The corrosion performances of coated and uncoated electrodes in 3.5% NaCl solution were evaluated with
the help of AC impedance spectroscopy (EIS) and anodic polarisation curves. Scanning electron microscopy (SEM) and
linear sweep voltammetry (LSV) were used to characterization of coatings. It was shown that the ZnNi particles exhibi-
ted important barrier effect on CS substrate. The highest 298350 ohm value of polarization resistance showed that
PNMP film on the CS/ZnNi electrode exhibited an effective barrier property and electrocatalytic behaviour protection

of substrate for longer exposure time.

Keywords: Alloy plating, corrosion, conducting polymer, poly(N-methylpyrrole)

1. Introduction

Corrosion of the metals is one of the most serious
problems in industry.! Zinc coating provides good pro-
tection for ferrous substrates. Zinc and zinc alloys (Zn-
Co, ZnNi) are widely used in the corrosion protection of
steel.>”® But these zinc alloys exhibit a significantly hig-
her corrosion resistance than pure zinc coating.’'® Con-
ducting polymers like polyaniline, polythiophene and
polypyrrole have shown wide range of applications due
to their very interesting physical properties. Some of
their important properties include electrical conducti-
vity, electroactivity, electrochromism, environmental
stability, chemical stability and corrosion inhibitive pro-
perty."” Conducting polymers act as anodic protection
and constitute effective physical barrier against corrosi-
ve products in the protection of metals. These polymers
significantly reduce the rate of corrosion.'®! Introduced
advantages by these organic coatings are a good adhe-

sion at the metal surface and nontoxic corrosion prob-
lems as than occurs in the commonly painting systems.>?
Due to these properties polypyrrole and polyaniline and
its derivatives are most extensively studied conducting
polymers.?*~?

Ozyilmaz et al. studied comparative study of passi-
vation of ZnFe and ZnFeCo alloy platings on carbon steel
from oxalate and tartrate medium and the results were
showing that in oxalate medium passivation exhibited bet-
ter physical barrier behavior.**

The purpose of the present study was to synthesize
electrochemically PNMP film on thin zinc—nickel (ZnNi)
plated carbon steel in sodium oxalate (NaOX) solution.
The corrosion behaviors of ZnNi deposited carbon steel
electrodes with and without PNMP film have been investi-
gated in 3.5% NaCl and compared by using AC impedan-
ce spectroscopy (EIS) technique, open circuit potential-ti-
me measurements linear sweep voltammetry (LCV) tech-
nique and anodic polarization curves.

Akdag and Ozyilmaz: Poly(N-methylpyrrole) Film on ZnNi
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2. Experimental

All electrochemical experiments were performed in
a standard one-compartment three-electrode cell. The re-
ference electrode was Ag/AgCl (3 M, KCl) and the coun-
ter electrode was a platinum sheet. Surface area of plati-
num sheet and working electrode were 0.18 cm? and 0.05
cm?, respectively. The working electrode used in this
study was carbon steel with the composition: 0.0561% C,
0.4498% Mn, 0.0103% P, 0.0036% S, 0.14085 Si and
99.3394% Fe. The surface of this electrode was carefully
polished with abrasive paper (1200 grid), degreased with
1/1 ethanol/acetone mixture, washed with distilled water
and dried. CHI 606C and CHI 660B model digital elec-
trochemical analyzers were used for all electrochemical
measurements. Zinc-nickel plating was carried out in a
bath including 200 gI”' ZnSO,.7H,0, 140 gl NiSO, -
6H,0, 20 gI"' H,BO,, 2 gI"' CH,C;H,SOH - H,0.
Meanwhile pH was approximately 5.5. The plating time
was 400 sec applying 1 mA constant current. ZnNi pla-
ting was accomplished under atmospheric condition wit-
hout stirring the solution. The thickness of alloy plating
was determined by estimation of the passing charge
amount applying 1 mA constant current and the thickness
of ZnNi alloy plating was estimated to be between ap-
prox. 2.73-3.80 m. Poly(N-methylpyrrole) film was elec-
trochemically synthesized using cyclic voltammetry
technique. Electrochemical impedance measurements
were obtained at measured open circuit potential values
applying 7 mV of amplitude in frequency range from 10°
to 10~ Hz. The anodic polarization curves were recorded
after 168 h of immersion time in corrosive test solution.
The scan rate was 4 mV/s and the measured open circuit
potential value was the initial potential for the scan. SEM
was employed to characterize the surface morphology
with a JEOL JSM-5500LV scanning electron microscope
at 10 kV.

3. Results and Discussion

In this study, zinc—nickel (ZnNi) plating was elec-
trochemically deposited on carbon steel (CS) electrode
applying constant current of 1 mA with chronopotentio-
metry technique. After deposition, the composition
ZnNi plating was mechanically removed from the surfa-
ce of the electrode and dissolved in 0.10 M HCI solu-
tion. The chemical composition of the ZnNi alloy was
analyzed by atomic absorption spectroscopy (AAS).
The percentage metal ratio was determined as 20.27%
Ni and 79.73% Zn.

The cyclic voltammograms recorded for zinc-nickel
plated carbon steel (CS/ZnNi) in monomer containing
NaOX solution are given in Fig. 1. PNMP coating was
synthesized in two steps. The first cycle was obtained in
the potential range from —1.10 to +1.80 V. Then the film

growth was carried out in the potential range between
0.00 and 1.80 V. Fifty segment were employed for the
preparation of PNMP covered CS/ZnNi electrode. The
scan rate was 100 mVs™ for both cases. The thickness of
synthesized PNMP coating was estimated as 5.59 um by
the sum of the charge amount passed in the monomer oxi-
dation potential region.*” In Fig. 1a, anodic current values
started to increase at approximately —0.70 V due to the
zinc and nickel dissolution process, which continued in a
wide potential range. The passivation of the surface was
observed to terminate at approximately 0.56 V. The passi-
vation mechanism resulted from the formation of inso-
luble zinc and nickel oxalate compounds. Ozyilmaz et al.
have reported the influence of anion and concentration on
the passivation of ZnFe and ZnFeCo alloy plating on car-
bon steel using an aqueous bath of sodium tartrate and
sodium oxalate with different concentrations, resulting in
a lower corrosion rate by 0.20 M sodium oxalate.** In
Fig. 1b, there are growth curves of PNMP film synthesi-
zed on the surface of CS/ZnNi electrode. At anodic scan,
the current waves observed at around 1.07 V were attribu-
ted to monomer oxidation. The current values of these
waves decreased proportional number of cycles. This ca-
se showed that the PNMP film covered the CS/ZnNi elec-
trode surface. The adherence of synthesized PNMP coa-
ting was tested by a simple sello tape test, where perfect
results were obtained.

SEM images of bare CS, CS/ZnNi and CS/Zn-
Ni/PNMP electrodes are given in Fig. 2. The bare electro-

a) 32
281

241
20
< 161
E 121
~ 081
0.4
O_ — T —
04

12 08 04 0 04 08 12 16 20
E (V)

b) 1.2
1.04%

084
061
0.4
0.2

0 02 04 06 08 10 12 14 16 18

E (V)

I (mA)

Fig. 1. First CV (a) and film growth curves (b) recorded for CS/Zn-
Ni electrode 0.10 M N-methylpyrrole containing 0.20 M NaOX so-
lution, scan rate: 100 mVs™

Akdag and Ozyilmaz: Poly(N-methylpyrrole) Film on ZnNi ...

313



314

Acta Chim. Slov. 2017, 64, 312-318

Fig. 2. SEM images of bare CS (a), CS/ZnNi (b) and CS/Zn-
Ni/PNMP (¢) electrodes.

de showed the evidence of emery. The emery traces obser-
ved for CS electrode disappeared for CS/ZnNi and
CS/ZnNi/PNMP electrodes. It can be seen that CS/ZnNi
electrode was smooth structure. The surface of CS/ZnNi
electrode was covered with granular structure of PNMP
film.

The Nyquist diagrams recorded for CS, CS/ZnNi
and CS/ZnNi/PNMP electrodes in 3.5% NaCl solution are
given in Fig. 3, after various immersion times. As seen
from Fig. 3, there were one depressed semicircle at high
frequency and an inductive loop at low frequency region,
in presence of CS electrode, while these plots for CS/Zn-
Ni and CS/ZnNi/PNMP electrodes consisted two depres-
sed semicircles which could not be well resolved from
each other at high and mid frequency regions, after 2 h of
exposure time. The depressed semicircle at high fre-
quency region obtained for CS electrode was related to the
charge transfer resistance (R) that was responsible for
the anodic dissolution of bare metal and oxide layer resi-
stance (R ). On the other hand, there were R , at high fre-

quency region and alloy plating (R, ) + R, or R, . + R/

ZnNi ZnNi

+ polymer film resistance (R ) for CS/ZnNi or CS/
ZnNi/PNMP electrodes, respectively. The inductive loop
at low frequency region was related to adsorption of diffe-
rent corrosion intermediates. In this study, Rp values were
used in stern-Geary equation for calculation of corrosion
current (I ).*?

corr

= (1)

I B
corr Rp

In this equation, B value was equal to (8, x B)/(83,
+ ) x 2.303); B, and B, were anodic and cathodic Tafel
slopes, respectively. The value of B was taken as 0.026 V
for uncoated electrode and 0.052 V for coated electrode.
The protection efficiency values (E %) were calculated by
using the following equation.*

-1 -1
Rpl:.rm'mr_«l-fl K Rp{«:vmh*d] x100 (2)
pluncoated )

E% =

After 2h of exposure time, Rp values for CS/ZnNi
and CS/ZnNi/PNMP electrodes were found to be higher
than CS electrode, while the highest RP value was obtai-
ned for CS/ZnNi/PNMP electrode. This case was related
to barrier effect of PNMP film and supported that the va-
lue of I and E% are presented in Table 1. After 48 h, R
values of all electrodes were greater than those of 2 h ex-
posure times. This case showed that oxide layers formed
with time. Protection efficiency value of CS/ZnNi/PNMP
electrode was 75.36% that it was relatively higher value
than that of CS/ZnNi electrode. After 96 h, I value ob-
tained for CS/ZnNi/PNMP electrode was 0.63 pA that the
lowest value when compared with those of all electrodes.
At the same time, R _ value increased from 40578 to 82115
Q for CS/ZnNi/PNMP electrode. This increase in R va-
lue of CS/ZnNi/PNMP electrode was related to electroca-
talytic behaviour of polymer film. Electrocatalytic pro-
perty of polymer film contributed to the polarization resi-
stance due to the formation of protective oxide layers and
the reduction of polymer film. When the ions diffused the
pores of the coating, zinc and nickel were oxidized the-
reby yielding the formation of their oxide layers. Then,
polymer film was reduced at metal/polymer interface.*?
After 168 h of immersion time, the R _ value observed for
CS/ZnNi/PNMP electrode was approx. 298350 Q. Ozyil-
maz et al reported corrosion protection of passivated car-
bon steel substrate by oxalate ions. It was clearly observed
that the I decreased and E_  increased for CS/Zn-
Ni/PNMP electrode when compared with that of CS/Zn-
FeCo/OX electrode, after 168 h of exposure times. The
positive shift in £ indicated the protection of the alloy
plating surface by the PNMP coating. The corrosion rate
(CR) decreased significantly as a result of the reduction in
the .*"

This value is fairly higher than those of CS and
CS/ZnNi electrode values. The results clearly showed that
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I __and E% values recorded for CS, CS/ZnNi and CS/ZnNi/PNMP electrodes after va-

Samples t (h) E,, (V) R, (Q) I, (nA) E%
2 20585 7504 3.46 -
s 48 ~0.669 10000 2.60 -
96 ~0.665 9413 276 -
168 ~0.655 6776 3.84 -
2 20974 12163 428 38.30
. 48 ~0.968 27980 1.86 64.26
CS/ZnNi 96 ~0.891 39240 1.33 76.01
168 ~0.598 71250 0.73 90.49
2 Z0.981 25620 2.03 7071
. 48 ~0.964 40578 128 75.36
CS/ZnNi/PNMP 96 ~0.945 82115 0.63 88.54
168 ~0.572 298350 0.17 97.66
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the PNMP coating on ZnNi plated carbon steel exhibited
an effective anticorrosive property on ZnNi plated carbon
steel.

Fig. 4a compares the anodic polarization curves of
CS, CS/ZnNi and CS/ZnNi/PNMP electrodes after 168 h
of immersion time in 3.5% NaCl corrosive solution. In the
case of CS electrode, the corrosion potential (E_ ) value
was measured to be —0.652 V. Current values increased so
rapidly that there was not any possibility for passivation
of the CS electrode under the corrosive condition. The
E_,, values recorded for CS/ZnNi and CS/ZnNi/PNMP
electrodes were measured —0.507 V and —0.314 V, respec-
tively. It was clearly seen that both electrodes exhibited
significantly lower current values and E_  values shifted
towards nobler potential regions with respect to the bare
CS electrode. But it must be noted that much lower cur-
rent values in near the E_ region were recorded for
CS/ZnNi/PNMP electrode with respect to CS/ZnNi elec-
trode. At the same time, Ozyilmaz et al.** reported anodic
polarization curves of both ZnFe and ZnFeCo alloy pla-
ting passivated oxalate layer, immersed in 3.5% NaCl.
The polarization curve for PNMP coated ZnNi alloy de-
posited carbon steel showed a smaller corrosion current
and a more noble corrosion potential than that observed
with CS/ZnFe/OX and CS/ZnNiCo/OX electrode. These
results showed that PNMP coating provided much better
barrier efficiency against the attack of corrosive species li-
ke dissolved oxygen and chloride ions.

Immediately after the immersion time, open circuit
potential (Eocp) — time curves of CS, CS/ZnNi and CS/
ZnNi/PNMP electrodes in 3.5% NaCl solution are given
in Fig. 4b. It was clearly seen that E  values of CS/ZnNi
and CS/ZnNi/PNMP electrodes were the negative direc-
tion when compared with CS electrode. Consequently,
this behaviour of coated electrodes showed the presence
of a layer on CS substrate. Those of CS electrode were at

a) A0 L ' L . - .
Al
30
40
A0;
40
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logz I (A)

approx. —0.640 V, while E__ values recorded for coated
electrodes were generally observed at approx. —0.985 V.
These values obtained for coated electrodes indicated the
presence of Zn metal on CS electrode. The E > values of
coated electrodes were closely each other, after 1800 s of
immersion time. But, it was shown in Table 1 that EOCp va-
lues of PNMP coated CS/ZnNi electrode was relatively
higher than that of ZnNi coated CS electrode, after 48, 96
and 168 h of exposure times. This case was related to ano-
dic protection behavior of polymer film.
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Fig. 5. The linear sweep voltammograms recorded for CS (@),
CS/ZnNi (O)CS/ZnNi/PNMP (M) electrodes in 0.05 M EDTA con-
taining 0.50 M sodium sulphate solution.

Anodic linear sweep voltammograms obtained for
CS, CS/ZnNi and CS/ZnNi/PNMP electrodes in 0.05 M
EDTA containing 0.50 M sodium sulphate are given in
Fig. 5. All measurements were taken at scan rate of 5 m-
Vsl In the anodic linear sweep voltammetry technique,
different phase structures and chemical forms existing in
the metal and metal alloy plating will lead to dissolution
at present potential values depending on their equilibrum
an kinetic properties. Hence, the peak properties produced
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Fig. 4. The anodic polarization (a) and Emp—time curves (b) recorded for CS (®), CS/ZnNi (O0) and CS/ZnNi/PNMP (M) electrodes in 3.5% NaCl

solution.
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are the characteristics of the alloy substrates and phase
structure of the coating. There were only single anodic
peak for bare CS electrode and two anodic dissolution
peaks for CS/ZnNi and CS/ZnNi/PNMP electrodes. The
peaks at approximately —0.65 V for CS/ZnNi and -0.55 V
for CS/ZnNi/PNMP electrodes were due to dissolution of
zinc and nickel and formation of zinc and nickel complex
with EDTA. This peak in this potential was not seen for
bare CS electrode. Therefore, this behavior of CS/
ZnNi/PNMP electrode indicated the presence of alloy coa-
ting underlying the PNMP homopolymer film. The peaks
at approximately 0.43 V for CS and CS/ZnNi and 0.25 V
for CS/ZnNi/PNMP electrodes were anodic dissolution of
iron substrate. The current values recorded for dissolution
peak of iron were the lowest in presence of PNMP film. It
was clear that PNMP coating on CS/ZnNi electrode provi-
ded an adequate physical protection to metal between the
corrosive environment and ZnNi alloy plating.

4. Conclusions

ZnNi alloy plating was successfully deposited on the
CS electrode. PNMP film was synthesized on ZnNi alloy
deposited carbon steel electrode with cyclic voltammetry
techniques from 0.20 M N-methylpyrrole containing 0.20
M NaOX solution. It was shown that ZnNi alloy plating
contributed to the corrosion resistance of CS electrode.
Compared with CS/ZnNi electrode, the CS/ZnNi/PNMP
electrode exhibited the 193 mV more anodic potential va-
lue and about 19 times more lower current values near cor-
rosion potential, in anodic polarization curves. The corro-
sion test showed that CS/ZnNi/PNMP electrode exhibited
the highest protection efficiency and the lowest corrosion
current values. The polarization resistance of PNMP coa-
ted CS/ZnNi electrode was fairly higher when compared
with CS and CS/ZnNi electrodes. The protective effect of
PNMP film formed on CS/ZnNi grew in parallel extended
exposure time by its electrocatalytic behavior.
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V Studiji predstavljamo elektrokemijsko depozicijo delcev cink-nikelj (ZnNi) na elektrodo iz ogljikovega jekla (CS) s
kronopotenciometri¢no tehniko in uporabo toka 1 mA. Na elektrodo CS/ZnNi smo poli(N-metilpirol) (PNMP) film na-
nesli s pomocjo ciklicne voltametrije iz raztopine 0.01 M N-pirola in 0.2 M natrijevega oksalata. Korozijske lastnosti
elektrode CS/ZnNi in prevlecene elektrode (CS/ZnNi/PNMP) v 3.5% raztopini NaCl smo dolocali s pomocjo elektroke-
mijske impendancne spektroskopije (EIS) in anodnih polarizacijskih krivulj. Vrsti¢no elektronsko mikroskopijo (SEM)
in elektrokemijsko metodo (linear sweep voltammetry (LSV)) smo uporabili za karakterizacijo prevleke. Pokazali smo,
da delci ZnNi predstavljajo pomembno bariero na CS noslicu. Najvi§ja vrednost polarizacijske upornosti 298350 ohm
je bila dolocena v primeru CS/ZnNi electrode prevle¢ene s PNMP filmom, kar kaZe na efektivno bariero in boljSo koro-
zijsko za$cito nosilca tudi v primeru daljSe izpostavljenosti le tega.
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Abstract

In a one pot procedure, a series of novel hybrid heterocycles 6a—g and 7a—g were prepared by condensation of
(3aS,45,68,6a8)-6-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxo-
le-4-carbaldehyde 5 with mercapto acids and primary amines in the presence of ZnCl, under both microwave irradiation
and conventional heating conditions. Compound § was prepared from di-acetone D-mannose via a click reaction, pri-
mary acetonide deprotection and oxidative cleavage. Characterization of new compounds has been done by IR, NMR,

MS and elemental analysis. Anticancer activity of the compounds has also been evaluated.

Keywords: D-mannose, click reaction, cyclisation, anticancer activity

1. Introduction

1,2,3-Triazoles are one of the most important classes
of heterocyclic organic compounds, which are reported to
be present in a plethora of biologically active compounds,
useful for diverse therapeutic areas.' The 1,2,3-triazole
motif is associated with diverse pharmacological activi-
ties, such as antibacterial, antifungal, hypoglycemic, an-
tihypertensive and analgesic properties. Polysubstituted
five-membered aza heterocycles rank as the most potent
glycosidase inhibitors.” Further, this nucleus in combina-
tion with or in linking with various other classes of com-
pounds such as amino acids, steroids, aromatic com-
pounds, carbohydrates etc., became prominent in having
various pharmacological properties.® 1,2,3-Triazole modi-
fied carbohydrates have became easily available after the
discovery of the Cu(I)-catalyzed azide-alkynes 1,3-dipo-
lar cycloaddition reaction* and quickly became a promi-
nent class of non-natural sugar derivatives. The chemistry
and biology of triazole modified sugars is dominated by
triazole glycosides.’ Therefore, the synthesis and investi-
gation of biological activity of 1,2,3-triazole glycosides is
an important objective, which also received a considerab-
le attention by the medicinal chemists.

Thiazolidinones and 1,2,3-triazoles represent im-
portant classes of drugs in medicinal chemistry. They are
among the most extensively investigated compounds by
biochemists and medicinal chemists.® Thiazolidinones in
particular show interesting anticancer,” anti-HIV,® tuber-
culostatic,’ antihistaminic,'? anticonvulsant,'' antibacte-
rial,'? and anti arrhythmic'? activities.

So called hybrid molecules have been shown to be
highly active and effective in medicinal chemistry. Syner-
gistic effects are obtained via hybridization of two diffe-
rent bioactive moieties with complementary pharmacop-
horic functions, or with different modes of action.'* The
confirmation of this hypothesis has been well established
in previous studies of 4-thiazolidinones coupled with ot-
her heterocyclic fragments,' i.e. resulting in high anti tu-
mor activity.

Microwave irradiation is an alternative heating tech-
nique based on the transformation of electromagnetic en-
ergy into heat. Often this method increases the rate of che-
mical reactions'® and results in higher yields. In recent
years, multi component reactions (MCRs)'” have received
interesting attention due to their simplicity, efficiency,
atom economy, shortened reaction times, and the possibi-
lity for diversity oriented synthesis.
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Following the successful introduction of triazoles and
thiazolidinones, microwave-assisted MCR reactions, inspi-
red by the biological profile of triazoles, thiazolidinones,
and in the continuation of our work on biologically active
heterocycles'®? we have developed a series of novel triazo-
le-linked thiazolidenone derivatives, we have investigated
the application of microwave irradiation for the synthesis of
our hybrid molecules and evaluated their anticancer activity.

2. Result and Discussion

Di-acetone D-mannose (1), prepared from D-(+)-
mannose by treating with acetone in the presence of a ca-
talytic amount of sulphuric acid according to the literature
procedure,*® on subsequent propargylation in DMF in the
presence of NaH in 1 h afforded propargyl ether 2 (80%).
Next, the propargyl ether was converted into triazole 3

+ R-NH,

R N-N

Ta-g

Sheme 2. Reagents and conditions: (a) Propargyl bromide, NaH, DMF, 0 °C — rt; (b) p-Chlorophenyl azide, glucose, CuSO,-5H,0, THF/H,0;
(c) 60% AcOH; (d) NalO,, CH,Cl,; (e) Ar-NH,, SHCH,COOH, ZnCll toluene, 80 °C, MW 110 °C; (f) Ar-NH,, thio malic acid, ZnClzy toluene,
80 °C, MW 110 °C.
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Table 1. Synthesis of compounds 6a—g and 7a—g

Reaction time Yield

Compound R Mol. formula A (h) B (min) A B
6a C H, C,;H,;CIN,O,S 35 5 62 80
6b 4-CI-C,H, C,H,,CLLN,O,S 2.5 6 75 89
6¢c 4-NO,-C,H, C,;H,,CIN,O,S 3.0 6 65 82
6d 2-CH,-CH, C,H,,CIN,O,S 2.0 5 65 86
6e 4-CH,-CH, C,H,,CIN,O,S 2.5 5 69 88
of 3-OH-C(H, C,H,;CIN,OS 3.0 5 74 86
6g 4-OH-CH, C,H,;CIN,OS 2.0 3 82 91
7a C H, C,,H,,CIN,O,S 35 5 61 79
7b 4-CI-C,H, C,,H,,CL,N,O,S 2.5 6 68 82
7c 4-NO,-C,H, C,,H,,CL,N,O,S 3.0 7 60 79
7d 2-CH,-CH, C,H,,CIN,O,S 2.5 5 72 81
7e 4-CH,-CH, C,H,,CIN,O,S 2.0 5 64 82
7t 3-OH-C(H, C,,H,,CIN,O,S 3.0 5 79 87
7g 4-OH-CH, C,,H,,CIN,O,S 2.5 4 69 90

A: conventional heating; B: microwave irradiation.

(82%) by using a 1,3-dipolar cycloaddition with p-chlo-
rophenyl azide, which was carried out at ambient tempe-
rature in the presence of CuSO, and glucose which redu-
ced CuSO, in a mixture of 1:1 ~BuOH-H,O. Acid
hydrolysis of 5,6-acetonide 3 in 60% AcOH furnished the
diol 4 (85%), which on oxidative cleavage with NalO, ga-
ve the aldehyde 5 (Scheme 1). Subsequently one pot
synthesis of triazole-linked thiazolidinone glycosides was
carried out by the condensation reaction between 5, pri-
mary aromatic amine and a thioglycolic acid and thioma-
lic acid in the presence of ZnCl, under microwave irradia-
tion or conventional heating (Scheme 2). In the classic
method, the reactions were performed in dry toluene at
reflux for a long time (2—4 h), often leading to degradation
processes and consequent low yields of isolated products,
whereas upon the application of microwave-assisted tech-
nology the reaction was completed in only 5-10 minutes
and the compounds, isolated by conventional work-up,
were obtained in satisfactory yields, often higher than tho-
se achieved by traditional methods (Table 1). The structu-
res of synthesized compounds were confirmed by IR,
NMR, MS and elemental analysis. Further, the com-
pounds were subject to anticancer testing.

3. Cytotoxicity Evaluation Against
Different Cancer Cell Lines

The cytotoxic effect of the compounds was tested by
performing a Sulforhodamine B Assay (SRB) on different
representative cell lines. Initially, the cell line of interest
was seeded in a flat bottom 96-well plate (5000 cells/100
pL) in a medium containing 10% serum, followed by in-
cubation for 18-20 h in an incubator continuously sup-
plied with 5% CO,, so as to ensure proper adherence of
the cells to the surface bottom of the wells. After 18 h the

cells were treated with the compound. Working dilutions
of concentration of the compounds were prepared, of
which 2 pL aliquot was added to each well, thereby ma-
king the final concentration of compound 0 to 100 uM.
Each compound was tested in triplicate and the cytotoxi-
city was determined as the average of that triplicate. DM-
SO and doxorubicin (as standard control anti cancer drug)
were taken as vehicle and positive controls, respectively.
Further, the plates were incubated for another 48 h in an
incubator maintained at 37 °C with a constant supply of
5% CO,. After the period of 48 h, the cells were fixed us-
ing 10% TCA solution and incubated for 1 h at 4 °C after
which the plate was rinsed carefully with MQ water and
air dried; this was followed by addition of 0.057% SRB
solution which was kept for approx. 30 min before it was
rinsed off using 1% acetic acid. The plates were then air
dried and the absorbance was measured using Perkin—El-
mer Multimode Reader at 510 nm. To measure the absor-
bance, 100 pL of 10 mM Tris Base was added to each well
to solubilize the SRB. The value of absorbance is directly
proportional to cell growth and is thus used to calculate
the IC, values. In this study for initial screening, four
types of cancer cell lines, i.e. human lung cancer (A549),
human breast cancer (MCF-7), prostate cancer (DU145)
and HeLa cell lines were tested for the cytotoxic effect of
the series of compounds. Based on the IC, values obtai-
ned, the compound 7b was picked for further assays to as-
certain its effect on prostrate cancer cell line (DU145).

3. 1. Change in Morphology

Based on the cytotoxic ability of the compound, its
effect on the morphology of the cells was also ascertained.
To achieve this, a 24-well plate was seeded with cells in a
manner previously described and incubated for 18-20 h.
Then, the cells were treated with increasing concentra-
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tions of 7b. After another 48 h of incubation, the experi-
ment was terminated and the cells were observed under
the microscope and images were captured using Olympus
Xi71 microscope.

3. 2. Colony Formation Assay

The long term effect of the 7b on the anchorage inde-
pendent nature of cancer cells was further tested in the fol-
lowing experiment. The experiment was a soft agar assay
which was conducted as reported previously with minor
modifications. In the experiment, base agar was prepared
by mixing 1% of agarose (Bacto Agar: Becton, Dickinson,
Sparks, MD) with 2 x DMEM along with 20% FBS and
2X antibiotics in 6-well plates in order to achieve final
concentration of 0.5% of agar in 1X growth medium with
10% serum concentration. After the solidification of the
base agar, 2.5 x 10* cells were mixed with cultivation me-
dium containing compound at varying concentrations
along with agar solution to obtain a final concentration of
0.35% agar. This was spread on top of the base agar previ-
ously solidified. The plate was incubated for 9 days with
periodic replenishment every 3 days with medium and
compound. Over the period of time, plates were monitored
regularly for appearance of colonies. After 9 days of incu-
bation the plates were stained with 0.005% crystal violet
solution until colonies turned purple in color. The excessi-
ve stain was washed off using MQ water and the colonies
were photographed and counted using a microscope.

3. 3. Determination of Caspase-3
and Caspase-9 Activities

Caspase activity, specifically, caspase-9 and caspa-
se-3 activities were analyzed in the cell lysates obtained

from DU 145 cells previously treated with compound 7b.
The activity was observed using fluorogenic substrates,
namely Ac-DEVD-AMC and Ac-LEHD-AFC for caspa-
se-3 and caspase-9, respectively. After 48 h treatment of
cells with compound 7b, harvested cells were lysed di-
rectly in caspase lyses buffer (50 mM HEPES, 5 mM
CHAPS, 5 mM DTT, pH 7.5). The lysates were incubated
with the respective substrate (Ac-DEVD-AFC/Ac-LEHD-
AMC) in 20 mM HEPES (pH 7.5), 0.1% CHAPS, 2 mM
EDTA and 5 mM DTT at 37 °C for 2 h. The release of
AFC and AMC was analyzed by a fluorimeter using an
excitation/emission wavelength of 400/505 nm (for AFC)
and 380/460 nm (for AMC) which is directly proportional
to caspase-9 and caspase-3 activity, respectively. The ob-
served fluorescence values were normalized with total
protein concentration estimated by Bradford method and
the relative caspase activities were calculated as the ratio
of values between mock treated (DMSO) and treated
cells.

3. 4. Senescence Assay

Compounds with anti-cancer potential may have the
possibility to induce senescence in cells, thus limiting
their proliferation. The ability to induce cellular senescen-
ce was determined by measuring senescence-associated
beta-galactosidase (SA-Bgal) activity (pH 6.0) in DU145
cells exposed to compound 7b. A 24-well plate was see-
ded with DU 145 cells as previously described and treated
with the compound and subsequently incubated for 48 h.
After 48 h, the media was aspirated and the cells were
washed with PBS (2 x 1 min) and fixed by adding enough
volume of fixation solution (2% formaldehyde and 0.2%
glutaraldehyde in PBS solution) to submerge the cells in
solution. After incubation for 5 min at room temperature

Table 2. Four representative cell lines were tested with the series of compounds to determine their cytotoxicity. Table shows the IC,, values of the

compounds against the cell lines.

Sample DU145 A549 HELA MCF 7

S.No. codes IC,, Std. Dev IC,, Std. Dev IC,, Std. Dev IC,, Std.Dev

1 6a 17.99 3.27 31.15 13.78 >100 - 40.97 21.06

2 6b 15.98 3.10 37.29 0.00 >100 - 57.16 5.33

3 6c 12.25 0.85 15.18 112 58.34 15.39 63.60 29.26

4 6d 37.71 18.26 33.64 6.64 >100 - >100 -

5 6e >100 - 29.81 0.62 >100 - 66.30 8.84

6 6f 16.91 237 21.84 4.68 67.07 4233 18.73 2.11

7 6g 8.76 0.68 10.70 L11 24.29 1.02 19.51 0.48

8 7a >100 - 43.67 6.33 >100 19.62 >100 -

9 7b 8.76 0.68 10.7 L11 24.29 1.02 19.5 0.48
10 Tc 23.87 1.06 49.98 7.33 >100 - >100 -
11 7d >100 - 25.19 5.72 >100 - >100 -
12 Te 53.48 9.73 39.94 30.16 52.74 16.02 29.87 0.00
13 7t 39.94 7.30 36.04 16.40 71.81 4171 60.07 29.73
14 7g 25.09 3.39 33.96 9.95 33.55 6.11 37.28 14.04
15 Doxorubicin 6.70 0.10 8.49 0.13 10.89 0.09 8.62 1.52
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the fixation solution was removed and the cells were was-
hed twice with PBS (2 x 1 min). The resultant fixed cells
were then stained with freshly prepared staining solution
(40 mM citric acid/Na phosphate buffer, 5 mM
K,[Fe(CN),]-3H,0, 5 mM K,[Fe(CN);], 150 mM sodium
chloride, 2 mM magnesium chloride and 1 mg X-gal in 1
mL distilled water) overnight at 37 °C. The excess stain
was removed by repeated washings with PBS and plate
was allowed to dry at room temperature. The cells stained
with SA-Bgal levels were observed and photographed un-
der an Olympus Xi71 microscope.

3. 5. PI Uptake for Analysis of Cell Death

Cell death induced by compound 7b was determi-
ned as a measure of PI uptake. Cells were harvested after
treatment with compound at desired concentration and fi-
xed in 70% ethanol at —20 °C overnight. The cells were
then collected in the form of pellet. All cells in the form
of a pellet were then resuspended in PI solution (RNase
0.1 mg/mL, Triton X-100 0.05%, PI 50 pg/mL) and incu-

bated for 1 h in dark at room temperature. The excess PI
solution was washed away by repeated washings with
PBS buffer. The resultant PI uptake was analyzed by
fluorescence activated cell sorting (FACS Caliber
System; BD Bio-science, Erembodegem, Belgium) in a
FL-2 fluorescence detector (10000 events were recorded

Table 3. Compound 7b induced GO/G1 phase cell cycle arrest in
DU145 cells. Cells were treated with varying concentrations of
compound 7b (5, 10, 15, 20 and 25 uM) for 48 h and cell cycle pro-
gression was examined by flow cytometry. Table shows the percen-
tage cell fractions in GO/G1, S and G2/M phases of compound 7b
treated DU145 cells.

G0/G1 S G2/M
DMSO 71.36 5.02 22.74
S5uM 63.92 8.10 22.16
10 uM 69.15 5.54 24.65
15 uM 71.86 3.92 22.51
20 pM 72.11 3.89 20.05
25 yM 76.48 2.99 18.77

Figure 1. DU145 cell were treated with compound 7b at indicated concentration or DMSO. Upon exposure of DU145 cells to compound 7b the ex-
tent of change in cell morphology of cells is observed with increasing concentration.
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15 uM

[

B
*
DMSO 10 uM

Figure 2. Long term effect of compound 7b on the number of colony-forming DU145 cells. DU145 cells were treated with desired concentration
of 7b (0-25 uM) and allowed to grow for 9 days to form colonies. Representative images of the colony-forming assay are shown here. Number of
colonies and their size formed by DU145 in soft agar is decreased on exposure to compound 7b.
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Figure 3. The ability of the compound to activate caspases in
DU145 cells was observed. Treatment of DU145 cells with diffe-
rent concentration of 7b for 48 h induced activation of caspase-3
(A) and caspase-9 (B) significantly in concentration dependent
manner. Doxorubicin was used as control for activation of both cas-
pases. All experiments were carried out in triplicates and mean va-
lues are presented here.

for each condition). Flow cytometry data was analyzed
using FCS express 4 software (De Novo Software, Los
Angeles, CA).

4. Experimental

Commercial grade reagents were used as supplied.
Solvents, except those of analytical grade, were dried and
purified according to literature when necessary. Reaction
progress and purity of the compounds were checked by
thin-layer chromatography (TLC) on pre-coated silica gel
F254 plates from Merck and compounds visualized either
by exposure to UV light or dipping in 1% aqueous potas-
sium permanganate solution. Silica gel chromatographic
columns (60—120 mesh) were used for separations. Mi-
crowave reactions were carried out in mini lab microwa-
ve catalytic reactor (ZZKD, WBFY-201) and reaction
mixture temperatures were measured through an immer-
sed fibre-optic sensor. All melting points are uncorrected
and measured using Fisher—Johns apparatus. IR spectra
were recorded as KBr disks on a Perkin—-Elmer FT IR
spectrometer. The "H NMR and '*C NMR spectra were
recorded on a Varian Gemini spectrometer (300 MHz for
'H and 75 MHz for '*C). Chemical shifts are reported as
& ppm against TMS as internal reference and coupling
constants (J) are reported in Hz units. Mass spectra were
recorded on a VG micro mass 7070H spectrometer. Ele-
mental analyses (C, H, N) determined by a Perkin—Elmer
240 CHN elemental analyzer, were within £0.4% of theo-
retical.
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Figure 4. Senescence induced by compound 7b was quantified using SA-Bgal-staining. As shown in the figure, 7b did not induce senescence in

cells as at higher concentrations the cells underwent apoptosis
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Figure 5. Cell cycle analysis of DU145 cells treated with compound 7b. Cells were treated with either DMSO or 7b and the DNA content was mea-
sured by propidium iodide staining to determine the distribution of cells in various phases of cell cycle. DMSO was taken as reference.

(3aS,4R,6S,6aS)-4-((R)-2,2-Dimethyl-1,3-dioxolan-4-
yl)-2,2-dimethyl-6-(prop-2-ynyloxy)tetrahydrofu-
ro[3,4-d][1,3]dioxole (2). Sodium hydride (60% in mine-
ral oil, 0.64 g) was added to a stirred solution of 3 (3.6 g,
13.84 mmol) in DMF (80 mL) at O °C and allowed to stir

for 30 min. This yellow mixture was cooled to 0°C and
treated with propargyl bromide (4.2 g) in DMF (20 mL).
The dark brown reaction mixture was allowed to stir for
an hour at room temperature and quenched (at 5-10 °C)
with saturated aqueous ammonium chloride (20 mL). The
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crude product was extracted with CH,Cl, (3 x 30 mL),
dried (Na,SO,) and concentrated. The residue was puri-
fied by column chromatography on silica gel (5% EtOAc :
hexane) to afford 4 (3.1 g, 75%) as viscous oil. IR (KBr):
v 3312, 2997, 2929, 2266, 1632, 1377, 1222, 1162, 1074,
1016 cm™; "H NMR (300 MHz, CDCl,): 65.52(d, J=3.7
Hz, 1H, C H), 459 (t, J=3.9 Hz, 1H, C,H), 4.26 (dt, J =
3.1, 7.3 Hz, 1H, C;H), 4.19 (s, 2H, CH,), 4.07-3.94 (m,
3H, CH, 2 x CH), 3.65 (dd, J = 8.9, 4.1 Hz, 1H, C;H),
3.16 (s 1H, CH), 1.53 (s, 3H, CH,), 1.40 (s, 3H, CH,),
1.32 (s, 6H, 2 x CH,); "C NMR (75 MHz, CDCL,): 112.5,
109.4, 103.6, 80.1, 76.6, 75.2, 73.6, 65.2, 56.2, 25.6, 24.2.
MS: m/z (M*+Na) 321.

1-(4-Chlorophenyl)-4-(((3aS,4S,6R,6aS)-6-((R)-2,2-di-
methyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yloxy)methyl)-1H-1,2,3-triazole
(3). To solution containing (3 g, 10.06 mmol) of the alky-
ne 4, p-chlorophenyl azide (1.8 g, 11.76 mmol) in tetrahy-
drofuran (30 mL) and water (1 mL) were added Cu-
SO,-5H,0 (1.8 g, 8.15 mmol) and glucose (0.2 g). The re-
sulting suspension was stirred at room temperature for
4-6 h. After this time, the mixture was diluted with 20 m-
L CH,CI, and 20 mL water. The organic phase was sepa-
rated, dried with sodium sulfate and concentrated at redu-
ced pressure, the crude residue was purified by column
chromatography silica gel (60—-120 mesh, 35% EtOAc :
hexane) to afford 5 (3.2 g, 75%) as a white powder. mp
149-151°C. IR (KBr): v 3252, 2974, 2926, 1631, 1551,
1512, 1372, 1225, 1164, 1070, 1019, 734 cm™'; "H NMR
(300 MHz, CDCl,): & 8.04 (s, 1H, Ar-H), 7.55 (d, /= 9.2
Hz, 2H, ArH), 7.43 (d, J = 8.9 Hz, 2H, Ar-H) 5.56 (d, J =
3.7 Hz, 1H, CH), 4.62 (t, J = 3.9 Hz, 1H, C,H), 4.55 (s,
2H, CH,), 4.36 (dt, J/ = 3.1, 7.3 Hz, 1H, C,H), 4.08-3.98
(m, 3H, CH, 2 x CH), 3.69 (dd, J = 8.9, 4.1 Hz, 1H,
C,H), 152 (s, 3H, CH,), 1.39 (s, 3H, CH,), 1.33 (s, 6H, 2
x CH ,); "CNMR (75 MHz, CDCL,): 143.6, 133.6, 122.1,
118.9, 111.9, 108.6, 103.2, 80.0, 76.9, 73.9, 66.9, 65.9,
26.2, 25.9, 24.9. MS: m/z (M"™+H) 452. Anal. Calcd for
C, H,(CIN,O: C, 55.81; H, 5.80; N, 9.30. Found: C,

217726

55.75; H, 575 N, 9.21.

(R)-1-((3aS,4R,6S,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)ethane-1,2-diol (4). A mixture
of 3 (3 g, 6.65 mmol) in 60% aq. AcOH (25 mL) was stir-
red at room temperature for 12 h. Reaction mixture was
neutralized with anhy. NaHCO, (15 g) and extracted with
EtOAc (3 x 41 mL). The combined organic layers were
dried (Na,SO,), evaporated and residue purified by co-
lumn chromatography (60-120 mesh silica gel, 41% ethyl
acetate in pet. ether) to afford 4 (2.6 g, 82%) as a pale yel-
low solid; mp 168—171 °C. IR (KBr) v 3218, 3486, 3362,
2992, 2965, 2936, 2922, 1630, 1544, 1510, 1212, 1161,
1022, 732 cm™"; '"H NMR (300 MHz, CDCL,): & 8.01 (s,
1H, Ar-H), 7.51 (d, J/ = 9.2 Hz, 2H, ArH), 7.40 (d, /= 8.9

Hz, 2H, Ar-H) 5.49 (d, /= 3.7 Hz, 1H, C H), 452 (t, J =
3.9 Hz, 1H, C,H), 4.58 (s, 2H, OCH,), 3.88-3.81 (m, 2H,
C,H, C,H), 4.01-3.92 (m, 3H, C;H, 2 x CH), 2.42
(bs,1H, OH), 1.50 (s, 3H, CH,), 1.45 (bs, 1H, OH), 1.34
(s, 3H, CH,); 3C NMR (75 MHz, CDCl,): 6 143.2,133.2,
122.1, 117.2, 110.2, 109.2, 102.1, 78.8, 77.1, 75.1, 70.6,
67.2, 65.2, 63.2, 26.6, 26.2, 24.9. MS: m/z (M*+H) 412.
Anal. Calcd for C,(H,,CIN,O,: C, 52.49; H, 5.38; N,
10.21. Found: C, 52.35; H, 525 N, 10.211.

2-((3aR,4S,65,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-phenylthiazolidin-4-one 6a-g. To
a solution of diol 4 (0.200 g, 0.48 mmol) in CH,CI, (5 m-
L), NalO, (0.130 g, 0.61 mmol) was added at 0 °C and
stirred at room temperature for 6 h. The reaction mixture
was filtered and washed with CH,CI, (2 x 10 mL). It was
dried (Na,SO,) and evaporated to give aldehyde 5 (0.150
g) in quantitative yield as a yellow liquid, which was used
as such for the next reaction.

To a stirred mixture of 5 (0.150 g, 0.395 mmol), aro-
matic amine (0.395 mmol) and anhydrous thioglycolic acid
(0.160 g, 0.211 mmol) in dry toluene (5 mL), ZnCl, (0.100
g, 0.751 mmol) was added after 2 min and irradiated in mi-
crowave bath reactor at 280 W for 4—7 minutes at 110 °C.
After cooling, the filtrate was concentrated to dryness under
reduced pressure and the residue was taken up in ethyl ace-
tate. The ethyl acetate layer was washed with 5% sodium
bicarbonate solution and finally with brine. The organic la-
yer was dried over Na,SO, and evaporated to dryness at re-
duced pressure. The crude product thus obtained was puri-
fied by column chromatography on silica gel (60-120
mesh) with hexane — ethyl acetate as eluent. Under conven-
tional method the reaction mixture in toluene (10 mL) was
refluxed at 110 °C for the appropriate time (Table 1).

2-((3aR,4S,6S5,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-phenylthiazolidin-4-one (6a). mp
137-139°C, IR (KBr) v 3422, 3210, 2984, 2972, 2934,
2831, 1712, 1610, 1541, 1512, 1414, 1225, 683 cm™'; 'H
NMR (300 MHz, CDCl,): 6 8.04 (s, 1H, Ar-H), 7.50 (d, J
= 9.2 Hz, 2H, Ar-H), 7.39 (d, J = 8.9 Hz, 2H, Ar-H),
7.42-6.95 (5H, m, Ar-H), 5.65 (d, J = 3.6 Hz, 1H, C H),
4.83 (d, /= 5.2 Hz, CH-S), 4.52 (t, J = 3.9 Hz, 1H, C,H),
4.48 (s, 2H, OCH,), 3.98-3.95 (m, 1H, C H), 3.65 (s, 2H,
CH,), 3.29 (dd, J = 9.1, 4.2 Hz, 1H, C,H), 1.50 (s, 3H,
CH,), 1.29 (m, 3H, CH,); °C NMR (75 MHz, CDCL,): 8
170.6, 143.2, 140.2, 133.8, 132.2, 127.9, 126.2, 125.4,
122.2, 118.6, 116.2, 104.8, 81.4, 78.2, 74.1, 65.9, 51.0,
33.6, 25.5; MS: m/z (M*+Na) 552. Anal. Calcd for
C,sH,;CIN,O,S: C, 56.76; H, 4.76; N, 10.59. Found: C,
56.53; H, 455 N, 10.43.

3-(4-Chlorophenyl)-2-((3aR,4S,6S,6aS)-6-((1-(4-chlo-
rophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-di-
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methyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)thiazoli-
din-4-one (6b). mp 206-208 °C; IR (KBr) v 3420, 3219,
2974, 2962, 2812, 1710, 1610, 1546, 1510, 1409, 1219,
682 cm™!; 'H NMR (300 MHz, CDCl,): 6 8.01 (s, 1H, Ar-
H), 7.46 (d,J=9.2 Hz, 4H, Ar-H), 7.41 (d, J = 8.9 Hz, 4H,
Ar-H), 5.62 (d, J=3.6 Hz, 1H, C H), 4.84 (d, /= 5.2 Hz,
CH-S), 4.50 (t, /= 3.9 Hz, 1H, C,H), 4.49 (s, 2H, OCH,),
3.86-3.71 (m, 1H, C H), 3.66 (s, 2H, CH,), 3.29 (dd, J =
9.1, 42 Hz, 1H, C;H), 1.45 (s, 3H, CH,), 1.32 (m, 3H,
CH,); 13C NMR (75 MHz, CDCl,): 170.2, 138.4, 134.4,
133.0, 128.4, 127.6, 125.2, 122.1, 118.4, 111.6, 104.3,
80.5, 74.1, 65.3, 52.1, 34.3, 25.5; MS: m/z (M*+H) 563.
Anal. Calcd for C,;H,,CLN,O,S: C, 53.29; H, 4.29; N
9.94. Found: C, 53.21; H, 4.16; N, 9.83.

2-((3aR,4S,65,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-(4-nitrophenyl)thiazolidin-4-one
(6¢). mp 201-205 °C; IR (KBr) v 3422, 3216, 2984, 2961,
2820, 1710, 1605, 1536, 1512, 1416,1372, 1210, 863, 630
cm™'; "H NMR (300 MHz, CDCL,): 8 8.16 (d, J = 8.7Hz,
2H), 8.02 (s, 1H, Ar-H), 7.49 (d, J = 9.2 Hz, 2H, Ar-H),
7.40 (d, J=8.5Hz, 2H, Ar-H), 6.72 (d, / = 9.8 Hz, 2H, Ar-
H),5.69 (d, J=3.6 Hz, 1H, C/H), 4.86 (d, /= 5.2 Hz, CH-
S), 4.52 (t, J = 3.9 Hz, 1H, C,H), 4.49 (s, 2H, OCH,),
3.86-3.81 (m, 1H,C H), 3.66 (s, 2H, CH,), 3.24 (dd, J =
9.1, 42 Hz, 1H, C;H), 1.50 (s, 3H, CH,), 1.24 (m, 3H,
CH,); 3C NMR (75 MHz, CDCl,): 6 170.2, 145.5, 143.4,
142.2, 134.2, 130.2, 126.6, 124.3, 121.4, 118.8, 111.4,
104.6, 80.5, 77.2, 73.8, 66.4, 52.1, 34.2, 26.2; MS: m/z
(M*+H) 574. Anal. Calcd for C,;H,,CIN,O,S: C, 52.31;
H, 4.21; N, 12.20. Found: C, 52.26; H, 4.19; N, 12.11.

2-((3aR,4S,6S,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-o0-tolylthiazolidin-4-one (6d). mp
181-183 °C; IR (KBr) v 3436, 3234, 2986, 2976, 2834,
1710, 1705, 1610, 1549, 1516, 1418, 1262, 865 cm™; 'H
NMR (300 MHz, CDCL,): & 8.13 (d, J = 8.7 Hz, 2H, Ar-
H), 8.01 (s, 1H, Ar-H), 7.50 (d, J = 9.2 Hz, 2H, Ar-H),
7.35-6.92 (m, 5H, Ar-H), 5.64 (d, J = 3.6 Hz, 1H, C H),
4.84 (d, J = 5.2 Hz, 1H, CH-S), 4.52 (t, / = 3.9 Hz, 1H,
C,H), 4.44 (s, 2H, OCH,), 3.86-3.71 (m, 1H, C,H), 3.66
(s, 2H, CH,), 3.16 (dd, J = 9.1, 4.2 Hz, 1H, C;H), 2.08 (s,
3H, CH,), 1.49 (s, 3H, CH,), 1.26 (m, 3H, CH,); "C NMR
(75 MHz, CDCl,): 6 170.2, 143.6, 136.7, 134.3,133.3,
130.2, 129.1, 127.6, 125.2, 122.1, 118.8, 111.2, 104.4,
81.4, 78.3, 74.4, 66.1, 52.1, 26.2, 16.3; MS: m/z M*+H)
545. Anal. Calcd for C, H,,CIN,O,S: C, 57.51; H, 5.51;
N, 10.32. Found: C, 56.86; H, 5.39; N, 10.11.

2-((3aR,4S,65,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-p-tolylthiazolidin-4-one (6e). mp
181-183 °C; IR (KBr) v 3418, 3220, 2981, 2972, 2830,
1702, 1691, 1610, 1536, 1519, 1412, 1251, 856 cm™; 'H

NMR (300 MHz, CDCl,): 6 8.2 (d, J = 8.7 Hz, 2H, Ar-H),
8.01 (s, 1H, Ar-H), 7.44 (d, J=9.2 Hz, 2H, Ar-H), 7.36 (d,
J=8.3Hz, 2H, Ar-H), 7.16 (d, J = 8.3 Hz, 2H, Ar-H), 5.66
(d, J=3.6 Hz, 1H, CH), 4.86 (d, J = 5.2 Hz, 1H, CH-S),
4.56 (t, J = 3.9 Hz, 1H, C,H), 4.54 (s, 2H, OCH,),
3.86-3.81 (m, 1H, C,H), 3.66 (s, 2H, CH,), 3.16 (dd, J =
9.1, 42 Hz, 1H, C;H), 2.32 (s, 3H, CH,), 1.43 (s, 3H,
CH,), 1.36 (m, 3H,CH,); 13C NMR (75 MHz, CDCl,): &
171.6, 143.1, 136.4, 131.6, 130.3, 129.2, 128.2, 127.9,
124.2, 122.1, 118.2, 110.2, 103.1, 80.9, 78.3, 74.6, 64.9,
51.6, 26.4,15.1; MS: m/z (M*+Na) 565. Anal. Calcd for
C,H,,CIN,O,S: C, 57.51; H, 5.51; N, 10.32. Found: C,
56.82; H, 5.35; N, 10.09.

2-((3aR,4S,6S,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-(3-hydroxyphenyl)thiazolidin-4-
one (6f). mp 218-219 °C; IR (KBr) v 3525, 3416, 3231,
2975, 2964, 2822, 1710, 1610, 1546,1512, 1416, 1259,
861 cm™'; "H NMR (300 MHz, CDCL,): § 8.16 (d, J = 8.7
Hz, 2H, Ar-H), 8.01 (s, 1H, Ar-H), 7.46 (d, J = 9.2 Hz, 2H,
Ar-H), 7.04-6.90 (m, 4H, Ar-H), 5.72 (d, J = 3.6 Hz, 1H,
C,H), 530 (s, 1H, OH), 4.86 (d, J = 5.2 Hz, 1H, CH-S),
4.56 (t, J = 3.9 Hz, 1H, C,H), 4.50 (s, 2H, OCH,),
3.91-3.89 (m, 1H, C,H), 3.71 (s, 2H, CH,), 3.22 (dd, J =
9.1, 42 Hz, 1H, C;H), 1.50 (s, 3H, CH,), 1.36 (m, 3H,
CH,); ?C NMR (75 MHz, CDCL,): & 171.2, 157.3, 144.0,
143.6, 133.6, 132.4, 130.6, 128.3, 121.2, 120.4, 119.3,
113.6, 111.1, 107.6, 106.8, 81.8, 77.6, 74.8, 63.9, 54.4,
41.2, 34.3; MS: m/z (M*+H) 545. Anal. Calcd for
C,;H,;CIN,OS: C, 55.09; H, 4.62; N, 10.28. Found: C,
54.82; H, 455 N, 10.19.

2-((3aR,4S,6S,6aS)-6-((1-(4-Chlorophenyl)-1H-1,2,3-
triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)-3-(4-hydroxyphenyl)thiazolidin-4-
one (6g). mp 253-255 °C; IR (KBr) v 3531, 3415, 3222,
2977, 2960, 2832, 1710, 1614, 1536,1509, 1412, 1248,
860 cm™'; "H NMR (300 MHz, CDCL,): § 8.20 (d, J = 8.7
Hz, 2H, Ar-H), 8.02 (s, 1H, Ar-H), 7.51 (d, J = 9.2 Hz, 2H,
Ar-H), 7.02-6.90 (m, 4H, Ar-H), 5.56 (d, J = 3.6 Hz, 1H,
C,H), 5.18 (s, 1H, OH), 4.90 (d, J = 5.2 Hz, 1H, CH-S),
4.60 (t, J = 3.9 Hz, 1H, C,H), 4.49 (s, 2H, OCH,),
3.81-3.79 (m, 1H, C H), 3.69 (s, 2H, CH,), 3.24 (dd, J =
9.1, 42 Hz, 1H, C;H), 1.50 (s, 3H, CH,), 1.26 (m, 3H,
CH,); 3C NMR (75 MHz, CDCl,): 6 170.2, 156.8, 143.2,
142.2, 132.9, 131.4, 130.2, 127.6, 121.9, 120.5, 119.8,
114.2, 111.2, 106.4, 81.4, 78.1, 73.5, 62.4, 54.2, 40.3,
34.6; MS: m/z (M*+H) 545. Anal. Calcd for C,;H,Cl-
N,OS: C, 55.09; H, 4.62; N, 10.28. Found: C, 5492 H,
4. 59 , 10.22.

2-(2-((3aR,45,65,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)-4-0x0-3-phenylthiazolidin-5-
yDacetic acid 7a—g. To a solution of diol 5 (0.200 g, 0.48
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mmol) in CH,Cl, (5 mL), NalO, (0.130 g, 0.61 mmol)
was added at O °C and stirred at room temperature for 6 h.
The reaction mixture was filtered and washed with
CH,CI, (2 x 10 mL). It was dried (Na,SO,) and evapora-
ted to give aldehyde 7 (0.150 g) in quantitative yield as a
yellow liquid, which was used as such for the next reac-
tion.

To a stirred mixture of 7 (0.150 g, 0.395 mmol), aro-
matic amine (0.395 mmol) and thiomalic acid (0.125 g,
0.86 mmol) in dry toluene (5 mL), anhydrous ZnCl,
(0.100 g, 0.751 mmol) was added after 2 min and irradia-
ted in microwave bath reactor at 280 W for 4—7 minutes at
110°C. After cooling, the filtrate was concentrated to dry-
ness under reduced pressure and the residue was taken up
in ethyl acetate. The ethyl acetate layer was washed with
5% sodium bicarbonate solution and finally with brine.
The organic layer was dried over Na,SO, and evaporated
to dryness at reduced pressure. The crude product thus ob-
tained was purified by column chromatography on silica
gel (60-120 mesh) with hexane - ethyl acetate as eluent.
Under conventional method the reaction mixture in tolue-
ne (10 mL) was refluxed at 110°C for the appropriate time
(Table 1).

2-(2-((3aR,45,65,6aS)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)-4-0x0-3-phenylthiazoli-
din-5-yl)acetic acid (7a). mp211-214 °C IR (KBr) v
3434, 3221, 2984, 2970, 2940, 2822, 1722, 1610, 1539,
1512, 1410, 1214, 684 cm™'; 'H NMR (300 MHz, CDC-
1,): 8 11.34 (s, 1H, CO,H), 8.05 (s, 1H, Ar-H), 7.45 (d, J
= 9.2 Hz, 2H, Ar-H), 7.38 (d, J = 8.9 Hz, 2H, Ar-H),
7.32-7.28 (m, 5H, Ar —H), 6.05 (s,1H, CHS), 5.53 (d, J =
42 Hz, 1H, C/H), 4.59 (t, J = 3.9 Hz, 1H, C,H), 4.55 (t,
1H, CH), 4.42 (s, 2H, OCH,), 3.82-3.79 (m, 1H, C,H),
3.21 (dd, J =9.1, 42 Hz, 1H, C;H), 2.28 (d, 2H, CH,),
1.43 (s, 3H, CH,), 1.20 (m, 3H, CH,); 3C NMR (75
MHz, CDCI,): 6 170.3, 143.2, 140.2, 133.2, 126.2, 124.8,
121.9, 117.8, 103.2, 80.1, 76.9, 72.8, 65.1, 50.0, 36.2,
32.9, 24.9; MS: m/z (M*+H) 545. Anal. Calcd for
C,,H,,CIN,O.S: C, 55.24; H, 4.64; N, 9.54. Found: C,
55.12; H, 4.59; N, 9.39.

2-(3-(4-Chlorophenyl)-2-((3aR,4S,6S5,6a5)-6-((1-(4-
chlorophenyl)-1H-1,2,3-triazol-4-yl)methoxy)-2,2-di-
methyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-4-oxot-
hiazolidin-5-yl)acetic acid (7b). mp 249-251 °C; IR
(KBr) v 3428, 3421, 3216, 2972, 2819, 1721, 1715, 1606,
1529, 1509, 1410, 1206, 679 cm™; 'H NMR (300 MHz,
CDCl,): 6 11.24 (s, 1H, CO,H), 7.88 (s, 1H, Ar-H), 7.35
(d, J=9.2 Hz, 4H, Ar-H), 7.39 (d, J = 8.9 Hz, 4H, Ar-H),
6.10 (s, 1H, CHS), 5.78 (d, / = 4.2 Hz, 1H, C,H), 4.72 (t,
J =39 Hz, 1H, C,H), 4.55 (t, 1H, CH), 4.52 (s, 2H,
OCH,), 3.92-3.89 (m, 1H, C,H), 3.20 (dd, J=9.1,4.2 Hz,
1H, C,H), 2.34 (d, 2H, CH,), 1.53 (s, 3H, CH,), 1.30 (m,
3H, CH,); 3C NMR (75 MHz, CDCl,): & 170.4, 142.2,

141.6, 132.6, 127.8, 125.9, 121.2, 117.4, 103.5, 80.4,
77.23,71.2,66.1,51.3, 35.9, 31.2, 24.6; MS: m/z (M*+H)
621. Anal. Calcd for C,,H,,CL,N,O,S: C, 52.18; H, 4.22;
N, 9.01. Found: C, 52.02; H, 4.09; N, 8.95

2-(2-((3aR,45,6S5,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)-3-(4-nitrophenyl)-4-oxothia-
zolidin-5-yl)aceticacid (7c¢). mp 266-268 °C, IR (KBr) v
3418, 3424, 3215, 2971, 2986, 2819, 1722, 1710, 1606,
1526, 1510, 1409, 1363, 1210, 861, 635 cm™; 'H NMR
(300 MHz, CDCl,): 6 11.42 (s, 1H, CO,H), 8.11 (d, J =
8.4 Hz, 2H), 8.01 (s, 1H, Ar-H), 7.45 (d, J = 9.1 Hz, 2H,
Ar-H), 7.41 (d, J = 8.5 Hz, 2H, Ar-H), 6,79 (d, /= 9.6 Hz,
2H, Ar-H), 6.14 (s, 1H, CHS), 5.69 (d, J = 4.2 Hz, 1H,
C,H), 4.65 (t, 1H, CH), 4.53 (t, /= 3.9 Hz, 1H, C,H), 4.52
(s, 2H, OCH,), 3.90-3.86 (m, 1H, C;H), 3.19 (dd, /= 9.1,
4.2 Hz, 1H, C;H), 2.30 (d, 2H, CH,), 1.49 (s, 3H, CH,),
1.25 (m, 3H, CH,); 13C NMR (75 MHz, CDCl,): 6 190.2,
173.2, 143.6, 141.9, 134.5, 128.2, 126.5, 122.2, 118.2,
104.3, 80.4, 77.2, 73.1, 66.2, 52.1, 36.4, 33.1, 25.4; MS:
m/z (M*+H) 632. Anal. Calcd for C,,H,,Cl,N.O,S: C,
51.31; H, 4.15; N, 11.08. Found: C, 51.19; H, 409 N,
10.95.

2-(2-((3aR,45,6S5,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)-4-0x0-3-0-tolylthiazolidin-5-
yDaceticacid (7d). mp 247-249 °C; IR (KBr) v 3429,
3219, 2968, 2831, 1704, 1689, 1610, 1549, 1512, 1415,
1260, 850 cm™!; '"H NMR (300 MHz, CDC1 ) 0 11.42 (s,
1H, CO,H), 8.20 (d, J = 8.4 Hz, 2H, Ar-H), 8.02 (s, 1H,
Ar-H), 7.48 (d, J = 9.1 Hz, 2H, Ar-H), 7.32-6.95 (m, 4H,
Ar-H), 6.09 (s, 1H, CHS), 5.55 (d, J = 4.2 Hz, 1H, C H),
4.50 (t, 1H, CH), 4.48 (t, J = 3.9 Hz, 1H, C,H), 4.44 (s,
2H, OCH,), 3.82-3.76 (m, 1H, C,H), 3.12 (dd, /=9.1,4.2
Hz, 1H, C;H), 2.24 (d, 2H, CH,), 2.19 (s, 3H, CH,), 1.49
(s, 3H, CH,), 1.19 (m, 3H, CH,); 3C NMR (75 MHz,
CDCl,): 190.4, 172.4, 143.6, 141.9, 132.9, 124.4, 122.2,
118.2, 104.6, 80.2, 76.4, 72.4, 65.5, 52.1, 35.3, 32.2,
24.2,16.1; MS: m/z (M*+H) 600. Anal. Calcd for
C,H,,CIN,O,S: C, 55.95; H, 4.86; N, 9.32. Found: C,
54.19; H, 4.62; N, 9.15.

2-(2-((3aR,45,6S5,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)-4-0x0-3-p-tolylthiazolidin-
S-ylacetic acid (7e). mp 187-189 °C; IR (KBr) v 3425,
3229, 2961, 2820, 1709, 1686, 1615, 1545, 1510, 1424,
1253, 840 cm™'; '"H NMR (300 MHz, CDCl,): 6 11.35 (s,
1H, CO,H), 8.19 (d, J = 8.4 Hz, 2H, Ar-H), 8.01 (s, 1H,
Ar-H), 7.51 (d, J = 9.1 Hz, 2H, Ar-H), 7.26 (d, J = 8.33
Hz, 2H, Ar-H), 7.10 (d, J = 8.3 Hz, 2H, Ar-H), 6.11 (s,
1H, CHS), 5.60 (d, J = 4.2 Hz, 1H, C H), 4.50 (t, 1H,
CH), 4.43 (t, J = 3.9 Hz, 1H, C,H), 4.34 (s, 2H, OCH,),
3.82-3.76 (m, 1H, C H), 3.12 (dd, J = 9.1, 4.2 Hz, 1H,
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C,H), 2.32 (d, 2H, CH,), 2.16 (s, 3H, CH,), 1.47 (s, 3H,
CH,), 1.19 (m, 3H, CH,); °C NMR (75 MHz, CDCL,):
190.4, 172.4, 143.6, 141.9, 132.9, 124.4, 121.2, 117.2,
103.6, 80.6, 76.4, 72.4, 65.5, 52.1, 35.3, 32.2, 24.2, 15.2;
MS: m/z (M*+H) 600. Anal. Calcd for C,;H,,CIN,O,S:
C, 55.95; H, 4.86; N, 9.32. Found: C, 54.19; H, 4.62; N,
9.15.

2-(2-((3aR,45,6S5,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)-3-(3-hydroxyphenyl)-4-oxot-
hiazolidin-5-yl)acetic acid (7f). mp 237-239 °C; IR
(KBr) v 3525, 3426, 3216, 2965, 2830, 1710, 1612,
1534,1514, 1414, 1251, 861 cm™'; '"H NMR (300 MHz,
CDCl,): 6 11.32 (s, 1H, CO,H), 8.21 (d, J = 8.7 Hz, 2H,
Ar-H), 8.01 (s, 1H, Ar-H), 7.51 (d, J = 9.2 Hz, 2H, Ar-H),
7.04-6.90 (m, 4H, Ar-H), 6.11 (s, 1H, CHS), 5.66 (d, J =
3.6 Hz, 1H, C H), 5.32 (s, 1H, OH), 4.86 (d, J = 5.2 Hz,
1H, CH), 4.49 (t, J = 3.9 Hz, 1H, C,H), 4.34 (s, 2H,
OCH,), 3.83-3.76 (m, 1H, C,H), 3.26 (dd, J=9.1,4.2 Hz,
1H, C;H), 2.24 (d, 2H, CH,), 1.43 (s, 3H, CH,), 1.28 (m,
3H, CH,); 13C NMR (75 MHz, CDCly): 174.6, 171.1,
157.3, 143.2, 143.1, 133.6, 133.4, 131.6, 127.6, 121.2,
120.1, 119.1, 114.2, 111.2, 107.2, 106.2, 81.2, 78.2, 74.1,
64.3, 54.2, 41.0, 38.2, 35.1; MS: m/z M*+H) 545. Anal.
Calcd for C,,H,,CIN,O,S: C, 53.78; H, 4.52; N, 9.29.
Found: C, 53.52; H, 4.35; N, 8.99.

2-(2-((3aR,45,65,6a5)-6-((1-(4-Chlorophenyl)-1H-
1,2,3-triazol-4-yl)methoxy)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)-3-(4-hydroxyphenyl)-4-oxot-
hiazolidin-5-yl)acetic acid (7g). mp 256-258 °C; IR
(KBr) v 3532, 3430, 3226, 2973, 2830, 1710, 1616, 1534,
1506, 1411, 1258, 854 cm™'; '"H NMR (300 MHz, CDCl,):
& 11.39 (s, 1H, CO,H), 8.22 (d, J = 8.7 Hz, 2H, Ar-H),
8.06 (s, 1H, Ar-H), 7.52 (d, J = 9.2 Hz, 2H, Ar-H),
7.14-6.87 (m, 4H, Ar-H), 6.14 (s, 1H, CHS), 5.76 (d, J =
3.6 Hz, 1H, C/H), 5.42 (s, 1H, OH), 4.96 (d, J = 5.2 Hz,
1H, CH), 4.51 (t, J = 3.9 Hz, 1H, C,H), 4.54 (s, 2H,
OCH,), 3.93-3.96 (m, 1H, C,H), 3.26 (dd, J=9.1,4.2 Hz,
1H, C;H), 2.34 (d, 2H, CH,), 1.53 (s, 3H, CH,), 1.38 (m,
3H, CH,); "C NMR (75 MHz, CDCL,): & 173.6, 171.6,
154.1, 143.2, 142.1, 133.6, 131.4, 129.6, 128.1, 122.6,
120.5, 1154, 112.6, 111.8, 107.6, 106.8, 81.8, 78.6, 76.8,
65.9, 56.9, 42.1, 36.9, 34.3; MS: m/z (M*+H) 545. Anal.
Calcd for C,,H,,CIN,O,S: C, 53.78; H, 4.52; N, 9.29.
Found: C, 53.42; H, 4.25; N, 8.79.

5. Conclusion

A series of novel triazole linked thiazolidenone deri-
vatives 6a—g and 7a—g was prepared and evaluated for
their anticancer activity. The screened compound 7b exhi-
bited potent anticancer activity compared to standard drug
at the tested concentrations.
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Povzetek

S postopkom sinteze v eni sami posodi smo s pomocjo kondenzacije (3a$,45,65,6aS)-6-((1-(4-klorofenil)-1H-1,2,3-tria-
zol-4-il)metoksi)-2,2-dimetiltetrahidrofuro[3,4-d][ 1,3]dioksol-4-karbaldehida 5 z merkapto kislinami in primarnimi
amini v prisotnosti ZnCl, pripravili serijo novih hibridnih heterociklov 6a—g in 7a—g. Sinteze so bile izvedene tako pod
mikrovalovnimi kot tudi konvencionalnimi pogoji segrevanja. Spojino 5 smo pripravili iz di-aceton D-manoze s po-
mocjo »click« reakcije, s sledeCo odstranitvijo primarne acetonidne zascite in z oksidativnim razcepom. Karakterizaci-
jo novih spojin smo izvedli s pomocjo IR, NMR, MS in elementne analize. Za nove spojine smo dolocili tudi delovanje
proti razli¢nim rakastim celicam.
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Abstract

In the present study, a newly developed method based on ultrahigh performance liquid chromatography (UHPLC) was
optimized for the simultaneous determination of antazoline hydrochloride (ANZ) and naphazoline hydrochloride (NFZ)
in ophthalmic formulations. Isocratic separation of ANZ and NFZ was performed at 40 °C with an ACE Excel 2 C18-
PFP column (2 pm, 2.1 x 100 mm) at a flow rate of 0.6 mL min~' whereas the mobile phase consisted of acetonitri-
le/phosphate bufter (60:40, v/v, pH 3.0) containing 0.5% triethylamine. Both analytes were detected at a wavelength of
285 nm and the injection volume was 1.0 uL. The overall run time per sample was 4.5 min with retention time of 0.92
and 1.86 min for NFZ and ANZ, respectively. The calibration curve was linear from 0.500-100 ug mL™' for ANZ and
NFZ with a correlation coefficient = 0.9981 while repeatability and reproducibility (expressed as relative standard de-
viation) were lower than 1.28 and 2.14%, respectively. In comparison with high-performance liquid chromatography
(HPLC), the developed UHPLC method had remarkable advantages over HPLC as the run time was significantly redu-
ced by 3.4-fold with a 5-fold decreased solvent consumption. Forced degradation studies indicated a complete separa-
tion of the analytes in the presence of their degradation products providing high degree of method specificity. The pro-
posed UHPLC method was demonstrated to be simple and rapid for the determination of ANZ and NFZ in commer-
cially available ophthalmic formulations providing recoveries between 99.6 and 100.4%.

Keywords: Antazoline; naphazoline; allergic conjunctivitis; vasoconstrictor; UHPLC

(NFz, C, H,,CIN,) which is o-symphathomimetic drug
with decongestive and vasoconstrictor properties reducing
the mucous membrane swelling rapidly.*® The chemical

1. Introduction

Antazoline hydrochloride (ANZ), chemically

known as N-benzyl-N-(4,5-dihydro-1H-imidazol-2-yl-
methyl)aniline hydrochloride (C,,H,,CIN,) is an imidazo-
line ligand which acts as histamine H1 receptor antago-
nist. It has not only a high affinity for 2-adrenoceptors in
various tissues, but also binds to non-adrenergic imidazo-
line sites. ANZ is classified as first generation antihistami-
ne used to reduce congestion of nasal passages and in eye
drops in combination with naphazoline (NFZ) to reduce
allergic conjunctivitis symptoms.' Another drug belon-
ging to the imidazole group is naphazoline hydrochloride

structures for both drugs are depicted in Fig.1. Until now,
NFZ was only analyzed in combination with other drugs
than ANZ in ophthalmic formulations using capillary
electrophoresis,” gas chromatography,® spectrofluorime-
tery,” phosphometric,'® electrochemical'' detectors cou-
pled to HPLC.!>13

To the best of our knowledge, only one first-deriva-
tive spectrometric assay for the simultaneous determina-
tion of ANZ and NFZ in ophthalmic formulations was
published in the literature. ANZ in combination with NFZ
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was determined by first derivative spectrometry.® Howe-
ver, our goal was to optimize and validate an ultrahigh
performance liquid chromatography (UHPLC) based met-
hod for the direct simultaneous analysis of ANZ and NFZ
in ophthalmic preparations. High performance liquid
chromatography (HPLC) is prominent technique in labo-
ratories for the last 30 years but did not keep the pace with
the growing demand for a reliable analysis in short time.
More samples can be analysed in very short time with re-
liability and accuracy by UHPLC. Eddy and longitudinal
diffusion coefficients in Van Deemter equation play an
important role regarding the separation of analytes. These
coefficients are directly related to particle size of column
packing which results in better resolution.'*" The develo-
ped method was compared with HPLC to prove its ade-
quacy for pharmaceutical studies with minimum con-
sumption of solvents, high resolution and symmetrical
peaks. The UHPLC-based method was validated in accor-
dance to guidelines from the International Conference on
Harmonization (ICH)"®?' and forced degradation studies
were conducted to demonstrate the applicability of the
proposed UHPLC method.

E?*tp Ha

Naphazoline hydrochloride Antazoline hydrochloride

Figure 1. Molecular structures of analytes

2. Experimental

2. 1. Chemicals and Reagents

ANZ, NFZ reference standard were provided by
Schazoo Labs (Pakistan). Acetonitrile (ACN), potassium
dihydrogen phosphate (KH,PO,), phosphoric acid (H,PO,,
85%) and triethylamine (TEA) were supplied by Honey-
well (USA). All the chemicals and reagents were of analyti-
cal grade while GenPure water system (Thermo Scientific,
USA) was used to obtain ultrapure water (18 MQ.cm™).

2. 2. Chromatography

For HPLC analysis, Shimadzu Japan liquid chroma-
tographic system (LC-20A) with diode array detector
(SPDM20A), online degasser (DGU-20A5), and equipped
with ACE 5 C18 column (5 um, 4.6 x 250 mm) was used.
For UHPLC analysis, Shimadzu Japan, liquid chromato-
graphic system (Nexera 2, LC-30AD), with diode array de-
tector (i-DReC, SPD-M30A), online degasser (DGU-
20A5), and equipped with ACE Excel 2 C18-PFP column
(2 um, 2.1 x 100 mm) was used. Both systems were equip-

ped with auto sampler (SIL-20AXR) with injection volume
ranges between 0.1-50 pL. Mobile phase comprised of
ACN and phosphate buffer pumped in ratio of 60:40 (v/v) at
pH 3.0 adjusted by TFA (pH meter, Orion 5 Star, Thermo
Scientific, UK). 5.0 uL and 1.0 pL injection volume was in-
jected and flow rate set at 1.0 and 0.6 mL min~' for HPLC
and UHPLC, respectively. The detection was carried out at
25 °C and 40 °C, respectively, for HPLC and UHPLC with
best selected wavelength of 285 nm by i-DReC (detector).
Shimadzu LC program (Lab Solutions software) was used
to record chromatograms, peak quantification and integra-
tion. Mobile phase, standard solutions and samples were
filtered through nylon filter (0.45 um, Sartorius, Germany)
before injection into chromatographic system.

2. 3. Standard and Working Solutions

Individual stock standard solutions of ANZ and
NFZ (1000 ug mL™") were prepared in methanol and pla-
ced in an ultrasonic bath for 15 min. Subsequently, wor-
king solutions were prepared by serial dilution of the indi-
vidual stock standard solutions with the mobile phase.
Mixed standard solution of ANZ (2.50 ug mL™") and NFZ
(50.0 ug mL™") were also prepared in the same manner.

2. 4. Solution for Forced Degradation Studies

Forced degradation studies were conducted with
ANZ or NFZ solutions at a final concentration of 50.0 pg
mL™". For mild stress conditions the solutions were treated
with 0.1 M HCI and 0.1 M NaOH for acidic and basic
hydrolysis for 1 h, 3% H,0, was employed for oxidative
stress (1 h), while photolytic and thermal stress tests were
performed after exposing the solid form for 6 h under UV
(254 nm) or kept at 100 °C, respectively. In contrast for
drastic stress conditions, 1 M HCI and 1 M NaOH were
utilized for acidic and basic hydrolysis for 10 h, 30%
H,O, was employed for oxidative stress (10 h), whereas
photolytic and thermal degradation were evaluated after
exposing the solid form for 24 h under UV (254 nm) or
kept at 100 °C, respectively.

2. 5. Analysis of Ophthalmic Preparation

Curall-A® and Orbaclear® eye drops both contain
0.5% of ANZ (5.00 mg mL™") and 0.025% of NFZ (0.250
mg mL™"). Suitable aliquots of each commercially avai-
lable product was diluted with methanol, sonicated for 15
min and was further diluted with mobile phase prior to
UHPLC analysis.”*?*

2. 6. Validation Studies

Validation studies were performed to characterize
the proposed analytical method including specificity, li-
nearity, accuracy, precision, limit of detection (LOD), li-
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mit of quantitation (LOQ) and conformity of chromato-
graphic parameters (tailing factor, selectivity factor, reso-
lution, theoretical plates). Conformity of chromatographic
conditions are basically system suitability tests which are
the foremost part of validation studies.

Specificity

Analysis of placebo (aqueous based sodium chloride
and benzalkonium chloride) was performed to assess the
specificity of the proposed method. Moreover, the forced
degradation study is also another parameter which was
performed to prove the specificity of chromatographic
method.?"**

2. 6. 1. Linear Dynamic Range

For both LC-based methods (HPLC and UHPLC),
the linear dynamic range was selected within 0.500-100
ug mL™! for both analytes. A linear calibration curve in the
form of y = ax +b was obtained by plotting the peak area y
against the nominal concentration x of seven concentra-
tions (0.500, 2.50, 12.5, 25.0, 50.0, 75.0 and 100 pug/mL)
whereas a represented the slope of the calibration curve
and b indicated the intercept.

2. 6. 2. Accuracy and Precision

The accuracy of each method was determined in tri-
plicate by spiking a known amount of analyte standard so-
lution in the dosage form resulting in final concentrations
of 2.50, 5.00 and 7.50 mg mL™! for ANZ, whereas NFZ
was spiked at 0.125, 0.250 and 0.375 mg mL™". This re-
presented 50, 100 and 150% of each analyte in the dosing
formulation. For precision determination, ANZ as well as

Table 1. Results of tested stationary phases

NFZ were spiked at 4.00, 5.00, 6.00 mg mL™" and 0.200,
0.250, 0.300 mg mL™', respectively, representing 80, 100
and 120% of each analyte. The intra-day precision (repea-
tability) was evaluated by replicates of five on one day
whereas the inter-day precision (reproducibility) was de-
termined over three consecutive days.

2. 6. 3. Method’s LOD/LOQ

ANZ and NFZ standard solution was injected in re-
plicates of six. The resultant parameters of the linear re-
gression including the standard deviation (SD) of the res-
ponse based upon the slope a and intercept b determined
the LOD and LOQ of the UHPLC method. The LOD and
LOQ were defined as three times and ten times the SD of
the intercept, respectively.>>2

2. 6. 4. Method Robustness

Small but deliberate changes in chromatographic
conditions such as mobile phase, pH, column temperature
and flow rate were used to evaluate the robustness of pro-
posed UHPLC method.

3. Results and Discussion

3. 1. Optimization of Chromatographic
Conditions

System suitability tests were performed to optimize
both LC-based methods. In the first step, a UV absorption
spectrum was acquired in the range of 200400 nm resul-
ting in a maximum absorbance at 285 nm for both analy-

HPLC
Column Drug R, T, o N
Hypersil ODS ANZ 3.66 1.27 2.14 4521
(250 x 4.6 mm, 5 um) NFZ - 1.36 - 5043
Venusil XBP C18 ANZ 4.66 1.21 2.35 3203
(250 x 4.6 mm, 5 um) NFZ - 1.34 - 4597
ACE5CI18 ANZ 8.92 1.17 2.32 5432
(250 x 4.6 mm, 5 um) NFZ - 1.13 - 6162
Purespher® RP-18 ANZ 0.89 2.27 1.13 3576
(250 x 4.6 mm, 5 um) NFZ - 1.66 - 3278
UHPLC

ACE Excel 2 C18-PFP ANZ 343 0.97 2.27 17289
(100 x 2.1 mm, 2 um) NFZ - 0.94 - 18521
Waters ACQUITY 1.7 BEH C 18 ANZ 1.09 2.07 0.87 13098
(100 x 2.1 mm, 2 um) NFZ - 1.83 - 11832
Agilent Poroshell 2.7 120 EC C18 ANZ 1.01 2.23 0.88 12094
(100 x 2.1 mm, 2 um) NFZ - 1.45 - 11095
Phenomenex Kinetex 2.6 C18 ANZ 0.92 2.07 0.93 10654
(100 x 2.1 mm, 2 um) NFZ - 1.44 - 13294
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tes. Different compositions (60:40, 50:50, 40:60 and
30:70, v/v) of the mobile phase (ACN: phosphate buffer)
were examined to optimize the chromatographic condi-
tions including tailing factor, selectivity factor, resolution,
theoretical plates to get compliance with the ICH guideli-
nes. Different columns were also tested for HPLC analy-
sis including ACE 5 C18, Venusil XBP C18, Hypersil
ODS and Purespher® RP-18 while ACE Excel 2 C18-
PFP, Waters ACQUITY 1.7 BEH C 18, Agilent Poroshell
2.7 120 EC C18 and Phenomenex Kinetex 2.6 C18 were
employed with UHPLC at different pH (3.0, 4.0, 5.0 and
6.0). Free silanol in column packing could be interacting
with drugs of both acidic as well as of basic nature. In or-
der to improve the peak shapes, TEA, a silanol blocker,

Table 2. System suitability test parameters

was added to the mobile phase (0.5%, v/v).” Silanol bloc-
ker provided additional selectivity by -1t and dipole inte-
raction which resulted in achieving the better overall reso-
lution. The summary of the tailing factor, selectivity fac-
tor, resolution and theoretical plates for each of the tested
columns are presented in Table 1.

In the end, the mobile phase consisting of ACN and
phosphate buffer (10 mM) in a ratio of 60:40 (v/v) with
the addition of 0.5% TEA was found to be excellent using
ACE 5 C18 and ACE Excel 2 C18-PFP columns for UH-
PLC and HPLC analysis, respectively. The chromatograp-
hic parameters under final conditions are summarized in
Table 2 exhibiting an excellent peak shape, resolution and
higher number of theoretical plates.

Analyte/Technique
Parameters HPLC UHPLC
ANZ NFZ ANZ NFZ
Retention time (7 in min) 6.45 3.21 1.86 0.92
Tailing factor (T) 1.17 1.13 0.97 0.94
Resolution (Rs) 8.92 - 343 -
Selectivity factor (o) 2.32 - 2.27 -
Theoretical plates (N) 5432 6182 17289 18521
% RSD of Retention Time (t;) 0.003 0.002 0.002 0.004
mv ] 25 pg/ml NFZ + SOpg/mL ANZ +Placsbo ) 2 i [ UEELC- Chensslagimas
* = 125 pg/ml NFZ + 50 pg/mL ANZ + Placebo
ANZ
HPLC-Chromatograms
NFZ
NFZ
,| e
ANZ
\ f] I
L] I\ s
ANZ 2.5 ug/mL NFZ + 50 pg/mL ANZ
NFZ
2.5 pg/mL NFZ + 50 pg/mL ANZ
NFZ -
l A e _ Placebo
! e ___ Mobile Phase
oo s 10 15 20 25 o s a0 man
| |
, I I
J J Al C————
|1l-'L Placebo
L Mobile phase
ll]l]llll][]ll|I1II[III][IIII'IIII']II['II
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Figure 2. Typical HPLC and UHPLC Chromatograms of mobile phase, placebo, ANZ and NFZ
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3. 2. Validation Studies

The specificity of the optimized UHPLC method was
examined with NFZ and ANZ at 2.50 and 50.00 ug mL™,
respectively, relative to the blank mobile phase (Fig. 2).

The presence of placebo did not interfere during the
determination of ANZ and NFZ as the components were
baseline separated. For both chromatographic methods
over a dynamic range of 0.5-100 ug mL™", seven concen-

trations (0.5, 2.5, 12.5, 25, 50, 75, 100 pg mL™) were em-
ployed to construct a calibration graph for ANZ and NFZ.
The calibration curves were linear for ANZ and NFZ with
a coefficient of determination (*) > 0.9981 regardless of
the LC-based method (Table 3). Accuracy of methods by
both the techniques under investigation was performed by
evaluating the recovery studies after spiking the known
amount of standard drugs in commercial products.

Table 3. Statistical evaluation of regression data of ANZ and NFZ by HPLC and UHPLC

Analyte/Technique
Parameters HPLC UHPLC
ANZ NFZ ANZ NFZ
Linearity range (ug/mL) 0.5-100 0.5-100 0.5-100 0.5-100
Slope 6.0615 0.7585 0.5854 0.6854
Intercept 23.303 32.745 134.52 104.52
Standard error of slope 1.01 x 1072 5.41x 107 3.1 x 1072 421 x 1072
Standard error of intercept 0.163 0.087 1.132 1.932
Coefficient of determination () 0.9991 0.9989 0.9984 0.9981
Limit of detection (ug mL™) 0.078 0.041 0.052 0.029
Limit of quantification (ug mL™") 0.261 0.137 0.174 0.097
Table 4. Accuracy studies of ANZ and NFZ by HPLC and UHPLC
Spiked HPLC UHPLC
Drugs concentration # Concentration found Recovery # Concentration found Recovery
(mg mL™) (mg mL™!) + SEM; RSD (%) (mg mL™) + SEM; RSD (%)
ANZ 2.500 2.531+0.021; 1.18 101.2 2.552 +0.022; 1.48 102.0
5.000 5.071 £ 0.018; 0.71 101.4 5.081 +0.021; 0.71 101.6
7.500 7.483 +0.017; 0.43 99.7 7.572 +0.014; 0.33 100.9
NFZ 0.125 0.127 £ 0.002; 2.08 101.6 0.126 + 0.002; 2.55 100.8
0.250 0.256 +0.001; 0.98 102.4 0.258 +0.002; 1.16 103.2
0.375 0.379 +0.004; 1.98 101.1 0.379 £ 0.001; 0.40 101.1

* All measurements were made in triplicate  SEM: Standard error mean RSD: Relative standard deviation

Table 5. Precision studies of ANZ and NFZ by HPLC and UHPLC

Technique: HPLC

Repeatability (n = 5)

Reproducibility (n = 5)

Drugs Concentration Concentration found Concentration found (mg mL™) + SEM; RSD
(mg mL™) (mg mL™!) + SEM; RSD Day 1 Day 2 Day 3

ANZ 4.0 3.941 £0.031; 1.45 3.922 £0.01; 0.61 3.931 £0.020; 1.41 4.013 +£0.021; 1.03
5.0 4.910x0.011; 0.42 4951 £0.02; 0.84 4.991 = 0.020; 1.00 5.021 +£0.032; 1.19
6.0 5.982 +0.061; 1.70 5.992 +£0.03; 1.20 5.992 +0.020; 0.80 6.041 +£0.031; 1.01

NFZ 0.20 0.192 £ 0.002; 1.88 0.198 £ 0.002; 2.30 0.205 £ 0.003; 2.23 0.204 +0.002; 1.98
0.25 0.246 +0.001; 1.02 0.258 +£0.002; 1.72 0.253 £ 0.002; 1.97 0.252 +0.001; 1.29
0.30 0.291 £ 0.001; 0.72 0.299 + 0.003; 2.49 0.306 = 0.003; 1.88 0.301 £0.001; 0.98

Technique: UHPLC

ANZ 4.0 4.050 £ 0.021; 1.28 4.000 £ 0.021; 1.02 4.010 £0.021; 1.19 4.030+£0.011;0.54
5.0 5.020 = 0.020; 0.80 5.030 £ 0.022; 0.79 5.030 £0.012; 0.42 5.010£0.012;0.39
6.0 5.990 + 0.022; 0.84 6.010 £ 0.021; 0.78 5.980 £ 0.011; 0.42 5.990 £0.022; 0.74

NFZ 0.20 0.201 £ 0.001; 1.20 0.203 = 0.002; 1.67 0.204 = 0.001; 1.64 0.203 £0.002; 2.14
0.25 0.252 £ 0.001; 0.93 0.249 +0.001; 1.08 0.251 £0.001; 1.08 0.253 £0.001; 1.23
0.30 0.301 £ 0.001; 0.97 0.301 £ 0.001; 0.54 0.299 = 0.001; 0.81 0.301 £0.002; 1.35
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The recovery results were obtained between the ran-
ges 99.7-102.4% and 100.8-103.2% (Table 4) for HPLC
and UHPLC respectively which justified the suitability of
the techniques for their intended applications. For preci-
sion studies, the results of repeatability and reproducibi-
lity are presented in Table 5 by injecting three different
concentrations (80, 100 and 120% level of analyte) of
standard solutions of ANZ and NFZ (n = 5) on same day
and three consecutive days, respectively.

RSD values for repeatability and reproducibility we-
re obtained less than 1.88 and 2.49, respectively, for
HPLC while below than 1.28 for repeatability and 2.14 for
reproducibility assays with UHPLC.

3. 3. Forced Degradation Studies

Forced degradation studies under mild and drastic
conditions were performed to demonstrate the applicabi-
lity of our UHPLC method to assess the stability of the
drug. For each forced degradation experiment, the corres-
ponding chromatograms are depicted in Figure 3 and 4,
whereas the percentage of initial drug substance is shown
in Table 6. The ANZ and NFZ stock solutions were dilu-
ted in separate measuring flasks with HCI (0.1 M and 1.0
M), NaOH (0.1 M and 1.0 M) and H,0, (3.0 and 30%) to
a final concentration of 50.0 ug mL~" and incubated for 1
h and 10 h for mild and drastic stress, respectively. For
both mild and drastic conditions, no degradations (Figs. 3
and 4) were observed for ANZ and NFZ under acidic
stress and the extent of degradation was declared as none
(Table 6).

In contrast, basic stress was found more effective
than acidic one. Under mild conditions, there was only a
slight extent of degradation and the remaining concentra-
tion of ANZ and NFZ compared to their initial values we-
re 96.1% and 95.2%, respectively. Two impurity peaks at
retention times f; = 0.6 min and #; = 1.35 min (FD1 and

Table 6. Forced degradation results of ANZ and NFZ by UHPLC

FD2, Fig. 3b) were observed after basic degradation of
NFZ, while one impurity peak at #, = 2.25 min (FD1, Fig.
4b) was observed for ANZ degradation under basic stress
conditions. For drastic conditions, substantial amount of
both ANZ and NFZ were degraded and remaining amount
of 22.6% and 48.8% was found respectively under basic
stress conditions. Two impurities peaks for each of ANZ
and NFZ were observed at #; = 0.9 min, #; = 2.35 min
(FD1 and FD2, Fig. 4g) and f; = 1.08 min, #; = 1.35 min
(FD1 and FD2, Fig. 3g), respectively. The addition of 3%
H,0, did not show any effect on ANZ but NFZ was degra-
ded substantially and remaining amount obtained was
74.6% with impurities at f, = 0.55 min, f, = 0.71 min
(FD1 and FD2, Fig. 3c). After treatment with 30% H,0,,
slight degradation of ANT (remaining amount 94.8%) and
substantial degradation of NFZ (remaining amount
71.1%) were observed. Two peaks at f;, = 0.55 min, #; =
0.68 min (FDD1 and FDD2, Fig. 3h) were obtained as de-
gradation products of NFZ, while at #; = 0.95 min degra-
dation product of ANZ was obtained (FDD1, Fig. 4h). So-
lid form of both analytes was kept at 100 °C in oven for
thermal and under UV light at 254 nm for photolytic de-
gradation.

NFZ degraded substantially under mild and drastic
thermal stress conditions with two impurity peaks at f, =
0.65 min, #; = 1.31 min (Fig. 3d and 3i). In contrast, no
ANZ degradation was observed under mild thermal stress,
whereas substantial amount of ANZ degraded under dra-
stic conditions (remaining amount 64.9%), indicated by
an impurity at £, = 0.95 min (FDD1, Fig. 4i). No photoly-
tic degradation resulted for ANZ and NFZ under mild
conditions. However under drastic photolytic stress, sub-
stantial degradation of ANZ and NFZ resulted in an impu-
rity peak at £, = 0.95 min and f; = 0.60 min, respectively
(Fig 3j and 4j). As a result of these experiments, the pro-
posed UHPLC method was found to be specific for the
analysis of ANZ and NFZ including their degradation pro-
ducts.

Amount remaining Extent

Stress conditions *Mean = SEM (%) of degradation
ANZ NFZ ANZ NFZ

Mild conditions 0.IM HCI (1 h) 99.9 +0.04 99.8 +0.04 None None
0.1M NaOH (1 h) 96.1 £ 0.09 95.2£0.25 Slight Slight
3% H,0, (1 h) 98.6 +0.09 74.6 = 0.05 None Substantial
6 h under 100 °C 99.6 = 0.01 63.6 £0.02 None Substantial
6 h under UV-254 99.1 £0.01 99.0 £ 0.19 None None

Drastic conditions 1.0 M HCI (10 h) 99.4 +0.04 99.7 +0.01 None None
1.0 M NaOH (10 h) 22.6 £0.16 48.8 +0.14 Substantial Substantial
30% H,0, (10 h) 94.8 £0.19 71.1 £0.09 Slight Substantial
24 h under 100 °C 64.9 +0.15 63.3+0.18 Substantial Substantial
24 h under UV-254 89.1 £0.11 87.7+£0.05 Substantial Substantial

2 All measurements were made triplicate
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3. 4. Method Robustness

The robustness of proposed the UHPLC method
was evaluated by slight changes of the chromatographic
parameters including the flow rate (+ 0.1 mL min™"), the
mobile phase ratio (= 5.0 mL) including its pH (+ 0.1),
the column temperature (+ 5 °C) and the detection wave-
length (+ 2 nm). Afterwards, the drug content besides
chromatographic parameters like retention time, tailing
factor, number of theoretical plates and resolution were
determined. The results summarized in Table 7 demon-
strated that the effects of the deliberate changes in chro-
matographic conditions are neglectable and that the pro-
posed UHPLC method was robust for its intended appli-
cations.’

3. 5. Analysis of Commercial Ophthalmic
Formulations

The applicability of proposed UHPLC method was
evaluated by examining the commercial ophthalmic solu-
tions (Curall-A® and Orbaclear®) with reported concentra-
tion of 5.0 mg mL™" of ANZ and 0.25 mg mL™" of NFZ. It
was ensured that the removal of the excipients with an ex-
traction step before analysis was unnecessary. It was
concluded that the proposed UHPLC method was suffi-
ciently accurate and precise (Table 8) with recovery and
RSD ranges found between 99.6-100.4% and 1.03—
1.20%, respectively.

Table 7. Robustness study of ANZ and NFZ by UHPLC

4. Conclusion

In literature, UHPLC method for simultaneous de-
termination of ANZ and NFZ in pharmaceutical formula-
tions is not available. For this reason, stability indicating
UHPLC method was fully validated according to ICH
guidelines for determination of ANZ and NFZ in ophthal-
mic formulations. Remarkable advantages of UHPLC
over HPLC were found, such as rapidity, ease of opera-
tion, minimum amount of solvents and high selectivity.
Good recoveries, interference free and highly reproducib-
le chromatograms were achieved. The proposed method
was optimized and found suitable for quality control labo-
ratories where time and economy are essentially required.
Good recovery results showed that the proposed methods
were free from interferences of commonly used excipients
and additives in the formulations.
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V predstavljeni Studiji smo optimizirali novo metodo na osnovi ultravisokolo¢ljivostne tekocinske kromatografije (UH-
PLC) za hkratno dolo¢anje antazolin hidroklorida (ANZ) in nafazolin hidroklorida (NFZ) v oftalmi¢nih pripravkih. Izo-
kratska lo¢ba ANZ in NFZ je potekala pri 40 °C na ACE Excel 2 C18-PFP koloni (2 pm, 2,1 x 100 mm) pri pretoku 0,6

mL min™

, mobilna faza pa je bila sestavljena iz acetonitrila in fosfatnega pufra (60:40, v/v, pH 3,0), ki je vseboval 0,5

% trietilamina. Za oba analita je bila detekcija pri valovni dolZini 285 nm, volumen injiciranja pa je bil 1,0 uL. Skupni
¢as analize na vzorec je bil 4,5 min z retencijskim ¢asom za NFZ 0,92 min in za ANZ 1,86 min. Kalibracijska krivulja
je bila linearna od 0,500-100 ug mL™" za ANZ in NFZ s korelacijskim koeficientom > 0,9981, medtem ko sta bili po-
novljivost in obnovljivost (izraZeni kot relativni standardni odmik) niZji od 1,28% za ANZ in od 2,14 % za NFZ. V pri-
merjavi z visokolo¢ljivostno tekocinsko kromatografijo (HPLC) ima razvita UHPLC metoda znatne prednosti, saj je bil
Cas analize bistveno krajsi za 3,4-krat, poraba topil pa manjSa za 5-krat. Pri Studiju prisilnega razpada smo dobili popol-
no lo¢bo analitov v prisotnosti njihovih razpadnih produktov, kar pomeni visoko stopnjo specifi¢nosti metode. Predla-
gana UHPLC metoda se je izkazala kot preprosta in hitra za dolocanje ANZ in NFZ v komercialno dostopnih oftal-

micnih pripravkih z izkoristki med 99,6 in 100,4%.
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Abstract

Two novel isostructural coordination compounds of manganese(Il) (1) and iron(Il) (2) with common formu-
lae [M"(NCS)z(nia)z(OHz)z] have been prepared from water solution of appropriate metal salt, nicotinami-
de and KSCN. Their crystal structures were determined by means of X-ray diffraction on single crystals.
The mononuclear title compounds crystallize in a triclinic P-1 space group with six monodentate octahe-
drally arranged ligands around the metal centre. The coordination molecules are self-assembled with an ex-
tended network of hydrogen bonds into a three-dimensional structure. Additionally, 1 and 2 were characte-
rized with infrared spectroscopy, magnetic measurements and thermal analysis.

Keywords: crystal structure; coordination chemistry; thiocyanate; nicotinamide; manganese(Il); iron(II).

1. Introduction

The biological importance of transition metal ions
such as manganese and iron cannot be denied:'” manga-
nese(Il) ions act as cofactors in a variety of enzymes with
a spectra of functions while the main roles of iron-contai-
ning species are electrons and oxygen transfer. Nicotina-
mide and thiocyanate also play an important role in bioc-
hemical processes. For example, in metabolism of thioc-
yanate several short-lived intermediates with antibacterial
activity are formed and thus, significantly lowered levels
of thiocyanate in the human body are damaging to the hu-
man host defense system.** On the other hand, nicotina-
mide is an amide of nicotinic acid (niacin, vitamin B;) and
is a precursor to nicotinamide adenine dinucleotide
phosphate (NADP), which is crucial for ATP synthesis, re-
dox reactions and ADP-ribose transfer reactions.’ In addi-
tion, manganese and iron coordination compounds have
received significant attention also in the field of enzyme-
mimicking compounds.® All aforementioned facts are
driving force for research in coordination chemistry re-
sembling biological systems.

Nicotinamide and its analogues (isonicotinamide,
picolinamide) possess three potential coordinating sites:
endocyclic nitrogen atom and amide nitrogen and oxygen

atom. Usually, the coordination takes place via ring N
atom in a monodentate manner, though bridging also via
amide O atom may follow as well. Similarly, the thiocya-
nate anion is typically bound monodentately, mostly via
its N-end, following by additional bridging via its remai-
ning S-end; the monodentate coordination via its S-end is
the least common.'” Combining both ligands, a variety of
extended frameworks interconnected by hydrogen and/or
coordination bonds leading to interesting physical proper-
ties, e.g. magnetism or catalytic activity, can be formed."!
The Cambridge Structural Database contains only four
structures of coordination compounds exclusively with
thiocyanate and nicotinamide ligands at the same time:'°
with zinc(II) ([Zn(NCS),(nia),], refcode KITGAW),"?
copper(ID) ([Cu(u,-SCN)(nia),],, refcode UFAXII)," cad-
mium(II) ([Cd(p,-SCN),(nia), ], -nH,0, refcode QIFMAT)"
and mercury(Il) ([Hg(u,-SCN)(NCS)(nia)],, refcode
KITFUP)."? Three additional crystal structures containing
coordinated water are also known: with copper(Il)
([Cu(NCS),(nia),(OH,)], refcode GISJAU)", cobalt(Il)
([Co(NCS),(nia),(OH,),], refcode TCNICO)'*'” and nic-
kel(Il) ([Ni(NCS),(nia),(OH,),], refcode CIVRAC),'®"
the latter two being isostructural with the title complexes.
In this paper, we report on preparation, crystal structure,
spectroscopic, magnetic and thermal properties of two
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mononuclear coordination complexes with common for-
mulae [M"(NCS),(nia),(OH,),] (M = Mn, Fe).

2. Experimental

2. 1. Reagents and Physical Measurements
All reagents and chemicals were purchased from
commercial sources and used without further purification.
CHN elemental analyses were performed with a Perkin-
Elmer 2400 CHN Elemental Analyzer. The infrared spec-
tra were measured on solid samples using a Perkin-Elmer
Spectrum 100 series FT-IR spectrometer equipped with an
ATR sampling accessory. Magnetic susceptibility of the
substance was determined at room temperature by the
Evans method using powdered samples and a Sherwood
Scientific MSB-1 balance with HgCo(NCS), as a cali-
brant. Diamagnetic corrections were estimated from Pas-
cal’s constants and the effective magnetic moments were
calculated using the equation: p; = 2.828(xMT)". Si-
multaneous thermogravimetric/dynamic scanning calori-
metry (TG/DSC) measurements were performed on a
Mettler Toledo TGA/DSCI instrument under dynamic
flow of air or argon, respectively. The flow rate of the gas
was 100 mL min~'. Around 5 mg of the sample was put in-
to 150 uL platinum crucible and heated in a temperature
range from 25 to 800 °C with a heating rate of 10 C min™'.

Table 1. Crystal data, data collection and structure refinement.

Empty crucible served as a reference. Blank curve was
subtracted. Evolved gases were detected using a Balzers
ThermoStar mass spectrometer. Evolved gases were intro-
duced into mass spectrometer via 75 cm long heated ca-
pillary.

2. 2. Synthesis

[Mn(NCS),(nia),(OH,),] (1). To the mixture of MnCl,
-4H,0 (792 mg, 4.0 mmol), KSCN (777 mg, 8.0 mmol)
and nicotinamide (977 mg, 8.0 mmol), 5 mL of distilled
water was added. The reaction mixture was heated under
reflux at 60 °C until the clear solution was obtained. The
reaction flask was sealed and stored in a refrigerator at ~ 8
°C. After several days, colourless crystals suitable for
X-ray structural analysis were obtained. Yield: 433 mg
(24%). Anal. Calcd. for C,;H, MnN.O,S,: C, 37.25%; H,
3.57%; N, 18.62%. Found: C, 37.50%; H, 3.31%; N,
18.43%. p.= 6.06 BM. v__: 3400-3000 (O-H, N-H),
2096 (CN from SCN), 1668 (C=0), 1386 (CN from nia)
cm™.

[Fe(NCS),(nia),(OH,),] (2). To the mixture of FeSO, -
7H,0 (83.4 mg, 0.30 mmol), KSCN (116.6 mg, 1.20
mmol) and nicotinamide (73.3 mg, 0.60 mmol), 4 mL of
distilled water was added. The reaction mixtures was stir-
red and slightly heated until all the solid reactants dissol-

Crystal data 1 2

Formula CH,MnNO,S, CH,(FeN,O,S,
M, 451.39 452.30

Cell setting, space group Triclinic, P-1 Triclinic, P-1
a(A) 7.5470(5) 7.5299(6)

b(A) 8.2535(5) 8.1847(7)

c(A) 9.1503(7) 9.0367(5)

o (®) 73.196(6) 73.000(6)

B(©® 69.039(6) 69.536(6)

Y(®) 65.917(6) 66.518(8)

V(A% 479.02(6) 470.92(7)

Z 1 1

D, (Mg m™) 1.565 1.595

u (mm™) 0.940 1.056

F(000) 231 232

Data collection

T (K) 150(2) 150(2)

No. of measured, independent 4273, 2490, 2199 4111, 2432, 2055
and observed reflections

R 0.0186 0.0221

int

Refinement
Refinement method
R (on F

o) WR(on F ), S
No. of contributing reflections
No. of parameters/restraints)
Apmax’ Apmin (e;\%)

full-matrix least-squares
refinement on F2
0.0290, 0.0674, 1.076

full-matrix least-squares
refinement on F2
0.0330, 0.0699, 1.051

2490 2432
140/0 140/0
0.435,-0.320 0.448,-0.310
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ved. The Erlenmeyer flask was then cooled down in a re-
frigerator and after 15 minutes, the yellowish crystals sui-
table for X-ray structural analysis were obtained. Yield:
37 mg (27%). Anal. Calcd. for C,,H FeN.O,S,: C,
37.17%; H, 3.56%; N, 18.58%. Found: C, 37.30%; H,
3.24%; N, 18.34%. p.. = 5.63 BM. v_ : 3400-3000
(O-H), 2101 (CN from SCN), 1663 (C=0), 1385 (CN
from nia) cm™'.

2. 3. Crystallography

For X-ray structure determination single crystals of
both compounds were surrounded by silicon grease, moun-
ted on the tip of glass fibres and transferred to the goniome-
ter head in the stream of liquid nitrogen. Data were collec-
ted on a SuperNova diffractometer equipped with Atlas de-
tector using CrysAlis software and monochromated Mo Ko
radiation (0.71073 A) at 150 K. The initial structural mo-
del containing coordination molecule was obtained via di-
rect methods using the SIR97 structure solution program.?!
A full-matrix least-squares refinement on F> magnitudes
with anisotropic displacement parameters for all non-
hydrogen atoms using SHELXL2013 was employed.” All
H atoms were initially located in difference Fourier maps
and were further treated as riding on their parent atoms with
C(aromatic)-H distance of 0.95 A. The positions of water
hydrogens as well as amide ones were obtained from a dif-

ference Fourier map and refined freely in iron complex
while the N-H and O-H distances in manganese compound
were restrained to 0.87(2) and 0.85(2) A, respectively. De-
tails on crystal data, data collection and structure refine-
ment are given in Table 1. Figures depicting the structures
were prepared with ORTEP3 and Mercury.>>**

3. Results and Discussion

Both title compounds have been prepared by dissol-
ving appropriate metal salt, KSCN and nicotinamide in
water. If necessary the starting mixtures were heated mild-
ly and after the clear solutions were obtained they were
kept in a refrigerator at ~8 °C until the crystals formed.
The single crystals suitable for X-ray structural analysis
were first tested by means of infrared spectroscopy. In IR
spectra of both title compounds there is a broad band be-
tween 3400-3000 cm™' representing O—H and N—H stretc-
hing involved in extended hydrogen bond network. Consi-
dering stretching frequencies of N—C bond in a thiocyana-
te ion which appears at 2096 cm™ in 1 and 2101 cm™ in 2,
the N-end coordination of thiocyanate anion is also confir-
med. The characteristic vibrations of nicotinamide bonds

are in agreement with the theoretical study of Bakiler and
coworkers, showing the usual coordination mode of nico-
tinamide via its endocyclic nitrogen atom.?

Figure 1. An ORTEP representation of coordination molecules in 1 with labels for atoms in asymmetric unit. Thermal ellipsoids are drawn at 30%
probability level. Hydrogen atoms are represented as small spheres of arbitrary radii.

Pockaj etal.: [MII(NCS),(nia),(OH,),]: Preparation,
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X-ray structural analysis has shown that both title
coordination compounds are mononuclear (Fig. 1) with
six-coordinated central metal ion in a shape of distorted
octahedron. All three different ligands are bound in a mo-
nodentate mode: nicotinamide via endocyclic nitrogen
and thiocyanate expectedly via its hard base N-end to both
metals considered as hard acids according to Pearson
principle.?® The equatorial sites are occuppied by two
oxygens from water (distance M—O1 2.1775(12) A in 1
and 2.1015(14) A in 2) and by two nitrogens from NCS~
ligand (M-N1 distance of 2.1891(13) A in 1 and
2.1398(17) A in 2). The bulkier and sterically more de-
manding nicotinamide ligand complements the first coor-
dination sphere at axial positions (M—N2 distance of
2.2941(13) A in 1 and 2.2225(14) A in 2). As observed,
the bond distances in 2 are shorter than in 1 due to the
smaller ionic radius of Fe** ion in comparison with Mn**
(corresponding ionic radii for high-spin octahedral arran-
gements for Mn @ and Fe d° are 0.83 and 0.78 A, respec-
tively).?” The pairs of equal ligands are trans to each other
and due to symmetry restrictions (metal ion is located on
an inversion centre) the angles trans ligand-M-trans li-
gand are constrained to 180°. The geometry of NCS™ li-
gand deviates only slightly from linearity, with the N-C-S
angle of 178.11(14)° in 1 and 178.25(17)° in 2, respecti-
vely. However, it is not bound in a completely linear fas-
hion as the C—-N-M angles are 156.42(13)° in 1 and
157.97(15)° in 2, respectively. Several other bond distan-
ces and angles are collected in Table 2. The pyridine ring
of nia ligand is almost planar with maximum deviation
from the meanplane of — 0.011(2) A for C4 (the values for
1 and 2 are the same) while the amide group is slightly out
of pyridine-ring plane (torsion angles C6/C5/C7/N3 are
32.2(2)°in 1 and 31.9(3)° in 2).

The coordination molecules are linked by extensive
network of hydrogen bonds of O-H---O, O-H---S and
N-H---S types forming a supramolecular structure (Fig. 2,
Table 3). Hydrogen bonds donated by water oxygen link
each coordination molecules with four adjacent and thus,

Table 2. Selected bond distances (A) and angles (°) for complexes
1 and 2.

1 2

M-02 2.1775(12) 2.1015(14)
M-N1 2.1891(13) 2.1398(17)
M-N2 2.2941(13) 2.2225(14)
N1-C1 1.159(2) 1.152(3)
C1-S1 1.6447(16) 1.651(2)
C7-01 1.2353(18) 1.234(2)
C7-N3 1.329(2) 1.329(2)
02-M-N1 90.65(5) 91.19(6)
02-M-N2 91.17(5) 90.76(5)
N1-M-N2 87.05(5) 88.08(6)
N1-C1-S1 178.11(14) 178.25(17)
C1-N1-M 156.42(13) 157.97(15)

layers stacking in ac plane/normal to (010) direction with
thickness around ~8 A are formed. Two additional
N-H---S short contacts are present forming R 42(8) rings as
usual in related compounds:?® the shorter stabilizes the
aforementioned two-dimensional layers while the longer
connects two neighboring layers into a three-dimensional
structure. Thus, the sulphur atom of thiocyanate ligand is
involved in a trifurcated hydrogen bonding motif. Weak
n—n stacking is also observed between parallel pyridine
rings of adjacent molecules with centroid-centroid distan-
ce of 3.8175(9) A.

As already mentioned in the Introduction, several
transition metal complexes with nia, SCN™ and in some
cases also water have been structurally characterized till
now.'?""? Surprisingly, their preparation is simple and si-
milar for all of them. On the other hand, their structures
differ significantly: from mononuclear [Zn(NCS)Z(nia)z],12
([Cu(NCS),(nia),(OH,)],"* ([Co(NCS),(nia),(OH,),],'*""
[Ni(NCS)z(nia)z(OHz)z]'8’19 to polymeric ([Cu(u,-SCN)
(nia)z]n,13 ([Cd(pz-SCN)Z(nia)z]n-nHZO'4 and [Hg(u,-SCN)
(NCS)(nia)]n.'2 In all cases, extensive hydrogen bonding
is present. For mononuclear complexes the hydrogen

Figure 2. Hydrogen bond network/packing diagram in 1 leading to formation of layers (left) that get connected via N3—-H3A---S1 hydrogen bond

(right).
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Table 3. Hydrogen bond geometry in 1 and 2.

D-H-A D-H (A) H-A (A) DA (A) <D-H-A (°)
1

02-H2A--01' 0.84(3) 1.85(3) 2.6858(17) 170(2)
02-H2B---S1" 0.81(3) 2.43(3) 3.2125(13) 163(2)
N3-H3B---S1" 0.83(2) 2.67(2) 3.4229(15) 151.0(18)
N3-H3A---S1 0.88(2) 2.66(2) 3.4383(15) 147.9(16)
2

02-H2A--01' 0.816(15) 1.866(16) 2.6713(18) 169(2)
02-H2B---S1" 0.825(16) 2.397(17) 3.2002(14) 164(2)
N3-H3B---S1" 0.848(15) 2.635(17) 3.4186(16) 154(2)
N3-H3A--S1 0.872(15) 2.656(17) 3.4365(17) 149.6(18)

Symmetry codes: (i) x, y, z + 1; (ii) =x, =y + 1, —z + 1; (ii)) x, y— 1, z.

bond scheme seems to be less uniform (N-H---O and

(nia),

]n,13

chains are formed, while in polymeric complex

N-H---S, usually not forming any ring motifs) but it al-
ways leads to 3D self-assembly of isolated coordination
molecules. In polymeric complexes with four-coordinated
metal, i.e. [Hg(u,-SCN)(NCS)(nia)],"* and ([Cu(u,-SCN)

[Cd(p2-SCN)Z(nia)z]n-nHzO14 with six-coordinated Cd(II)
layers are present. Chains or layers are further hydrogen
bonded — in this case N-H:--O hydrogen bonds are highly
prevalent — resulting again in a formation of 3D structures.
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Figure 3. TG and DSC curves of a) Mn complex (1) and b) Fe-complex (2), and ¢) TG-MS curve of Mn complex (1) under air atmosphere. Note
that in Fig. b two different scales on a DSC curve are presented, due to reducing the enthalpy signal under air atmosphere the first and the second
DSC signals are not clearly seen.
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In all cases D---A distances are comparable to those in the
title compounds.

Thermal decomposition of both prepared complexes
under air and argon atmosphere are shown in Figure 3. In
the first step of thermal decomposition (70-110 °C for 1
and 85-130 °C for 2) dehydration took place; evolution of
water molecules is evident from a MS curve of Mn com-
pound (see Figure 3c). Due to very similar molecular
mass of both complexes, a theoretical mass loss for the
dehydration process is the same for both complexes, 8.0
%, and that completely corresponds to the experimental
value. At temperatures higher than 200 °C both complexes
decompose further through several successive steps. Ther-
mal decomposition of 1 is similar under air and argon at-
mosphere: from 200 to 270 °C sample lost 27 % and from
270 to 400 °C another 33.3 % under air and 37.5 % under
argon atmosphere; overlapped reactions were endother-
mic. On MS curve evolution of CO, (m/z = 44) was obser-
ved at the beginning of the described decomposition reac-
tions, followed by a multitude of other signals: water (m/z
=18), SO, (in/z = 64), CN™ (m/z = 26); also m/z = 104, the
signal most close to molecular peak of nicotinamide (m/z
= 122). The high number of observed signals (22 altoget-
her) indicates the complexity of the thermal decomposi-
tion of the described complex. After 300 °C the route of
thermal decomposition became different; under air at-
mosphere there are two distinct steps between 400 and
800 °C, the first being exothermic while under argon at-
mosphere there is a continuous mass loss up to 800 °C.
The total mass loss under air atmosphere is 80.4 % mea-
ning that Mn complex most probably decomposed to Mn-
O, (theoretical mass loss 80.7 %) and 81.5 % under argon
atmosphere. Theoretical mass loss for decomposition to
Mn,O, is 82.5 %, which most probably means that under
argon atmosphere a final residue is a mixture of MnO, and
Mn,0,.

The course of thermal decomposition of both Fe and
Mn complex is very similar under argon atmosphere. The
observed mass loss in a whole temperature range from 25
to 800 °C correspond to Fe,O, (measured value 81.4%,
theoretical 82.3%). Under air atmosphere thermal decom-
position from 270 °C onward differ much with regard to
thermal decomposition under argon; the rate of decompo-
sition became slower, but at 450 °C a sharp exothermic
step with a mass loss of around 35 % took place, leading
to the same residue as obtained in argon atmosphere.

4. Conclusions

Two novel, isostructural compounds, namely
[Mn"(NCS),(nia),(OH,),] (1) and [Fe"(NCS),(nia),
(OH,),] (2) have been isolated. Their crystal structures re-
veal trans octahedral slightly elongated MN,O,N, chro-
mophores. Despite shorter M—O coordination bonds the
water molecules are removed first at an elevated tempera-

ture, as expected. All three ligands enable H-bonds, thus
building a 3D structure of mononuclear building blocks.
Due to a lack of any coordination bridging weak magnetic
interactions within solids among the metal centers are ex-
pected. On the other hand, strong intermolecular ability
via H-bonding, especially in water, for the title mangane-
se(IT) and iron(IT) compounds is noticed. Thermal decom-
position of both complexes is similar losing water in first
step of mass loss while in the remaining steps other li-
gands decompose yielding Fe,O, or a mixture of MnO,
and Mn,O,, respectively.

5. Supplementary Information

CCDC 1498589 (1) and 1498590 (2) contain the
supplementary crystallographic data. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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ni, koordinacijski spojini mangana(ll), 1, in Zeleza(Il), 2, s splosno formulo [MH(NCS)z(nia)z(OH2) ,]. Na osnovi difrak-
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povezane v tridimenzionalno strukturo s pomocjo vodikovih vezi. Spojini 1 in 2 smo okarakterizirali tudi z infrardeco

spektroskopijo, magnetnimi meritvami in termi¢no analizo.
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Abstract

The reaction of the 2-(4-oxo0-4,5-dihydrothiazol-2-yl)acetonitrile (1) with salicylaldehyde (2) in 1,4-dioxane containing
a catalytic amount of piperidine gave the coumarin derivative 3. The latter reacted with different reagents to give pyra-
no[4,5-b]thiazole, pyrido[4,5-b]thiazole and thieno[5,4-b]thiazole dereivatives. The anti-inflammatory and anti-ulcer
activities of the newly synthesized products were evaluated and the results showed that compounds 7a, 8a, 10b, 13b,
15b, 18a, 19b, 19¢, and 19d showed higher activity compared to the rest of the compounds. In addition to this, toxicity
of such active compounds was studied against shrimp larvae where compounds 10b, 18a, 19¢ and 19d showed to be

non-toxic against the tested organisms.

Keywords: 4,5-dihydrothiazol, coumarin, pyrimidine, anti-inflammatory, anti-ulcer activity

1. Introduction

Thiazole is a core structural motif present in a va-
riety of natural products, such as vitamin B1 (thiamine)
and penicillin. Thiazole derivatives also exhibit a broad
spectrum of medicinal and biological properties, such as
antibacterial, antifungal,' anti-inflammatory,” antiviral,
antimalarial,* and anti-HIV activities.’ Thiazole analogs
have also been reported as ligands at estrogen receptors,®

neuropeptides,” Y5 adenosine receptors,® and act as inhi-
bitors of human platelet aggregation factor,” urokinase, '’
and poly(ADP-ribose) polymerase-1."" Selenazoles have
been reported to possess antibacterial properties,'? supe-
roxide-anion-scavenging activity,'® and exhibit cytotoxi-
city and DNA fragmentation effects in human HT-1080 fi-
brosarcoma cells.'* The structures of sulfathiazole, melo-
xicam, and selenazofurin and their pharmacological acti-
vities are given in Fig. 1.

(o]
NH,
N 0 OH N

(0] N [

2 LD A NAL o A {

E;NH S S” R N HO Se

Hac' \,'S\\

H,N o o HO' OH

Sulfathiazole (antibacterial)

Fig 1. Biologically active thiazole and senazole drivatives

Meloxican (antiinflammatory

Selenazofurin (antibacterial)
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In many report structural modification of the hete-
rocyclic rings through the construction of new heterocyc-
lic nuclei enhances the pharmaceutical applications of the
resulting molecules.'>!'® This encouraged our efforts in
this work to modify 2-(4-oxo0-4,5-dihydrothiazol-2-
yl)acetonitrile through its reaction with salicyladehyde to
produce a chromen-3-yl)thiazol which was used as the
key starting compound for many further heterocyclic
transformations. The anti-inflammatory and anti-ulcer
evaluations of the newly synthesized compounds were
studied.

2. Results and Discussion

In the present work the 2-(4-ox0-4,5-dihydrothia-
zol-2-yl)acetonitrile (1) reacted with salicylaldehyde (2)
in 1,4-dioxane containing a catalytic amount of piperidine
to give the coumarin derivative 3. The structure of 3 was
based on its analytical and spectral data. Thus, the 'H
NMR spectrum showed a singlet at & 4.28 ppm equivalent
to the thiazole CH, group, a singlet at & 6.52 ppm indica-
ting the coumarin 4H, a multiplet at & 7.28-7.38 ppm for
the C,H, group. Moreover, the *C NMR spectrum sho-

NC/>=N @:Ho 1 4-dioxane S
+ S
S\)O OH piperidine o /
—N
2
1 S\)bo
3
S/
CHO
a N
S / + H,C CN 4 EtOH
I R
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—N X
4 # NH,
S o Sa, X=H CN
b, X=Cl
3 ¢, X = OCH; 5
6a, X =H
b,X=Cl
C, X= OCH3
o
) CHO /
/ . HC—CN B0k \i =N
] —
(o] CN NH,;OAc
——N ! 4 S NH
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S\}O # ~NH,
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3 b, X=Cl CN
¢, X=0CH,

Sheme 1. Synthesis of compounds 3, 6a—c and 7a-c

X
7a,X =H
b, X =Cl
¢, X = OCH,
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wed beside the expected signals, 8 58.6 ppm indicating
the presence of the thiazole CH,, two signals at  164.3,
168.6 ppm equivalent to the two CO groups and a signal at
6 170.3 ppm for the C=N.

Compound 3 underwent multi-component reactions
through its transformation with malononitrile (4) and any
of benzaldehyde (5a), 4-chlorobenzaldehyde (Sb) or 4-
methoxybenzaldehyde (5c¢) to give the 5-amino-7H-pyra-
no[2,3-d]thiazole-6-carbonitrile derivatives 6a—c, respec-
tively. On the other hand, carrying out the same reaction,
but using ammonium acetate instead of piperidine gave

o
/ _
087 + s, + HC—ON
—N X
s\}o

the pyrido[2,3-d]thiazole derivatives 7a—c, respectively
(Scheme 1).

Compound 3 was ready for thiophene formation
through the well known Gewald’s thiophene synthesis.!”"!®
Thus, the reaction of 3 with elemental sulfur and either
malononitrile (4) or ethyl cyanoacetate (4”) gave the thie-
no[2,3-d|thiazole derivatives 8a and 8b, respectively. The
analytical and spectral data of 8a,b were the tools of their
structural elucidation. Thus, the 'H NMR spectrum of 8a
showed a signal at 6 4.93 ppm equivalent to the NH,
group (D,O exchangeable), a singlet at 6 6.62 ppm indica-
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3 NH,
8a, X =CN
b, X = COOEt
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2II CN Et N e
/ X
X
4,X=CN \ / N
NN 4', X = COOEt N=
NH,
8a, X =CN 11a, R =NH,, X =CN
b, X = COOEt b, R=0H, X=CN

Sheme 2. Synthesis of compounds 8a, b; 10 a,b and 11a-d

¢, R =NH,, X=COOEt
d, R = OH, X = COOEt
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Sheme 3. Synthesis of compounds 12a, b; 13 a, b and 15a, b

ting the coumarin H-4 and a multiplet at 8 7.26-7.40 ppm
for the C(H, group. In addition, the 3C NMR spectrum
signals were consistent with the assigned structure. The
reaction of either compound 8a or 8b with phenyli-
sothiocyanate (9) gave the 7-phenylthiazolo[4’,5°:4,5]
thieno[2,3-d]pyrimidine-6(7H)-thione derivatives 10a and
10b, respectively. On the other hand, the reaction of either
compound 8a or 8b with either malononitrile (4) or ethyl
cyanoacetate (4’) gave the 7-phenylthiazolo[4’,57:4,5]
thieno[2,3-d]pyridin-6(7H)-thione derivatives 11a—d, res-

pectively (Scheme 2). The analytical and spectral data of
the latter products were consistent with their respective
structures (see experimental section).

The 2-amino group present in compounds 8a and
8b is capable for the amide group formation. Thus, the
reaction of either 8a or 8b with ethyl cyanoacetate in ref-
luxing dimethylformamide gave the amide derivatives
12a and 12b, respectively. The latter compounds readily
underwent cyclization when heated in sodium ethoxide
solution to give the 7-phenylthiazolo[4°,5:4,5]thieno
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Sheme 4. Synthesis of compounds 16a, b; 18 a, ¢ and 19a—c

[2,3-d]pyridine derivatives 13a and 13b, respectively. On
the other hand, the reaction of either compound 12a or
12b with acetophenone (14) gave the Knoevenagel con-
densation products 15a and 15b, respectively (Scheme
3).

The presence of the but-2-enenitrile moiety in com-
pounds 15a and 15b is suitable for thiophene synthesis.
Thus, the reaction of either compound 15a or 15b with
elemental sulfur gave the thiophene derivatives 16a and
16b, respectively. On the other hand, the reaction of eit-

o}
/
o ——N
S
7 / X
NH-CO NH,
S
Ph~ X\
16a, X =CN
b, X = COOEt
o)
/
O ——N
S
7 CN
/ HN
NH—CO /@-Y
N
|
Ph =N
192, Y =H
b, Y =Cl
¢, Y= OCH;

her 15a or 15b with any of benzenediazonium chloride
(17a), 4-chlorobenzenediazonium chloride (17b), or
4-methoxybenzenediazonium chloride (17¢) gave the
arylhydrazone derivatives 18a—c, respectively (Scheme
4). The spectral and analytical data of compounds 18a—c
were in agreement with their respective structures (see
experimental section). The latter compounds underwent
cyclization when heated in sodium ethoxide solution to
give corresponding pyridazine derivatives 19a—c, respec-
tively.
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2. 1. Anti-inflammatory Evaluation Method

Carrageenin-induced rat hind paw oedema model
was used. The method adopted resembles essentially that
described by Winter.'” The animals were studied for toxi-
city of DMSO up to 10% v/v in saline, and 5% DMSO
was selected as a vehicle to suspend the standard drugs
and the test compounds.

Albino rats weighing between 150 and 250 g of eit-
her sex were starved for 18 h prior to the experiment. The
animals were weighed, marked for identification and divi-
ded into groups of six. The standard drugs, ibuprofen (20
mg/kg body weight), mefenamic acid (100 mg/kg body
weight) and three graded doses (10, 20 and 40 mg/kg
body weight) of the test compounds were given orally as a
suspension using 5% DMSO as a vehicle.

One hour later foot paw oedema was induced by in-
jecting 0.1 mL of 1% carrageenin subcutaneously into the
planter portion of the right hind paw of each rat. Initial
foot paw volume was measured immediately by mercury
plethysmometer. Oedema was measured 3 h after carra-
geenin administration. The swelling in test group animals
was used to calculate the % inhibition +/— SEM of oede-
ma achieved by the compound at the test dose compared
with the vehicle control group. The % protection of oede-
ma was calculated according to the formula:

l;Vc) )

C

% anti inflammatory activity = 100 (

where V, and V_ are the volume of oedema in test com-
pounds and control groups, respectively.

2. 2. Anti-ulcer Evaluation Method

Animals Wistar albino rats weighing 150-200 g of
either sex maintained under standard husbandary condi-
tions (temperature 23 + 2 °C, relative humidity 55 + 10%
and 12 h light/dark cycle) were used for the screening.
Animals were fed with standard laboratory food ad libi-
tum during the study period.

Albino rats of either sex were divided into four
groups of six animals each. Animals were fasted for 24 h
before the study, but had free access to water. Animals in
the control group received only distilled water. Each of
the given compounds at 250 and 500 mg/kg, (p. 0.) were
given to the animals in the treatment group. Ranitidine (50
mg/kg) was used as a standard. After 1 h of drugs treat-
ment, they were anaesthetized with the help of anesthetic
ether; the abdomen was opened by a small midline inci-
sion below the xiphoid process. Pyloric portion of the sto-
mach was slightly lifted out and ligated according to the
method of Shay?’ avoiding traction to the pylorus or da-
mage to its blood supply. The stomach was replaced care-
fully and the abdominal wall was closed by interrupted
sutures. Rats were sacrificed by an over dose of anaesthe-
tic ether after 4 h of pyloric ligation. The abdomen was

opened, cardiac end of the stomach was dissected out and
the contents were drained into a glass tube. The volume of
the gastric juice was measured and centrifuged at 2000
rpm for 10 min. From the supernatant, aliquots (1 mL
each) were taken for the determination of pH, total and
free acidity. Each stomach was examined for lesions in the
fore stomach portion and indexed according to severity.

Determination of pH: an aliquot of 1 mL gastric jui-
ce was diluted with 1 mL of distilled water and pH of the
solution was measured using pH meter.

2. 3. Toxicity Method on Shrimp Larvae

All toxicity tests were 96-h static renewal tests and
water quality measurements (dissolved oxygen, pH, tem-
perature, salinity) were taken in the control containers
each day. Tests were run in a Revcos Environmental
Chamber at 25 °C, 20% salinity, and a 16 h light/8 h dark
cycle. A media change was made every 24 h. Larvae used
for all tests were one to two days old and exposed in 600
mL glass beakers containing 400 mL of media with 10
larvae/beaker and three replicates/concentration. Larvae
were fed newly hatched Artemia after daily media exchan-
ge. The concentration of each compound was taken in
terms 10, 100 and 100 mg/mL. Adult shrimp toxicity tests
were also run to complete the grass shrimp toxicity profi-
le. Adult shrimp (acclimated for two weeks before testing)
were exposed in 4 L wide mouth glass jars containing 2 L
of media and 10 shrimp/jar with two replicates/concentra-
tion, according to the modified method published by De-
lorenzo®! and were run under conditions as described abo-
ve for larvae.

2. 4. Biological Evaluation

2. 4. 1. Anti-inflammatory Evaluations

From Table 1 it is clear that compounds 10b, 13b,
18a, 19b and 19c¢ showed high anti-inflammatory activity,
but compounds 6b, 6¢, 7a, 8b, 11a, 11b, 13a, 16b and 18¢
showed low anti-inflammatory effect. Considering the
4,7-dihydrothiazolo[4,5-b]pyridine derivatives 7a—c,
compound 7b with the 4-chlorophenyl moiety showed the
highest anti-inflammatory activity among the three com-
pounds. On the other hand, for the thieno[3,2-d]thiazole
derivatives 8a,b, compound 8a with the 3-cyano group
showed higher anti-inflammatory activity than compound
8b with the COOEt moiety. For the thiazolo[4’,57:4,5]
thieno[2,3-d]pyrimidine derivatives 10a and 10b, it is ob-
vious that compound 10b with the hydroxyl group sho-
wed higher anti-inflammatory activity than compound
10a with the amino group. Similarly for compounds
11a—d, compound 11d with the OH and COOEt moieties
has the highest anti-inflammatory activity among the four
compounds.

The reaction of either compound 8a or 8b with ethyl
cyanoacetate gave the N-cyanoacetamido derivatives 12a
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or 12b, respectively. Such changed showed a remarkable
decrease of anti-inflammatory activity in the case of 12a.
On the other hand, it showed an increase of anti-inflam-
matory activity of 12b. For the thiazolo[4’,5°:4,5]thie-
no[2,3-b]pyridine derivatives 13a,b the presence of the
OH group in compound 13b is responsible for its higher
anti-inflammatory activity than compound 13a. The reac-
tion of either compound 12a or 12b with acetophenone
gave the condensation products 15a and 15b, respectively,
where compound 15b with the COOEt had higher activity
than compound 15a with the CN group. However, the
thiophene derivatives 16a,b obtained from 15a,b showed
the reverse: compound 16a with the CN group showed
higher anti-inflammatory activity than compound 16b
with the COOEt moiety. Considering the arylhydrazone
derivatives 18a—c, it is clear from Table 1 that compound
18a with the unsubstituted aryl moiety has the maximum
anti-inflammatory activity among the three compounds.
However, cyclization of compounds 18a—c in sodium et-
hoxide solution gave the pyridazine derivatives 19a—c
where compound 19b with 4-chloroaryl group showed the
highest anti-inflammatory activity among the three com-
pounds, followed by the compound 19¢ with the 4-met-
hoxyaryl group having the intermediate activity of the
three compounds.

2. 5. Anti-ulcer Activity

From Table 2 it is clear that compounds 6a—c, 7a—c,
8b, 10b, 13a, 16b, 19b and 19c¢ showed the maximum an-
tiulcer activity. Moreover, these twelve compounds sho-
wed inhibition effect higher than the reference drug raniti-
dine. On the other hand, most of the newly synthesized
products showed a moderate anti-ulcer activity at concen-
trations 250 and 500 mg/kg. Moreover, compounds 19b
and 19¢ showed the maximum antiulcer activity among
the tested compounds.

2. 5. 1. Macroscopic Evaluation of Stomach

The stomachs were opened along the greater curva-
ture, rinsed with saline to remove gastric contents and
blood clots and examined by a 10x magnifier lens to as-
sess the formation of ulcers. The numbers of ulcers were
counted. Scoring of ulcer was made as follows: (0) --- nor-
mal colored stomach; (0.5) --- red coloration; (1) --- spot
ulcer; (1.5) --- hemorrhagic streak; (2) --- deep ulcers; (3)
- perforation. Mean ulcer score for each animal was ex-
pressed as ulcer index (UI). The percentage of ulcer pro-
tection was determined as follows. Ul was measured by
using the following formula:

UI = UN + US + (10~1UP) )

where Ul is ulcer index; UN average number of ulcers per
animal; US average number of severity score; UP percen-

tage of animals with ulcers. Percentage inhibition of ulce-
ration was calculated as below:

% inhibition of ulceration = (3)
100

= [Ul(control) = Ul(text)] s

2. 6. Toxicity

Bioactive compounds are often toxic to shrimp
larvae. Thus, in order to monitor these chemicals in vivo
lethality to shrimp larvae (Artemia salina), brine shrimp
lethality assay was used. Results were analyzed with
LC,, program to determine LC,, values and 95% confi-
dence intervals.”? Results are given in Table 4 for the
compounds which exhibited optimal anti-inflammatory
and anti-ulcer activity, that is the eleven compounds 7b,
8a, 10a, 10b, 13a, 13b, 15b, 18a, 19b, 19c and 19d. The
shrimp lethality assay is considered as a useful tool for
preliminary assessment of toxicity, and it has been used
for the detection of fungal toxins, plant extract toxicity,
heavy metals, cyanobacteria toxins, pesticides, and
cytotoxicity testing of dental materials,” natural and
synthetic organic compounds.?* It has also been shown
that A. salina toxicity test results have a correlation with
rodent and human acute oral toxicity data. Generally, a
good correlation was obtained between A. salina toxi-
city test and the rodent data. Likewise, the predictive
screening potential of the aquatic invertebrate tests for
acute oral toxicity in humans, including A. salina toxi-
city test, was slightly better than the rat test for test
compounds.?

In order to prevent the toxicity results from possible
false effects originating from solubility of compounds and
possible toxicity effect of DMSO, compounds were pre-
pared by dissolving in DMSO in the suggested DMSO vo-
lume ranges. It is clear from Table 3 that compounds 10b,
18a, 19¢ and 19d showed no toxicity against the tested or-
ganisms. On the other hand, compound 7b, 13b and 15b
are very toxic compounds, while the rest of compounds
are harmful.

3. Experimental
3. 1. General

All melting points were determined on an Electrot-
hermal digital melting point apparatus and are uncorrec-
ted. IR spectra (KBr discs) were recorded on a FTIR plus
460 or Pye Unicam SP-1000 spectrophotometer (Pye Uni-
cam, UK, Cambridge). '"H NMR and "*C NMR spectra
were recorded with Varian Gemini-200 (200 MHz, Varian
UK) and JEOL AS 500 MHz (JEOL, Japan) instruments
in DMSO-d; as the solvent, using TMS as the internal
standard, chemical shifts are expressed as & ppm. The
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Table 1. Anti-inflammatory evaluation of the newly synthesis products

Compound Anti-inflammatory activity® carrageenin-induced

rat hind paw oedema Mean value of Oedema volume (% protection)

10 mg/kg 20 mg/kg 40 mg/kg

3 0.60 = 0.04 (74) 0.38 £ 0.06 (83) 0.19 £ 0.07 (92)
6a 0.55 +0.18 (76) 0.22 +0.02 (90) 0.23 =0.11 (90)
6b 0.99 +0.23 (57) 0.68 + 0.08 (70) 1.13 £ 0.38 (51)
6¢ 0.98 +0.28 (57) 0.82 +0.03 (64) 0.63 =0.18 (72)
Ta 0.82 £0.15 (64) 0.60 +0.13 (73) 0.92 +0.18 (58)
7b 0.38 +0.08 (83) 0.36 + 0.07 (84) 0.29 +0.04 (87)
Tc 0.80 = 0.15 (65) 0.66 =0.12 (71) 0.52 +0.05 (77)
8a 0.44 + 0.08 (81) 0.51 +£0.09 (78) 0.05 + 0.04 (98)
8b 0.93 +0.14 (59) 0.81 +0.20 (65) 1.22 +0.30 (48)
10a 1.30 = 0.04 (43) 0.48 +0.06 (79) 0.93 +0.14 (59)
10b 0.09 = 0.02 (96) 0.16 = 0.08 (93) 0.19 £ 0.06 (92)
11a 1.22 +0.18 (47) 1.09 +0.23 (53) 1.19 £ 0.37 (48)
11b 1.08 =0.11 (53) 1.04 £ 0.18 (55) 1.09 £ 0.21 (53)
11c 0.83 £0.17 (64) 0.92 +0.20 (60) 0.69 + 0.30 (70)
11d 0.68 +0.03 (70) 0.29 +0.04 (87) 0.59 = 0.23 (74)
12a 0.83 £0.19 (64) 1.29 +0.36 (44) 1.33 £ 0.46 (42)
12b 0.60 = 0.10 (74) 0.88 +0.08 (62) 0.49 + 0.06 (79)
13a 1.54 + 0.20 (33) 1.01 £ 0.23 (56) 0.51 £0.13 (78)
13b 0.39 +0.02 (83) 0.09 = 0.01 (96) 0.39 +£0.13 (83)
15a 0.63 +0.15 (73) 0.82 =0.21 (64) 0.65 +0.16 (72)
15b 0.33 +0.02 (86) 0.29 +0.07 (87) 0.40 = 0.09 (83)
16a 0.75 £0.19 (67) 0.32 £ 0.04 (86) 0.22 + 0.06 (90)
16b 1.39 +0.21 (39) 1.08 = 0.25 (53) 1.19 £ 0.12 (48)
18a 0.13 £0.07(94) 0.24 + 0.04 (89) 0.07 +£0.03 (97)
18b 0.73 £0.18 (68) 0.52+0.15(77) 0.29 = 0.02 (87)
18¢ 1.39 +0.26 (39) 1.52+0.16 (34) 1.44 +0.29 (37)
19a 0.89 £0.17 (61) 0.62 = 0.08 (73) 0.29 +0.01 (87)
19b 0.18 +£0.03 (92) 0.18 +£0.09 (92) 0.09 = 0.01 (96)
19c¢ 0.29 £0.11 (87) 0.37 =0.07(84) 0.49 +=0.11 (79)
DMSO control 2.30 - -
Indomethacin 0.32 = 0.09 (86) 0.31 = 0.07 (88) 0.09 = 0.29 (96)

 Oral administration for all test compounds, P < 0.05, the standard drugs (dose and % pro-
tection) were ibuprofen (20 mg/kg, 33%) and mefenamic acid (100 mg/kg, 39%).

mass spectra were recorded with Hewlett Packard 5988 A
GC/MS system (Hewlett Packard, Agilent, USA) and
GCMS-QP 1000Ex Shimadzu (EI, 70 eV) (Shimadzu, Ja-
pan) instruments. Analytical data were obtained from Va-
rio EL IIT Elemental CHNS analyzer (Germany).

3. 1. 1. 2-(2-Ox0-2H-chromen-3-yl)thiazol-4(5H)-
one (3)

To a solution of compound 1 (1.40 g, 0.01 mol) in
1,4-dioxane (30 mL) containing piperidine (1.0 mL) sa-
licylaldehyde (1.22 g, 0.01 mol) was added. The reac-
tion mixture, in each case, was heated under reflux for 1
h, left to cool and the solid product formed, in each ca-
se, was collected by filtration and crystallized from et-
hanol.

Yellow crystals (ethanol), yield 82% (2.45 g), mp
166-168 °C; IR (KBr) vmax 3054, 2933, 1690, 1687,
1660, 1638 cm™; 'H NMR (DMSO-d,, 200 MHz): §

7.28-7.38 (4H, m, Bz), 6.52 (1H, s, H-4), 4.28 (2H, s,
CH,); *C NMR (DMSO-d,, 75 MHz): § 170.3 (C-2’),
168.6, 164.3 (C-2,C-4°), 58.6 (C-5°), 144.1, 139.5, 133.8,
130.1, 126.3, 123.6, 120.3 (C-3, C-4, C-5, C-6, C-7, C-8,
C-9, C-10); EI-MS: m/z 245 [M]* (18); Analysis Calcd for
C,H,NO,S (245.25): C, 58.77; H, 2.88; N, 5.71; S,
13.07%. Found: C, 58.85; H, 3.03; N, 5.92; S, 12.89%.

3. 1. 2. General Procedure for the Synthesis of the
Pyrano[2,3-d]thiazole Derivatives 6a—c

To a solution of compound 3 (2.45 g, 0.01 mol) in
ethanol (50 mL) containing triethylamine (0.50 mL) ma-
lononitrile (0.66 g, 0.01 mol) and any of benzaldehyde
(1.06 g, 0.01 mol), 4-chlorobenzaldehyde (1.40 g, 0.01
mol) or 4-methoxybenzaldehyde (1.37 g, 0.01 mol) were
added. The whole reaction mixture was heated under ref-
lux for 4 h then left to cool. The formed solid product, in
each case, was collected by filtration.
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Table 2. Effect of DMSO solution of the given compounds on ga-
stric ulcer induced by pylorus ligation in rats, pH, total and free aci-
dity in pyloric ligation induced ulceration in rats

Treatment Dose Ulcer % ulcer
(mg/kg) index inhibition
Control 10 3.6 +0.45 -
(distilled
water)
3 250 1.91 £0.53 47
500 0.98 +0.19 73
6a 250 0.43 +0.08 88
500 0.18 £0.01 95
6b 250 0.32 +0.28 91
500 0.82 +0.08 77
6¢ 250 0.77 +£0.19 79
500 0.59 +0.08 84
7a 250 0.66 +0.42 82
500 0.49 +0.52 86
7b 250 0.88 +0.30 75
500 0.38 =021 89
Tc 250 0.58 +0.27 84
500 0.32+0.19 91
8a 250 1.29 +0.27 64
500 1.38 £0.36 62
8b 250 0.13 +0.08 96
500 0.19 £ 0.05 95
10a 250 1.86 + 0.63 48
500 0.82 +0.17 77
10b 250 0.80 +0.25 78
500 0.32 +0.09 91
11a 250 1.77 £ 0.83 51
500 1.20 £ 0.39 67
11b 250 1.83 +0.29 49
500 0.66 +0.13 82
11c 250 1.73 £ 0.42 52
500 1.39 £ 0.62 61
11d 250 1.23 +0.64 66
500 0.88 +0.12 75
12a 250 1.93 +0.25 46
500 0.83 +0.26 77
12b 250 1.82 +0.63 49
500 1.94 + 0.08 46
13a 250 0.63 +0.09 82
500 1.19 £0.16 67
13b 250 1.09 £ 0.15 70
500 0.86 +0.26 76
15a 250 1.73 +0.41 52
500 1.63 +0.22 55
15b 250 1.87 +£0.48 48
500 1.29 +0.27 64
16a 250 1.53 +0.42 57
500 0.89 +0.04 75
16b 250 0.63 +0.12 82
500 0.58 +0.20 84
18a 250 0.92 +0.13 66
500 0.62 +0.23 74
18b 250 2.88 +0.53 20
500 2.21 +0.09 39
18¢ 250 1.42 +0.96 60
500 0.89 +0.25 72

Treatment  Dose Ulcer % ulcer
(mg/kg) index inhibition
19a 250 2.89 +0.68 20
500 1.63 +0.71 55
19b 250 0.22 +0.05 94
500 0.29 +0.09 92
19¢ 250 0.26 = 0.06 93
500 0.19 +0.01 95
Ranitidine 50 1.65 = 0.49 54

Values are expressed as mean + S.EM., n = 6, *p < 0.05 when
compared with control group.

Table 3. Toxicity of the most potent compounds

Com- Conc.  Morta- Toxicity LC,, Upper Lower

pound  (pg/ lity* 95%  95%
mL) lim. lim.
7b 10 2 verytoxic 12029 - -
100 4
1000 10
8a 10 1 harmful 210.55 197.22
148.38
100 4
1000 7
10b 10 0  nontoxic 818.15 112.40 72.73
100 2
1000 4
13b 10 3 verytoxic 11249 276.40 66.30
100 6
1000 10
15b 10 2 verytoxic 109.06 220.31 80.45
100 5
1000 10
18a 10 0 nontoxic 909.28 - -
100 1
1000 4
19b 10 1 harmful 133.40 236.50 93.28
100 4
1000 10
19¢ 10 0 nontoxic 910.63 - -
100 3
1000 5
19d 10 0 nontoxic 890.63 - -
100 2
1000 6

*Ten organisms (A. salina) tested for each concentration.

5-Amino-2-(2-o0x0-2H-chromen-3-yl)-7-phenyl-7H -
pyrano[2,3-d]thiazole-6-carbonitrile (6a)

Yellow crystals (ethanol), yield 80% (3.19 g), mp
188-191 °C; IR (KBr) vmax 3477, 3329, 3056, 2220,
1693, 1654, 1635 cm™'; '"H NMR (DMSO-d,, 200 MHz):
6 7.42-7.25 (9H, m, 2Bz), 6.58 (1H, s, H-4"), 6.18 (1H, s,
H-7), 4.82 (2H, s, D,0O exchangeable, NH,); 3C NMR
(DMSO-d,, 75 MHz): 8 86.4 (C-7), 116.8 (CN), 144.4,
143.1, 142.8, 138.8, 135.2, 130.3, 129.4, 128.9, 127.2,
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126.3, 126.2, 125.4, 124.8, 122.8, 119.8 (Bz, C-8,C-9,
C-5,C-6,C-1°,C-2’,C3,C-4,C-5°,C-6"), 165.2 (C-7°),
173.2 (C-2); EI-MS: m/z 399 [M]* (42%); Analysis Calcd
for C,,H;N;0,S (399.42): C, 66.15; H, 3.28; N, 10.52; S,

227713

8.03. Found: C, 66.29; H, 3.41; N, 10.73; S, 7.92.

5-Amino-7-(4-chlorophenyl)-2-(2-0x0-2H-chromen-3-
yl)-7H-pyrano[2,3-d]thiazole-6-carbonitrile (6b)

Pale yellow crystals (ethanol), yield 73% (3.16 g),
mp 166-169 °C; IR (KBr) vmax 3493, 3326, 3054,
2223,1690, 1656, 1633 (C=C) cm™'; '"H NMR (DMSO-d,,
200 MHz): 6 7.24-7.40 (8H, m, 2Bz), 6.61 (1H, s, H-4"),
6.15 (1H, s, H-7), 4.80 (s, 2H, D,O exchangeable, NH,);
BC NMR (DMSO-d,, 75 MHz): § 86.8 (C-7), 116.6 (CN),
120.4, 122.6, 123.9, 124.3, 124.9, 125.2, 125.7, 126.9,
129.2, 130.5, 133.9, 135.2, 138.1, 140.2, 142.9, 143.6
(Bz, C-8,C-9,C-5,C-6,C-1",C-2’,C3",C-4’,C-5", C-6°),
165.4 (C-7"), 173.0 (C-2); EI-MS: m/z 433 [M]* (30%);
Analysis Calcd for C,,H ,CIN,0,S (433.03): C, 60.90; H,
2.79; N, 9.69; S, 7.39%. Found: C, 61.28; H, 2.91; N,
9.49; S, 7.44%.

5-Amino-7-(4-methoxyphenyl)-2-(2-0xo0-2H-chromen-
3-y)-7H-pyrano[2,3-d]thiazole-6-carbonitrile (6¢)
Orange crystals (ethanol), yield 88% (3.77 g), mp
211-213 °C; IR (KBr) vmax 3475, 3318, 3056, 2221,
1692, 1658,1630 cm™'; 'TH NMR (DMSO-d, 200 MHz): &
7.29-7.41 (m, 8H, 2Bz), 6.63 (1H, s, H-4"), 6.18 (1H, s,
H-7), 4.86 (2H, s, D,O exchangeable, NH,), 3.14 (3H, s,
OCH,); BC NMR (DMSO-d;, 75 MHz): 6 173.3 (C-2),
165.4 (C-7°), 143.6, 143.0, 139.2, 138.7, 134.6, 133.7,
132.2, 131.8, 129.8, 127.4, 126.0, 125.7, 125.1, 124.6,
123.2, 120.7 (Bz, C-8,C-9,C-5, C-6, C-1°, C-2°, C3’,
C-4’, C-5°, C-6’), 116.8 (CN), 86.6 (C-7), 34.6 (C,
OCH,); EI-MS: m/z 429 [M]" (22%); Analysis Calcd for
C,;H,sN,O,S (429.45): C, 64.33; H, 3.52; N, 9.78; S,
7.47%. Found: C, 64.40; H, 3.66; N, 9.83; S, 7.54%.

3. 1. 3. General procedure for the synthesis of the
pyridino[2,3-d]thiazole derivatives 7a—c

To a solution of compound 3 (2.45 g, 0.01 mol) in
ethanol (50 mL) containing ammonium acetate (0.50 mL)
malononitrile (0.66 g, 0.01 mol) and any of benzaldehyde
(1.06 g, 0.01 mol), 4-chlorobenzaldehyde (1.40 g, 0.01
mol) or 4-methoxybenzaldehyde (1.37 g, 0.01 mol) was
added. The whole reaction mixture was heated under ref-
lux for 4 h then left to cool. The solid product formed up-
on pouring onto ice/water containing a few drops of
hydrochloric acid was collected by filtration.

5-Amino-2-(2-o0xo0-2H-chromen-3-yl)-7-phenyl-4,7-
dihydrothiazolo[4,5-b]pyridine-6-carbonitrile (7a)
Yellow crystals (ethanol), yield 77% (3.06 g), mp
201-203 °C; IR (KBr) vmax 3466-3380, 3059, 2222,
1688, 1652, 1633 cm™; '"H NMR (DMSO-d,, 200 MHz):

0 8.23 (s, 1H, D,O exchangeable, NH), 7.28-7.39 (m, 9H,
2Bz), 6.54 (1H, s, H-7), 6.16 (1H, s, H-4"), 4.80 (s, 2H,
D,O exchangeable, NH,); *C NMR (DMSO-d,, 75
MHz): 6 173.0 (C-2), 165.8 (C-7’), 142.6, 141.3, 140.2,
139.4, 136.2, 134.9, 133.8, 128.7, 128.2, 126.8, 126.0,
125.3, 124.5, 121.5, 120.3 (Bz, C-8,C-9,C-5, C-6, C-1°,
Cc-2’, C3’, C-4’, C-5, C-6’), 116.9 (CN), 86.2 (C-7);
EI-MS: m/z 398 [M]* (28%); Analysis Calcd for
C,,H,,N,O,S (398.44): C, 66.32; H, 3.54; N, 14.06; S,
8.05%. Found: C, 66.59; H, 3.33; N, 14.18; S, 7.98%.

5-Amino-7-(4-chlorophenyl)-2-(2-0x0-2H-chromen-3-
yD)-4,7-dihydrothiazolo[4,5-b]pyridine-6-carbonitrile
(7b)

Pale yellow crystals (ethanol), yield 73% (3.15 g),
mp 241-243 °C; IR (KBr) vmax 3493-3327, 3056, 2220,
1688, 1653, 1630 cm™!; '"H NMR (DMSO-d,, 200 MHz):
6 8.25 (s, 1H, D,0 exchangeable, NH), 7.26-7.39 (m, 8H,
2Bz), 6.63 (1H, s, H-7), 6.18 (1H, s, H-4"), 4.83 (s, 2H,
D,O exchangeable, NH,); 3C NMR (DMSO-d,, 75
MHz): 6 173.2 (C-2), 165.6 (C-7"), 142.8, 141.4, 140.8,
137.2, 135.6, 134.3, 132.8, 128.7, 126.4, 126.0, 125.2,
123.9, 123.2, 122.4, 120.3 (Bz, C-8,C-9,C-5, C-6, C-1’,
Cc-2’, C3’, C-4’, C-5, C-6"), 116.9 (CN), 86.2 (C-7);
EI-MS: m/z 432 [M]* (38%); Analysis Calcd for
C,,H,;CIN,O,S (432.88): C, 61.04; H, 3.03; N, 12.94; S,
7.41%. Found: C, 61.29; H, 2.88; N, 12.72; S, 7.39%.

5-Amino-7-(4-methoxyphenyl)-2-(2-0xo0-2H-chromen-
3-yl)-4,7-dihydrothiazolo[4,5-b]pyridine-6-carbonitri-
le (7¢)

Orange crystals (ethanol), yield 79% (3.38 g), mp
255-258 °C; IR (KBr) vmax 3488-3359, 3052, 2220,
1689, 1654, 1632 cm™'; '"H NMR (DMSO-d,, 200 MHz):
8 8.22 (s, 1H, D,0 exchangeable, NH), 7.25-7.45 (8H, m,
2Bz), 6.62 (1H, s, H-7), 6.20 (1H, s, H-4"), 4.83 (s, 2H,
D,O exchangeable, NH,), 3.70 (s, 3H, CHy,); 3C NMR
(DMSO-d,, 75 MHz): § 173.2 (C-2), 165.6 (C-7°), 142.9,
142.8, 139.9, 139.1, 136.0, 134.2, 132.8, 132.4, 130.2,
128.8, 126.2, 125.6, 125.2, 123.8, 122.0, 121.2 (Bz,
C-8,C-9,C-5, C-6, C-1°, C-2°, C3’, C-4’, C-5°, C-6"),
116.9 (CN), 86.6 (C-7), 34.8 (C, OCH,), EI-MS: m/z 428
[M]" (20%); Analysis Calcd for C,;H,N,0,S (428.46): C,
64.47; H, 3.76; N, 13.08; S, 7.48%. Found: C, 64.53; H,
3.80; N, 12.93; S, 7.62%.

3. 1. 4. General Procedure for the Synthesis of the
Thieno[3,2-d]thiazole Derivatives 8a and
8b

To a solution of compound 3 (2.45 g, 0.01 mol) in
1,4-dioxane (40 mL) containing (0.01 mol) triethylamine,
either malononitrile (0.66 g, 0.01 mol) or ethyl cyanoace-
tate (1.13 g, 0.01 mol) and elemental sulfur (0.32 g, 0.01
mol) were added. The whole reaction mixture was heated
under reflux for 4 h then left to cool. The solid product
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formed upon pouring onto ice/water containing a few
drops of hydrochloric acid was collected by filtration.

5-Amino-2-(2-0x0-2H-chromen-3-yl)thieno[3,2-d]thia-
zole-6-carbonitrile (8a)

Orange crystals (1,4-dioxane), yield 82% (2.66 g),
mp 189-193 °C; IR (KBr) vmax 3488-3342, 3057, 2220,
1690, 1655, 1632 cm™'; '"H NMR (DMSO-d,, 200 MHz):
8 7.40-7.26 (4H, m, Bz), 6.62 (1H, s, H-4’), 4.93 (2H, s,
D,O exchangeable, NH,); *C NMR (DMSO-d,, 75
MHz): 6 172.8 (C-2), 164.8 (C-2°), 142.3, 141.8, 138.1,
136.2, 133.2, 132.8, 130.5, 128.4, 126.2, 123.9, 122.0,
119.7 (Bz, C-4, C-5, C-7, C-8, C-3’, C-4°), 117.3 (CN);
EI-MS: m/z 325 [M]* (15%); Analysis Calcd for
C,;H;N,0,S, (325.36): C, 55.37; H, 2.17; N, 12.91; S,
19.71%. Found: C, 55.52; H, 2.28; N, 13.18; S, 19.88%.

Ethyl 5-amino-2-(2-0x0-2H-chromen-3-yl)thieno[3,2-
d]thiazole-6-carboxylate (8b) Yellow crystals (1,4-dio-
xane), yield 77% (3.86 g), mp 142-145 °C; IR (KBr)
vmax 3493-3338, 3055, 1688, 1653, 1630 cm™; 'H NMR
(DMSO-d, 200 MHz): 6 7.38-7.23 (4H, m, Bz), 6.64
(1H, s, H-4°), 4.96 (2H, s, D,O exchangeable, NH,), 4.20
(2H, q, J =7.29 Hz, OCH,CH,), 1.14 3H, t, J = 7.29 Hz,
OCH,CH,); 3C NMR (DMSO-d,, 75 MHz): & 172.9
(C-2), 164.8 (C-2°), 142.6, 141.2, 138.3, 136.0, 133.6,
132.5, 130.3, 128.3, 126.4, 123.7, 122.2, 119.3 (Bz, C-4,
C-5, C-7, C-8, C-3°, C-4"), 56.2 (C, CH,, OCH,CH,),
16.9 (C, CH,;, OCH,CH,); EI-MS: m/z 372 [M]* (30%);
Analysis Calcd for C;H,,N,0,S, (372.42): C, 54.83; H,
3.25; N, 7.52; S, 17.22%. Found: C, 54.76; H, 3.19; N,
7.73; S, 17.08%.

3. 1. 5. General Procedure for the Synthesis of 7-
phenylthiazolo[4’,5°:4,5]-thieno[2,3-d]
pyrimidine-6(7H)-thione Derivatives 10a
and 10b

To a solution of either compound 8a (3.25 g, 0.01
mol) or 8b (3.72 g, 0.01 mol) in 1,4-dioxane (40 mL) con-
taining triethylamine (0.50 mL), phenylisothiocyanate
(1.30 g, 0.01 mol) was added. The whole reaction mixture
was heated under reflux for 4 h then poured onto ice/water
containing a few drops of hydrochloric acid and the for-
med solid product, in each case, was collected by filtra-
tion.

3-(8-Amino-7-phenyl-6-thioxo-6,7-dihydrothiazolo
[4°,5°:4,5]thieno[2,3-d]pyrimidin-2-yl)-2H-chromen-2-
one (10a)

Pale yellow crystals (1,4-dioxane), 74% (3.40 g),
mp 222-225 °C; IR (KBr) vmax 3459-3326, 3054, 2223,
1687, 1653, 1630, 1220 cm™'; '"H NMR (DMSO-d,, 200
MHz): 6 7.25-7.42 (m, 9H, 2Bz), 6.62 (1H, s, H-4"), 4.92
(2H, s, D,O exchangeable, NH,); BC NMR (DMSO-d,,
75 MHz): 6 178.2 (C-6), 170.8, 172.4 (C-2, C-10), 164.3

(C-2°), 142.6, 1404, 139.2, 138.1, 136.2, 133.2, 132.8,
131.8, 130.2, 129.3, 128.6, 127.3, 125.8, 123.3, 121.8,
120.3 (2Bz, C-4, C-8, C-9, C-11, C-3°, C-4’); EI-MS: m/z
460 [M]" (35%); Analysis Calcd for C,,H,N,O,S,
(460.55): C, 57.37; H, 2.63; N, 12.17; S, 20.89%. Found:
C, 57.50; H, 2.58; N, 12.22; S, 20.69%.

3-(8-Hydroxy-7-phenyl-6-thioxo-6,7-dihydrothiazo-
lo[4°,5’:4,5]thieno[2,3-d]pyrimidin-2-yl)-2H-chromen-
2-one (10b)

Yellow crystals (1,4-dioxane), yield 69% (3.18 g),
mp 180-184 °C; IR (KBr) vmax 3473-3340, 3052, 2220,
1689, 1652, 1632, 1223 cm™!; 'H NMR (DMSO-d,, 200
MHz): 6 10.31 (1H, s, D,0 exchangeable, OH), 7.46-7.28
(9H, m, 2Bz), 6.64 (1H, s, H-4’); *C NMR (DMSO-dg;, 75
MHz): 6 178.2 (C-6), 170.5, 172.2 (C-2, C-10), 164.4
(C-2%), 143.1, 140.6, 138.0, 137.4, 136.1, 134.9, 132.6,
132.3, 130.6, 129.0, 126.1, 124.2, 123.6, 122.8, 120.5,
118.5 2Bz, C-4, C-8, C-9, C-11, C-3’, C-4*); EI-MS: m/z
462 [M]" (18%); Analysis Calcd for C,,H N,O,S,
(462.54): C, 57.25; H, 2.40; N, 9.10; S, 20.84%. Found:
C,57.39; H, 2.29; N, 9.28; S, 20.77%.

3. 1.6. General Procedure for the Synthesis of the
Thiazolo[4,5°:4,5]thieno[2,3-b]pyridine
Derivatives 11a—d

To a solution of either compound 8a (3.25 g, 0.01
mol) or 8b (4.61 g, 0.01 mol) in 1,4-dioxane (30 mL) con-
taining triethylamine (0.50 mL), either malononitrile
(0.66 g, 0.01 mol) or ethyl cyanoacetate (1.13 g, 0.01 mol)
was added. The reaction mixture was heated under reflux
for 2 h then poured onto ice/water containing a few drops
of hydrochloric acid and the solid product formed was
collected by filtration.

6,8-Diamino-2-(2-0x0-2H-chromen-3-yl)thiazolo
[4°,5°:4,5]thieno[2,3-b]pyridine-7-carbonitrile (11a)

Orange crystals (1,4-dioxane), yield 78% (4.83 g),
mp 243-246 °C; IR (KBr) vmax 3488-3336, 3056, 2221,
1689, 1653, 1632 cm™!; '"H NMR (DMSO-d,, 200 MHz):
$ 7.40-7.28 (4H, m, Bz), 6.65 (1H, s, H-4"), 5.21, 4.89
(4H, 2s, D,0O exchangeable, 2NH,); 3C NMR (DMSO-d.,
75 MHz): 6 171.8, 170.3 (C-2, C-6), 164.6 (C-2"), 140.5,
138.2, 136.4, 135.2, 134.6, 132.7, 130.2, 129.7, 127.8,
125.0, 124.6, 122.7, 120.1, 119.2 (Bz, C-4, C-5, C-8, C-9,
C-10,C-11,C-3’,C-4),116.9 (CN); EI-MS: m/z 391 [M]*
(24%); Analysis Calcd for C,(H)N,O,S, (391.43): C,
55.23; H, 2.32; N, 17.89; S, 16.38%. Found: C, 55.36; H,
2.41; N, 18.29; S, 16.29%.

6-Amino-8-hydroxy-2-(2-o0xo-2H-chromen-3-yl)thia-
zolo[4°,5”:4,5]thieno[2,3-b]pyridine-7-carbonitrile
(11b)

Pale yellow crystals (1,4-dioxane), yield 66% (2.58
g), mp 210-213 °C; IR (KBr) vmax 3574-3332, 3054,
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2222, 1686, 1651, 1631 cm™; 'H NMR (DMSO-d,, 200
MHz): 6 10.30 (1H, s, D,0 exchangeable, OH), 7.25-7.36
(4H, m, Bz), 6.63 (1H, s, H-4"), 4.87 (2H, s, D,0O exchan-
geable, NH,); 3C NMR (DMSO-d,, 75 MHz): o 171.5,
170.2 (C-2, C-6), 164.3 (C-2’), 141.8, 137.0, 136.4,
133.0, 132.8, 131.9, 130.2, 125.7, 125.1, 124.6, 123.4,
121.8, 120.6 (Bz, C-4, C-5, C-8, C-9, C-10, C-11, C-3’,
C-4°),116.5 (CN); EI-MS: m/z 392 [M]* (18%); Analysis
Calcd for C (H,N,O,S, (392.41): C, 55.09; H, 2.05; N,
14.28; S, 16.34%. Found: C, 55.18; H, 2.21; N, 14.50; S,
16.48%.

Ethyl 6,8-diamino-2-(2-0x0-2H-chromen-3-yl)thiazo-
lo[4’,5°:4,5]thieno[2,3-b]-pyridine-7-carboxylate (11c)

Yellowish white (1,4-dioxane), yield 73% (3.19 g),
mp 188-192 °C; IR (KBr) vmax 3464-3328, 3056, 1688,
1653, 1629 cm™; 'H NMR (DMSO-d,, 200 MHz): 8
7.37-7.27 (4H, m, Bz), 6.60 (1H, s, H-4"), 4.45, 5.28 (4H,
2s, D,O exchangeable, 2NH,), 4.20 (2H, q, J = 7.08 Hz,
OCH,CH,), 1.14 (3H, t, J = 7.08 Hz, OCH,CH,); "*C
NMR (DMSO-d,, 75 MHz): § 170.4, 171.4 (C-2, C-6),
164.2 (C-2°), 120.5, 121.8, 121.9, 122.8, 123.9, 124.2,
127.3, 127.8, 128.0, 129.3, 130.3, 131.3, 134.9, 139.2
(Bz, C-4, C-5,C-8,C-9, C-10,C-11, C-3°,C-4),54.2 (C,
CH,, OCH,CH,), 16.8 (C, CH,, OCH,CH,); EI-MS: m/z
438 [M]" (23%); Analysis Caled for C,H N,O,S,
(438.48): C, 54.78; H, 3.22; N, 12.78; S, 14.63%. Found:
C,5491;H, 3.40; N, 12.91; S, 14.80%.

Ethyl 6-amino-8-hydroxy-2-(2-oxo-2H-chromen-3-yl)
thiazolo[4’,5’:4,5]thieno[2,3-b]pyridine-7-carboxylate
(11d)

Yellow crystals (1,4-dioxane), yield 78% (3.42 g),
mp 205-208 °C; IR (KBr) vmax 3520-3336, 3058, 1689,
1651, 1632 cm™'; 'H NMR (DMSO-d,, 200 MHz): 8
10.22 (1H, s, D,0O exchangeable, OH), 7.28-7.39 (4H, m,
Bz), 6.62 (1H, s, H-4’), 4.48 (2H, s, D,O exchangeable,
NH,), 4.20 (2H, q, / = 7.22 Hz, OCH,CH,), 1.15 3H, t, J
=7.22 Hz, OCH,CH,); 13C NMR (DMSO-d, 75 MHz): 6
171.6, 170.2 (C-2, C-6), 164.4 164.2 (C-2°), 142.7, 134.9,
132.6, 131.8, 131.2, 129.7, 119.3, 126.7, 126.5, 124.8,
124.0, 123.6, 122.8, 121.6, (Bz, C-4, C-5, C-8, C-9, C-10,
C-11, C-3’, C-4’), 54.6 (C, CH,, OCH,CH,), 16.7 (C,
CH,, OCH,CH,); EI-MS: m/z 439 [M]" (18%); Analysis
Calcd for C, H;N,0,S, (439.46): C, 54.66; H, 2.98; N,
9.56; S, 14.59%. Found: C, 54.79; H, 3.17; N, 9.29; S,
14.63%.

3. 1. 7. General Procedure for the Synthesis of the
2-cyanoacetylthieno[3,2-d]thiazole Deriva-
tives 12a and 12b

To a solution of either compound 8a (3.25 g, 0.01
mol) or 8b (4.61 g, 0.01 mol) in dimethylformamide (30
mL) ethyl cyanoacetate (1.13 g, 0.01 mol) was added. The
reaction mixture was heated under reflux for 3 h then pou-

red onto ice/water containing a few drops of hydrochloric
acid and the solid product formed was collected by filtra-
tion.

2-Cyano-N-[6-cyano-2-(2-0x0-2H-chromen-3-yl)thie-
no[3,2-d]thiazol-5-yl]acetamide (12a)

Yellow crystals (1,4-dioxane), yield 83% (3.25 g),
mp 188-191 °C; IR (KBr) vmax 3468-3326, 3054, 2223,
2220, 1688, 1705, 1655, 1634 cm™; '"H NMR (DMSO-d.,,
200 MHz): 6 8.20 (1H, s, NH, D,O exchangeable),
7.26-7.36 (4H, m, Bz), 6.63 (1H, s, H-4’), 5.30 (2H, s,
CH,); 3C NMR (DMSO-d,, 75 MHz): 6 170.1 (C-2),
164.4,165.2 (C-2’, C, CO, COCH,), 141.2, 134.9, 134.8,
132.9, 131.9, 128.3, 126.9, 125.3, 124.7, 122.3, 121.9,
120.8 (Bz, C-4, C-5, C-7, C-8, C-3’, C-4’), 116.6, 115.8
(2CN), 62.5 (C, CH,, COCH,); EI-MS: m/z 392 [M]*
(18%); Analysis Calcd for C,;H,N,O,S, (392.41): C,
55.09; H, 2.05; N, 14.28; S, 16.34%. Found: C, 55.28; H,
2.26; N, 14.25; S, 16.52%.

Ethyl 5-(2-cyanoacetamido)-2-(2-0x0-2H-chromen-3-
yl)thieno[3,2-d]thiazole-6-carboxylate (12b)

Pale brown crystals (1,4-dioxane), yield 80% (3.51
g), mp 166-169 °C; IR (KBr) vmax 3462-3329, 3057,
2222, 1689-1706, 1646, 1628 cm™'; 'H NMR (DMSO-d.,,
200 MHz): 6 8.31 (1H, s, D,O exchangeable, NH),
7.39-7.26 (4H, m, Bz), 6.61 (1H, s, H-4’), 5.28 (2H, s,
CH,), 4.22 (2H, q, J = 6.83 Hz, OCH,CH,), 1.38 (3H, t, J
= 6.83 Hz, OCH,CH,); 3C NMR (DMSO-d,, 75 MHz): §
170.0 (C-2), 162.3, 163.0, 164.4 (C-2’, COOEt, NHCO),
140.3, 134.8, 131.9, 128.4, 126.9, 126.0, 125.3, 124.1,
123.1, 122.2, 121.3, 120.8 (Bz, C-4, C-5, C-7, C-8, C-3’,
C-4’), 116.8 (CN), 62.8 (C, CH,, COCH,), 54.2 (C,
OCH,CH,), 16.5 (C, OCH,CH,); EI-MS: m/z 439 [M]*
(37%); Analysis Calcd for C,;H,;N,0.S, (439.46): C,
54.66; H, 2.98; N, 9.56; S, 14.59%. Found: C, 54.80; H,
3.11; N, 9.73; S, 14.79%.

3. 1. 8. General Procedure for the Synthesis of the
Thiazolo[4’,5°:4,5]thieno[2,3-b]pyridine-
7-carbonitrile Derivatives 13a and 13b

To a suspension of either compound 12a (3.92 g,
0.01 mol) or 12b (4.39 g, 0.01 mol) in sodium ethoxide
solution [prepared by dissolving metallic sodium (0.46 g,
0.02 mol) in absolute ethanol (40 mL)] was heated in a
boiling water bath for 3 h then poured onto ice/water con-
taining a few drops of hydrochloric acid (till pH 6). The
formed solid product, in each case, was collected by filtra-
tion.

8-Amino-6-hydroxy-2-(2-0xo0-2H-chromen-3-yl)thia-
zolo[4°,5”:4,5]thieno[2,3-b]pyridine-7-carbonitrile
(13a)

Yellow crystals (1,4-dioxane), yield 73% (2.86 g),
mp 245-247 °C; IR (KBr) vmax 3533-3341, 3058, 2220,
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1693, 1653, 1632 cm™; '"H NMR (DMSO-d,, 200 MHz): &
10.19 (1H, s, OH, D,O exchangeable), 7.39-7.28 (4H, m,
Bz), 6.60 (1H, s, H-4’), 4.80 (2H, s, D,O exchangeable,
NH,); 3C NMR (DMSO-d,, 75 MHz): 6 171.8, 170.5
(C-2,C-6),164.2 (C-2"),139.8,137.9,132.4,131.9, 130.3,
129.7, 127.8, 127.1, 124.9, 124.2, 123.8, 122.3, 121.6,
120.2 (Bz, C-4, C-5, C-8, C-9, C-10, C-11, C-3°, C-4’),
116.8 (CN); EI-MS: m/z 392 [M]* (32%); Analysis Calcd
for C,(HN,O,S,(392.41): C, 55.09; H, 2.05; N, 14.28; S,
16.34%. Found: C, 54.89; H, 2.31; N, 14.44; S, 16.41%.

6,8-Dihydroxy-2-(2-0x0-2H-chromen-3-yl)thiazolo
[4°,5°:4,5]thieno[2,3-b]pyridine-7-carbonitrile (13b)
Yellow crystals (1,4-dioxane), yield 73% (2.86 g),
mp 262-265 °C; IR (KBr) vmax 3542-3318, 3054, 1686,
1642, 1628 cm™'; 'H NMR (DMSO-d,, 200 MHz): §
10.32, 10.11 (2H, 2s, D,O exchangeble, 20H), 7.36-7.28
(4H, m, CH,), 6.64 (1H, s, H-4); 3C NMR (DMSO-d,,
75 MHz): 6 171.0, 170.2 (C-2, C-6), 164.2 (C-2°), 142.0,
138.3, 130.9, 130.6, 129.4, 128.3, 127.3, 126.3, 125.8,
125.4, 125.0, 123.9, 123.5, 122.6, 122.0, 120.2 (Bz, C-4,
C-5, C-8, C-9, C-10, C-11, C-3°, C-4’), 116.6 (CN);
EI-MS: m/z 393 [M]* (44%); Analysis Calcd for
C,¢H;N,0,S, (393.40): C, 54.96; H, 1.79; N, 10.68; S,
16.30%. Found: C, 54.77; H, 2.01; N, 10.29; S, 16.42%.

3. 1. 9. General Procedure for the Synthesis of the
Thieno[3,2-d]thiazole Derivatives 15a and
15b

To a dry solid of either 12a (3.92 g, 0.01 mol) or 12b
(4.39 g, 0.01 mol) acetophenone (1.20 g, 0.01 mol) and
ammonium acetate (0.50 g) was added. The whole reac-
tion mixture was heated in an oil bath at 120 °C for 0.5 h
and the solid product formed upon trituration with ethanol
was collected by filtration.

2-Cyano-N-[6-cyano-2-(2-0x0-2H-chromen-3-yl)thie-
no[3,2-d]thiazol-5-yl]-3-phenylbut-2-enamide (15a)

Yellow crystals (1,4-dioxane), yield 73% (3.60 g),
mp 221-223 °C; IR (KBr) vmax 3472-3318, 3057, 2222,
2220, 1689, 1690, 1642, 1627 cm™'; "H NMR (DMSO-d,,
200 MHz): & 10.22 (1H, s, D,O exchangeable, NH),
7.26-7.46 (9H, m, 2Bz), 6.59 (1H, s, H-4"), 2.88 (3H, s,
CH,); C NMR (DMSO-d,, 75 MHz): § 170.2 (C-2),
164.5, 162.8 (C-2, NHCO), 140.5, 138.7, 136.2, 133.4,
132.6, 132.1, 130.8, 128.9, 127.8, 127.4, 126.1, 125.6,
124.2, 123.7, 122.1, 121.9, 120.9, 120.5 (2Bz, C-3, C-4,
C-6, C-7, C-3’, C-4’), 117.0,116.4, (2CN), 90.6, 86.7
(C=0), 19.5 (C, CH,); EI-MS: m/z 494 [M]" (23%);
Analysis Calcd for C,(H,N,O,S, (494.54): C, 63.14; H,
2.85; N, 11.33; S, 12.97%. Found: C, 62.98; H, 2.69; N,
11.41; S, 13.08%.

Ethyl 2-{[6-cyano-2-(2-0x0-2H-chromen-3-yl)thieno[3,2-
d]thiazol-5-yl]Jcarbamoyl}-3-phenylbut-2-enoate (15b)

Yellow crystals (1,4-dioxane), yield 68% (3.67 g),
mp 189-192 °C; IR (KBr) vmax 3488-3326, 3052, 2221,
1690, 1682, 1638, 1628 cm™'; '"H NMR (DMSO-d,, 200
MHz): 6 8.31 (1H, s, D,0O exchangeble, NH), 7.39-7.26
(9H, m, CH,, C,H)), 6.63 (1H, s, H-4"), 422 (q, 2H, J =
6.88 Hz, OCH,CH,), 2.68 (3H, s, CH,), 1.13 (t, 3H, J =
6.88 Hz, OCH,CH,); BC NMR (DMSO-d;, 75 MHz): §
170.4 (C-2), 164.2 (C-2’), 163.9, 162.3 (C-2, NHCO),
141.2, 134.7, 132.6, 130.8, 129.2, 128.3, 127.1, 126.8,
125.8, 124.9, 124.2, 123.9, 123.5, 123.1, 122.2, 119.6
(2Bz, C-3, C4, C-6, C-7, C-3’, C-4"), 90.8, 86.3 (C=C),
52.3 (C, OCH,CH,), 19.2 (CH,), 16.8 (C, OCH,CH,),
EI-MS: m/z 541 [M]* (28%); Analysis Calcd for
C,;H ,\N,O,S, (541.60): C, 62.09; H, 3.54; N, 7.76; S,
11.84%. Found: C, 61.95; H, 3.72; N, 8.02; S, 12.03%.

3. 1. 10. General Procedure for the Synthesis of
Thiophene Derivatives 16a and 16b

To a solution of either compound 15a (4.94 g, 0.01
mol) or 15b (5.41 g, 0.01 mol) in 1,4-dioxane (30 mL)
containing triethylamine (0.50 mL) elemental sulfur (3.2
g, 0.01 mol) was added. The reaction mixture was heated
under reflux for 2 h then poured onto ice/water containing
a few drops of hydrochloric acid and the solid product for-
med, in each case, was collected by filtration.

2-Amino-N-[6-cyano-2-(2-oxo0-2H-chromen-3-yl)thie-
no[3,2-d]thiazol-5-yl]-4-phenylthiophene-3-carboxa-
mide (16a)

Yellow crystals (acetic acid), 82% (4.31 g), mp
187-190 °C; IR (KBr) vmax 3494-3326, 3053,
2224,1687, 1694, 1646, 1629 cm™'; '"H NMR (DMSO-d.,,
200 MHz): & 10.28 (1H, s, D,O exchangeable, NH),
7.23-7.39 (9H, m, 2Bz), 6.61 (1H, s, H-4"), 6.24 (1H, s,
H-57), 4.68 (2H, s, D,O exchangeable, NH,); 3C NMR
(DMSO-d;, 75 MHz): 6 170.3 (C-2), 162.5, 164.3 (C-2’,
CONH), 143.8, 142.6, 138.7, 133.4, 132.6, 132.4, 131.9,
130.6, 128.3, 127.4, 126.8, 125.9, 124.2, 123.9, 123.6,
122.3,121.9, 120.9, 120.6, 119.6 (Bz, C-3, C-4, C-6, C-7,
Cc-3’, C-4, C-27, C-3”, C4”, C-57), 116.8 (CN);
EI-MS: m/z 526 [M]* (38%); Analysis Calcd for
C,H,,N,0,S, (526.61): C, 59.30; H, 2.68; N, 10.64; S,
18.27%. Found: C, 59.52; H, 2.72; N, 10.39; S, 18.44%.

Ethyl 5-(2-amino-4-phenylthiophene-3-carboxamido)-
2-(2-0x0-2H-chromen-3-yl)thieno-[3,2-d]thiazole-6-
carboxylate (16b)

Yellow (1,4-dioxane), yield 73% (4.18 g), mp
203-207 °C; IR (KBr) vmax 3462-3346, 3056, 1689-
1696, 1641, 1632 cm™; '"H NMR (DMSO-d,, 200 MHz):
8 8.33 (1H, s, D,O exchangeble, NH), 7.23-7.37 (9H, m,
2Bz), 6.63 (1H, s, H-4’), 6.28 (1H, s, H-5"), 4.82 (2H, s,
D,O exchangeable, NH,), 4.20 (2H, q, J = 7.39 Hz,
OCH,CH,), 1.14 (3H, t, J = 7.39 Hz, OCH,CH,); Bc
NMR (DMSO-d;, 75 MHz): § 170.2 (C-2), 162.5, 164.0,
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164.3 (C-2’, CONH, COOEu), 143.1, 142.4, 136.1, 132.8,
131.6, 130.3, 129.6, 129.2, 128.4, 128.7, 126.7, 125.9,
125.3, 125.2, 124.9, 123.8, 123.8, 123.1, 122.9, 121.8
(Bz, C-3, C4, C-6, C-7, C-3°, C-4’, C-2”, C-37, C-4”,
C-57), 52.3 (C, OCH,CH,), 16.4 (C, OCH,CH,); EI-MS:
m/z 573 [M]* (31%); Analysis Calcd for C,;H (N,O,S,
(573.66): C, 58.62; H, 3.34; N, 7.32; S, 16.77%. Found:
C, 58.39; H, 3.51; N, 7.48; S, 16.91%.

3. 1. 11. General Procedure for the Synthesis of
the Arylhydrazone Derivatives 18a—c

To a solution of compound 15a (4.94 g, 0.01 mol) in
ethanol (50 mL) containing sodium hydroxide (10 mL,
10%) any of benzenediazonium chloride, 4-chlorobenze-
nediazonium chloride or 4-methoxybenzenediazonium
chloride [prepared through the addition of sodium nitrite
solution (0.70 g, 0.01 mol) to a cold solution (0-5 °C) of
the appropriate aromatic amine, namely aniline (0.93 g,
0.01 mol), 4-chloroaniline (1.27 g, 0.01 mol) or 4-met-
hoxyaniline (1.24 g, 0.01 mol), dissolved in concentrated
hydrochloric acid (10 mL, 18 mol) with continuous stir-
ring] was added portion-wise with continuous stirring.
The whole reaction mixture was stirred at room for 2 h
and the solid product formed, in each case, was collected
by filtration.

2-Cyano-N-[6-cyano-2-(2-0x0-2H-chromen-3-yl)thie-
no[3,2-d]thiazol-5-yl]-3-phenyl-4-(2-phenylhydrazo-
no)but-2-enamide (18a)

Yellow (1,4-dioxane), yield 76% (4.54 g) mp
133-137 °C; IR (KBr) vmax 3469-3341, 3056, 2221,
2220, 1689, 1691, 1648, 1631 cm™'; "H NMR (DMSO-d,,
200 MHz): 6 10.23, 8.33 (2H, 2s, D,O exchangeable,
2NH), 7.48-7.25 (14H, m, 2Bz), 5.93 (1H, s, CH=N),
6.63 (1H, s, H-4"); 3C NMR (DMSO-d,, 75 MHz): &
173.1, 171.6 (C-2, C=N), 164.9, 162.8 (C-2’, NHCO),
142.5, 141.3, 139.5, 138.2, 131.8, 131.2, 130.8, 127.6,
126.4, 125.2, 124.8, 124.6, 124.2, 123.3, 122.8, 122.0,
121.3, 120.8, 120.3, 119.8 (Bz, C-3, C-4, C-6, C-7, C-3’,
c-4,C-27,C-37,C4”,C-57),116.8,116.4 (2CN), 90.6,
88.3 (C=C); EI-MS: m/z 598 [M]" (28%); Analysis Calcd
for C,,H (N,O,S, (598.65): C, 64.20; H, 3.03; N, 14.04;
S, 10.71%. Found: C, 64.49; H, 2.97; N, 14.22; S,
10.64%.

4-[2-(4-Chlorophenyl)hydrazono]-2-cyano-N-[6-cya-
no-2-(2-o0xo0-2H-chromen-3-yl)thieno[3,2-d]thiazol-5-
yl]-3-phenylbut-2-enamide (18b)

Yellow crystals (1,4-dioxane), 89% (5.63 g), mp
123-125 °C; IR (KBr) vmax 3473-3341, 3058, 2223,
2220, 1688, 1696, 1642, 1635 cm™'; 'H NMR (DMSO-d,,
200 MHz): 6 10.21, 8.36 (2H, 2s, 2NH, D,O exchangeab-
le), 7.45-7.26 (13H, m, 3Bz), 6.62 (1H, s, H-4"), 5.90
(1H, s, CH=N); 3C NMR (DMSO-d,, 75 MHz): § 173.3,
171.8 (C-2, C=N), 164.6, 162.6 (C-2’, NHCO), 142.2,

140.8, 132.3, 131.8, 130.8, 128.4, 127.9, 126.4, 125.9,
125.4, 124.9, 124.8, 124.2, 123.1, 122.9, 122.4, 121.3,
120.8, 120.1, 119.9 8 (Bz, C-3, C-4, C-6, C-7, C-3’, C-4’,
C-27,C-37,C-4”,C-5"),116.7, 115.8 (2CN),; 88.4,90.6
(C=0); EI-MS: m/z 633 [M]* (41%); Analysis Calcd for
C,,H,CIN,O,S, (633.10): C, 60.71; H, 2.71; N, 13.27; S,
10.13%. Found: C, 60.83; H, 2.83; N, 13.99; S, 10.28%.

2-Cyano-N-[6-cyano-2-(2-0x0-2H-chromen-3-yl)thie-
no[3,2-d]thiazol-5-yl]-4-[2-(4-methoxyphenyl)hydra-
zono]-3-phenylbut-2-enamide (18c)

Yellow crystals (1,4-dioxane), yield 68%, (4.27 g),
mp 203-207 °C; IR (KBr) vmax 3489-3324, 3055, 2222,
2220, 1690, 1693, 1640, 1631 cm™; '"H NMR (DMSO-d.,,
200 MHz): 6 10.25, 8.33 (2H, 2s, D,O exchangeable,
2NH), 7.48-7.28 (13H, m, 3Bz), 6.60 (1H, s, H-4*), 5.88
(1H, s, CH=N),1.12 (3H, s, CH,); 3C NMR (DMSO-d,,
75 MHz): 6 173.1, 171.9 (C-2, C=N), 162.8, 164.9 (C-2’,
NHCO), 141.6, 140.4, 132.8, 131.3, 130.9, 130.2, 129.4,
126.8, 126.0, 125.6, 125.3, 124.9, 124.4, 123.7, 123.0,
122.8, 121.4, 120.9, 120.3, 119.7 (Bz, C-3, C-4, C-6, C-7,
Cc-3’, C-4, C-27, C-37, C4”, C-57), 116.6, 116.3
(2CN), 90.3, 88.7 (C=C); EI-MS: m/z 628 [M]* (33%);
Analysis Calcd for C,;H, N,O,S, (628.68): C, 63.05; H,
3.21; N, 13.37; S, 10.20%. Found: C, 63.22; H, 3.51; N,
13.53; S, 10.42%.

3. 1. 12. General Procedure for the Synthesis of
the Pyridazine Derivatives 19a—c

To a suspension of any of compound 18a (5.98 g,
0.01 mol), 18b (6.33 g, 0.01 mol) or 17¢ (6.28 g, 0.01
mol) in sodium ethoxide solution [prepared via dissolving
metallic sodium (0.46 g, 0.02 mol) in absolute ethanol (60
mL)] was heated in a boiling water bath for 3 h then pou-
red onto ice/water containing a few drops of hydrochloric
acid (till pH 6). The solid product formed was collected
by filtration.

N-[6-Cyano-2-(2-0x0-2H-chromen-3-yl)thieno[3,2-d]
thiazol-5-yl]-3-imino-2,5-diphenyl-2,3-dihydropyrida-
zine-4-carboxamide (19a)

Yellow crystals (1,4-dioxane), yield 82% (4.90 g),
mp 287-293 °C; IR (KBr) vmax 3477-3321, 3053, 2220,
1689, 1691, 1648, (C=N), 1631 (C=C) cm™'; 'H NMR
(DMSO-d, 200 MHz): 6 10.41, 8.31 (2H, 2s, D,0O exc-
hangeable, 2NH), 7.45-7.22 (14H, m, 3Bz), 6.60 (1H, s,
H-4), 6.02 (1H, s, H-3"); *C NMR (DMSO-d, 75
MHz): & 173.0, 170.3, 169.6 (C-3, C-3”, C-6"), 164.6,
162.6 (C-2’, NHCO), 142.9, 140.2, 133.4, 132.6, 131.8,
131.2, 130.8, 128.2, 127.9, 126.7, 125.5, 124.8, 124.9,
123.0, 122.8, 122.3, 121.9, 120.9, 120.8, 119.2 (Bz, C-3,
C-4, C-6, C-7, C-3°, C-4°, C-4, C-57), 116.2 (CN),
EI-MS: m/z 598 [M]* (20%); Analysis Calcd for
C,,H\(NO;S, (598.65): C, 64.20; H, 3.03; N, 14.04; S,
10.71%. Found: C, 64.33; H, 3.19; N, 14.38; S, 10.54%.
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2-(4-Chlorophenyl)-N-[6-cyano-2-(2-0x0-2H-chromen
-3-yl)thieno[3,2-d]thiazol-5-yl]-3-imino-5-phenyl-2,3-
dihydropyridazine-4-carboxamide (19b)

Pale yellow crystals (1,4-dioxane), yield 69% (4.12
g), mp 244-147 °C; IR (KBr) vmax 3482-3329, 3057,
2221, 1689, 1696, 1640, 1632 (C=C) cm™'; '"H NMR
(DMSO-d,, 200 MHz): $ 10.20, 8.38 (2H, 2s, D,0 exchan-
geable, 2NH), 7.42-7.23 (13H, m, 3Bz), 7.03 (1H, s,
H-37), 6.64 (1H, s, H-4’); C NMR (DMSO-d,, 75 MHz):
6 173.1, 170.2, 169.7 (C-3°, C-3”, C-67), 162.8, 164.3
(C-2°, NHCO), 142.6, 140.2, 139.5, 138.6, 132.9, 131.8,
131.6, 130.8, 127.6, 126.4, 125.7, 125.6, 124.9, 124.8,
124.2,123.1,122.9, 122.4, 120.8, 120.1, 121.3, 119.9 (Bz,
C-3,C4, C-6,C-7,C-3’, C-4’, C-4”, C-57), 116.6 (CN);
EI-MS: m/z 633 [M]" (23%); Analysis Calcd for C,,H ,Cl-
N,O,S, (633.10): C, 60.71; H, 2.71; N, 13.27; S, 10.13%.
Found: C, 60.92; H, 2.94; N, 13.40; S, 10.45%.

N-[6-Cyano-2-(2-0x0-2H-chromen-3-yl)thieno[3,2-d]
thiazol-5-yl]-3-imino-2-(4-methoxyphenyl)-5-phenyl-
2,3-dihydropyridazine-4-carboxamide (19c)

Yellow crystals (1,4-dioxane), yield 73% (4.58 g),
mp 192-196 °C; IR (KBr) vmax 3479-3320, 3056, 2220,
1687, 1691, 1637, 1630 cm™'; 'H NMR (DMSO-d,, 200
MHz): 6 10.26, 8.31 (2H, 2s, D,O exchangeable, 2NH),
7.23-7.45 (13H, m, 3Bz), 7.03 (1H, s, H-3**), 6.71 (1H, s,
H-4’),3.13 (3H, s, CH,); 3C NMR (DMSO-d,, 75 MHz):
6 173.5, 170.2, 169.6 (C-2’, C-3”, C-67), 164.3, 163.2
(C-2’, NHCO), 141.3, 140.2, 130.3, 130.2, 128.6, 128.3,
127.1, 126.9, 126.2, 125.6, 125.2, 124.6, 124.4, 123.7,
123.0, 122.8, 121.7, 120.3, 120.3, 119.2 (Bz, C-3, C-4,
C-6, C-7, C-3°,C-4’,C-4”, C-5"), 116.6 (CN), 32.6 (C,
OCH,); EI-MS: m/z 628 [M]" (33%); Analysis Calcd for
C,;H,)NO,S, (628.68): C, 63.05; H, 3.21; N, 13.37; S,

337720

10.20%. Found: C, 63.31; H, 3.38; N, 13.42; S, 10.32%.

4. Conclusions

In summary, we have shown herein that our strategy
is applicable for the synthesis of a wide range of thiazole
derivatives and particularly of such which are incorpora-
ted into heterocyclic cores and for fused derivatives. Com-
pounds 10b, 13b, 18a, 19b and 19¢ showed the maximum
anti-inflammatory activities while compounds 6—c, 7a—c,
8b, 10b, 13a, 16b, 19b and 19¢ showed high anti-ulcer ac-
tivities among the synthesized compounds. The toxicity of
selected compounds was studied against shrimp larvae
where compounds 10b, 18a, 19¢ and 19d showed to be
non toxic against the tested organisms.
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Reakcija 2-(4-okso-4,5-dihidrotiazol-2-il)acetonitrila (1) s salicilaldehidom (2) v 1,4-dioksanu ob dodatku katalitske
mnozine piridina daje kumarinske derivate 3. Ob reakciji le-teh z razli¢nimi reagenti nastanejo pirano[4,5-b]tiazolni,
pirido[4,5-b]tiazolni in tieno[5,4-b]tiazolni derivati. Za novo pripravljene spojine smo raziskali u¢inkovitost delovanja
proti vnetjem in Zelod¢nim razjedam ter ugotovili, da so spojine 7a, 8a, 10b, 13b, 15b, 18a, 19b, 19c, in 19d pokazale
bistveno vecje aktivnosti kot ostale pripravljene spojine. Poleg tega smo raziskali tudi strupenost aktivnih spojin za
licinke morskih rakcev ter ugotovili, da spojine 10b, 18a, 19¢ in 19d ne kaZejo strupenosti za testirane organizme.
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Abstract

The complex formation of the ion-pair formed between the anionic chelate of Ge(IV)—4-nitrocatechol (4-NC) and the
cation of 1,4-diphenyl-3-(phenylamino)-1H-1,2,4-triazole (Nitron, Nt) in the liquid-liquid extraction system Ge(IV)—4-
NC-Nt-H,0-CHCI, was studied by spectrophotometry. The optimum extraction-spectrophotometric conditions for the
complex formation were established. The validity of Beer’s law was checked and some analytical characteristics of the
system were calculated. The effect of co-existing ions and reagents on the process of complex formation was investiga-
ted. The association process in aqueous phase and the extraction equilibria were studied and quantitatively characteri-
zed. The following key constants of the processes were calculated: association constant, distribution constant, extraction
constant and recovery factor. The molar ratio of the reagents was determined by independent methods. A reaction sche-
me and a general formula of the complex were suggested.

Keywords: Germanium(IV), nitron, ion-pair, chelate formation, extraction equilibriums

1. Introduction

The germanium and its compounds are widely used
in various important areas of technology, science, and me-
dicine. Germanium is present in all living plant and ani-
mal matter in micro-trace quantities and it is essential
from a biochemical point of view. The germanium is rela-
tively less toxic compared to many other metals. The ac-
cumulation of relatively high doses of germanium (milli-
gram order of germanium per 1 g tissue) causes severe
poisoning, including impairments in kidney, nerves,
muscles. On the other hand, germanium deficiency can
lead to seriously hematologic disorders and tumor forma-
tion. Pharmaceutical preparations, containing germanium
are effectively applied in treatment of a wide range of se-
rious afflictions, including cancer, arthritis, osteoporosis
and acute renal failure. '®

The germanium is a third row post-transition metal
and its chemistry has developed considerably in the recent

years, indicated by the large number of publications in the
scientific literature. Germanium(IV) forms complexes
with various natural organic ligands containing O, N and
S donor atoms such as polyphenols and their functional
derivatives, polyhydroxycarboxylic acids, aminopolyhy-
droxycarboxylic acids, thiopolycarboxylic acids, 8-
hydroxyquinoline and its derivatives, aromatic derivates
of hydroxyaldehydes and hydroxyketones, hydroxyazod-
yes. The complexes of germanium with chelate ligands
containing O, N and S donor atoms have diverse indu-
strial, biological, pharmacological and medical applica-
tions.”'” Germanium(IV) gives colored chelates with aro-
matic compounds, containing two or more hydroxyl
groups in o-position relative to each other. The colored
anionic chelates of Ge(IV) form ion-associated complexes
with bulky organic cations, like tetradecyl(trihexyl)phosp-
honium, methyltrioctylammonium, tetrazolium, cetylpyri-
dinium, cetyltrimethylammonium, tetraphenylammo-
nium, tetraphenylarsonium.'$-%
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Nitron (Nt) (1,4-diphenyl-3-(phenylamino)-1H-
1,2,4-triazole) is an organic compound containing a quater-
nary nitrogen atom included in a five-membered ring.?® The
structure and properties of the nitron determine its ability to
form ion-associated complexes with anionic chelates of
metals. The bulky hydrophobic organic substituents in the
molecule of the nitron increase the extractability of the ion-
associated complexes. The presence of a quaternary nitro-
gen atom in the molecule of the nitron determines the abi-
lity to form ionic associates with chelates of metals in aqu-
eous phase without protonation, as opposed to the ami-
nes.”’~*" Nitron is an important reagent for the determina-
tion of nitrates, perchlorates, borates, or traces of gold. 31-34

The liquid-liquid extraction is a part of the chemi-
stry of the solutions and the coordination compounds. It is
applied to study the processes of complex formation and
the extraction equilibria. The extraction spectrophotome-
try is a relatively simple, convenient, rapid to perform and
inexpensive method for preparation and characterization
of new complex compounds as well as for their ap-
plication in the chemical analysis.>

The aim of this research was to study spectrophoto-
metrically the extraction equilibria of the complex forma-
tion of the ion-pair formed between the anionic chelate of
Ge(IV)—4-nitrocatechol (4-NC) and the cation of 1,4-dip-
henyl-3-(phenylamino)-1H-1,2,4-triazole (Nitron, Nt) in
the liquid-liquid system Ge(IV)—4-NC-Nt-H,0-CHCI,
as well as to evaluate the possible applications of the sys-
tem for determination of traces of germanium(IV) in al-
loys, biological, medical and pharmaceutical samples.

2. Experimental

2. 1. Reagents and Apparatus

GeO, (Sigma-Aldrich, Munich, Germany, p.a.): A 2.0
x 10~ mol L™! aqueous solution of Ge(IV) was prepared by
dissolving GeQ, in water upon moderate heating. 4-Nitro-
catechol (4-NC) (Sigma-Aldrich, p.a.): 4-NC was dissolved
in distilled water to give a 1.0 x 10 mol L™ solution. 1,4-
Diphenyl-3-(phenylamino)-1H-1,2,4-triazole (Nitron, Nt)
(95%, Alfa Aesar GmbH & Co KG, Germany): A chloro-
form 3.4 x 10 mol L™ solution was prepared. The acidity
of the aqueous medium was set using a buffer solution pre-
pared by mixing 2.0 mol L' aqueous solutions of
CH,COOH and NH,OH. The organic solvent CHCl, was
additionally distilled. The pH was checked by HI 83140 pH
meter (Romania). A Camspec M508 spectrophotometer
(United Kingdom), equipped with 10 mm path length cells,
was employed for measurement of the absorbance.

2. 2. Procedure for Establishment of the
Optimum Extraction-Spectrophotometric
Conditions
The required aliquots of the solutions of Ge(IV),

4-NC and buffer needed to adjust the pH of the aqueous
phase were introduced into 250 cm® separatory funnels.
The resulting solutions were diluted with distilled water to
a total volume of 10 cm®. A required aliquot of a chloro-
form solution of Nitron was added and then the organic
phase was brought up to 10 cm?® with chloroform. The
funnels were shaken for a defined time. A portion of the
organic extract was filtered through a filter paper into a 1
cm cell and its absorbance was measured against a blank
run in parallel.

2. 3. Procedure for Determination
of the Distribution Constant

The distribution constant (K,) was determined from
the ratio K, = A,/(A;-A,), where A, and A; are the absor-
bance (measured against blanks) obtained after a single
and triple extraction, respectively. The single extraction
and the first stage of the triple extraction were performed
under the optimum conditions for complex formation
(Table 1, column 1). The organic layers were transferred
into 25 cm® calibrated flasks and the flask from the single
extraction was brought to volume with chloroform. The
second stage of the triple extraction was performed by ad-
ding 7 cm? of chloroform to the aqueous phase that remai-
ned after the first stage. After extraction, the obtained ex-
tract was added to this first stage of the triple extraction.
The third stage of the triple extraction was performed in
the same manner as for the second stage and the extract
was added to those of the first two stages. The volume of
the flask was brought to the mark with chloroform. The
calibrated flasks were shaken before the spectrophotome-
tric measurements.*’

3. Results and Discussion

3. 1. Optimum Extraction-Spectrophotometric
Conditions

The absorption spectrum of the extract of the stu-
died ion-pair formed between the anionic chelate of
Ge(IV) with 4-NC and nitronium cation in CHCI; was
characterized by an absorption maximum in the visible
range (A, =405 nm) (Figure 1). The influence of the aci-
dity of the aqueous phase on the extraction of the anionic
chelate Ge(IV)—4-NC into the organic phase in the form
of an ion-pair with the nitronium cation was investigated.
The maximum and constant extraction of the ion-associa-
ted complex is achieved in the pH range from 3.0 to 4.5.
Acetate buffer solution with pH = 4.0 was used in all furt-
her experiments. The results showed that the extraction
equilibrium is achieved for shaking time of not less than
60 s. A longer shaking time did not affect the absorbance.
The experiments were performed for 2 min. The concen-
trations of the reagents are the most important factor inf-
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Figure 1. Absorption spectra of the complex Ge(IV)-4-NC-Nt and
of the blank sample 4-NC-Nt in CHCl,. Cg,qy, = 2.0 X 107 mol
L Cone=5.0x10*mol L™'; Cy = 1.7 x 10™ mol L™!; pH = 4.0;

4.NC
A =405 nm; T=2 min

luencing the extraction equilibria. The chelate formation
of Ge(IV)—4-NC requires 15.0—fold excess of 4-NC (C, ¢
>3.0 x 10 mol L™) and 5.1-fold excess of Nitron (Cy, >
1.0 x 10 mol L) for maximum association and extrac-
tion. The optimum experimental conditions for the extrac-
tion of the ion-associated complex are summarized in

Table 1, column 1.

3. 2. Beer’s Law, Apparent Molar
Absorptivity and Other Analytical
Characteristics

The range of obedience to Beer’s law, i.e. the linear
relationship between the germanium(I'V) concentration in
the aqueous phase (Cg,qyy Mg mL™") and the absorbance
of the ion-association complex in the organic phase after
extraction was studied using regression analysis under the
optimum conditions for complex formation. The equation
of a straight line was found to be Y = 0.3807 X + 0.0483
with a correlation coefficient squared 0.9982. Under the
optimum conditions for complex formation, the linearity

is observed for concentrations up to 5.81 pg cm™ Ge(IV).
Further analytical characteristics, such as apparent molar
absorptivity €', adherence to Beer’s law, Sandell’s sensiti-
vity, limit of detection and limit of quantification, are
shown in Table 1, column 2.

3. 3. Effect of Co-existing Ions and Reagents
on the Complex Formation

The effect of various co-existing ions and reagents
on the process of complex formation of the ion-pair for-
med between the anionic chelate Ge(IV)-4-NC and nitro-
nium cation was studied under optimum extraction condi-
tions (Table 1, column 1). The concentration of Ge(IV) in
the presence of the co-existing ions and reagents was de-
termined from the sequence of Beer’s law. A deviation of
+3% from the absorbance of the ion-associate in the ab-
sence of co-existing ions was accepted as an interfering
effect. The results are presented in Table 2. From them, it
can be concluded that most of the ions studied do not in-
terfere, but some of them, like Br™, F-, I", C6H5072’, NO,,
C,0,> and complexone 11 in concentrations higher than
the indicated ones, hinder the extraction of Ge(IV) as an
associated complex with 4-NC and Nitron. The extraction
equilibrium is hindered by Al(IIT), Cr(II), Cr(VI), Fe(IID),
Mo(VI), W(VI) and V(V). The interfering ions can be ma-
sked or removed from the extraction system to avoid this.
Our investigations as well as the studies published in the
literature show that the some of the co-existing ions, like
Al(II), Cr(IIT) and Fe(III) can be removed by their pre-
precipitation with OH at pH = 11. The co-existing ions, li-
ke Mo(VI) and W(VI) can be masked with added L-ascor-
bic acid, Complexone III, C,H,0.* or C,0,> in concen-
trations lower than the indicated.*® Vanadium(V) can be
co-precipitated with Fe(IIl) in alkali medium.*

3. 4. Molar Ratios of the Complex, Reaction
Scheme and Suggested General Formula

The molar ratios of the complex were determined by
three independent methods. The straight-line method of

Table 1. Optimum extraction-spectrophotometric conditions and analytical characteristics of the system

Ge(IV)—4-NC-Nt-H,0-CHCI,

Optimum Conditions

Analytical Characteristic

Absorption maximum (4_, ) 405 nm

(2.98 £0.11) x 10*L mol 'cm™

Volume of the aqueous phase 10 cm?

(3.09 £ 0.25) x 10*L mol 'cm™

Volume of the organic phase 10 cm?

pH of the aqueous phase 3.0+4.5

up to 5.81 ug cm™

Shaking time (7) 2 min

Concentration of 4-NC >3.0 x 10 mol L™
Concentration of Nt 1.0 x 10~ mol L™!

Apparent molar absorptivity (€')
True molar absorptivity (€)

Sandell’s sensitivity (SS) 2.43 ng cm™
Adherence to Beer’s law

Relative standard deviation (RSD) 1.01%
Limit of detection (LOD) 0.34 pg cm™

Limit of quantification (LOQ) 1.13 ug cm™
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Table 2. Effect of co-existing ions and reagents on the complex formation of the ion-associate
Ge(IV)—4-NC-Nt for extraction in the presence of 14 ug Ge(I1V)

Co-existing ion Co-existing ion and reagent, Ge(2V) R. %
and reagent u g/10 cm?® aqueous phase found, pg e
Na* 10000 14.30 102.14
K* 10000 13.75 98.21
Cu** 10000 14.23 101.64
Zn* 10000 14.38 102.71
cd* 10000 13.92 99.43
Ni%* 10000 14.09 100.64
Mn2* 10000 14.19 101.36
Co? 10000 13.66 97.57
AP 20 interference
crt 20 interference
Fe’* 20 interference
V(V) 10 interference
Cr(VD 30 interference
WD 20 interference
Mo(VI) 30 interference
F 100 14.31 102.21
CI- 10000 14.18 101.29
Br- 3500 14.39 102.79
I 5000 14.26 101.86
NO;” 2500 13.83 98.79
PO 43’ 10000 13.97 99.79
C2042’ 500 14.37 102.64
C6H5073’ 400 13.72 98.00
Complexone 222 3000 14.38 102.71
L- Ascorbic acid 10000 13.80 98.57
1200
A n=1 9
e n=1
1000 A — 8 u
74 4 n=2 R? = 0,9364
T 800 - 2=0,9987 ¢ n=3
-1 6 - m n=3
£ 600 L
- i 5 .
> E R? = 0,994
- - S 44
400 A R2=0,9815 =
3
200 -4 R? = 0,967
R?=0,8971 2
0 - 1 4
1 3 5 7 9 ol
A, cm 1 3 5 7 9 11
Figure 2. Determination of the molar ratio (n) Ge(IV):4-NC by the ﬂA’ cm

method of Asmus. Cg,py, = 2.0 X 10 mol L™'; Cy, = 1.7 x 10~ mol

L' pH = 4.0; A =405 nm; 7=2 min

Asmus and the mobile equilibrium method were applied
to prove the molar ratios Ge(IV):4-NC and Ge(IV):Nt.*!
The results from the application of these methods are
shown in Figures 2+4, respectively. On the basis of the re-
sults it can be concluded that Ge(IV), 4-NC and Nitron in-

Figure 3. Determination of the molar ratio (n) Ge(IV):Nt by the

method of Asmus. Cg,qy, = 2.0 x 10 mol L™; C, o = 5.0 x 107

mol L™'; pH = 4.0; 1 =405 nm; 7= 2 min

-NC

teract in molar ratio 1:3:2. The application of the method
of continuous variations confirmed the molar ratio
Ge(IV):Nt = 1:2 (Figure 5).*!
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Figure 4. Straight lines by the mobile equilibrium method for de-
termination of the molar ratios Ge(IV):4-NC and Ge(IV):Nt;
Coeqv) = 2.0 x 10”° mol L™'; pH = 4.0; A = 405 nm; 7= 2 min A
Ge(IV) : 4-NC, Cy, = 1.7 x 10~ mol L™';® Ge(IV) : Nt, Cync=5.0
x 10~ mol L™

1,0000
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Figure 5. Determination of the molar ratio (n) Ge(IV):Nt by the

; C variatione _ -3 1.
method of continuous variations. CGE(IV)+ Cy=1.0x 10" mol L™;

Cync=5.0x 10 mol L™'; pH = 4.0; A =405 nm; 7= 2 min

Germanates containing [Ge(OH)G]z’ ions are already
described in the literature although in dilute aqueous solu-
tions the major determinate ions appear to be [Ge-
O(OH),]", [GeO,(OH),]* and {[Ge(OH),],(OH),}*".° The
carried out experiments showed that the complex forma-
tion and the extraction of the ion-associated complex have
occurred in dilute solutions and the molar ratio establis-

hed by the independent methods mentioned above was is
Ge(IV):4-NC:Nt = 1:3:2. Therefore, the complex forma-
tion of anionic chelate Ge(IV)—4-NC can be given by
equation (1):

[GeO,(OH),*(aq) +
3 (HO),C H,(NO,)(aq) — (1)
{Ge[0,CH,(NO,)],}* (aq) + 4 H,0

Having in mind the reaction of chelate formation of
Ge(IV)-4-NC and molar ratio indicated above, it can be
suggested that the formation of the ion-associate in the
aqueous phase, its distribution between the aqueous and
the organic phases and its extraction in chloroform can be
given by the following equations (2—4).

2 (N)*(aq) + {Ge[O,CH,(NO,)1,}* (aq) =

(ND),{Ge[0,C,H,(NO,)], }(aq) @
(ND),{Ge[0,C,H,(NO,)], }(ag) = 5
(Nt)z{ Ge [02C6H3(N02)] 3 }(org)

2 (N0'*(aq) + {GelO.CHNOLF aa) =

(ND),{Ge[O,CH,(NO,)], }(org)

Hence, the ion-pair formed between the anionic che-
late of Ge(IV)—4-NC and the nitronium cation can be re-
presented by the general formula (Nt),{Ge[O,CH,

(NOY14}-

3. 5. Extraction Equilibria, True Molar
Absorptivity and Recovery Factor

The association process in aqueous phase and the
extraction equilibria were investigated and quantitatively
characterized with respect to the following key constants:
association constant, distribution constant, extraction con-
stant and recovery factor.

The association constant § was determined by the
method of Komar-Tolmachev from equation (5).%!

B=/my"/[e(tg o)™ &)

where 1 is the cuvette thickness (1 = 1 cm); n is the
molar ratio between the components independently deter-
mined (e.g. by the mobile equilibrium method, the
straight-line method of Asmus or the method of continu-
ous variations) (n = 2), €1is the true molar absorptivity.

The true molar absorptivity € was determined by the
method of Komar-Tolmachev (Figure 6) from the equa-
tion of a straight line Y =2.1644 X + 3.2386 (¢=1/(b x
107%) and its value is given in Table 1, column 2.*!

The distribution constant (K,)) was determined by
equation (6), where A, and A; are the absorbance (measu-
red against blanks) obtained after a single and triple ex-
traction, respectively.
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20
18 4

y =2,1644x + 3,2386
16 R? =0,9928

(C.lA).10-5, mol cm L'
=)

0 2 4 6 8
A-nlin+1)

Figure 6. Dependency of (C.I/A) on A™™D (method of Ko-

mar-Tolmachev). C = Cg,, mol L Cai=2 Coeay) mol L™; Cyne

=5.0x 10* mol L'!; A — absorbance; [ — cell thickness, / = 1 cm;
n=2

KD = {(Nt)z{Ge[OQC(,Hg(Noz)]';}}(Ol'g) /

{(Nt),{Ge[O,CH;(NOY13}(aq) =4,/ (A;-A)) ©

The recovery factor was determined from the equa-
tion (7):

R%=100K,/(K,+ 1) 7)

The extraction constant K, was calculated by two
independent methods:

(i) log K, =log K, + log 3 ®)
where 8 was determined by the method of Komar-Tol-

machev.
(ii) the method of Likussar-Boltz:*?

Table 3._Values of the Equilibrium Constants and the Recovery Factor

The method of Likussar-Boltz uses the data from the
method of continuous variations (Figure 5). The extrac-
tion constant K, was calculated by the equation of Likus-
sar-Boltz for molar ratio 1:2 (equation 9):

logK, =0,3522 -2 log K +1logY,

—3log (1-Y, ©)

max)

where K is the total concentration of reagents (K= Cg, v,
+Cy=1.0x 107 mol L™"); Y, and (1-Y, ) are deter-
mined from the additionally plotted normalized absorp-
tion curve (Y, =0.933; (1-Y ) =0.067).

The values of the equilibrium constants and the
recovery factor are presented in Table 3. The results obtai-
ned by independent methods are statistically dissimilar
and confirm the proposed scheme of the process of com-
plex formation of the ion-pair in the aqueous phase, its di-
stribution between the aqueous and the organic phases and
its extraction in chloroform.

4. Conclusion

The extraction equilibria for complex formation of
the ion-pair formed between the anionic chelate of
Ge(IV)—4-nitrocatechol (4-NC) and the cation of 1,4-dip-
henyl-3-(phenylamino)-1H-1,2,4-triazole (Nitron, Nt)
was studied by spectrophotometry. The processes of the
chelate formation and extraction of the ion-associated
complex Ge(IV)—4-NC-Nt into chloroform were investi-
gated. The optimum conditions for the association in aqu-
eous phase and extraction of the ion-associated complex
were established. The validity of Beer’s law was checked
and a linear relationship between the germanium(IV) con-
centration in the aqueous phase and the absorbance of the
ion-association complex in the organic phase extraction
was observed for concentrations up to 5.81 ug mL™
Ge(IV). The presence of hydrophobic substituents, phenyl
groups in the molecule of the triazole, increased the solu-

Equilibrium Constant and Recovery Factor

Value

Equilibrium (equation 3) - Association constant 3
B = (N1),{Ge[O,CH,(NO,)],}aq) / {[(N) T(aq)
{{Ge[0,C(H,(NO,)I;}* }aq)}

Equilibrium (equation 4) — Distribution constant K

KD = {(Nt)z{Ge[02C6H3(N02)]3}}(org) / {(Nt)g{Ge[02C6H3(N02)]3}}(aq)

{Ge[0,CH,(NO,)1;} }(aq)

Equilibrium (equation 5) - Extraction constant K

Kﬂ_ = {(Nt)z{Ge[02C6H3(N02)]2} }(org) /{ { [Nt]+}ﬁ(aq)
x {{Ge[0,CH,(NO,)],}* Haq)}

Recovery factor R%

log B=(8.90 +0.75)
log B=(9.47 +0.21)°

log K,,=(1.30 £ 0.01)°
(liog K =(10.20+0.76)

log K, = (9.85 + 0.45)°
R=(95.21%0.03)%"

@ Calculated by Komar-Tolmachev method (equation.(6)); ® Calculated by Holme-Langmyhr method;** ¢ Calculated by equation (6); ¢ Calculated
by equation. (8), where f3 is determined by the Komar-Tolmachev method; ¢ Calculated by Likussar-Boltz method (equation (9)); ' Calculated by

equation (7).
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bility of the ion-associated complex in the organic sol-
vent. The molar ratio of the components, determined by
independent methods, shows that the ion-associated com-
plex could be represented with the general formula
(N1),{Ge[O0,CH,(NO,)];}. A corresponding reaction
scheme of the complex was also suggested. The equili-
brium constants and analytical characteristics needed for
the quantitative assessment of the extraction equilibrium
were calculated, i.e. the association constant (f3), the di-
stribution constant (K,), the extraction constant (K, ), the
recovery factor (R), the apparent molar absorptivity (g'),
the true molar absorptivity (€), the limit of detection
(LOD), the limit of quantification (LOQ) and the Sandell’s
sensitivity (SS). From the analytical characteristics of the
extraction system Ge(IV)-4-NC-Nt-H,O0-CHCI,, it can
be concluded that the ion-pair formed between the anionic
chelate of Ge(IV)—4-NC and the nitronium cation allows
determinations of Ge(IV) with a high sensitivity.
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S pomocjo spektrofotometrije smo proucili tvorbo komplekso med anionskim kelatnim kompleksom Ge(IV)—4-nitroka-
tehol (4-NC) in kationom 1,4-difenil-3-(fenilamino)-1H-1,2,4-triazolom (Nitron, Nt) v teko¢ina—tekocina ekstrakcij-
skem sistemu Ge(IV)-4-NC-Nt-H,0-CHCl,. Dolocili smo optimalne ekstrakcijsko-spektrofotometri¢ne pogoje za
tvorbo kompleksov. Preverjena je bila veljavnost Beerovega zakona ter izracunane nekatere analizne karakteristike. Do-
locen je bil tudi vpliv razli¢nih ionov in reagentov na proces tvorbe kompleksov. Asociacijski proces v vodni fazi in ek-
strakcijsko ravnotezje je bilo prouceno in kvantitativno okarakterizirano. Sledece najpomembnejse konstante procesov
so bile izracunane: asociacijska konstanta, distribucijska konstanta, ekstrakcijska konstanta in izkoristek ekstrakcije. Z
neodvisnimi metodami smo dolocili molske deleZe. Predlagana je reakcijska shema, splo$na formula in struktura kom-

pleksa.
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Abstract

A treatment for hydrophobic functionalization of natural fiber materials is developed. This hydrophobic treatment is ba-
sed mainly on natural products. As hydrophobic component the natural Tung Oil is used, which is originally a com-
pound used for wood conservation purposes. The application on textile is done in a padding process under presence of
an oxidative agent. For the current investigations a fiber felt from linen was used. The hydrophobic effect is determined
by the concentration of Tung Oil and the duration of a thermal drying process. The hydrophobic effect is investigated by
capillary rise tests and contact angle measurements. Scanning electron microscopy SEM is used to investigate the surfa-
ce topography of the fiber material and the deposited hydrophobic material. Altogether, an interesting and promising
method for hydrophobisation of natural fibers is developed, which could especially be used as part of a production pro-
cess of a fiber reinforced composite material, mainly based on natural products.

Keywords: Tung Oil, contact angle measurements, natural fiber, fiber felt, non-woven

1. Introduction

Natural fiber materials are based on fibers from
plants or animals." They can be used as traditional texti-
les for clothes but also as non-woven materials for tech-
nical purposes. Natural fibers are also used as fiber com-
ponent in fiber reinforced composite materials used for
example in the automotive sector.** For composite appli-
cations natural fibers have to compete with composites
containing glass or carbon fibers. The mechanical proper-
ties of these competing composite materials are excellent.
However also natural fibers exhibit important advantages,
if they are used in composites. These advantages are rela-
ted to material properties, economic reasons and ecologic
concerns. From the material point of view, natural fibers
are of lower density compared to glass fibers, so composi-
te materials of lower weight can be produced.* The use of
low weight composite materials in automotive sector will
reduce for the final product — the car — the fuel consump-
tion.”> From the economic point of view, natural fibers are
low cost materials, if their price is compared to glass and
carbon fibers.*” From the ecologic point of view, the
recycling of materials containing natural fibers is simple
compared to the recycling of composite materials with

glass or carbon fibers.*® One significant property of natu-
ral fibers is their hydrophilicity. Natural fibers are able to
take up significant amounts of water.””'' For technical ap-
plications, this hydrophilicity is often disadvantageous,
due to several reasons. The presence of water on a natural
fiber can support the growth of fungi and bacteria, which
can be the starting point of a bio corrosion. Also the up-ta-
ke of water can lead to change in fiber volume, so crack
formations in a composite material are promoted. Ac-
tually there are many excellent chemicals on the market,
which are especially developed for a hydrophobic treat-
ment of textile materials.'>"'* The main aim of those treat-
ments is the realization of water- and soil-repellent texti-
les, usable as rain clothes or as home textiles.'*!> The
most effective chemicals in that field are based on fluori-
ne-carbon compounds. Fluorine-carbon compounds are
from the technical point of view excellent materials but in
the last years significant concerns arise, due to potential
environmental and health risks.'® Other hydrophobic che-
micals used in the textile field are polysiloxanes, which
are also under discussion.'”®

With this background, there is a certain demand for
a natural based hydrophobic agent usable for the hydrop-
hobic treatment of natural fiber materials. This statement
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is especially valid, if a fully “bio-based” product is
wished. This product should be built up from natural fi-
bers and a treatment which is as well gained from natural
products. For this, in the current work a hydrophobic
treatment for natural fibers based on a natural product is
developed. As natural product the natural oil — Tung Oil —
is used. Tung Oil is a natural product, sometimes also na-
med as China wood oil or China nut oil. It is produced
from seeds of the Tung tree. This Tung tree is originated
from China, there it is known and cultivated since centu-
ries. Today Tung Oil is used for the surface treatment of
wood.!” The Tung Oil is used for wood conservation and
protection in Europe in the 1920".2*%! Tung Oil-treatment
on wood is used for protection against wood-decay fungi
and to decrease water uptake of wood.?> This decreased
water uptake is reported for laboratory but also for long
term field tests. The Tung Oil treatment is as well mentio-
ned as an effective mean to replace traditional biocidal
treatment for wood, which are under consideration, be-
cause of possible hazardous potential.”> The use of Tung
Oil for textile treatment is mentioned in some older patent
references.”>** However, in those references the main fo-
cus for the Tung Oil is not to realize water-repellent texti-
les. The Tung Oil is reported for the improvement of crea-
se and shrink resistance of textiles.”> Also mentioned is
the realization of high flex abrasion resistance of cotton
textiles by Tung Oil.?* Tung Oil is from chemical point of
view a triglyceridic ester composed mainly from alpha-
elacostearic acid (cis-9, trans-11, trans-13-octadecatrie-
noic acid) (structure see Scheme 1).

\
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Scheme 1: Chemical structure of alpha-elaeostearic acid.

The content of this unsaturated organic acid is
around 84% in the Tung Oil.>*’ However other referen-
ces reports lower content of only 64% alpha-elaeostearic
acid in the Tung Oil.”® It has to be kept in mind, Tung Oil
is a natural product, and its composition can be influenced
by the climate or other local conditions surrounding the
originating plant.

The appearance of multiple conjugated carbon/carbon
double bonds makes the Tung Oil a monomer thermally

polymerizable at higher temperatures.”>** Such a thermal
polymerization after application onto a fiber material can be
part of a hydrophobic treatment process. However, due to
the thermal sensitivity of natural fibers, the use of a tempera-
ture driven polymerization process could lead to partly fiber
decomposition. Alternatively to the thermal polymerization,
also oxidative processes are suitable for crosslinking of the
unsaturated carbon-carbon double bonds.*® By such a pro-
cess also a crosslinking to the surface of a cellulosic based
fiber is possible.** This connection to the fiber surface is
especially necessary, if a long-term stability of the hydrop-
hobic treatment onto the fiber material is wished. Persulfates
are reported to initiate radical grafting reactions onto cotton
fibers in aqueous media, however the formation of carbon or
oxygen centered secondary radicals on the cellulose remains
unclear.*® However, using persulfate most authors imply a
localization of the intermediate radical on the cellulosic oxy-
gen (Scheme 2).3"3*%
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Scheme 2: Schematic drawing of persulfate reaction to form inter-
mediate radicals on the cellulose.

Thakur et al. mention both options, but give no furt-
her evidence on the mechanism favoring one or the ot-
her.*® The cellulosic radical can then undergo a grafting
reaction with an unsaturated hydrocarbon, as described in
Scheme 3. Natural oils like linseed oil or Tung Oil under-
go a natural polymerization by atmospheric oxygen. The
mechanism is proposed by Mallegol et al. and is summari-
zed in Scheme 4.*° The polymerization of these oils can
consequently be enhanced by introducing an oxidizing
agent. By using sodium persulfate the crosslinking can be
accelerated combined with the option of a radical grafting
reaction onto the cellulosic fiber.

1
R 1 2 .
R /R & '?? \C'—R?
cell + ‘ — )t — : <
2 Cel \ l |
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Scheme 3: Drawing of cellulosic radical reacting with unsaturated
hydrocarbon.
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Scheme 4: Polymerisation step for unsatured natural oil.

Based on this background, in the actual investiga-
tion a hydrophobic treatment based on Tung Oil and an
oxidative agent is developed for application onto natural
fibers. This demonstration is done on linen fiber felt. It is
shown in a first approach that by this method natural oils
can be used for hydrophobic modification of natural fiber
materials.

2. Experimental Section
2. 1. Materials

As textile material a nonwoven felt from linen fibers
is chosen. This is a natural material and has to be cleaned
before a further wet chemical treatment is performed. This
cleaning is done with an enzymatic pretreatment, which is
able to remove unwished substances and dirt from the fiber
surface. This pretreatment is done in a dyeing machine
(Then from Fong Europe GmbH, Schwibisch Hall) usable
for laboratory scale. For the pretreatment a water based re-
cipe with following components is used — 30 liter water,
390 ml PERIZYM DBS from the company Dr. Petry Gmb-
H, 60 ml PERIPLEX AHL from the company Dr. Petry
GmbH and 60 ml KOLLASOL OCE from CHT.R.
BEITLICH GmbH (Tiibingen, Germany). PERIZYM
DBS is a ready-made aqueous solution with enzymatic
components of pectinase and amylase. PERIPLEX AHL is
an aqueous yellow and transparent liquid. It contains com-
plexing agents for heavy metal ions and ions from calcium
and magnesium. KOLLASOL OCE is a clear transparent
liquid containing wetting agents. It is used to improve the
wetting of the aqueous recipe on the fiber material and to
suppress the formation of foam during the application. The
pH-value of the complete recipe is 7.2. With this recipe an
amount of 569 g linen fibers is treated for 2 hours at 60 °C
in the above mentioned dyeing machine. Afterwards the li-
nen fibers are treated with 30 liter of water at 95 °C for 20
minutes, following by a washing step at 70 °C for 10 minu-
tes. In the end the fiber felt is dried at room temperature.
After the complete process a weight loss of 7% is determi-
ned for the fiber felt, probably related to the removed com-
ponents from the fiber surface. For hydrophobic treatment
of the linen fiber felt recipes containing following compo-
nents are used. Tung Oil which is a yellow and viscose
substance gained from Sigma-Aldrich, sodiumperoxodi-
sulfate from VWR and sodiumoleate form Sigma-Aldrich.

2. 2. Preparation

For hydrophobic functionalization, the linen fiber
felt is treated with a recipe containing 45 mL water, 5 g so-
diumperoxodisulfate, 0.5 g sodiumoleate and Tung Oil in
an amount of 5 g, 10 g or 20 g. Before application on the fi-
ber material all components are stirred together for a dura-
tion of 15 minutes. The application onto the fiber felt is do-
ne in a horizontal padder — 2-Walzen-Labor-Foulard sup-
plied by the company Wichelhaus GmbH (Germany). Du-
ring application the roller pressure is set to 0.3 MPa and
the speed is set to 18 m/min. Each sample is treated twice.
The wet pick-up of the fiber samples treated this way is 93
wt-%. Afterwards the samples are dried in an oven (from
Memmert) at a temperature of 90 °C. The duration for this
drying process is set in a range from 5 to 60 minutes.

2. 3. Analytics

The hydrophobic properties of the prepared samples
are determined by two methods, the capillary rise test and
contact angle measurements. The capillary rise test is used
to determine the capability of a textile sample to soak up
water.”” The actual measurements are performed accor-
ding to DIN 53924. For this, the fiber felt samples are cut
in strips of 30mm width and one end of the strip is placed
vertically in contact with a testing liquid. This testing li-
quid is an aqueous solution of 0.5% of the blue dye C.I.
Direct Blue 086. After the contact with the testing liquid,
the textile sample soaks up the liquid and after 30 minutes
the distance is measured as capillary rise. Each sample is
tested twice and the average value is reported. Contact an-
gle measurements are performed with a device Drop Sha-
pe Analyzer DSA25 supplied by KRUSS GmbH (Ham-
burg, Germany). For measurement, a 30 ul drop of water
is placed on the sample and after 10 seconds the contact
angle is recorded. For each sample this measurement is re-
peated 5 times and the average value is reported. For te-
sting the stability against rinsing, the textile samples are
stirred into 250 mL water containing 1 mL of the surfac-
tant Triton X. This procedure is done for 10 seconds at
room temperature. To evaluate the mechanical properties
of prepared textile samples, the elongation at break and
the breaking strength are determined according to DIN
EN 29 073. The measurements are performed with a devi-
ce ZmartPro supplied by the company Zwick/Roell. The
surface topography of the fiber materials is investigated
by scanning electron microscopy, SEM. For this micros-
copic measurements a microscope Tabletop TM3000 sup-
plied by Hitachi is used.

3. Results and Discussion

3. 1. Material Properties

The morphology of the linen fiber felt is at first inve-
stigated by SEM (Figure 1). This morphology is recorded
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before and afterwards of the enzymatic treatment for clea-
ning the linen felt. These measurements show that the
enzymatic cleaning does not effected the arrangement and
diameters of the linen fibers. However, by these SEM-in-
vestigations a more detailed statement concerning the
structure and the surface topography of the fibers cannot
be done. The hydrophobic treatments containing the Tung
Oil are all applied onto the linen fiber felts after the enzy-
matic treatment is done.

linen felt - before enzymatic treatment

2016.08.30 1326 HL DS,2 x100

linen felt - after enzymatic treatment

2016.09.30 1322 HL D92 x100 1mm

Figure 1: SEM-images of linen fiber felt before application of the
hydrophobic recipe.

The mechanical properties of fiber samples after ap-
plication of the hydrophobic recipes are investigated as
function of the duration of thermal treatment after appli-
cation of a hydrophobic recipe (Figure 2). This recipe
contains with 20 g the highest amount of used Tung Oil.
The thermal treatment is performed at 90 °C with a maxi-
mum duration of 60 minutes.

The determined elongation at break is drastically de-
creased after 30 minutes of thermal treatment. This result
can be explained by the cross-linking reaction of the Tung

Oil by an oxidative process. The progress of the crosslin-
king reaction is indicated by the change in elongation at
break as function of duration of thermal treatment. After
30 minutes the crosslinking is progressed in a way that the
elongation of the treated linen fiber felt is drastically redu-
ced. Similar to this, the crosslinking leads to a promotion
of the hydrophobic effect of the Tung Oil application, as it
is presented in the following sub-section.
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Figure 2: Mechanical properties as function of the duration of ther-
mal treatment after application of a hydrophobic recipe containing
20 g Tung Oil. Shown is the elongation at break.

The breaking strength of fiber samples without the
Tung Oil treatment is determined to be 60 N and can be
significantly decreased by the Tung Oil treatment to va-
lues in the range of 20 N to 50 N (Figure 3). However
compared to the determined elongation at break (Figure

100
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204

breaking strength [N]

e I
= Ri
—
—
-

10+

0 1 T T I 1 1

0 10 20 30 40 50 60
duration of thermal treatment [%)]

Figure 3: Mechanical properties as function of the duration of ther-
mal treatment after application of a hydrophobic recipe containing
20 g Tung Oil. Shown is the breaking strength. The solid line is a
guide for the eye based on a linear fit of measurement points.
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2), it has to be remarked, that the duration of thermal
treatment after the Tung Oil application has a less signi-
ficant influence on the breaking strength (Figure 3).
Evaluating the measurement data of breaking strength
as function of duration of thermal treatment by using a
linear fit, only a small decrease in the breaking strength
can be estimated, if the duration of thermal treatment is
expanded to 60 minutes. The oxidative crosslinking of
the Tung Oil obviously glue the fibers together and de-
crease for this the elongation at break. However, the
strength of this oil impregnation is less influenced by
the progress of crosslinking driven by the thermal treat-
ment.

The morphology of linen fiber felt after application
of the Tung Oil recipe is presented in figure 4. By this
SEM-images it can be clearly identified that the Tung Oil
is especially up-taken by the interspace between the linen
fibers. The change in the mechanical properties of the fi-
ber samples could be also explained by a gluing together
of the single linen fibers by the crosslinked Tung Oil.

2016.09.30 14:41 HL D9,0 x100 1mm

2016.09.30

300 um

14:42 HL D9,1 x300

Figure 4: SEM-images of linen fiber after application of the
hydrophobic recipe containing 20 g Tung Oil and dried for 30 mi-
nutes at 90 °C.

3. 2. Hydrophobic Properties

To optimize the hydrophobic treatment at first an in-
vestigation is performed as function of the duration of
thermal treatment after application of the Tung Oil recipe,
analogously to the investigation of mechanical properties
presented in Figure 2.

This recipe contains with 20 g the highest amount of
used Tung Oil. The thermal treatment is performed at 90
°C with a maximum duration of 60 minutes. The hydrop-
hobic properties of the prepared linen samples is determi-
ned as capillary rise (Figure 5). The capillary rise of the li-
nen fabric without the Tung Oil application is around 85
mm after 30 minutes measurement time. After Tung Oil
application without further thermal treatment a capillary
rise of around 10 mm is reached after 30 minutes, so a
clear hydrophobic effect is gained even without a further
drying procedure. This capillary rise is decreased, if the li-
nen samples with the Tung Oil are thermal treated and this
effect is stronger as function of the duration of thermal
treatment. After 30 minutes of thermal treatment the ca-
pillary rise is nearly zero, so here strong hydrophobic pro-
perties are realized.
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Figure 5: Hydrophobic properties as function of the duration of
thermal treatment after application of a hydrophobic recipe contai-
ning 20 g Tung Oil. Shown is the capillary rise after 30 minutes te-
sting time.

These results of determined capillary rise are in cer-
tain agreement with the determined mechanical properties
of the investigated samples shown in Figure 2.

Additionally the reached hydrophobic effect is inve-
stigated as function of Tung Oil concentration in the ap-
plied recipe (Figures 6 and 7). Here it is of special inte-
rest, if also lower Tung Oil concentrations could lead to
significant hydrophobic properties. The hydrophobic pro-
perties are determined by two methods, the capillary rise
(Figure 6) and the contact angle measurement with water
(Figure 7).
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1,0

—=— after preparation|

0.9 —C— after rinsing
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0,3
0,2+

0,14

0,0 T v T T T T T
5 10 15 20

amount Tung oil [g]

Figure 6: Hydrophobic properties as function of the content of
Tung Oil in the hydrophobic recipe. After application of the
hydrophobic recipe, the samples are dried for 30 minutes. Shown is
the capillary rise after 30 minutes testing time.

Even with the lowest applied amount of Tung Oil
with 5 g in the recipe a very low capillary rise can be
reached, so significant hydrophobic effect is realized
even if smaller amounts of Tung Oil are applied. Howe-
ver it can be also stated that this hydrophobic effect gai-
ned with smaller amounts of Tung Oil is less stable
against a rinsing process. Probably, only small amounts
of Tung Oil are needed to modify the surface of linen fi-
bers with hydrophobic properties but larger amounts of
this oil are necessary to support suitable crosslinking
which is probably a necessary requirement for a certain
rinsing stability. Similar results are gained with the con-
tact angle measurements (Figure 7). The contact angle
against water of the treated linen fiber samples increases
as function of the amount of Tung Oil applied (Figure 7).
All treated samples exhibit contact angles of more than
100° and are therefore clearly hydrophobic. Highest va-
lues are gained in the current investigation with highest
amount — 20g recipe — of applied Tung Oil. However, al-
so with the application of lower Tung Oil amounts of 5g
hydrophobic fiber samples are realized. Determined con-
tact angles are around 115°, which is similar to hydrop-
hobic sol-gel agents supporting an intermediate hydrop-
hobic effect on textiles.>®*° However, with advanced
hydrophobic sol-gel systems, containing long-chained
alkylsilanes or even fluorinated additives, contact angles
around 140° are reached.*®

By wet chemical application on textile substrates
with different perfluorinated recipes in different approac-
hes even contact angles of water in the range of 150° to
160° are reported.**** These applications are based on
perfluorinated polysiloxanes, fluorinated acrylic lattices
and perfluoroalkylacrylate compounds combined with si-
lica nanoparticles.***?

120
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110 4

105

100
1 —&— after preparation
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contact angle against water [°]

854
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5 10 15 20
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Figure 7: Hydrophobic properties as function of the content of
Tung Oil in the hydrophobic recipe. After application of the
hydrophobic recipe, the samples are dried for 30 minutes. Shown is
the contact angle of water.

With different plasma deposition techniques also
contact angles of water in the range of 150° to 170° are
reached on textile substrates.*** In this technique the type
of monomer used for plasma deposition is significant for
the gained hydrophobic effect. Suitable monomers are he-
re hexamethyldisiloxane HMDSO and tetrafluoromethane
CF, /344

Such high contact angle values are often summari-
zed under the terms superhydrophobic properties or su-
perhydrophobic textiles.***” Therefore, in relation to ot-
her hydrophobic recipes for textile treatment the actual
developed Tung Oil recipe can be ranked in the range of
moderate hydrophobic agents but not used for realization
of superhydrophobic textiles. However, it should kept in
mind that for the application in fiber reinforced composi-
tes a moderate hydrophobic fiber functionalization could
be advantageous, because it decreases the water up-take
of the fiber material but contains still enough hydrophilic
groups on the fiber surface necessary for the interaction
with the polymer resin forming the matrix of a fiber-rein-
forced composite.

Altogether it was shown in a first proof of concept,
that the natural Tung Oil can be successfully used as
hydrophobic agent for natural fibers. This natural based
method could be promising for future developments of
fully bio based materials as for example fiber reinforced
materials — so called bio composites.

4. Conclusions

A natural based method for hydrophobic treatment
of natural fiber materials is realized by recipes of natural
oil. As natural oil the Tung Oil originally used for protec-
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tion of wood is used. By this natural recipe moderate
hydrophobic properties can be introduced on natural fi-
bers as linen. Suitable recipes contain beside the Tung Oil
also sodiumperoxodisulftate to promote the crosslinking
reaction of the Tung Oil and sodiumoleate to stabilize the
recipe in a water based application recipe. The Tung Oil
concentration is varied in a broad range and even with
lower concentration a suitable hydrophobic effect is reac-
hed. However, it has to be remarked that even with the
highest amounts of Tung Oil applied no superhydrophobic
properties are reached for the treated fiber materials. Ne-
vertheless, the realized materials are promising for future
developments of fully bio based fiber and composite ma-
terials.
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Razvili smo postopek za hidrofobno funkcionalizacijo vlaken naravnih materialov, ki temelji na uporabi naravnih pro-
duktov. Za hidrofobno komponento smo uporabili tungovo olje, ki se sicer uporablja za zascito lesa. Tungovo olje smo
na tekstil nanasali v prisotnosti oksidanta. V raziskavi smo uporabili lanena vlakna. Hidrofobni u¢inek dolo¢a koncen-
tracija tungovega olja in ¢as procesa tremi¢nega susenja. Hidrofobnost smo preucevali s testom kapilarnega dviga in
meritvami sticnega kota. Za preucevanje topografije povrsine vlaken in naneSenega hidrofobnega materiala smo upora-
bili vrsti¢no elektronsko mikroskopijo (SEM). Razvili smo zanimivo in obetajoco metodo za hidrofobno funkcionaliza-
cijo naravnih vlaken, ki jo lahko uporabimo Ze v procesu priprave vlaken in temelji na uporabi naravnih produktov.
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Abstract

The effect of limestone on the hydration of Portland cement has been studied by many researchers. However, a possible
influence of adding more soluble carbonates was not explained. Therefore we executed a qualitative and quantitative re-
search on the influence of slightly soluble (CaCO,, MgCO,, dolomite), medium soluble (Li,CO,) and highly soluble

(K,CO, and KHCO,) carbonates on the hydration.

Blending of Portland cement with differently soluble carbonates was found to influence the hydrate assemblage of the hy-
drated cement. With the help of the Rietveld analysis, the study indicated that the amount of reacted carbonate in cement
hydration at a 15% addition of slightly or medium soluble carbonates does not exceed 5% and is not affected by their sol-
ubility; at a 15% addition of the highly soluble carbonate K,CO, the amount of reacted carbonate was around 6%.

An increase in temperature (25 to 40 °C) gradually affects the rate of hydration and the quantity of stable phase assem-

blage.

Keywords: Portland cement; Hydration; Carbonates; Solubility; Rietveld method; Quantitative phase analysis

1. Introduction

Over the last 20 years, the effects of using limestone
in Portland cement (PC) have been well studied. The ben-
efits of limestone as a partial replacement for PC are well
established. Its economic and environmental advantages
of reducing CO, emissions are well known.

However, throughout the years, the general provi-
sions which determine the amount of limestone permitted
in cement, have remained unchanged. Most Portland ce-
ment specifications allow the use of limestone up to 5%.
Beyond that, Portland limestone cements (PLC) are cate-
gorized on the basis of the percentage of limestone
(6-35%) added to the cement. The European Standard
(EN 197-1-2000) permits up to 5% limestone regarding it
as a minor additional constituent. It also identifies four
types of PLC containing 6-20% limestone (types II/A-L
and II/A-LL) and 21-35% limestone (types II/B-L and
II/B-LL), respectively.'

For a long time, the limestone has been considered
as an inert filler. Recently it has been concluded that lime-

stone serves both as an inert filler and also reacts to a lim-
ited extend. The reactivity depends on its fineness (specif-
ic surface)? and content.>*

Matschei et al found that at a low concentration,
limestone (a molar ratio of CO,/ALO, ~ 0.66 with a fixed
sulfate ratio SO,/AL/O, = 1 and an excess of portlandite, T
= 25 °C) reacts completely to various forms of carboalu-
minate phases. The extension of limestone’s reactivity is
controlled by the amount of sulphate in the system. As the
sulphate content increases, the likelihood of unreacted
calcite increases.

It is agreed that limestone reacts primarily with the
tricalcium aluminate (C;A) to form carboaluminates
(hemicarboaluminate, C4A(_? o0sH;, and monocarboalumi-
nate, C,ACH,, are the most common) at the expense of
hydrates. On the other hand, the formation of ettringite
(C4A;SH,,) in PLC, the hydration reaction of C;A in the
presence of gypsum, is still questionable. Some re-
searchers found its formation delayed, while others found
that ettringite (AFt) formation proceeded normally.’
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Ramachandran and Zhang, for example, found that the
formation of AFt accelerates.”® The AFt conversion to
monosulfate (Ms) will be delayed or stopped when a large
amount of carbonate is present in the hydrated paste. This
phenomenon occurs due to the fact that some sulfate ions
can be interchanged by carbonate ions during the C;A hy-
dration.”!° Thermodynamic calculations as well as exper-
imental observations also indicate that in the presence of
CaCO,, monocarboaluminate (Mc) and not Ms is stable.
And even more, the stabilization of Mc in the presence of
limestone caused AFt to stabilize.!' In PLC, there is also
an interaction between tricalcium silicate (C,S) and calci-
um carbonate (CaCO,); the latter accelerates the hydra-
tion of C,S and modifies the Ca/Si ratio of calcium silicate
hydrate gel (C-S-H)."?

It is worth noting that limestone does not show poz-
zolanic properties and, consequently, does not produce
C-S—H." It has been suggested that when large quantities
of carbonate are present, some CaCOj, can be incorporated
into C-S—H to form calcium silicocarbonate hydrates.>'*
The production of portlandite (CH) seems to be enhanced
at early ages partly due to dissolution of limestone and al-
so due to limestone’s ability to act as nucleation sites.’

The important stable phases in hydrated calcite-con-
taining cement are AFt, Mc and calcite.’ They are calcu-
lated to be stable and present in comparable amounts in
the temperature range of 25-40 °C.!>16

The Rietveld Method enables us to determine the
amount of anhydrous and hydrous phases in PC to a high
degree of precision.!” This method employs a point-to-
point adjustment of experimental intensities of the whole
pattern to the calculated intensities based on the crystal
structures (space groups, types of atoms, their coordinates
in the unit cell and site occupancies) present in the mix-
ture and it also provides the weight fractions for each
crystalline phase.'®!"”

This paper examines the influence of differently sol-
uble carbonates on the hydration of PC in the temperature
range of 2540 °C. The quantitative data obtained by us-
ing X-ray diffraction to study the hydration products of
Portland cement upon addition of slightly soluble
(CaCO,, MgCO,, dolomite), medium soluble (Li,CO,)
and highly soluble (K,CO, and KHCO,) carbonates, are
compared to similar data from a control sample, based on
the same Portland cement paste.

2. The Experimental

2. 1. Materials

Ordinary Portland cement, CEM I 52.2 R (Salonit
Anhovo, Building Materials, Joint-Stock Co., Anhovo,
Slovenia) was used. The cement consisted of clinker and
chemically precipitated gypsum, both ground in the labo-
ratory mill. Chemical and mineralogical compositions of
cement are shown in Table 1.

Table 1. Chemical and mineralogical analysis of CEM I 52.2 R.

Chemical analysis Mineralogical analysis

Measured (wt%)' Calculated (wt%)*
CaO 63.3

Sio, 20.6 C,S 54.9
ALO, 471 C,S 17.7
Fe,O, 3.50 CA 6.6
NoX 337 C,AF 10.7
MgO .12

K,0 0.87

Na,0 021

LOI 1.90

Insoluble 0.37

" By XRF. By Bogue equations.
* Standard cement chemistry notation: S = SiO,, C = CaO,
A =ALO,, F=Fe,0,.
Compressive strength: 36 MPa (2 days), 56.5 MPa (28 days).

The following carbonates were used:

— Calcium carbonate, CaCO,, laboratory reagent, precipi-
tated, 99.1%, Kemika, Zagreb, Croatia. Specific surface
area of 0.7 m?%/ g (micropore area: —), named CC hereafter.

— Natural, ground calcite, CaCO,, 99.6%, Magnesia 448,
Magnesia GmbH, Liineburg, Germany. Specific surface
area of 2.1 m*/g (micropore area: 0.3 m?*/g), named as
calcite hereafter.

—Natural, ground magnesite, MgCO,, 98.1%, Magnesia
318, Magnesia GmbH, Liineburg, Germany. Specific
surface area of 4.6 m*/g (micropore area: 1.0 m%/g).

— Natural, ground dolomite, CaMg(CO,),, 99.5%, Magnesia
4179, Magnesia GmbH, Liineburg, Germany. Specific
surface area of 1.7 m?/g (micropore area: 0.2 m%g).

—Lithium carbonate (Li,CO,), potassium carbonate
(K,CO,) and potassium hydrogen carbonate (KHCO,)
were laboratory reagents of p. a. quality.

2. 2. Sample Preparation

All the starting mixtures (10.00 g) contained 85 wt%
of Portland cement and 15 wt% of carbonate to facilitate
comparison (the amount of hydrating Portland cement
was constant). Portland cement and the added carbonate
were homogenized, and deionized water (w/s ratio of 0.5)
was added. Suspensions were being homogenized with
the VibraCell ultrasonic probe (Sonics & Materials, Inc.,
USA) for 30 seconds, placed in alkali-resistant flasks,
capped airtight and hydrated at 25 C or 40 °C for 3, 7, 28
and 90 days. For reference, Portland cement hydrated un-
der the same conditions.

2. 3. Characterization Techniques

X-ray powder diffraction data were collected on a
PANalytical X’Pert PRO MPD diffractometer
(PANalytical B.V., Almelo, the Netherlands) in CuK_,
configuration from 3 to 70 29 in steps of 0.033 29¢. Full
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range of a linear PSD, having 128 channels, was used and
the total counting time was 200 s per step (53 minutes of
data collection per sample).

Identification of the phases, present in the samples,
was performed by analyzing the patterns with X’ Pert
HighScore Plus Ver. 2.1.2 software and Crystallographica
Search Match Ver. 3.0.0.5 with a database PDF-2, Release
2011 RDB (International Centre for Diffraction, Oxford
Cryosystems).

The quantitative phase analyses of the phases with
known structures were performed using the Rietveld
method by using Topas Ver. 2.1 program (Bruker AXS,
Karlsruhe, Germany). The method of internal standard ad-
dition was used to determine the absolute content of iden-
tified crystalline phases of the hydrated samples. For this
purpose, 40% of o-Al,O,, MicroPolish II, 1-um deag-
glomerated alumina (Buehler Ltd., Lake Bluff, IL) was
added to hydrated samples and thoroughly mixed in an
agate mortar.

After the specified hydration time, samples were
powdered in an agate mortar and analyzed. The XRD
phase analyses of the data considered three replications of
each treatment, adding up to 384 samples.

3. Results

3. 1. Portland Cement (PC)

The following crystalline or partly crystalline phas-
es were identified in the clear Portland cement and were
included into the model for Rietveld refinement: CH
(ICSD code 34241), Aft ICSD code 16045), Mc (ICSD
code 59327), partly crystalline C-S-H (ICSD code
87689), CaCO, (CC) (ICSD code 73446), after 28 days of
hydration also in vaterite modificiation (ICSD code
15879), calcium aluminium hydrate C;,AH, (ICSD code
202316), unreacted clinker phases C,S (ICSD code

81100), C,S (ICSD code 39006), C,A (ICSD code 6287),
C,AF (ICSD code 9197), and substances in traces (below
2%): Si0, (S) (ICSD code 67117), gismondine CAS,H,
(ICSD code 15838) and carbosilicate tilleyite C,S,(CC),
(ICSD code 14256).

In Figure 1 a representative Rietveld plot is presented.

At a certain temperature (25 or 40 °C) and after the
hydration process is finished (3, 7, 28, 90 days), parts of
each individual phase are visible — presented in Figure 2.
Each value of a given phase content presents an average of
3 measurements taken. There is also a minimum and a
maximum value, so one can picture the discrepancy be-
tween the three values included in the calculated average.

In the PC samples most of CH (12-14%) is pro-
duced. Its amount is decreased after 90 days of the hydra-
tion process, which means that the hydration process is
finished. This is also confirmed by the amount of crys-
talline C—S—H, which does not significantly change after
90 days of hydration and the minimal presence (2% and
less) of C,S and C,S.

After 90 days, even AFt is no longer being pro-
duced; its amount is app. 3.7% at both temperatures. (Less
AFt occurs at 40 °C after any days of hydration.) The oc-
currence of Ms is obviously hampered in the starting
stages of hydration, as the amounts of Mc (app. 4 %) and
CaCO, (app. 1%) are too high and there is not enough
AlLO,. The amount of C;A is minimal after only 3 days of
hydration (app. 0.15%), and after 28 days the substance is
no longer present. AFt is stabilized in the presence of Mc
and CC.

Hemicarboaluminate (Hc) was not identified even
after the 3-day hydration, in spite of the fact that the sam-
ples were kept in airtight containers and were not dried
with solvents, e.g. acetone or diethyl ether.’ The reason
might be the air carbonization, which can occur in the air-
tight containers. We presume that all of the Hc converted
into the more stable Mc in the 3-day hydration. The in-
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Figure 1. The Rietveld plot of PC, hydrated 90 days. Blue is the measured pattern, red is calculated and grey in the middle is the difference. The

vertical bars below denote reflection positions of the included phases.
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16

CEMENT m 3 days 25°C
m 7 days 25°C
28 days 25°C
® 90 days 25°C
= 3 days 40°C
m 7 days 40°C
W 28 days 40°C
= 90 days 40°C

14 -

12

10

o
&

phases

Figure 2. The quantitative analysis of cement hydration at 3, 7, 28 and 90 days of hydration and temperatures of 25 and 40 °C.

Table 2. The crystallinity of samples in dependence on the level of

o .
creased temperature (from 25 to 40 °C) does not influence hydration and the temperature.

hydration significantly — it accelerates it a bit. This can be

seen in the results of the comparison of the unreacted sample days of 25 °C 40 °C
phases of the cement clinker (C,S, C,S, C,A) after a cer- hydration % %
tain number of hydration days and the increased amount PC 3 L) Y
of CH. 7 38 38
The crystallinity (mass fraction of all crystalline 28 42 38
phases in a sample) of PC samples is app. 42% after 3 90 31 31
days of hydration and is decreased to app. 31% after 90 CC 3 44 47
days of hydration at both temperatures. The exact values 7 43 44
are shown in Table 2. 28 49 41
90 41 39
Calcite 3 43 43
3. 2. Slightly soluble carbonates 7 44 43
3.2.1. CaCO,, Synthetic and Natural (Solubility e o “
at 25 °C is 6.6 - 10g/100g Water??) MeCO, 3 43 49
Natural CaCO, (calcite) consists of much smaller 7 45 43
particles than synthetic CaCO, (CC), 14% of the specific 28 50 45
surface of calcite consists of micro pores. Calcite has a 90 40 41
higher kinetic reactivity and so a faster hydration is ex- Dolomite 3 52 49
pected compared to CC. In truth, the hydration of the C,S 7 47 50
is increased a bit in samples with calcite compared to 28 46 48
those with CC at any days of hydration at 25 °C and after . 20 43 43
the first three days of the hydration at 40 °C, while the re- Li,CO, ; 2431 2?
activity of the calcite particles does not affect the hydra- 28 53 48
tion of C,S, and after 90 days of hydration there was even 9 49 49
more unreacted C,S in the calcite samples at both temper- KHCO 3 50 50
atures. The amount of unreacted C,AF is small in calcite- ’ 7 49 47
added samples and comparable to those with CC. It is in- 28 49 48
teresting, that despite the higher reactivity of calcite, after 90 44 44
90 days of hydration of calcite-added samples, there is K,CO, 3 45 50
more unreacted CaCO; left, compared to samples with CC 7 47 46
at both temperatures. (Samples with CC: 10.1% at 25 °C, 28 48 47
10.9% at 40 °C; Samples with calcite: 11. 6% at 25 °C, 20 45 45
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Figure 3. The quantitative analysis of hydration products in cement with added CC at 3, 7, 28 and 90 days of hydration and two temperatures, 25
and 40 °C.
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Figure 4. The quantitative analysis of hydration products in cement with added calcite at 3, 7, 28 and 90 days of hydration and two temperatures,

25 and 40 °C.

11.2% at 40 °C). The amount of the reacted CaCO, is
around 4%, while the rest serves as a filling. This value of
the reactive carbonate matches with articles published in
the past (up to 5%), or even a bit higher than suggested by
T. Matschei and coworkers (approximately 2.9%) regard-
ing the amount of Al,0; and relation to SO,/AL,O, in PC.?
The amount of AFt after 90 days of hydration in samples
with calcite and CC is comparable. In fact, we got the
same results: 3.6% at 25 °C, 3.4% at 40 °C. Something
similar is true for Mc — samples with CC: 5.4% at 25°C,

3.6% at 40 °C; samples with calcite: 5.5% at 25 °C, 4.3%
at 40 °C. There are no considerable differences between
CC - and calcite-added samples regarding the amounts of
other hydration products, which is clearly seen by com-
paring Figures 3 and 4.

The increased temperature (from 25 to 40 °C) does
not considerably affect hydration. It is just a bit accelerat-
ed, which is indicated by the comparison of the reactivity
of the cement clinker phases (C,S, C,S) and thus the for-
mation of an increased amount of CH and C-S-H. The
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formation of AFt at 40 °C in the early stages of hydration
is possibly somewhat hindered, the AFt contents after 90
days of hydration are comparable at both temperatures.
The amount of Mc after 90 days is higher at 25 °C than at
40 °C in both samples, with added calcite or CC.

A 15% addition of carbonate dilutes the cement in
the first stages of hydration, which can be seen on the
smaller amount of CH formed in calcite- and CC-added
samples. After 90 days the CH contents are comparable.
The hydration of the clinker phases (C,S, C,S, C,A) is ac-
celerated in samples with added carbonate. The amount of
Mc after 90 days is higher in samples with added carbon-
ate. The amount of AFt formed after 90 days of hydration
is comparable to that in the samples without added car-
bonate. After 3 days of hydration at 25 °C less AFt is
formed in samples with added carbonate, whereas at 40
°C there is no difference. After 7 days of hydration the
contents of AFt in all samples (with or without the addi-
tion of carbonate) and both temperatures are comparable.

It would be difficult to conclude that the addition of car-
bonate has any significant influence on the formation of
AFt (either impeding the formation or accelerating it).*

For a clearer demonstration and possible compari-
son all contents of the main hydration products (CH, AFt,
Mc and CaCO,) are collected in Table 3 in relation to hy-
dration time (3, 7, 28, 90 days) and temperature (25 and
40 °C). The minimum and maximum determined contents
of the main hydration products are collected bellow, in
Table 4 and Table 5.

C—S—H can include CO32‘ anions in its structure, and
consequently calcium silicocarbonate hydrates can be
formed. We have not identified any with an XRD analysis,
but we assume their formation. If the hydration of clinker
phases in samples with added calcite or CC is accelerated,
slightly more SCH should form in these samples than in
clear PC samples. Actually we have identified less C—S—H
during the hydration in samples with calcite compared to
PC samples probably just due to formation of calcium silic-

Table 3. The average compositions of hydration products in relation to hydration time and temperature.

temperature 25°C 40°C 25°C 40 °C 25°C 40°C 25°C 40°C
sample days of CH E CaCoO, Mc
hydration (Wt%) (wt%) (wWt%) (Wt%)
PC 3 12.7 13.3 5.6 4.2 1.3 1.3 3.6 4.0
7 124 13.6 4.2 3.6 1.0 1.1 3.6 4.2
28 13.3 13.7 4.8 4.7 1.1 1.8 4.7 4.0
90 11.7 12.5 39 3.6 0.9 0.9 4.1 3.0
CC 3 10.7 124 4.8 43 10.9 12.6 35 43
7 11.5 12.3 4.6 3.6 10.5 11.8 4.1 4.0
28 11.3 12.2 35 3.9 10.5 10.7 49 43
90 11.7 124 3.6 3.4 10.1 10.9 54 3.6
calcite 3 10.1 114 4.7 43 10.8 11.2 3.70 39
7 11.9 12.3 4.4 3.8 11.2 11.5 4.64 43
28 9.9 11.8 33 3.6 10.7 114 4.23 4.6
90 11.5 12.1 3.6 3.4 11.6 11.2 5.47 43
MgCO, 3 10.3 10.3 52 5.1 1.8 24 3.8 4.6
7 10.5 9.5 4.6 4.1 2.0 24 4.3 43
28 9.0 10.0 33 4.7 4.9 5.0 4.2 4.8
90 9.0 8.8 35 4.5 4.6 9.6 4.6 3.7
dolomite 3 11.2 11.6 5.1 4.0 1.8 1.9 3.6 4.0
7 11.1 12.7 4.6 3.9 1.6 1.9 4.1 4.7
28 10.2 12.3 3.1 43 1.6 2.6 43 53
90 11.6 12.2 3.6 3.9 1.7 25 5.4 4.6
Li,CO, 3 8.4 9.5 0.8 - 43 4.8 5.4 52
7 10.2 10.1 0.7 - 4.5 53 5.6 5.6
28 9.2 10.5 - - 6.3 5.4 4.5 5.0
90 11.6 12.0 - - 4.8 55 5.4 4.6
KHCO, 3 6.0 7.0 - - 9.7 10.8 8.0 6.8
7 7.5 8.5 - - 10.1 10.5 6.7 4.9
28 9.4 114 - - 10.6 11.6 54 5.6
90 104 11.3 - - 10.9 12.6 6.5 5.6
K,CO, 3 9.5 11.5 - - 4.7 6.2 53 5.0
7 11.0 124 - - 5.1 55 3.6 5.0
28 9.0 14.1 - - 9.1 5.8 2.7 43
90 13.8 15.1 - - 5.6 5.8 4.6 39
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Table 4. The minimum and maximum contents of hydration products in relation to hydration time and 25 °C.

sample days of hydration CH (wt%) E (wt%) CaCO, (Wt%) Mc (wt%)
content/ 25 °C minimum maximum minimum maximum minimum maximum minimum maximum
PC 3 12.34 13.23 5.29 5.93 0.82 1.50 3.47 3.87
7 11.87 13.23 4.04 433 0.90 1.17 3.46 3.74
28 12.65 14.15 4.78 491 0.99 1.17 4.37 5.09
90 11.22 12.53 3.61 4.25 0.82 0.93 3.95 4.40
CC 3 10.43 11.05 4.61 4.87 10.76 11.16 3.29 3.61
7 11.31 11.62 4.43 475 10.35 10.63 4.08 4.14
28 10.33 12.17 3.17 3.83 10.24 10.96 441 5.57
90 11.26 12.51 3.21 4.05 9.76 10.52 5.25 5.68
calcite 3 9.41 10.91 4.42 5.11 9.92 11.90 3.51 3.80
7 11.72 12.20 4.11 473 10.98 11.49 4.59 4.68
28 9.59 10.36 3.16 3.38 10.65 10.92 4.04 4.38
90 11.05 11.83 3.59 3.70 11.38 11.74 5.22 5.92
MgCO, 3 9.23 11.24 4.85 5.49 1.38 2.07 3.51 4.07
7 10.26 10.80 4.29 4.99 1.89 2.25 4.20 4.50
28 8.46 9.45 2.80 3.63 4.67 5.16 3.99 4.42
90 8.75 9.29 3.11 3.65 4.28 4.90 4.42 4.87
dolomite 3 10.79 11.36 4.93 5.50 1.40 2.37 342 3.79
7 10.75 11.56 4.29 5.00 1.49 1.67 3.94 4.29
28 10.00 10.40 2.83 3.32 1.61 1.67 4.20 4.33
90 10.94 11.90 3.38 3.83 1.39 1.83 5.17 5.51
Li,CO, 3 8.04 8.70 0.66 1.12 4.14 4.61 5.08 5.83
7 10.05 10.49 0.38 0.97 4.13 4.83 5.44 5.87
28 8.82 9.56 - - 6.06 6.59 4.30 4.68
90 11.38 12.03 - - 4.39 5.02 5.28 5.46
KHCO, 3 5.58 6.33 - - 9.49 10.14 7.28 8.76
7 7.23 7.70 - - 9.17 10.61 6.40 6.90
28 9.31 9.40 - - 9.69 10.63 5.37 5.51
90 10.29 10.61 - - 10.11 11.99 5.63 7.37
K,CO, 3 9.34 9.70 - - 4.42 5.02 5.14 5.52
7 10.77 11.25 - - 4.90 5.27 3.18 421
28 8.42 9.82 - - 6.49 11.54 2.48 2.86
90 13.21 14.22 - - 5.29 6.11 4.24 5.14
14
MgCO, 3 days 25°C
12 m 7 days 25°C

m 28 days 25°C
10 - W 90 days 25°C
m 3 days 40°C
m 7 days 40°C
w (%)

W 28 days 40°C
w 90 days 40°C

phases

Figure 5. The quantitative determination of hydration products in cements with added MgCO? at 3, 7, 28 and 90 days of hydration and two temper-
atures, 25 and 40 °C.
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Table 5. The minimum and maximum contents of hydration products in relation to hydration time and 40 °C.

sample days of hydration CH (wt%) E (wt%) CaCO, (wt%) Mc (wt%)
content/ 40 °C minimum maximum minimum maximum minimum maximum minimum maximum
PC 3 13.27 13.35 4.07 4.34 1.00 1.73 3.85 4.20
7 12.25 14.66 3.38 3.73 0.96 1.23 3.65 4.79
28 12.88 14.10 4.45 4.95 1.50 1.88 3.84 4.30
90 12.25 12.79 3.33 3.77 0.51 1.10 2.87 3.17
CC 3 12.11 12.54 4.07 4.40 12.41 12.78 4.27 4.30
7 12.15 12.46 3.26 4.05 11.77 11.83 3.86 4.03
28 11.65 12.80 3.62 4.16 10.46 10.83 3.97 4.68
90 12.08 12.76 3.29 3.69 10.60 11.20 3.60 3.68
calcite 3 11.17 11.81 4.15 4.41 10.76 11.62 3.84 4.07
7 11.24 13.71 3.53 4.34 10.55 12.97 391 4.73
28 11.02 12.43 3.53 3.75 10.60 11.91 4.55 4.68
90 11.70 12.45 3.37 3.55 10.67 11.88 4.18 4.42
MgCO, 3 10.07 10.68 4.96 5.17 2.25 2.58 4.28 4.72
7 9.11 9.86 4.02 4.24 2.16 2.85 3.84 4.62
28 9.66 10.18 4.30 4.85 4.68 5.67 474 4.86
90 8.52 9.37 4.26 4.67 8.87 9.98 3.56 3.88
dolomite 3 11.47 11.83 3.85 4.19 1.72 2.06 3.66 4.23
7 12.33 13.12 3.81 3.98 1.81 1.97 4.47 4.80
28 12.07 12.59 4.21 4.35 2.25 3.09 5.08 5.44
90 11.72 12.42 3.73 4.02 1.82 3.09 4.16 4.86
Li,CO, 3 8.90 9.89 - - 4.44 5.02 4.67 5.58
7 9.59 10.59 - - 4.97 5.69 5.28 5.77
28 10.31 10.75 - - 5.10 5.75 491 5.04
90 11.57 12.77 - - 5.33 5.79 4.32 5.07
KHCO, 3 6.60 7.29 - - 10.53 11.06 6.64 6.88
7 8.14 8.92 - - 9.91 11.13 3.21 6.63
28 10.91 11.63 - - 11.43 11.94 5.55 5.66
90 11.00 11.69 - - 12.27 13.00 5.15 6.35
K,CO, 3 10.66 11.91 - - 6.00 6.38 3.86 6.39
7 11.96 12.65 - - 5.11 5.94 4.62 5.34
28 13.95 14.42 - - 5.51 6.03 4.06 4.59
90 14.64 15.56 - - 5.62 5.99 3.53 4.52

ocarbonate hydrates. After 90 days of hydration the C—S—H
contents in the samples with added calcite are comparable
to those in the samples of clear PC, whereas the C-S-H
contents in the samples with added CC were still lower
compared to samples of clear PC, especially at 25 °C.

The crystallinity of samples with added carbonate
does not depend on temperature, after 3 days of hydration
it is around 44% and after 90 days of hydration it is around
41%. Exact values are collected in Table 2. After 3 days of
hydration the crystallinity in samples with added carbonate
and samples with PC is comparable, whereas after 90 days
of hydration the crystallinity of samples with added car-
bonate is higher than that of PC samples (around 10%).

3.2.2. MgCOa (Solubility at 25 °C is 0.18g/100g
Water®)

The hydration products in samples with added
MgCO, are the same as the hydration products in PC sam-

ples, with the difference that due to the dissolution of
MgCO, in the presence of CH, the additional formation of
Mg(OH), occurs after 28 days of hydration at 25 °C or af-
ter 7 days of hydration at 40°C. (The reaction: MgCO, +
Ca(OH), — CaCO, + Mg(OH),) After 28 days no vaterite
forms at 25°C as well as at 40°C. Hydration products and
their contents at 3, 7, 28 and 90 days of hydration and both
temperatures are demonstrated in Figure 5.

Figure 5 and the above reaction clearly explain that
the amount of reacted MgCO, increases with temperature
(after 90 days of hydration: 25 °C 7.52%, 40 °C 11.71%).
Consequently, at a higher temperature Mg(OH), is formed
earlier (after 7 days) and in larger amount (90 days hydra-
tion: 25 °C 0.58%, 40 °C 1.95%). The same holds for
CaCO, and more CH is being used (see Table 3). The hy-
dration of the clinker phases (C,S, C,S, C,A) is accelerat-
ed. The increased temperature (from 25 to 40 °C) acceler-
ates the hydration of C,S after 3 days, whereas the amount
of reacted C,S is lerger after 90 days of hydration. In sam-
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ples with added MgCO, after 90 days of hydration C,S:
25 °C 1.30% ,40 °C 1.17% and C,S: 25 °C 1.35%, 40 °C
0.27% remains. Because CH is being used for the dissolu-
tion reaction, there is less of it in samples with added
MgCO, than in samples of clear PC (see Figure 3). More
of it is used up during the hydration time at both tempera-
tures (25 °C at 28 days, 40 °C at 7 days) for the dilution
reaction than is formed during the hydration of calcium
di-/tri-silicates. The formation of semi-crystalline C-S—-H
is unhindered by the addition of MgCO, and is quantita-
tively comparable with clear PC samples at both tempera-
tures and all hydration stages (after 90 days of hydration:
samples with MgCO, 25 °C 5.68%, 40 °C 5.99%; PC
samples 25 °C 5.19%, 40 °C 5.99%). We could not identi-
fy partial formation of calcium silicocarbonate hydrates,
but predict them. After 90 days of hydration the AFt con-
tents at both temperatures are comparable to both samples
without and with added MgCO, (see Figure 3). After 90
days of hydration there is a slightly higher amount of
formed Mc at both temperatures in samples with added
MgCO, compared to samples of clear PC (Table 3). we
can thus conclude that a 15% addition of MgCO, at both
temperatures does not significantly affect the formation of
AFt and Mc, but it does accelerate the hydration of the
clinker phases (C,S, C,S in C,A). In samples with MgCO,
after 90 days of hydration there is a lot of slightly soluble
calcium carbonate (CaCO,+MgCO,) present (25 °C
12.05%, 40 °C 12.88%), for which we gather that it is un-
reacted (that is, it serves as a filling) and together with Mc
it only stabilizes the AFt. The amount of reacted calcium
carbonate after 90 days of hydration is around 3.7%,
which is even slightly less than in samples with added CC
or calcite. For all samples with the addition of different
soluble carbonates are considered that the part of reactive
carbonate depends on the molecular weight of added car-
bonate so it can be calculated from the following equa-
tion:

(reactive carbonate) = 1070 (OI 1nital carbonate content

added in the sample) —

M

( added _carbonate W

\V CaCo,

. E Wy o soais ) (D
T CaCo),

The added carbonate which is converted into inert
CaCO, is considered to be unreactive.

The SiO,, gismondine, C,AF, C;AH, and tilleyite
portion are small and comparable to samples of clear
PC.

The crystallinity of samples with added MgCO,
does not depend on temperature and after 3 days of hydra-
tion it is approximately at 49% and after 90 days of hydra-
tion it is around 41%. The exact values are collected in
Table 2. The crystallinty in the samples with added
MgCO, is always higher than in PC samples and after 90
days of hydration the values are around 10% higher than
in samples of clear PC.

3. 2. 3. Dolomite

Hydration products in samples with added dolomite
are the same as hydration products in PC samples, with
the difference, due to the dilution of dolomite in water,
that besides crystallizing CaCO, on the surface of the
dolomite grains MgCO, crystallizes as well (after 3 and 7
days of hydration at both temperatures). We predict that a
small quantity of MgCO, then reacts with CH (as in the
samples with MgCQO,), although after 28 as well as 90
days of hydration via the Rietveld method we did not
identify the formed Mg(OH),, due to insufficient quanti-
ties. Moreover, we confirmed that there was no dedolomi-
tisation reaction, no expansion reaction between the
dolomite and the base (CH): CaMg(CO,), + Ca(OH), =
Mg(OH), + 2CaCO, even after 90 days of hydration at an
increased temperature, 40 °C.2! After 28 days vaterite is
not formed both at 25 °C and 40 °C. Hydration products
and their contents at 3, 7, 28, 90 days of hydration and
both temperatures is clearly visible on Figure 6. Figure 6
clearly shows the amount of diluted dolomite, which after
90 days of hydration is around 5% (25 °C 4.74%, 40°C
5.68%). Thus, after 90 days of hydration in samples with
added dolomite there was a lot of unreacted carbonate
present (unreacted dolomite +CaCOj;: 25 °C 11.93%; 40
°C 11.79%). We anticipate that it acts like a filling and at
the same time, together with Mc, stabilizes AFt, the por-
tions of which, in samples with or without the added
slightly soluble carbonate, are comparable after 90 days
of hydration at both temperatures and are around 3.5%
(see Table 3). The amount of reacted carbonate after 90
days of hydration is thus around 1.4% at both tempera-
tures, which is even lower comparable to samples with
added MgCO, or samples with added CC/ calcite.

The amounts of formed Mc after 90 days of hydra-
tion in all samples with added slightly soluble carbonate
are comparable (see Table 3). As with other samples with
added slightly soluble carbonate the hydration of the
clinker phases is accelerated (C,S, C,S, C,A) and after 90
days the amounts of unreacted di-/tri- silicates are small
(C;S: 25 °C 0.69%, 40 °C 0.66% and C28S: 25 °C 2.05%,
40 °C 1.24%). The amount of the formed CH is around
12%, after 90 days of hydration, its contents are compara-
ble to those in the samples with added calcium carbonate
or CC (see Table 3), because CH is not being used up like
in samples with added MgCO,. Furthermore, in samples
with added dolomite the formation of partly crystalline
C-S-H is unhindered and is after 90 days of hydration at
both temperatures quantitatively slightly higher than in
samples of clear PC or other slightly soluble carbonates
(25 °C 6.74%, 40 °C 7.16%). However we assume partial
formation of calcium silicocarbonate hydrates but we
could not identify them. The amount of SiO,, gismondine,
C,AF, C;AH, and tilleyite are small, their contents do not
exceed 1%. The increased temperature (from 25 to 40 °C)
somewhat accelerates the hydration speed and increases
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the degree of reactivity of the clinker phases C,S and C,S.
The amount of stable hydration products (CH, Mc, CC) is
changed slightly during the hydration process, the differ-
ences being minor (see Table 3).

The crystallinty of the samples with added dolomite
does not depend on temperature. After 3 days of hydration
it is around 50%, after 90 days it is around 43%. The exact
values are collected in Table 2. The crystallinity is in the
samples with added dolomite always higher than in PC
samples and after 90 days of hydration the values exceed
the samples with clear PC by 12%.

5.99%.) After 90 days of hydration around 4% Li,CO, is
reacted (25 °C 4.07%, 40 °C 3.8%). Lithium with sulfate
ions forms the lithium sulfate hydrate Li,SO,(H,0). At
both temperatures the contents during the hydration re-
main low, under 1%, but apparently high enough to not al-
low the formation of AFt or Ms, probably due to the lack of
availability of sulfate ions. AFt only occurs in small
amounts (under 1%) at 25 °C during the beginning stages
of hydration (after 3 and 7 days), whereas at 40 °C it does
not even occur. The amount of the formed Mc increased,
the exact values are collected in Table 3. A part of the alu-
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Figure 6. The quantitative analysis of hydration products in cements with added dolomite at 3, 7, 28 and 90 days of hydration and two tempera-

tures, 25 and 40 °C.

3. 3. Medium Soluble Carbonate

Li,CO; (solubility at 25 °C is 1.30g/100g water™’)

A 15% addition of the moderately soluble carbonate
Li,CO, affects the cement hydration. With the applied
Rietveld method the following phases were identified: CH,
AFt (3 and 7 days hydration at 25 °C) Mc, partly crys-
talline C-S-H, CaCO,, Li,CO,, calcium aluminum hy-
drate C;AH,, unreacted clinker phases C,S, C,S, C,AF and
compounds in traces (under 2%): stratlingite C,ASH,,
lithium sulfate hydrate Li,SO,(H,0), SiO,, gismondine
CAS,H, and carbosilicate tilleyite 3Ca0O-Si0O,-2CaCO,,.
The hydration of the clinker phases of C;A and C,S* is ac-
celerated, whilst the hydration of C,S at both temperatures
is decelerated (see Figure 7). What remains after 90 days
of hydration in samples with added Li,CO; is 2.44% of
C,S at 25 °C and 1.78% of C,S at 40 °C. (C,S in PC after
90 days: 25 °C 1.33%; 40 °C 1.28%.) Consequently, the
amount of formed C—S-H is increased and the differences
between samples with and without the added Li,CO, in-
crease with the level of hydration. After 90 days of hydra-
tion in samples with Li,CO, at 25 °C there is 8.58% and at
40 °C there is 8.22% C-S-H. (PC 25 °C 5.19%; 40 °C

minum is used for the formation of stratlingite C,ASH,
(the contents during the 90 days of hydration at both tem-
peratures do not exceed 1%). We propose that a part of
Li,CO, dilutes in CH, through which CaCO, precipitates
(its contents increase with hydration levels and increased
temperature and are collected in Table 3), as the contents
of CH after 3, 7 and 28 days of hydration are too low with
regard to the high amounts of formed C—S-H or the reac-
tivity of di-/tri- silicates. After 90 days, the amount of
formed CH at both temperatures (around 12%, the exact
values are collected in Table 3) is comparable to samples
with added slightly soluble calcium carbonate and CC. In
samples with Li,CO, after 90 days of hydration there is a
lot of carbonate present (Li,CO,+CaCO,: 25 °C 15.72%;
40 °C 16.74%), for which we propose that its role in the
later stages of cement hydration is predominantly an inert
filling. After 90 days of hydration there is no reactive car-
bonate present in the samples with added Li,CO,, which
means that all dissolved Li,CO, (about 4%) is transformed
into stable/ inert CaCO,.

The portions of SiO,, gismondine, C,AF, C,AH,
and tilleyite are relatively minor, not exceeding 2%. The
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increased temperature (from 25 to 40 °C) somewhat ac-
celerates the hydration speed and increases the degree of
reactivity of the clinker phases. The amount of stable hy-
dration products (CH, Mc, CC) is changed slightly during
the hydration process, the differences being minor, around
1% or less (see Table 3).

The crystallinity of the samples with added Li,CO,
does not depend on temperature. After 3 days of hydration
it is around 53% and after 90 days of hydration it is 49%.
The exact values are collected in Table 2. The crystallinity
in the samples with added medium soluble carbonates is

after 90 days of hydration there is some more reacted C,S
than in PC. (90 days hydration: KHCO, 25 °C 1.52%, 40
°C 0.40%; PC 25 °C 1.33%, 40 °C 1.28%.) The amount of
formed C-S-H is increased and the differences compared
with clear PC only increase with hydration stages. The
amounts of the formed C—S-H are at both temperatures
comparable and are slightly higher at 40 °C (See Figure
8). After 90 days of hydration in the samples with KHCO,
there is 7.56% C-S-H at 25 °C and 7.76% at 40 °C. (PC
25 °C 5.19%; 40 °C 5.99%.) Already after 3 days of hy-
dration at both temperatures no KHCO, is visible. The hy-

phases

Li,CO,

3 days 25°C
B 7 days 25°C
::[ m 28 days 25°C
= 90 days 25°C
= 3 days 40°C
m 7 days 40°C
1 28 days 40°C
1 90 days 40°C

Figure 7. The quantitative analysis of hydration products in cements with added Li,CO, at 3, 7, 28 and 90 days of hydration and two temperatures,

25 and 40 °C.

always higher than in PC samples. After 90 days of hydra-
tion the values are 18% higher compared to samples with
clear PC. This is attributed to the high amounts of the
present carbonate (Li,CO,; + CaCO,) in samples with
added Li,CO,.

3. 4. Highly Soluble Carbonates

3.4.1. KHCO,

A 15% addition of the highly soluble carbonate
KHCO, significantly affects the cement hydration due to
the high solubility and its important role in changing the
pH-value (towards making it less basic). With the applied
Rietveld method the following phases were identified:
CH, Mg, partly crystalline C-S-H, CaCO,, K,SO,, calci-
um aluminum hydrate C;AH,, unreacted clinker phases
C,S, C,S, C,AF and compounds in traces (under 2%):
SiO,, gismondine CAS,H, and carbosilicate tilleyite
3Ca0-Si0, - 2CaCO,. The hydration of the clinker phases
(C,A in C,S) is accelerated, whereas the hydration of C,S
is decelerated. It reaches contents comparable with those
in PC only after 90 days of hydration at 25 °C and at 40 °C

dration products make it clear that part of KHCO, reacts
with gypsum (CaSO, - 2H,0) at both temperatures, during
which K,SO, and CaCO, is formed. Apparently the entire
available sulfate in gypsum is used for the formation of
K,SO, during the reaction, thus we predict that the forma-
tion of AFt or Ms is hindered. After 90 days at 25 °C in
samples with KHCO, there is 3.40% K,SO, present and at
40 °C there is 3.31% K,SO, present. The amount of
formed Mc increased, the values are collected in Table 3.
The CH contents are low at both temperatures during the
hydration process (see Table 3) compared to the high
amounts of formed C—S—H or the reactivity di-/tri- sili-
cates. We anticipate the KHCO, dissolving in CH and fur-
thermore the CH reacting with dissolved CO, during
which CaCO, is formed (the contents are collected in
Table 3). Thus, in samples with KHCO, after 90 days of
hydration there is 25 °C 10.92% CaCO, present and
12.57% at 40 °C. The amount of reactive carbonate is
around 3%.

The amounts of SiO,, gismondine, C,AF, C;AH,
and tilleyite are small, not exceeding 2%. At a higher tem-
perature (from 25 to 40 °C) the amount of the reacted
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Figure 8. The quantitative analysis of hydration products in cements with added KHCO, at 3, 7, 28 and 90 days of hydration and two temperatures,

25 and 40 °C.

clinker phases C,S and C,S is higher, which is conse-
quently shown on a higher amount of hydration products
(CH, C-S-H) — Figure 8. At 40 °C the amount of CaCO,
is slightly higher during the hydration process as there
was more CH available, which could then react with dis-
solved CO,.

The crystallinity of samples with added KHCO,
does not depend on temperature. After 3 days of hydration
it is 50% and after 90 days of hydration it is 44%. The ex-
act values are collected in Table 2. The crystallinity in
samples with added KHCO, is always higher compared to
PC samples and after 90 days of hydration the values ex-
ceed those of clear PC samples by 13%.

3.4.2.K,CO,

A 15% addition of the highly soluble carbonate
K,CO; significantly affects the cement hydration. With
the applied Rietveld method the following phases were
identified: CH, Mc, partly crystalline C-S-H, CaCO,,
K,SO,, K,CO;, calcium aluminum hydrate C;AH, unre-
acted clinker phases C,S, C,S, C,AF and compounds in
traces (under 2%): SiO,, gismondine CAS,H, and car-
bosilicate tilleyite 3Ca0O-SiO, - 2CaCO,. The hydration of
the clinker phases (C,A and C,S) is accelerated, whereas
the hydration of C,S is decelerated in the first stages of the
hydration (3 and 7 days), but after 28 in 90 days of hydra-
tion it is accelerated at both temperatures. (90 days hydra-
tion: K,CO; 25 °C 0.88%, 40 °C 0.37%; PC 25 °C 1.33%,
40 °C 1.28%.) The amount of the formed C-S-H is in-
creased and the difference after 90 days of hydration is 5

% higher compared to clear PC samples. (K,CO;: 25 °C
10.63%, 40 °C 10.47%; PC: 25 °C 5.19%, 40 °C 5.99%.)
The hydration products make it clear (see Figure 9) that
K,CO; at both temperatures reacts with gypsum (CaSO, -
2H,0), at which point K,SO, is formed. The entire avail-
able sulfate is apparently used for the formation of K,SO,
and thus the formation of AFt or Ms is indirectly hindered.
After 90 days at 25 °C in samples with K,CO, there is
5.03% of K,SO, present and 4.82% at 40 °C. A part of
K,CO, remains unreacted, but the amount after 90 days of
hydration at both temperatures is small, not exceeding
1.5% (25 °C 1.29%, 40 °C 1.22%). The amount of formed
Mc is minimally increased after 90 days of hydration at
both temperatures, the values are collected in Table 3. The
CH amounts in the beginning stages of hydration (3 and 7
days at 25 °C and 3 days at 40 °C) are low compared to
the high amounts of formed C—S—H or reactivity of di-/tri-
silicates. Thus we predict that a part of K,CO, dilutes in
CH during the beginning phases of hydration, during
which CaCO, is formed. After 90 days of hydration at 25
°C and 28 days of hydration at 40 °C the CH is not being
used up anymore and so the contents of CH exceed those
in clear PC (see Table 3). In samples with K,CO; after 90
days of hydration there is around 7% calcium (K,CO, +
CaCO;: 25 °C 6.91%; 40 °C 7%) present for which we
predict that it serves as an inert filling during the later
stages of the cement hydration process. The amount of re-
active carbonate is after 90 days of hydration and the both
temperatures around 6%.

The amounts of SiO,, gismondine, C,AF, C;AH,
and tilleyite are small, not exceeding 2%. At an increased

Medvescek et al.: Influence of Various Soluble Carbonates on the Hydration ...



Acta Chim. Slov. 2017, 64, 381-396

K,CO,

m 3 days 25°C
m 7 days 25°C
® 28 days 25°C
= 90 days 25°C

= 3 days 40°C
= 7 days 40°C

I{ 28 days 40°C
’ 1 = 50 days 40°C

> ] o v & ) 4 )
& ) s} g
(,é" < o & 4 ((p“b’& c"o @'70 & o(_,
phases

Figure 9. The quantitative analysis of hydration products in cements with added K,CO3 at 3, 7, 28 and 90 days of hydration and two temperatures,

25 and 40 °C.

temperature (from 25 to 40 °C) the reactivity of the clink-
er phase C,S is slightly higher, whereas the majority of the
reacted C,S is only visible after 28 days of hydration (see
Figure 9).

The crystallinity of the samples with added K,CO,
does not depend on temperature. After 3 days it is between
45 and 50% and after 90 days of hydration it is 45%. The
exact values are collected in Table 2. The crystallinity in
samples with added K,CO, is always higher compared to
PC samples and after 90 days of hydration the values ex-
ceed those of clear PC samples by 14%.

4. Discussion

Results presented above show that the addition of
differently soluble carbonates does have an influence on
cement hydration, the higher the solubility the more obvi-
ous the differences are (see Figure 10).

Hydration process and the contents of stable hydra-
tion products do not change significantly in the tempera-
ture range 25 to 40 °C. The hydration of the clinker phas-
es (C;A, C,S and C,S) is at 40 °C somewhat accelerated
and the amount of stable phases (E in slightly soluble car-
bonates, Mc, CH, calcite and C-S-H) of cement hydra-
tion is slightly changed. Presence of stable phases in our
samples confirm T. Matschei calculatigns.3

Slightly soluble carbonates (CC, calcite, MgCO;,
dolomite) accelerate the hydration of the clinker phases
C,A, C;S and C,S. Medium soluble (Li,CO,) and highly
soluble (KHCO,, K,CO,) carbonates accelerate the hydra-

tion of C;A and C,S, whereas the hydration of C,S is de-

celerated:

— in samples with added Li,CO, even after 90 days of
hydration;

— in samples with added KHCO, at 25 °C even after 90
days of hydration, at 40 °C in the first stages of the hy-
dration (3, 7 days), after 28 and 90 days the amount of
unreacted C,S is smaller than in PC samples;

— in samples with K,CO; in the first stages of the hydra-
tion (3, 7 days), after 28 and 90 days the amount of un-
reacted C,S is smaller than in PC samples.

The amount of reacted carbonate in cement hydra-
tion at a 15% addition of slightly or moderately soluble
carbonates does not exceed 5% and is not affected by their
solubility. At a 15% addition of the highly soluble carbon-
ate K,CO, a higher amount of carbonate is used up during
the hydration process and after 90 days it is around 6%. At
the addition of the highly soluble carbonate KHCO, the
change in the pH value also plays a role in addition to the
solubility and great amounts of CaCO, are formed in sam-
ples due to the reaction between dissolved CO, and CH
(after 90 days they exceed 10%). The rest of the carbonate
serves predominantly as an inert filling.

In PC samples as well as samples with differently
soluble carbonates the stable hydration products are Mc,
AFt (at the addition of slightly soluble carbonates), CC,
C-S-H and CH. While the samples were prepared with
PC which had a molar ratio SO,/ALO, = 0.9 and even af-
ter 3 days of hydration in all samples Mc and Hc were not
identified, we conclude, that the molar ratio CO,/ALO, is
equal or higher from 1. That means that all our samples
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Figure 10. X-ray diffraction patterns of 90-day hydrated samples at 25 °C/40 °C and phases identified: a-CH; b-E; c-Calcite; d-Mc; e-C,S; f-C,S;
g-C,AF; h-C,AH; i-4-C-S-H; j-SiO,; k-Mg(OH),; I-MgCO,; m-Dolomite; n-Stratlingite; o-Lithium Sulfate Hydrate; p-Li,CO;; r-K,SO,.
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(also include samples of pure PC) had excess of reactive
carbonate after 3 days of hydration already.

The amount of Mc after 90 days of hydration at the
addition of any kind of carbonates is slightly higher than
in PC samples. With the presence of differently soluble
carbonates Mc is stabilized and in turn causes AFt to be
stabilized in slightly soluble carbonates, whereas the for-
mation of AFt in moderately and highly soluble carbon-
ates is hindered. The amount of AFt in samples with or
without the added slightly soluble carbonates is compara-
ble and after 90% days of hydration the content is around
4%. It is well known that the addition of carbonate affects
the change of the Ca/Si ratio in C—S-H, but it cannot
cause the formation of new C-S—-H gel, as it has no poz-
zolanic qualities. Scientific writings show us that a part of
the carbonate is incorporated in the C—S—H, at which
point calcium silicocarbonate hydrates are formed but we
could not identify any with Rietveld method. We do, how-
ever, predict their formation, as with the addition of slight-
ly soluble carbonates (CE, calcite, MgCO,) we can iden-
tify comparable C—S—H contents only after 90 days of hy-
dration compared to clear PC samples, even if the hydra-
tion of di-/tri- silicates is accelerated. The amount of iden-
tified C—S—H increases with the solubility of the added
carbonates and after 90 days of hydration with the addi-
tion of the slightly soluble carbonate dolomite the C—S—-H
contents exceed those of PC samples by 1%, with the ad-
dition of the medium soluble carbonate Li,CO, and the
highly soluble carbonate KHCO, it is even higher for
about 2%, with the addition of K,CO, the C-S—H contents
are higher for about 5%. Even though the quantification of
C-S—H with XRD analysis is more difficult and harder to
determine due to its semi amorphous nature, we can con-
clude based on the gathered data that the addition of car-
bonates affects its formation during the hydration — in the
way of changing the Ca/Si relation and/or partial inclu-
sion of CO32‘ into its structure.

The crystallinity of the samples does not depend on
temperature and after 90 days of hydration is always low-
er than after 3 days of hydration both in PC samples as
well as at the addition of differently soluble carbonates.
After 90 days of hydration the crystallinity in PC samples
is 31%, after the addition of slightly soluble carbonates
the crystallinity is higher for about 10%, after the addition
of moderately soluble carbonates for about 18% and after
the addition of highly soluble carbonates for about 14%
(when compared to clear samples of PC).

5. Conclusions

We can conclude that blending of PC with different-
ly soluble carbonates was found to influence the hydrate
assemblage of the hydrated cement. With the help of the
Rietveld analysis the study indicated that Mc and not Ms
were stable in the presence of any carbonate. Even more,

the Mc was stabilized in the presence of slightly soluble
carbonates, consequently causing the stabilization of AFt.
The amount of Mc after 90 days of hydration at the addi-
tion of any kind of carbonates is slightly higher than in
PC. In the presence of either medium or highly soluble
carbonates AFt is not formed or its formation is delayed.
Their amount is comparable in samples with or without
slightly soluble carbonates. Carbonates accelerate the hy-
dration of the clinker phases C,S and C,A, whereas the
hydration of C,S is accelerated in slightly soluble carbon-
ates and decelerated in moderately and highly soluble car-
bonates. The amount of reacted carbonate in cement hy-
dration at a 15% addition of slightly or medium soluble
carbonates does not exceed 5% and is not affected by their
solubility; at a 15% addition of the highly soluble carbon-
ate K,CO, it is around 6%. An increase in temperature (25
to 40 °C) gradually effects one, the rate of hydration and
two, the quantity of stable phase assemblage (E in slightly
soluble carbonate-blended cements, monocarboalumi-
nate, calcite and portlandite).

The crystallinity of the samples is independent on
the temperatures (25 to 40 °C) and is after the 90 days of
hydration always lower than after 3 days of hydration in
the samples of clear PC and in the samples to which car-
bonate was added.
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U¢inek apnenca na hidratacijo Portland cementa so Studirali mnogi raziskovalci, u¢inek bolj topnih karbonatov pa
doslej ni bil pojasnjen. Zato smo izvedli kvalitativno in kvantitativno Studijo vpliva slabo topnih (CaCO,, MgCO,,
dolomit), srednje topnih (Li,CO,) in dobro topnih (K,CO, in KHCO,) karbonatov na hidratacijo.

Ugotovili smo, da dodatek razli¢no topnih karbonatov Portland cementu vpliva na fazno sestavo hidratiranega cementa.
Rietveldova analiza je pokazala, da pri 15 % dodatku slabo in srednje topnih karbonatov ne reagira ve¢ kot 5 % karbon-
ata, medtem ko je pri 15 % dodatku dobro topnega K,CO, koli¢ina reagiranega karbonata dosegla priblizno 6 %.
PoviSana temperatura (s 25 na 40 °C) vpliva tako na hitrost hidratacije kot na kon¢no fazno sestavo hidratiranega ce-

menta.
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Abstract

Two new binuclear O-bridged copper(I) carboxylates with chemical formulas [Cu,(3-CIC,H,CH,COO),(phen),] (1)
and [Cu,(3-CIC,H,CH,COO0),(bipy),] (2) where phen = 1,10-phenanthroline and bipy = 2,2’-bipyridine have been
synthesized and characterized by FI-IR, UV-Visible spectroscopy, CHN analysis and single crystal XRD. The results
revealed distorted square pyramidal geometry around each copper atom of 1 and 2. The DNA interaction studies showed
strong binding with K, = 5.07 x 10* and 4.62 x 10°M™" for 1 and 2, respectively. Both complexes showed strong enzy-
me inhibition, i.e., 70% and 90% for o-glucosidase with IC,,= 34.6 and 30.1 pM for 1 and 2, respectively, where acar-
bose was employed as control. However, both the complexes were found inactive against a-amylase. Using galantami-
ne hydrobromide as control, 1 showed moderate inhibition activity (47%) with IC,,=179.4 uM for acetylcholine este-
rase whereas 2 showed strong inhibition activity (76%) with IC;,= 95.8 uM for butyrylcholine esterase. The data ref-
lects active anti-diabetic and anti-Alzheimer’s nature of the synthesized complexes.

Keywords: Copper(Il) Carboxylates, Structure, Enzymatic study, DNA-Binding Study

between chemical reactions naturally carried out within

L. Introduction the human body, pharmacology and medicine has lead the

Despite decades research work in the field of metal
carboxylates, these fascinating materials with diverse
structures and applications have still kept interest of scien-
tists alive in them. Since their discovery they have been
serving mankind in one way or the other. The striking ap-
plication of metal carboxylates is that they act as accelera-
tors for a number of industrially and biologically impor-
tant chemical reactions such as oxidations, reductions,
couplings, C-H insertions, transformations, and charge
transfers.'* A number of bioactive metal carboxylates ha-
ve also been reported to date.> Inevitable relationship

scientists to design new bioactive materials in the form of
potent drugs for therapeutic intervention in treatment of
many life threatening diseases. Metal charge, interactions
with ligands, structure and bonding, Lewis acid character,
partially filled d-shell and its redox activity defines its sui-
tability for biological systems.”

Copper is one of essential metals with multifaceted
role in human life. It has been used as medicine for hea-
ling purposes since ancient civilizations.''""* In case of
exogenous administration in the form of synthetic com-
pounds, it interacts with various biomolecules mainly pro-
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teins and nucleic acid.'*'* Cytochrome ¢ oxidase, supero-
xide dismutase, ferroxidases, monoamine oxidase, and
dopamine -monoxygenase are copper dependent enzy-
mes within the human body.'*!” Recently, greater interest
in copper carboxylates has emerged because of their po-
tential use as antimicrobial, antiviral, anti-inflammatory
and antitumor agents due to their ability to interact with
DNA through Fenton type reaction and they offer reduced
side effects attributed to their superoxide dismutase
(SOD) mimetic activity.'®! In this regard casiopeinas, ge-
neric name of heteroleptic copper(Il) complexes with
good antineoplastic activity have set a foundation for
synthesis of therapeutically potent agents based on mix li-
gand copper(Il) complexes.?>?! Moreover, copper com-
plexes can act as enzyme inhibitors by blocking the active
sites on enzyme surface as copper has ability to bind to
various proteins in biological system. However, a very
few copper carboxylates have been reported so far with
alpha glucosidase, acetylcholine and butyrylcholine este-
rases inhibition activity.”*>

Since enzyme targeting is potential therapy in mo-
dern era of medicinal research therefore combining an es-
sential metal and two different organic ligands together in

OH

NaHCO,
60°C, H,0

Y

CcI

a single molecule to develop lifesaving drugs could be at-
tractive solution. Organic ligands in these complexes af-
fect and regulate their activity by neutralizing the charge
on copper ion and facilitating the transport across the cell
membranes.”*?’

Therefore, keeping in view all these facts, as well as
in continuation of our previous work,”? the present
study is designed with aim to synthesize biologically acti-
ve heteroleptic copper(Il) complexes with substituted
phenylacetic acids and 1,10-phenanthroline and 2,2’-bip-
yridine. DNA binding ability of synthesized complexes
was evaluated through UV-Visible spectroscopy which
exhibited good results and their strong enzyme inhibition
capacity revealed their therapeutic applications as well.

2. Results and Discussion

2. 1. Synthesis, UV-Visible and FT-IR
spectroscopy

The complexes were synthesized in aqueous me-
dium using mild reaction conditions as depicted in Sche-

3hrs
stirring

CuSO,

Scheme 1. Synthetic procedure and proposed structures of the complexes.
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me 1. These were obtained in good yield followed by
their purification and recrystallization. The crystalline
samples were subjected to characterization techniques
such as UV-Visible, FT-IR and single-crystal X-ray cry-
stallographic studies. UV-Visible and FT-IR spectra
clearly indicated the essential peaks that helped in cha-
racterization of the complexes. The bands observed at
673 nm and 663 nm in visible region for complexes 1 and
2, respectively, were assigned to d—d electronic transition
of copper metal ion. These band positions are typical of
those observed for other copper complexes having square
pyramidal geometry. Two bands were observed in region
below 400 nm for complex 1. An intense band at 272 nm
was assigned to intra-ligand T—7* and n—n* electronic
transitions for aromatic rings and carbonyl group of the
ligands. Second broad band at 315 correspond to ligand
to metal charge transfer transition. Similarly, for complex
2 intense band at 270 nm corresponds to intra-ligand
n—n* and n—7* electronic transitions while band at 305
nm is assigned to ligand to metal charge transfer transi-
tion. Values of & for complexes 1 and 2 are 93.4 L mol™
em'atd  272nmand 92.2L mol'em™ at A, 270 nm,
respectively.

Both complexes were characterized by FT-IR spec-
troscopy. All the characteristic bands were observed in the
spectrum. Absorption bands at 2980 cm™ and 3080 cm™
were due to aromatic C—H stretching for complex 1 and 2,
respectively. While absorption bands at 1625 cm™ and
1427 cm™' represented asymmetric and symmetric
O-C=0 stretching modes of fully deprotonated carboxy-
late group in complex 1 and at 1633 cm™ and 1444 cm™
in complex 2.*! Absorption bands at 1519, 1562 cm™ and
1604, 1566 cm™ were assigned to aromatic C=C stretc-
hing for complexes 1 and 2. While Ar—Cl stretch was ob-
served at 723 and 769 cm™' for two complexes. Bonding
of Cu(Il) with O-atom of carboxylate moiety and N-atom
of pyridine was depicted by absorption bands at 611, 605
cm™ and 482, 479 cm™' for complexes 1 and 2, respecti-
vely.

Binding mode of carboxylate moiety either mono-
dentate or bidentate in both complexes was defined by
calculating the value of Av {v(OCO)aSym—v(OCO)Sym}
which is 198 for complex 1 and 189 for 2 supporting mo-
nodentate and bridging coordinate binding mode in both
the complexes. This fact was also confirmed by X-ray sin-
gle-crystal analysis.*?

2. 2. Crystal Structure Description

The ORTEP and close packing diagrams of both
complexes with the atomic numbering scheme and mode
of coordination of ligands is shown in Figs. 1 and 3 and
2 and 4, respectively. The crystal data and structure refi-
nement parameters are given in Table 1 while the selec-
ted bond lengths and angles are listed in Table 2. The
crystals remained stable throughout the data collection

and both the crystals were comprised of Cu(Il) dimeric
units in which each copper atom is penta-coordinated gi-
ving rise to a distorted square pyramidal geometry
around each copper atom with small distortion as reflec-
ted by value of distortion factor 7 (= 8 — a/60°) which is
found to be 0.172 and 0.002 for complexes 1 and 2, res-
pectively.*

Figure 1. ORTEP diagram of complex 1 with thermal ellipsoids
drawn at 50% probability level. The H-atoms are shown as small
circles of arbitrary radii. Symmetry code i =2 —x, —y, —z.

In both crystals each copper atom of a dimeric unit
is surrounded by two nitrogen atoms from phen or bipy
moiety and three oxygen atoms from three phenylacetic
acids. Two nitrogen atoms and two oxygen occupy the
four corners of a square plane while third bridging oxygen
atom occupies the apical position giving rise to a square
pyramidal geometry around each metal atom of a discrete
dimer. The Cu-N,,,, and Cu-N,, distances in complexes
1 and 2 are 2.0284(18), 2.0392(19) A and 2.0094(19),
2.023(2) A, respectively.

The Cu-O apical and equatorial plane distances are
different from each other. In complex 1 Cu—O equatorial
plane distances are 1.9629(15), 1.9350(16) A and in com-
plex 2 1.9662(16), 1.9514(17) A. The apical Cu—O distan-
ce is significantly longer than equatorial ones and is
2.3678(16) A for complex 1 while 2.4053(16) A for com-
plex 2. This lengthening of apical bond is not Jahn-Teller
elongation and is attributed to the double electron occu-
pancy of the antibonding a, (dzz) orbital and single occu-
pancy of b, (d.*~ ) leading to increased antibonding
electron density along the apical Cu—Ligand accompanied
with weak Cu-Ligand interaction along this axis. The an-
gle between a Cu atom and two nitrogen atoms of dimer
i.e., N-Cu-N is 80.58(8)° and 80.26(8)° for 1 and 2, res-
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Figure 2. (a) intermolecular and intramolecular n—r interactions, (b) intramolecular hydrogen bonding, (c) 3D close packing diagram of complex

1 and intermolecular hydrogen bonding.

Figure 3. ORTEP diagram of complex 2 with thermal ellipsoids
drawn at 50% probability level. The H-atoms are shown as small
circles of arbitrary radii. One solvent molecule (CHCl,) has not
been shown. Symmetry codei=-x,2-y, 1 -z

pectively.*>3* Smallest angle is observed between equato-
rial bridging oxygen atoms and a copper atom i.e.,
01-Cul-O1' of a dimeric unit and is equal to 76.52(6)°
and 77.68(7)° for 1 and 2, respectively. All the data of
bond lengths and angles are comparable with previously
reported similar Cu(Il) complexes with O- and N-donor
ligands. 3%

Supramolecular interactions in complexes are diffe-
rent from one another owing to different dihedral planes
and the presence of CHCl, in 2. In complex 1 two molecu-
les of 3-chlorophenylacetate form different dihedral an-
gles around copper which enable them to take part in
C-H---O interactions with 1,10-phenanthroline moiety of
the neighboring molecule. Thus, the bridging carboxylate
moiety is involved in intramolecular ©—7 interactions with
aromatic rings of 1,10-phenanthroline. Intramolecular
hydrogen bonding is present between H17 and H18 atoms
of 1,10-phenanthroline and O3 atoms of adjacent car-
boxylates ligand which is coordinated to metal atom with
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Figure 4. (a) 3D close packing diagram of complex 2, (b) intramo-

lecular hydrogen bonding.

Table 1. Crystal data and structure refinement parameters for the complexes

Table 2. Selected bond lengths and angles of the complexes

3

Distances, A

Complex 1 Complex 2
N1-Cul 2.0284(18) 2.0094(19)
N2—Cul 2.0392(19) 2.023(2)
01-Cul 1.9629(15) 1.9662(16)
0O1-Cul! 2.3678(16) 2.4053(16)
03-Cul 1.9350(16) 1.9514(17)
Angles, °
Cul-O1-Cul' 103.48(6) 102.32(7)
03-Cul-01 90.32(7) 91.07(7)
03-Cul-N1 169.94(8) 171.26(8)
03-Cul-N2 89.37(7) 93.32(8)
01-Cul-N1 96.46(7) 95.29(7)
01-Cul-N2 169.58(7) 175.53(7)
N1-Cul-N2 80.58(8) 80.26(8)
03-Cul-O1' 93.39(7) 91.79(7)
01-Cul-O1' 76.52(6) 77.68(7)
N1-Cul-Ol' 93.91(7) 95.41(7)
N2-Cul-O1' 113.54(7) 102.99(7)

Symmetry codes: i=2—x, -y, —zfor1;i=-x,2 -y, | —zfor 2.

H--A distance of 2.37 and 2.51 A, respectively as shown
in Fig. 2. Each monomer in crystal lattice is linked to
another monomer through hydrogen bonds which arises
between uncoordinated O2 and O4 atoms of carboxylate
moiety and hydrogen atoms of phenanthroline rings with

distance of 2.57 A. In addition to this, Cl atoms also

participate in intermolecular hydrogen bonding with near-

1 2
Empirical Formula C,H,,Cl1,Cu,N,Oq C,H,,Cl,,Cu,N,O,
Formula weight (g mol™) 1165.80 1356.49
Crystal system Triclinic Triclinic
Space group P-1 P-1
Unit cell dimensions
a(A) 8.8156(4) 9.8539(4)
b(A) 11.0165(6) 10.3186(4)
c(A) 13.0297(7) 15.4092(7)
a(®) 72.853(3) 73.331(2)
B(©®) 83.183(3) 73.4550(10)
Y (©) 89.275(3) 83.481(2)
V(A% 1200.28(11) 1437.93(11)
Z 1 1
P (g cm™) 1.613 1.566
u (mm) 1.173 1.261
F (000) 594 686
Reflections collected 18408 20560
Independent Reflections 5187 5608
Data/Restraints/Parameters 5187/0/334 5608/0/352
Goodness-of-fit on F? 1.016 1.032

R|, wR, indices [I >26(I)]
R, wR, indices (all data)

0.0373, 0.0871
0.0503, 0.0945

0.0481, 0.1026
0.0375, 0.0953
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by H atoms of phenyl rings. While intermolecular n—mw
stacking interactions between two adjacent phenanthroli-
ne rings with centroid-to-centroid distance of 3.526-3.851
A give rise to strong intermolecular interaction thus provi-
ding overall stability to the crystal lattice. This stacking
effect present in the complex is comparable with stacking
effect present in DNA strands and enables the complex to
interact with DNA through intercalation.’”*

Similar intramolecular forces as well as intermole-
cular forces are present in complex 2 where two solvent
molecules are integral part of the unit cell and further ex-
tend the intermolecular interactions. In this complex two
carboxylate ligands i.e. 3-chlorophenylacetic acid also be-
have differently. One carboxylate moiety around one Cu
atom of dimer (O1/02/C11/C1-C8), in plane A
(0O1/C1/02) is oriented at adihedral angle of 70.40(18)°
with respect to plane B (C2—-C8/Cl1). While second non-
bridging carboxylate moiety (O3/04/C12/C9—-C16) in pla-
ne C (03/C9/04) makes dihedral angle of 56.85(24)° with
plane D (C10-C16/C12). The 2,2’-bipyridine moiety in
plane E (N1/N2/C17-C28) is planar with r.m.s. deviation
of 0.0500. The dihedral angle between B/E is 23(11)°.
This shows that bridging carboxylate moiety is involved
in intramolecular ©—7 interactions with aromatic rings of

a)
3
¥
.
£
]
<
T . T L
250 300 350
Wavelength (nm)
Ag/A-Ay
c) 0 0.05 0.1 0.15
0
[y =-194.14x+ 09851
3 R?=0.9684
= L
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=
z
= .15
=
.20
0
%

2,2’-bipyridine. The intermolecular m—7 interactions ari-
ses between two adjacent bipyridine rings with centroid-
to-centroid distance of 3.42-3.94 A and give rise to stack
effect thus enabling this complex to interact with DNA
through intercalation.**° Intramolecular hydrogen bon-
ding in complex 2 is furnished by bridging oxygen atoms
O1 and non-bridging oxygen atoms O3 with hydrogen
atoms of phenyl rings of bipyridine as well as adjacent
carboxylate ligand as shown in Fig. 4. Moreover, solvent
molecules participate in intermolecular hydrogen bonding
giving overall strength to the lattice.

2. 3. DNA Binding Studies Through
UV-Visible Spectroscopy

UV-Visible spectroscopy has been employed to
check the binding ability, extent of binding as well as mo-
de of interaction of two complexes with DNA as shift in
A.x and decrease in absorbance clearly indicates the mo-
de and extent of binding of substance with DNA. A blue
shift indicates electrostatic while red shift indicates inter-
calative binding mode. However, smaller red shift indica-
tes groove binding mode of interactions. Both complexes
showed small red shifts of 1-2 nm accompanied by strong
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Figure 5. (a), (b) UV spectra of complexes 1 and 2. (c), (d) plots of 1/[DNA] along abscissa and A /A — A  along ordinate for 1 and 2, respectively.
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hypochromism (decrease in absorbance) with subsequent
addition of SSDNA solution. All these observations sug-
gest partial intercalative and groove binding mode of inte-
raction for complexes 1 and 2 with SSDNA.

Extent of interaction of complexes with SSDNA
was judged by calculating binding parameter such as K
which is binding constant and tells how strongly a chemi-
cal substance interacts with SSDNA during specific study.
K, for both complexes was calculated by using famous
Benesi-Hildebrand equation*'*> which is given below

Aa _ £ 3 £ 1
A_AO_EH-G — &g Ey-¢ —E¢ K[DNA]

D

Where K, is binding constant, A and A are absor-
bance of complex-DNA adduct and pure complex solu-
tion. [DNA] represents the concentration of SSDNA in
mol/L and g, ,, &, are molar absorption co-efficients of
complex-DNA adduct and pure complex, respectively.
The value of K, was calculated from intercept to slope ra-
tio of the plot of 1/[DNA] along abscissa and A /A — A
along ordinate as shown in the Fig. 5. K, value thus calcu-
lated was found to be 5.07 x 10* M~ for complex 1 with
AG =-21kJ, and 4.62 x 10°M! for complex 2 with AG =
—20 kJ. These values of binding constants are comparable
with previously reported complexes of copper which bind
with DNA.**** Intercalative interaction of both complexes
with SSDNA is attributed to n—m stacking effect present in
synthesized complexes which is comparable with stack
effect present in DNA strand. Moreover negative AG va-
lues reflect the spontaneity of these interactions.**¢

A 24 hrs absorption spectroscopic study of 0.2
mM/MeOH solutions of these complexes in visible region
was carried in order to elucidate the structural stability of
synthesized complexes in solution. It was observed that
no shiftin A, occurred during 24 hrs (Fig. 6a, b) confir-
ming that square pyramidal geometry around copper atom
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=
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0.00 2hrs
-0.05 <
T

T T T T T v T T
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wavelength (nm)

remains intact. On the basis of this observation it was pro-
posed that both complexes might remain in dimeric form
within the solution. However, a little increase in absorban-
ce was noted which was attributed to local temperature
variations during 24 hrs.

2. 4. Enzyme Inhibition Study of Complexes

2. 4. 1. 0-Glucosidase Inhibition Assay
a-Glucosidase is an enzyme present in brush border
of small intestine consisting of 952 amino acids with com-
plex structure. It breaks down starch and disaccharides to
glucose. Active sites of this enzyme consist of both elec-
trophilic and nucleophilic centers. Blocking these active
sites through suitable chemical agents can lead to its inac-
tivity. Although copper ions have been found to lower the
blood glucose level in diabetic patients yet, only few cop-
per(Il) complexes with amino acids and Schiff bases have
been reported to date having a-glucosidase inhibitory ac-
tivity.**® No structurally similar complexes like those
described here have been reported to date having o-gluco-
sidase inhibitory activity. Keeping in view all these facts,
in vitro anti-diabetic activity of synthesized complexes
was investigated against pure o-glucosidase enzyme using
PNG as a substrate and was compared with acarbose.
Acarbose is a standard drug for a-glucosidase inhibitor
which showed an IC, value of 13.10 uM (Table 3). Acar-
bose binds reversibly with active sites of a-glucosidase
enzyme and inhibits its activity through competitive mo-
de. Both synthesized complexes showed good o-glucosi-
dase inhibitory activity in a dose dependent manner. The
highest inhibitory activity was recorded for the compound
2 which exhibited 94% activity with IC, 30.1 uM while
compound 1 showed 78% inhibition with IC,, value of
34.6 uM at the same concentration. It is interesting to no-
te that IC,, values (Table 3) of both compounds are com-
parable representing their active anti-diabetic nature. This
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0.15 o
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Figure 6. 24 hrs visible spectra of 0.2 mM/MeOH solutions of (a) 1 and (b) 2.
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percentage inhibition exhibited by synthesized complexes
is found to be greater than previously reported Cu(II)
complexes with nitrogen donor ligands like ethylenedia-
mine.*’ A graph was plotted by taking% inhibition along
y-axis and concentration of inhibitor along x-axis to check
the mode of inhibition of complexes 1 and 2 as shown in
Fig. 7. Both complexes exhibited enzyme inhibition acti-
vity in dose dependent manner.

120

100

80

60 —1

% Inhibition

40 )

20

0 50 100 150 200
concentration (ug/mil)

250

Figure 7. Plot of concentration of 1 and 2 against% inhibition of
enzyme.

It is proposed that in synthesized copper complexes
the presence of fused pyridines and carboxylate ligands
facilitates the transport of these complexes across the cell
membrane and structural flexibility provided by carboxy-
late ligand enhances the chances of binding metal center
of the complex with electron donors such as nitrogen pre-
sent on the active site of enzyme and eventually inhibiting
its activity. Moreover, from the literature it is evident that
higher the capacity of inhibitor to establish hydrogen
bonds with hydrogen donor and acceptors centers present
on active site of an enzyme higher will be the inhibitory
activity. Non-coordinated oxygen atoms of carboxylate li-
gands in these complexes provide opportunity to comple-
xes to develop hydrogen bonds with amino-acids Thr-215

Table 3. Enzyme inhibition activity of the newly synthesized compounds

(H-bond acceptor) and Ser-244 (H-bond donor) present
on active site of a-glucosidase enzyme. This arrangement
thus partially blocks the active sites for incoming substra-
te and finally partially inhibits its activity. The results of
the assay reflected that these complexes have potential to
inhibit this enzyme and can be suggested that such com-
plexes incorporating copper as metal center and easily
available ligands can provide a foundation in drug desig-
ning to cure type-II diabetes mellitus in future.’®!

2. 4. 2. Anticholinesterase Assays

Acetylcholinesterases are critically important CNS
and PNS enzymes that hydrolyze the neurotransmitter
acetylcholine. The anticholinesterase activity of these
new complexes was investigated in vitro using purified
AChE and BChE enzymes and the results are summari-
zed in Table 3. Galantamine hydrobromide is used as
standard drug for AChE and BChE enzyme inhibitor
which showed an IC,, value of 2.97 and 4.69 uM, respec-
tively (Table 3). This drug is successfully employed for
the treatment of Alzheimer disease. It is reversible com-
petitive inhibitor of acetylcholinesterase. As copper com-
plexes have ability to bind with various proteins and be-
cause of encouraging results of o-glucosidase enzyme in-
hibition assay, the synthesized complexes were further te-
sted for their anticholinesterase capacity. The results of
our assay showed that compound 1 showed moderate ac-
tivity only against AChE with IC,, value of 179.4 uM. On
the other hand compound 2 showed good inhibitory acti-
vity against BChE with 76.3% inhibition at 200 pg/mL
with IC, value 95.8 uM. This moderate enzyme inhibi-
tion capacity of complexes is attributed to their ability of
blocking the active sites on enzyme surface because of
presence of electrophile and nucleophile acceptor centers
present in the synthesized complexes.’>** Some copper
complexes with curcumin and bis(thiosemicarbazones)
have been reported which exhibit anti-Alzheimer activity
through different routes, while other copper complexes
with 2-(diphenylmethylene)hydrazinecarbothioamide,
Schiff bases and flavanone have shown good anticholine-
sterase activity, yet no heteroleptic copper(Il) complexes
with phenyl acetic acid and N-donor ligands have been

IC,, (M)
Sr. No. Complexes a-glucosidase Acetylcholinesterase Butyrlcholineestrase
inhibition inhibition inhibition
1 I 34.6 179.4 -
2 I 30.1 - 95.8
3 Acarbose 13.10 N.A N.A
4 Galantamine hydrobromide N.A 297 4.69
Where “N.A” means not applicable and “-” represents no activity
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reported so far having anti-Alzheimer activity. So, all the-
se findings can help in future drug designing for Alzhei-
mer disease.”**

3. Experimental

3. 1. Materials and Methods

All the analytical grade chemicals used in the study
were purchased from Fluka, Switzerland, and used as re-
ceived. Analytical grade methanol and chloroform were
obtained from Merck, Germany, and were used without
further purification. Doubly distilled water was used for
synthesis. Melting points of both complexes were obtai-
ned in a capillary tube using Gallenkamp, serial number
C040281, U.K, electrothermal melting point apparatus.
CHN analysis was carried out with a Perkin-Elmer 2400
series-II instrument. FT-IR spectra were recorded on a Ni-
colet-6700 FT-IR spectrophotometer, Thermoscientific,
USA, in the range of 4000 to 400 cm™!. UV-Visible spec-
tra of 1 and 2 were recorded by employing UV-1800 Shi-
madzu spectrometer within wavelength range of 190-800
nm where lower cut off region was found to be 220 nm.
For UV-visible measurements 0.2 mM solutions of 1 and
2 were prepared in methanol at room temperature.

3. 2. Synthesis of 1 and 2

One-pot synthesis scheme was employed for synthe-
sis of both complexes by subsequent addition of NaHCO,
(0.42 g, 5.0 mmol) to 3-chlorophenylacetic acid (0.85 g,
5.0 mmol) in distilled water at 60 °C with continuous stir-
ring. When effervescence was stopped in the reaction
mixture aqueous solution of copper sulphate (0.72 g, 2.5
mmol) was added drop wise and mixture was stirred for
next three hours. After that, 1,10-phenanthroline (0.49 g,
2.5 mmol) for complex 1 and 2,2’-bipyridine (0.40 g, 2.5
mmol) for complex 2 was added in reaction mixture and
stirring was continued for next three hours. Precipitates of
both complexes were separated from the reaction mixture
by filtration and washed thoroughly with distilled water
and air dried. Later on both complexes were recrystallized
from chloroform and analyzed by FT-IR and X-ray single
crystal analyses.

Dark blue crystals (1); yield (75%). Anal. Calcd. for
C,H,,C1,Cu,N,O4(%): calc. C, 57.64%; H, 3.43%; N,
4.80%; found: C, 56.45%; H, 3.23%; N, 4.54%; m.p.
171-172 °C; FT-IR (cm™): 1625 v(0CO),,,» 1427
v(0OCO),,,, Av = 198, 2980 v(Ar-H), 1519, 1562
VAr(C=C), 723 v(Ar-Cl), 611 v(Cu-0), 482 v(Cu-N); ¢
=93.4Lmol " cm™.

Light blue crystals (2); yield (70%) Anal. Calcd. for
C,H,,Cl,,Cu,N,Oy(%): calc. C, 47.77%; H, 3.09%; N,
4.13%; found: C, 46.87%; H, 2.93%; N, 4.05%; m.p.
164-165 °C; FT-IR (cm™): 1633 w(OCO) 1444

WOCO). . Av = 189 , 3080 v(Ar-H), 1604, 1566

sym?

VAr(C=C), 769 v(Ar-Cl), 605 v(Cu-0), 479 v(Cu-N);
£€=922L mol ' ecm™.

3. 3. X-ray Crystallographic Study

Crystallographic data were collected at 296 K using
an Oxford Gemini Ultra S CCD diffractometer using
graphite monochromatic Mo-Kao. radiations (4 = 0.71073
A). Data reduction and empirical absorption corrections
were accomplished using CrysAlisPro. Structures were
solved by direct methods using SHELXS-86 and refined
by full matrix least-squares analysis against F* with
SHELXL-2014/7 within the WinGX package. The dra-
wings of the complexes were produced using OR-
TEP3.5-5

3. 4. DNA Interaction Studies by Absorption
Spectroscopy

Suitable amount of salmon sperm DNA (SSDNA)
was dissolved in distilled water and stirred for overnight
before use. The nucleotide to protein (N/P) ratio of ~ 1.7
was obtained from the ratio of absorbance at 260 nm and
280 nm (A, /A, = 1.7), for prepared DNA solution
which indicated that solution is free of proteins. The SSD-
NA concentration was determined by absorption spectros-
copy using molar absorption coefficient of 6600 M~ cm™
(260 nm) for SSDNA. Solutions of both complexes for
UV-Visible spectrophotometric analysis were prepared in
methanol at a concentration of 0.2 mM. The absorption ti-
trations were performed by keeping complexes concentra-
tion constant with change of SSDNA at the rate of 150 pL
to aliquots to eliminate the absorbance of SSDNA itself.
The solutions were allowed to incubate for 30 mins at
room temperature before the measurements were made.
Absorption spectra were recorded using cuvettes of lcm
path length at room temperature.

3. 4. Enzyme Inhibition Assays

3. 4. 1. o-Glucosidase and Amylase Inhibition
Anti-diabetic property of synthesized complexes
was evaluated by previously reported o-glucosidase
enzyme inhibition assay with modifications. a-glucosi-
dase from Saccharomyces cerevisiae (Sigma-Aldrich)
was dissolved in 50 mM potassium phosphate buffer (pH
6.8) to make enzyme stock solution (1 unit/mL) and p-ni-
trophenyl-o-D-glucopyranoside (PNG) prepared in same
buffer at 20 mM was used as substrate. Assay was perfor-
med in triplicate in 96-well plates and samples were pre-
pared in DMSO with 200, 100 and 50 ppm final concen-
tration. For experiment, in each well 25 puL of PNG, 65
puL of phosphate buffer (50 mM, pH 6.8), 5 uL of test
sample and 5 pL of oa-glucosidase enzyme (0.05 U/mL)
were used. Acarbose and DMSO were used as positive
and negative controls, respectively. Plates were incubated
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at 37 °C for 30 min, followed by addition of 0.5 mM so-
dium bicarbonate (100 pL) as stopping agent. Percentage
activity was measured by the following formula after ta-
king absorbance (A) at 405 nm using microplate reader
(BioTek Elx-800, USA). IC, was calculated by using
Graph pad Prism 5 according to the equation:

% Inhibition = [(A,,.; — A o) Aeonor] X 100

sample control

3. 4. 2. Anticholinesterase Assays

The anticholinesterase potential of newly synthesi-
zed complexes was determined by the previously reported
colorimetric method with modifications.®’ In this study,
acetylcholineestrase (AChE) and butyrlcholineestrase
(BChE) activity assay was performed by using acetylthioc-
holine iodide (AChI) and butyrylthiocholine iodide (BChI)
as substrates, respectively. Assay was performed in tripli-
cate in 96-well plates and samples were prepared in DM-
SO with 200, 100 and 50 ppm final concentration. 5 pL of
sample, 20 L of 0.1 mM sodium phosphate buffer (pH
8.0) and 5 pL enzyme preparation (0.05 U/mL) of AChE
and BChE, respectively. Then 10 pL substrate solution was
added with final concentrations of 15 mM for AChI and 4
mM for BChI followed by the addition of 60 uL DTNB-
phosphate-ethanol reagent (3 mM). The reaction mixtures
were then incubated for 30 min at 37 °C. Galantamine
hydrobromide (Sigma) and DMSO were used as positive
and negative controls, respectively. Percentage activity
was measured by the following formula after taking ab-
sorbance (A) at 405 nm using microplate reader (BioTek
EIx-800, USA). IC,, was calculated by using Graphpad
Prism 5 according to the equation: ®'

% Inhibition = [(A

)V A x 100

control A sample comrol]

4. Conclusion

Two isostructural dimeric heteroleptic Cu(Il) com-
plexes have been synthesized and characterized by UV-
Visible, FTIR and XRD techniques. The data revealed
slightly distorted square pyramidal geometry around each
Cu atom and monodentate coordination mode of carboxy-
late ligands with metal atom in both complexes. DNA bin-
ding ability is checked through UV-Visible spectroscopy
which revealed strong binding tendency of both comple-
xes with SSDNA with K, = 5.07 x 10° M™" for complex 1
with AG =-21kJ, and K, = 4.62 x 10° M™" for complex 2
with AG = -20 kJ. Enzyme inhibition assay of both com-
plexes disclosed their potential therapeutic applications as
anti-diabetic as well as anti-Alzheimer’s disease in dose
dependent manner with IC,, (uM) values of 34.6 and 30.1
for o-glucosidase for complexes 1 and 2, respectively.
IC,, values for acetylcholinesterase and butyrlcholinee-
strase were found to be 179.4 and 95.8 uM for complexes
1 and 2, respectively. On the basis of this data we propo-
sed that both synthesized complexes are biologically acti-

ve and in future could provide a solid foundation in drug
designing.
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Povzetek

Sintetizirali smo dva nova dvojedrna bakrova(Il) karboksilata z O-mostom s kemijsko formulo [Cu,(3-Cl-
C¢H,CH,COO),(phen),] (1) in [Cu,(3-CIC,H,CH,COO),(bipy),] (2), kjer je phen = 1,10-fenantrolin in bipy = 2,2’-
bipiridin, ter ju okarakterizirali z FT-IR in UV-vidno spektroskopijo, CHN analizo in monokristalno rentgensko difrak-
cijo. Strukturna analiza razkriva popaceno kvadratno-piramidalno geometrijo okoli vsakega bakrovega centra v 1 in 2.
Studij interakcij z DNA kaZe na mo¢no vezavo s K, = 5.07 x 10°in 4.62 x 10°M™' za 1 in 2. Oba kompleksa izkazujeta
mocno inhibicijo encimov in sicer 70% in 90% inhibicijo c-glukozidaze z IC,;= 34.6 in 30.1 uM za 1 in 2, pri Cemer
smo uporabili akarbozo kot kontrolo. Oba kompleka pa sta neaktivna proti a-amilazi. Ob uporabi galantamin hidrobro-
mida kot kontrole, 1 izraZa delno inhibitorno aktivnost (47%) z IC,,= 179.4 uM proti acetilholin esterazi, medtem ko 2
izraza mo¢no inhibitorno aktivnost (76%) z IC,,= 95.8 uM proti butirilholin esterazi. Rezultati kaZejo anti-diabeti¢no in
anti-Alzheimerjevo delovanje obeh sintetiziranih kompleksov.
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Abstract

The reaction of tetradentate hydrazone ligand H,babh with Cu(CH,COO), in methanol solvent leads to the formation of
the mono-nuclear complex [Cu(babh)]. However, on being dissolved in dichloromethane solvent and on addition of et-
hanol solvent, a dinuclear complex of [Cu,(, ,-babh),(C,H;OH),] is obtained. The X-ray crystallography indicates that
the dinuclear helical complex formation is caused due to the unsymmetrical twisting of the H,babh ligand. One oxygen
and two nitrogen atoms from the ligand and one oxygen atom from the other ligand coordinate to each copper(Il) cen-
ter. Both the copper(Il) centers in a dinuclear unit are penta-coordinate with a slightly distorted square pyramidal geo-
metry. The IR spectra of mono- and dinuclear copper(II) complexes have different bands. The absorption spectra of mo-
no- and di-nuclear complexes are quite similar in methanol solvent. However, the electronic absorption spectra of the
two complexes are basically different in the solid state.

Keyword: Copper(Il) complex; Hydrazone ligand; Dinuclear; Helical complex; Unsymmetrical twisting

1. Introduction Ph

The design and construction of multinuclear transi-

tion metal complexes have attracted great interest in re- N>\ O H

| C;H

cent years because of the role that these metal systems ) o— %5
play in a large number of biological processes, molecular N—_ /

. . . . . CH: U — 0
magnetic materials, and their variety of structures and in- H.C / /
teresting properties.'® Among them, the synthesis and H4C . / Ph
study of multinuclear copper(Il) complexes has attracted /\\ N
considerable interest due to exploration of their structures, / >/ N"<
and also because the function of copper(Il) centers in N HsC \
many important biological process.* !> 7 \

There are a variety of strategies for synthesizing ho- N C“‘\‘\O m

mo- and hetero-multinuclear complexes. The bridging li- \ / o
gands such as halides, pseudo-halides, oxalate, sulfate, e H’ \Csz
etc. have been widely used in the synthesis of multinuc- Ph

lear complexes.'*™'® In the self-assembly process, the con-
stituent ligands play important roles in the synthesis of
polynuclear copper(Il) compounds. The most common li-

Scheme 1. Structure of dinuclear copper(II) complex

gands used for the construction of these complexes are es-
pecially Schiff base ligands, which contain potentially

bridging phenoxo or hydroxo oxygen donor atoms.'!"!":18

The other strategy for the formation of these complexes
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are helicity processes. Helical structures are often formed
via a self-assembly process by ligands that connect two or
more bidentate coordinating units with appropriate spa-
cers and two or more metal ions.'*!

Herein, we have described the synthesis and crystal
structures of a dinuclear copper(II) complex double heli-
cates with the tetradentate N,O,-donor ligand biacetyl
bis(benzoylhydrazone), H,babh (Scheme 1). Also, the
structure of the complex is compared with mono- and di-
nuclear copper(Il) complexes that have been previously
reported with the H,babh ligand.*"*

2. Experimental

2. 1. Materials

The tetradentate hydrazone ligand, H,babh, and the
mononuclear complex [Cu(babh)] were prepared as previ-
ously reported elsewhere by others.?! All chemicals were
used as supplied by Merck and Fluka without further puri-
fication.

2. 2. Physical Measurements

Infrared spectra were taken with an Equinox 55 Bru-
ker FT-IR spectrometer using KBr pellets in the 400-4000
cm™' range. Absorption spectra were determined in the
solvent methanol using a GBC UV-Visible Cintra 101
spectrophotometer with 1 cm quartz, in the range of
200-800 nm at 25 °C. The electronic spectra in the solid
state were recorded on a Jasco V-670 UV-VIS spectrop-
hotometer in the range of 200—800 nm. Elemental analy-
ses (C, H, N) were performed using a CHNS-O 240011
PERKIN-ELMER elemental analyzer.

2. 3. X-ray Crystallography

Diffraction images were measured at 150 K on a
Nonius Kappa CCD diffractometer using Cu Ko with
graphite monochromator (A = 1.54184 A). Data was ex-
tracted using the CrysAlis PRO Agilent Technologies. The
structures were solved by direct methods with the use of
SIR92 and refined on F? by full matrix last-squares tech-
niques using the CRYSTALS program package.”** Cry-
stallographic details are summarized in Table 1.

2. 4 Synthesis of the
[Cuz(pl,3-babh)2(C2H50H)2] Complex

The [Cu,(u, 5-babh),(C,H;OH),] complex was pre-
pared by first adding the [Cu(babh)] (0.192 g, 0.500
mmol) complex in dichloromethane solvent (30 mL). The
solution was stirred at room temperature for 2 h. The re-
sulting brown solution was filtered and ethanol (15 mL)
was added to the solution. After two days, crystals of
brown needles were obtained by slow evaporation of the

Table 1. Crystallographic data of [Cu,(u, ;-babh),(C,H;OH),]
complex

Compound [Cuz(pl’3-babh)2(C2H50H)2]
Chemical formula C,oH,,Cu,N,O,
Formula weight 859.93
Temperature (K) 150 )
Space group Triclinic, P1
V4 2

Unit cell dimensions

a(A) 8.4016(4)
b(A) 15.5626(5)
cA) 16.3803(7)
o (°) 101.944(3)
B(®) 104.296(4)
Y(©) 102.394(3)
V(A% 1949.09(15)
F(000) 892

D, (gcm™) 1.465

p (mm™) 1.82
Measured reflections 21666
Independent reflections 7466

R(int) 0.032
Observed reflections 6388

RIF? > 20(F?)] 0.035
WR(F?) (all data) 0.089"

“w = 1/[cX(F?) + (0.04P)? + 1.32P], where P = (max(F,0) + 2F »)/3

solvent. They were isolated by filtration, washed with
cold ethanol and dried in air. One of the needle crystals
was used for X-ray data collection. The yield was 53%.
Anal. Calc. for C,H,,Cu,N.O.: C, 50.11; H, 3.74; N,
12.99. Found: C, 50.32; H, 3.81; N, 12.74. IR (KBr,
cm™): vC=N = 1619, vC=C (aromatic) = 1476, VC-N =
1368 and vC-O = 1206.

3. Results and Discussion

3. 1. Characterization of the Complex

A comparison of the IR spectra of the free ligand
and mononuclear, Cu(babh), and dinuclear, [Cu,(y, ;-
babh),(C,H,OH),], complexes indicates that the ligand’is
coordinated to the copper(I) center. The IR spectrum of
the H,babh ligand, shows bands at 1600 and 1651 cm™,
which are assigned as VC=N and vC=0, respectively. In
the IR spectra mono- and di-nuclear, the strong bands at
1613 and 1619 cm™ are assigned to VC=N, respectively.
The IR spectra of mono- and di-nuclear copper(Il) com-
plexes have different bands at the range of 1000-1600
cm™.

The electronic absorption spectra were recorded for
copper(Il) complexes in various solvents, methanol, etha-
nol, dichloromethane and N,N’-dimethylformamide
(DMF) in the visible and UV regions. The absorption
spectra of mono- and dinuclear Cu(II) complexes are qui-

Vafazadeh et al.: Synthesis and Structural Characterization ...
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te similar in studied solvents. The spectra exhibit one ma-
ximum at 642 nm which can be attributed to the d—d tran-
sition. Two bands at 446 and 274 nm are due to intraligand
n-m* and n—* transition, respectively.!'”'*? Therefore,
we can conclude that the dinuclear copper(Il) complex in
the solvent is converted to mononuclear complex.

The electronic spectra of the complexes were recor-
ded also in the solid state. The electronic absorption spec-
tra of the two complexes are basically different in the so-
lid state (Fig. 1). Both complexes exhibit a band in the re-
gion 265 nm due to intraligand transition. The broad band
is centered at 410 nm for the dinuclear complex and two
bands at 547 and 423 nm for the mononuclear complex
are attributed to LMCT transitions.?' The bands at 628 and
661 nm are assigned to d—d transition for di- and mono-
nuclear complexes, respectively. This shift in position of
d—d transition may be explained in terms of the change in
the coordination number and the presence of different
coordination environments for the copper(Il) ions in the
two complexes.
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Fig. 1. The solid state electronic spectra of [Cu(babh)] (———)

and [Cu,(y, ,-babh),(C,H,OH),] (- - - - -)

3. 2. Description of Crystal Structure
of the Complex

The single crystal X-ray diffraction data for the
complex is listed in Table 1. A structural representation

and selected interatomic distances and angles of the com-
plex are presented in Fig. 2 and Table 2. The complex cry-
stallizes in the triclinic space group P1. The asymmetric
unit consists of two Cu(Il) ions, two babh* ligands, and
two coordinated ethanol molecules (Fig. 2). There is di-
sorder in the packing of one of the ethanol species over
two positions have relative occupancies which refined to
57%:43%.

Fig. 2. The structure of the [Cu,(u, ;-babh),(C,H,OH),] complex,
with labelling of selected atoms. Anisotropic displacement ellip-
soids exhibit 30% probability levels. Hydrogen atoms are drawn as
circles with small radii

Table 2. Selected bond lengths (A) and angles (°) in [Cuy(y, 5
babh),(C,H;OH),] complex

Cul-0O1 2.0402(15) 01-Cul-05 90.41(6)
Cul-04 1.9062(15) 01-Cul-04 101.83(6)
Cul-05 2.2883(16) 04-Cul-05 92.04(6)
Cul-N2 1.9212(18) 01-Cul-N2 78.78(7)
Cul-N3 2.0604(18) 04-Cul-N2 173.64(7)
Cu2-02 1.9041(15) 05-Cul-N2 94.29(7)
Cu2-03 2.0568(15) 01-Cul-N3 157.40(7)
Cu2-06 2.2644(17) 03-Cu2-06 87.98(6)
Cu2-N6 1.6213(18) 02-Cu2-03 104.25(6)
Cu2-N7 2.0658(19) 02-Cu2-06 93.94(7)
CulN7 2.7494(18) 03-Cu2-N7 156.91(7)
Cu2N3 2.7254(19) 02-Cu2-N6 172.20(7)
C1-01 1.289(3) 06-Cu2-N7 98.26(7)
CI1-N1 1.331(3) N2-N1-C1 108.21(18)
C2-N2 1.290(3) N2-C2-C3 113.09(19)
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From the crystal structure and based on the bond
lengths between the copper and coordinating atoms, it has
been found that in the complex, two copper(Il) centers are
penta-coordinate with a N,O, donor. Coordination geome-
try about each copper(Il) ion is essentially a distorted squa-
re pyramid with one oxygen atom and two nitrogen atoms
from the ligand, one oxygen atom from ethanol molecule
and one oxygen atom from the other ligand of the dinuc-
lear complex. The four equatorial positions are occupied
by two nitrogen atoms (N2 and N3), one oxygen atom
(O1) from one hydrazone ligand and the fourth position is
occupied by the oxygen atom (O4) of the other ligand of
the dinuclear complex. The axial position is occupied by
one oxygen atom (O5) of the ethanol molecule. The axial
Cu-0O5 bond is 2.2883(16) A which is longer than the
equatorial Cu—O ones [1.9062(15) and 2.0402(15) Al, and
consistent with analogous systems observed in the literatu-
re.”’° The coordination spheres of the copper(Il) ions in
the complex are best described as a distorted square pyra-
midal according to the Addison parameter 7 values of 0.27
(for Cul) and 0.25 (for Cu2). The parameter 7is defined as
7= (o-f)/60, o > B, where o and f are the largest angles;
with 7= 1 for a regular trigonal bipyrmid and 7= 0 for a re-
gular square pyramid.*' The copper(Il) ion is displaced
from the basal plane of N,O, by 0.116 A towards the apical
oxygen atom. The Cu---Cu distance is 3.149 A.

The comparison of C—O and C-N bond lengths of
the hydrazone ligand is a useful techniques in identifying
the mode of bonding of the ligand (keto or enol) to the
metal ion.* The C1-O1 and C8-04 bond lengths of com-
plex (1.289(3) and 1.283(3) A, respectively) and C1-N1
and C8-N8 (1.331(3) and 1.314(3) A, respectively) are si-

milar and are in good agreement with analogous Cu(II)
complexes observed in the literature where a hydrazone li-
gand coordinates to the Cu(Il) center in its iminolate
form, 213142533

The average of Cu—O bond lengths in the dinuclear
complex (1.978 A) is very similar to the corresponding di-
stances in previously reported mononuclear copper(Il)
complex (1.978 A).2> However, the average of Cu—N bond
lengths in the dinuclear complex (1.992 A) is longer than
the corresponding bonds in mononuclear copper(Il) com-
plex (1.918 A).? The differences are perhaps due to the
difference in the coordination modes and the twisting of
ligand babh®~ along the -C=N-N=C- single bond for the
coordination of the ligand to the copper(Il) ions in the for-
mation of [Cu,(y, ;-babh),(C,H;OH),].

The dinuclear helical complex formation is caused
by the unsymmetrical twisting along the -C=N-N=C-
single bond and two nitrogen atoms and one oxygen from
each ligand are coordinated to each copper(Il) center. In
the dinuclear complex reported by Pal*!' the complex was
formed by symmetrical twisting around the central C-C
single bond in fragment of =(CH,)C—-C(CH,)=. One nitro-
gen atom and one oxygen from each ligand of babh was
coordinated to each copper(Il) center.

The single crystal X-ray analyses indicate the pre-
sence of non-covalent interactions between the nitrogen
atom of the imine group of the ligand and the other cop-
per(Il) center in the dinuclear complex. The distance bet-
ween Cul and Cu2 centers and the N atoms of the imine
group is 2.750(1) A for Cul-N7 and 2.725(1) A for
Cu2-N3, respectively, which suggests a weak non-cova-
lent interaction.

Fig. 3. Various hydrogen bonding interactions, O-H---O in [Cu,(y, ,-babh),(C,H;OH),] complex, other hydrogen atoms are omitted for clarity.

Table 3. Hydrogen bonding (A) and angles (°) for [Cu,(u, 5-babh),(C,H;OH),] complex

D-H-A D-H H-A
05-H1--03 0.76(3) 2.03(3)
06-H2.--01 0.71(4) 2.13(4)

D--A D-H--A Symmetry code
2.776(5) 166(3) x+1,yz
2.841(5) 171(4) x-1,y,2

Vafazadeh et al.: Synthesis and Structural Characterization ...
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Dinuclear complexes are involved in intermolecular
O5-H1---03(x - 1, y, z) and O6-H2---Ol(x + 1, y, 2)
hydrogen bonding interactions between coordinated etha-
nol molecules and the oxygen atoms of a neighboring
babh?~ ligands (Fig. 3). The details of the hydrogen bon-
ding are given in Table 3.

4. Conclusion

The new homo-dinuclear complex [Cu,(y, ;-babh),
(C,H,OH),] has been synthesized and the crystal structure
of the complex has been determined. Single crystal
X-ray diffraction indicate that the dinuclear helical com-
plex formation was caused due to the unsymmetrical twi-
sting of the ligand, N,O, along the -C=N-N=C- single
bond. Two nitrogen atoms and one oxygen from each li-
gand are coordinated to each copper(Il) center. Two cop-
per(I) centers are penta-coordinate with a N,O, donor.
Coordination geometry about each copper (II) ion is es-
sentially a square pyramid with one oxygen atom and two
nitrogen atoms from the ligand, one oxygen atom from an
ethanol molecule, and one oxygen atom from the other li-
gand of the dinuclear complex. The absorption spectra of
mono- and di-nuclear complexes are quite similar in sol-
vent. However, the electronic absorption spectra of two
the complexes are basically different in the solid state.

5. Supplementary Material

The deposition numbers of the studied dinuclear
complex is CCDC 1527221. These data can be obtained
free-of-charge via www.ccdc.cam.ac.uk/data_request/cif,
by emailing data-request @ ccdc.cam.ac.uk, or by contac-
ting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax +44 1223
336033.
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Povzetek

Reakcija Stiriveznega hidrazonskega liganda H,babh z Cu(CH,COO), v metanolu vodi do nastanka enojedrnega kom-
pleksa [Cu(babh)]. Po raztapljanju v diklorometanu in ob dodatku etanola nastane dvojedrni kompleks [Cu,(u, ;-
babh),(C,H,OH),]. Rentgenska kristalografija razkrije, da zaradi nesimetri¢nega zvitja H,babh liganda nastane dvojedr-
ni kompleks z vija¢no strukturo. En kisikov in dva duSikova atoma z liganda in en kisik z drugega liganda se koordini-
rajo na posamezen bakrov(Il) center. Oba bakrova(Il) centra v dvojedrni enoti sta pentakoordinirana z delno popaceno
kvadratno-piramidalno geometrijo. IR spektra eno- in dvojedrnega bakrovega(ll) kompleksa imata razli¢ne trakove. Ab-
sorpcijska spektra eno- in dvojedrnega kompleksa v metanolu sta zelo podobna, medtem ko se elektronska absorpcijska
spektra obeh kompleksov v trdnem stanju delno razlikujeta.
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Abstract

A sensitive voltammetric method was described for the determination of escitalopram oxalate based on electrocatalytic
oxidation at nickel nanoparticles modified chloranil carbon paste sensor in Britton-Robinson buffer (pH range from 2 to
10). The modified electrode was characterized by scanning electron microscopy, electrochemical impedance and cyclic
voltammetry. The investigation of electrochemical behavior of escitalopram oxalate was performed using cyclic voltam-
metry and differential pulse voltammetry. The anodic peak current showed a linear range from 1.0 x 10 to 7.0 x 107°
mol L', The detection limit is below 2.0 x 10”7 mol L™'. The proposed method is rapid, economical, simple, precise and
sensitive voltammetric method for the determination of escitalopram oxalate in bulk, dosage form and urine.

Keywords: Escitalopram oxalate, voltammetry, nickel nanoparticles, modified electrode, urine

1. Introduction

Escitalopram oxalate (ESC) has high effectivity for
the treatment of major depressive episodes and generali-
zed anxiety disorders explaining its pharmacological and
clinical applications.'”

Various reported methods have been employed for
determination of ESC, including chromatography,*®
fluorimetry,'* spectrophotometry,'>! chemiluminescen-
ce,*? capillary electrophoresis,”** potentiometry,>*® and
voltammetry.”’

Some electron acceptor reagents such as 2,3-dichlo-
ro-5,6-dicyano-1,4-benzoquinone (DDQ), 7,7,8,8-tetra-
cyano-quinodimethane (TCNQ), tetracyanoethylene
(TCNE) and chloranil (CA) can be used in electroanalyti-
cal field as mediators or electrode modifiers.?

The development of nanoscale materials has
been extensively used, particularly with respect to
metallic nanoparticles. Interests have focused on their
use in analytical chemistry because of their specific
physico-chemical properties. The modified electrodes
increase the selectivity and the sensitivity of electroa-

nalytical processes more than the bare electrodes lea-
ding to increase in their analytical applicability.’’*
On the other hand, nanoparticles have excellent elec-
tronic and electrocatalytic properties, which accelera-
te the rate of heterogeneous electron exchange bet-
ween the electrode surface and some species in solu-
tion and increase the effective surface area of the wor-
king electrode.*->

The aim of this work is the study of the electroche-
mical behavior of ESC utilizing cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and electrochemi-
cal impedance spectroscopy (EIS) for the analysis of ESC
in bulk powder, tablets and urine at nickel nanoparticles
modified chloranil carbon paste sensor (NiCACP).

2. Experimental

2. 1. Materials and Reagents
ESC was supplied by Hikma Pharmaceuticals,

Egypt, and Cipralex tablets (10 mg ESC per tablet) were
purchased from Multi Pharma/Lundbeck.

Attia et al.: Electroanalytical Determination of Escitalopram
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DDQ, TCNQ and TCNE were obtained from Merck.
CA, nickel nitrate, graphite powder and paraffin oil were
supplied by Sigma-Aldrich.

Stock solution of ESC (1.0 x 10~ mol L") was pre-
pared by dissolving an appropriate amount in methanol.
Britton-Robinson (BR) buffer was prepared by mixing
phosphoric acid (0.04 mol L™), acetic acid (0.04 mol L)
and boric acid (0.04 mol L™). The pH values were ad-
justed using 0.2 mol L™! NaOH.

2. 2. Preparation of Working Electrodes

1. Chloranil modified carbon paste electrode (CACP)
was made by dissolving CA (10 mg) in ethyl ether,
then mixing with graphite powder (990 mg) in a mor-
tar. After evaporation of solvent, paraffin oil was added
and mixed until a uniformly wetted paste was obtai-
ned. The paste was packed into the hole of the electro-
de and smoothed on a filter paper until it had a shiny
appearance.

2. Bare carbon paste electrode (CP) was prepared accor-
ding to the above procedures without addition of CA.

3. Different modified electrodes (DDQCP, TCNECP and
TCNQCP) were prepared by adding DDQ, TCNQ and
TCNE instead of CA.

4. Nickel nanoparticles modified chloranil carbon paste
sensor (NiCACP) was prepared by electro-deposition
of nickel nanoparticles on CACP immersed in an aque-
ous solution of 0.1 mol L™ acetate buffer solution of
pH 4.0 containing 1.0 x 10~ mol L™ Ni(NO,), at 1.0
V vs. Ag/AgCl/3 mol L' NaCl reference electrode for
240 8.%

2. 3. Apparatus

AEW?2 electrochemical workstation with ECProg3
electrochemistry software (Sycopel, England) was used in
this study. A platinum wire (BASi model MW-1032) and
an Ag/AgCl/3 mol L™ NaCl (BASi model MF-2063) were
used as a counter electrode and reference electrode, res-
pectively. The pH measurements were carried out utili-
zing a cyberscan 500 pH meter (EUTECH Instruments,
USA).

EIS was performed using IM6e electrochemical
workstation (Zahner-electrik GmbH, Germany). All dia-
grams were recorded by applying 10 mV sinusoidal po-
tential within a frequency range from 100 kHz to 100
mHz.

Scanning electron microscopy (SEM) measure-
ments were achieved by a JSM-6700F scanning electron
microscope (Japan Electro Company, Japan).

2. 4. Determination of ESC in Bulk Powder

The working, counter and reference electrodes were
submerged in electrolytic cell containing 5 mL of BR buf-

fer (pH 7.0). Aliquots of ESC (1.0 x 10~ mol L") were
added, and then voltammetric analyses were carried out
by using DPV method and the voltammograms were re-
corded at scan rate of rate of 20 mV s, pulse amplitude
of 50 mV and accumulation time of 100 s.

2. 5. Determination of ESC in Tablets

Ten tablets were weighed and crushed to a fine pow-
der using mortar and pestle, and then sufficient amount to
prepare 1.0 x 10~ mol L™ ESC was transferred into 100
mL volumetric flask already containing 60 mL of metha-
nol. The flask was sonicated for about 15 min and com-
pleted to the volume with methanol. The solution was fil-
tered to remove the insoluble excipients. ESC was deter-
mined by standard addition method.

2. 6. Analysis of ESC in Urine

Urine sample obtained from a healthy person (50
mL) was stored in a refrigerator at 8.0 °C for one week. 10
mL from urine sample was centrifuged for 10 min at 2000
rpm. The supernatant was filtered using 0.45 pm filter pa-
per, and then diluted ten times with BR buffer of pH 7.0.
Successive additions of ESC (1.0 x 10~ mol L™!) were ad-
ded to the voltammetric cell containing diluted urine (5.0
mL) and DPV voltammograms were listed. The experi-
ments were performed in compliance with the Helsinki
Declaration of 1975, as revised in 2008. The institutional
committees (NODCAR, Egypt) have approved these ex-
periments. Informed consent was obtained from all parti-
cipants.

3. Results and Discussion
3. 1. Electrochemical Behavior of ESC

The pharmaceutical and biomedical analysis is
among the most important branches of applied analytical
chemistry. Analytical measurement procedures should ha-
ve a critical role in drug analysis as well as in biological
samples. DPV method has been developed for determina-
tion of ESC in the bulk, tablets and urine using nickel na-
noparticles modified chloranil carbon paste sensor.

Fig. 1a presents the cyclic voltammograms of ESC
(1.0 x 10* mol L) in BR buffer of pH 7.0 at different
working electrodes: CP, DDQCP, TCNQCP, TCNECP
and CACEP, exhibiting one well defined anodic peak with
no peak on the reverse scan, suggesting the irreversibility
of the electrode reaction. This anodic peak may be attribu-
ted to the oxidation of tertiary amine group which agree
with the reported method?’ (Fig 1c).

Fig. 1b describes the effect of mediator type on the
anodic current of ESC in BR buffer of pH 7.0. The anodic
peak current values are in the following order: CACP
(15.16 pA) < DDQCP (13.02 pA) < TCNECP (10.08 pA)
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< TCNQCP (9.29 pA) < CP (6.09 pA). CA increases the
anodic peak current from 6.09 pA at CP to 15.16 pA at
CACP and lowers the oxidation potential from 1.147 V at
CP to 1.095 V at CACP, thus CA acts as an electrocataly-
tic mediator.
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Figure 1: Cyclic voltammograms of 1.0 x 10~ mol L™ ESC in BR
buffer of pH 7.0 in case of CACP, DDQCP, TCNECP, TCNQCP
and CP, scan rate 100 mV s™' (a). The inset: the plot of anodic cur-
rent as a function of mediator type (b). The oxidation mechanism of
ESC (c).

3. 2. Effect of pH

Voltammetric behavior of ESC was studied in BR
buffer over the pH range from 2 to 10 at CACP as shown
in Fig. 2a. The peak current increases as the pH increases
up to pH 7.0, after pH 7.0 the peak current decreases as
the pH increases (Fig. 2b). Therefore, pH 7.0 was selected
as a suitable supporting electrolyte because the peak cur-
rent reaches its maximum value at this pH value.

Fig. 2c demonstrates that the peak potential varies
linearly with pH over the pH values (2—10) with the linear
regression equation of E(V) = 1.451-0.054 pH, with a
correlation coefficient (R) of 0.9937. The slope was found

to be =54 mV/pH units, which is close to the theoretical
value of =59 mV suggesting that the number of protons
and transferred electrons involved in the oxidation mecha-
nism is equal.®®
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Figure 2: Cyclic voltammograms of 1.0 x 10 mol L™' ESC in BR
buffer over the pH range of 2—10 at CACP, scan rate of 100 mV s
(a). Plots of anodic peak current (b) and peak potential (c) as a
function of pH.

3. 3. Effect of Ni(NO,), Concentration

The influence of Ni(NO,), concentration on respon-
se of fabricated sensor was investigated using different
concentrations of Ni(NO,), (1.0, 2.0 and 3.0 x 107 mol
L") which were deposited at CACP at —1.0 V for different
times (120, 180, 240 and 300 s). It was found that 1.0 x
10~ mol L™ Ni(NO,), and 240 s are the optimum concen-
tration and deposition time used to prepare the modified
sensor (NiCACP) to give the best results for the determi-
nation of ESC.

3. 4. Morphologies of Different Electrodes

Electronic Supplementary Information 1 (ESI 1)
displays the significant differences in the surface structure

Attia et al.: Electroanalytical Determination of Escitalopram ...
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of CP, CACP and NiCACP. The surface of CP was predo-
minated by irregular shaped graphite flaks and separate
layers (ESI 1A). The SEM of CACP illustrates irregular
ice shaped surface (ESI 1B). The SEM of NiCACP shows
a tree shaped structure, the nanoparticles appear randomly
and space among them produce large surface area (ESI
1C).

3. 5. Electrochemical Behavior of ESC
at NiCACP

ESI 2A presents the cyclic voltammograms of ESC
(1.0 x 10* mol L™") at CP, CACP and NiCACP in BR buf-
fer of pH 7.0. We note that the anodic oxidation peak has
the highest current and the lowest potential values (25.03
pA, 0.980 V) in case of NiCACP in comparison with the-
se values in case of CACP (15.16 pA, 1.095 V) and CP
(6.09 pA, 1.147 V). NiCACP shows catalytic effect in the
anodic oxidation of ESC. Therefore, it was selected to de-
termine ESC in bulk, tablets and urine.

Scan rate (v) effect on the the peak current (I) of
ESC (1.0 x 10 mol L") was carried out by immersing
NiCACP in BR buffer of pH 7.0, and the cyclic voltam-
mograms were recorded over the scan range of 10-250
mV s~!. ESI 2B shows a linear relationship between log I
and log v as given by the following equation: log I = 0.28
+ 0.56 log v. The slope of 0.56 indicates a diffusion con-
trolled process with some adsorption character.”’

Accumulation time (T, ) effect on the peak current
was studied at open circuit condition at NiCACP in BR
buffer of pH 7.0 containing 1.0 x 10 mol L™' ESC. It was
found that the peak current increases as the accumulation
time increases up to 100 s and then it decreases as T, in-
creases. 100 s was selected as the optimum accumulation
time in the determination of ESC (ESI 2C).

The electron transfer coefficient (o) can be calculated
using the following equation: o= 47.7/(E -E ) mV,”® whe-
re B is the peak potential and E , is the potential where the
current is at half peak value. o0 was calculated to be 0.48.

The standard rate constant of ESC (K°) = 1.0 x 107
s was obtained utilizing Laviron equation: Ep = E° +
2.303 RT/anF [log RTK®/onF + log v], where n is number
of electrons, T is the temperature (298 K), R the gas con-
stant (8.314 J. K™ mol™), F the Faraday constant (96,485
C.mol™) and E° is the formal potential obtained by plot-
ting the relation between E and v (extrapolating the line
tov =0),"E° =0.908 V, an = 0.537, hence n was calcula-
tedtobe 1.12 (n = 1).

The electroactive area of NiCACP was obtained by
applying Randles-Sevcik equation,’ using 1.0 x 10~ mol
L' K,Fe(CN); at different scan rates, the diffusion coeffi-
cient of K,Fe (CN), is 7.6 x 107° cm? s™,°! the electroacti-
ve area (A) was calculated to be 0.128 cm?. The surface
concentration of ESC (I') at NiCACP was calculated em-
ploying the following equation: I = n”’F?’ATV/4RT,n=1,T

was found to be 1.215 x 10° mol cm™2.%?

3. 6. Electrochemical Impedance

Spectroscopy Study

Nyquist plots of ESC using NiCACP and CACP ex-
hibit the difference in the presence of metallic nickel na-
noparticles as shown in Fig. 3a.

A simple equivalent circuit model (Fig. 3b) was
used to fit the results. R is the solution resistance and R}
is the polarization resistance. Q represents the constant
phase element (CPE) of capacitance for the film, n is its
corresponding empirical exponents, C; is the capacitance
of the double layer and W is the Warburg impedance due
to diffusion (Table 1). The capacitance value for NiCACP
is relatively higher than CACP in terms of C; and Q deno-
ting the increase of ionic adsorption at the electrode/elec-
trolyte interface for NiCACP. Moreover, the decrease in
the R_ is attributed to the selective interaction between
nickel nanoparticles and ESC that resulted in the increase
of the current in the electro-oxidation process.

NiCACP stability was studied in BR buffer of pH
7.0 containing 1.0 x 10 mol L' ESC as a function of im-
mersion time (Fig. 3c). The results show good stability till
12 h, thus NiCACP works well.
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Figure 3: Nyquist plots of NiCACP and CACP in BR buffer pH 7.0
containing 1.0 x 10 mol L™' ESC solution (a). Equivalent circuit
for Nyquist plot (b). Nyquist plot of NiCACP in BR buffer pH 7.0
containing 1.0 x 10~ mol L™" ESC solution as a function of immer-
sion time (c).
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Table 1: Fitting data of electrochemical impedance spectroscopy.

Electrode R/ kQ cm? R/ kQ cm’ Q/ pF cm™ n C/ pF cm™ W/ KQs™!
NiCACP 0.35 312 27 0.81 15 43
CACP 0.35 4587 10.1 0.85 3.5 415

3. 7. Determination of ESC in Bulk Powder

DPV method was applied for quantitative analysis
of ESC in 5.0 mL of BR buffer (pH 7.0) at NiCACP. Suc-
cessive additions from ESC solution (1.0 x 10~ mol L™)
were introduced into the electrolytic cell and the voltam-
mograms were recorded, giving linearity over the concen-
tration range of 1.0 x 10— 7.0 x 10 mol L™! (0.414 —
29.01 ug mL™") as shown in Fig. 4.
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Figure 4: Calibration curve of ESC at NiCACP, pulse amplitude =
50 mV, T, = 100 s and scan rate = 20 mV s' (a). Plot of anodic
current as a function of ESC concentration (b).

The validation of the method was performed accor-
ding to the International Conference on Harmonization
(ICH) guideline,” through the evaluation of limit of detec-
tion (LOD), limit of quantification (LOQ), precision, accu-
racy, ruggedness and robustness. The LOD and LOQ were
found to be 1.98 x 1077 mol L™! and 6.60 x 10”7 mol L™,
respectively. The relative standard deviation (RSD) and the
percentage recovery values were found in the following
ranges: 0.33-0.77% and 99.91-101.35%, respectively.

The proposed method is more sensitive than some
reported methods such as chromatographic methods:
20-120 ug mL™",'° 50-300 ug mL™","" 80-120 ug mL™","?
2-20 pg mL™","* 10-60 ug mL~",'5 and 10-50 pg mL™",'®
spectrophotometric methods: 10-50 pg mL™,'® 2-20 ug
mL™"," 2-10 ug mL™","® 5-100 ug mL™"," 0.50-8.00 pg
mL™",?° and 20-120 pg mL™",*" and electrochemical met-
hod: 150400 pg mL.”’

The ruggedness of the method was done through the
analysis of 1.0 x 10~ mol L™' ESC by two different ana-
lysts with the percentage recovery values of 99.94% and

100.30 % for the first and the second analyst, respectively.
Hence, the results show good agreement.

The robustness of the method was examined by test-
ing the influence of small variations from the optimum con-
ditions: pH (7.00 £ 0.20), scan rate (20 + 2.00) and accumu-
lation time (100 + 5.00) on the peak current of ESC (1.00 x
10° mol L™). The RSD values were 0.35%, 0.58% and
0.42% for pH, scan rate and accumulation time, respecti-
vely, indicating the robustness of the proposed method.

3. 8. Interference Study

Some interfering species (1.00 x 10~ mol L™") such
as inorganic cations (Na*, K*, and Ca®"), sugars (glucose
and dextrose) and amino acid (valine and alanine) were
used to study their interference with ESC (1.00 x 10~ mol
L™"). There is no interference between these species and
ESC; NiCACP shows good selectivity for the determina-
tion of ESC.

3. 9. Analysis of ESC in Tablets

Standard addition method was successfully applied
to determine ESC in Cipralex tablets at NiCACP without
any pretreatment or time consuming extraction steps prior
to analysis. The mean recovery and mean RSD values for
five replicate measurements were 100.58% and 1.18%,
respectively. The results listed in Table 2 show there is no
interference between ESC and the excipients suggesting
the selectivity and the sensitivity of the proposed method
in the determination of ESC in dosage forms.

Table 2: Determination of ESC in Cipralex tablets by applying
standard addition technique.

Dosage ESC Recovery
form (mol L) ESC (mol L) (%)
Taken Added Found

Cipralex 8.00x 10° 4.00x10°  12.15x10° 101.25

tablets 8.00x10° 1596x10°  99.75
12.00x 10°  20.11x10° 100.55
16.00x 10° 24.18x10° 100.75

Mean recovery + RSD*% 100.58 + 1.18

* Number of replicates (n) = 5.

3. 10. Analysis of ESC in Urine

The proposed method was used to determine ESC in
urine samples (ESI3) in concentration range of 4.00 x
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10°-6.00 x 10~ mol L™ with correlation coefficient of
0.9998, the LOD and LOQ were 7.57 x 10”7 mol L™ and
2.52 x 10 mol L', respectively. Four different concen-
trations (8.00 x 107, 2.20 x 107, 3.60 x 107, and 4.40 x
107> mol L") were chosen to be repeated five times to eva-
luate the accuracy and precision of the method. The RSD
and the percentage recovery values were in the following
ranges: 0.41-0.89% and 99.38-101.94%, respectively.

The proposed method is more sensitive than chro-
matographic method used to determine ESC in urine
(22.80 x 107> mol L™).%* The proposed method is less sen-
sitive than capillary electrophoresis method (1.496 x 10~
- 1.61 x 10°°mol L") but our method is more simple,
cheap and it is used to determine ESC in urine without any
extraction steps or pretreatment.’*

4. Conclusion

It is important to determine drugs at higher sensitiv-
ity than in the reported methods, therefore it was our in-
tention to develop a precise and sensitive electroanalytical
voltammetric method for the determination of ESC. The
use of chloranil as modifier and Ni nanoparticles increa-
ses the active sites at the electrode surface which increases
the sensitivity toward ESC. The proposed method is more
sensitive than some reported methods as mentioned befo-
re in the text, thus it is an excellent means for determina-
tion of ESC in quality control because of its low cost, ac-
curacy, selectivity and enforcement. The proposed method
can be applied in clinical laboratories and pharmacokine-
tic studies.
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Opisujemo obcutljivo voltametri¢no metodo za dolocanje escitalopram oksalata, ki temelji na elektrokatalitski oksidaci-
ji v Britton-Robinsonovem pufru (pH obmocje 2 do 10) na senzorju iz ogljikove paste s kloranilom, modificirane z ni-
kljevimi nanodelci. Modificirano elektrodo smo okarakterizirali z vrsti¢no elektronsko mikroskopijo, elektrokemijsko
impedanco in cikli¢no voltametrijo. Raziskavo elektrokemijskega obnaSanja escitalopram oksalata smo izvedli s
cikli¢no voltametrijo in diferencialno pulzno voltametrijo. Maksimalni anodni tok je imel linearno obmocje od 1,0 x
108 do 7,0 x 107 mol L™'. Meja zaznave je pod 2,0 x 10" mol L™'. Predlagana metoda je hitra, ekonomiéna, preprosta,
tocna in obcutljiva voltametri¢na metoda za dolo¢anje escitalopram oksalata v farmacevtskem produktu, farmacevtskih

oblikah in v urinu.
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Abstract

Pleurotus eryngii was incubated on both peach and cherry agroindustrial wastes by solid state fermentation for 30 days
without/with pretreatment conditions. The lignocellulosic substrates were pretreated with dilute acid and alkaline solu-
tions, hot water before incubation. The maximum carboxymethyl cellulase and xylanase activities peaked on 3 and 5™
days under control conditions of both wastes, respectively. The highest laccase and manganese peroxidase activities
reached to their maximum on 17" day as 2193.06 + 50.4 UL™" and 732.73 + 19.8 UL"', respectively. The highest aryl al-
cohol oxidase activity was obtained as 239.25 + 7.3 UL in control condition of peach cultures. The used pretreatment
methods had generally negative effects on lignocellulolytic enzyme production. The highest lignocellulolytic activities
were detected using peach wastes. To results, these wastes could be used as alternative, new and economic energy sour-

ces to produce high amounts of lignocellulolytic enzymes.

Keywords: Agroindustrial wastes, lignocellulolytic enzymes, Pleurotus eryngii, pretreatment, solid state fermentation.

1. Introduction

Lignocellulosic substrate from forestry, agricultural
and agroindustrial wastes is abundant, renewable and
inexpensive energy sources for the production of various
value added products, such as ethanol, food additives, or-
ganic acids, enzymes, and others due to their chemical
composition based on sugars and other compounds of in-
terest.! Also, the accumulation of lignocellulosic wastes in
large quantities causes environmental problems when they
could not be used for the production of these products.'~

Bioconversion of lignocellulosic substrate to value ad-
ded products is so difficult to its tertiary architecture consi-
sting of primarily cellulose, hemicelluloses and lignin that
are strongly intermeshed and chemically bonded by non-co-
valent forces and by covalent crosslinkages. Selective orga-
nisms, especially white rot fungi (WRF), can efficiently de-
grade lignocelluloses.? This degradative ability of WRF is
due to their extracellular hydrolytic and ligninolytic enzyme
systems. For lignocellulose bioconversion, the hydrolytic

enzyme systems are divided into two groups: cellulolytic
and hemicellulolytic, which contain carboxymethyl cellula-
se (endo-1,4-B-glucanase; CMCase), exo-1,4-B-glucanase,
1,4-B-glucanase and xylanases. Another enzyme system is
ligninolytic group, which includes laccase (Lac), mangane-
se peroxidase (MnP), lignin peroxidase (LiP) and aryl alco-
hol oxidase (AAO). The highly specific hydrolytic enzyme
systems convert cellulose and hemicellulose carbohydrates
into fermentable sugars; hexoses and pentoses. The non-spe-
sific oxidative ligninolytic enzymes catalyze phenolic and
non-phenolic compounds in lignin structure.’

The lignocellulose-based biotechnological applica-
tions such as biopulping, biobleaching, decolorization, de-
gradation of environmental contaminants, etc. require low
cost and large scale enzymes due to increasing demand for
markets.* Solid state fermentation (SSF) stands out in the
production of lignocellulolytic and other industrially im-
portant enzymes. Examples of enzymes produced by diffe-
rent organisms such as Bacillus sp., Pleurotus sp., Aspergil-
lus sp., Trametes spp., etc. under SSF using different sub-
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srates, wheat bran, wheat straw, apple pomace, rice straw,
sugarcane bagasse, include laccase, cellulose, lipase, pecti-
nase, protease, xylanase, amylase, etc.’ SSF, an alternative
culture method, has several advantages over the conventio-
nal submerged ones, like higher yields of enzymes. Gene-
rally, this process was carried out by using lignocellulosic
wastes used as substrates and support material for microbial
growth and production of several value added products.*®
The effective utilization of lignocellulosic components
would play a significant role in economic enzyme produc-
tion. For this reason, lignocellulosic substrate sometimes
requires pretreatment to improve enzymatic hydrolysis by
fungi. The purpose of the pretreatment is to remove lignin
and hemicelluloses, reduce cellulose crystallinity, and in-
crease the porosity of the materials.” Pretreatment should
ideally involve requirement of low energy with no recycling
or environmental costs.® A wide range of thermal, mechani-
cal and chemical pretreatment methods and their combina-
tions could be used for efficiently conversion of lignocellu-
loses. The pretreatment methods may vary depending on
the raw material selected, but they could be eco-friendly
and not increase the total economy of the bioconversion of
the lignocellulosic substrate.®®

The present study evaluated peach and cherry wa-
stes as substrates for production of lignocellulolytic enzy-
mes by Pleurotus eryngii in SSF, and is the first study in
this regard. Different agroindustrial wastes were screened
for lignocelluloytic enzyme production under SSF,' howe-
ver peach and cherry wastes have not been reported in
production of various industrially important enzymes inc-
Iuding lignocelluloytic enzymes by fungi as per the pub-
lished literature so far. Namely, these wastes were firstly
investigated for the production of lignocellulolytic enzy-
mes by P.eryngii, and also the use of them for SSF as sub-
strates with or without any pretreatment conditions. These
agro-industrial wastes (with and without pretreatment)
were used as major nutritional sources for production of
cellulases (carboxymethylcellulase (CMCase), exo-1,4-B-
glucanase, 1,4-B-glucosidase), xylanase and ligninolytic
(laccase (Lac), manganese peroxidase (MnP), lignin pero-
xidase (LiP), aryl alcohol oxidase (AAQO)) enzymes by the
fungus. Three chemical pretreatment processes including
neutral, dilute acid and alkaline, utilized for improving the
production of lignocellulolytic enzymes. The study has
showed that peach and cherry agroindustrial wastes can
serve as important alternative cheap substrates for econo-
mic production of lignocellulolytic enzymes by P.eryngii.

2. Experimental

2. 1. Lignocellulosic Substrates and Their
Chemical Compositions

Peach and cherry agroindustrial wastes from Dimes
fruit juice factory, Izmir, Turkey, were collected and used

as the solid substrate for the SSF. According to knowledge
from Dimes fruit juice factory, the peach and cherry fruits
cultivated in the Aegean region of Turkey were harvested
at optimum technological maturity. Their wastes came for
two or three pressing to make fruit juice. The chemical
compositions of both wastes were analyzed before and af-
ter all pretreatment methods. The total carbohydrate, pro-
tein and lignin contents of them were colorimetrically de-
termined by the phenol-sulfuric acid method,'® Bradford
dye-binding assay,'! and thioglycolic acid method,'? res-
pectively. In addition, cellulose levels after acid hydroly-
sis in these wastes were determined gravimetrically.'?

2. 2. Media Preparation

The white rot fungus P. eryngii (DC.) Gillet
(MCC58) was used in this study and obtained from Agro-
ma Mushroom Cultivation (Denizli, Turkey). This strain
was selected as a suitable organism for bioprocessing of
SSF for its potential for higher lignocelluloytic enzyme
production.'* P. eryngii cultures were maintained on malt-
peptone-agar medium at 4 + 1 °C and transferred every
month to fresh medium, and then incubated at 25 + 1 °C
during 12 day. For enzyme production, untreated peach
and cherry agroindustrial wastes and pretreated wastes
were used as substrates for growth media. They were sto-
red at =20 £+ 1 °C prior to use. SSF was carried out in 100
mL Erlenmeyer flasks containing 5.0 g of these wastes as
major nutritional sources and 10 mL of basal culture me-
dium of the following composition per liter: NH,NO,, 2.0
g; KH,PO,, 0.8 g; K,HPO, x 7H,0, 0.75 g; MgSO, x
7TH,0, 0.5 g; yeast extract, 2.0 g; ZnSO, x 7H,0, 0.002 g;
FeSO, x 7TH,0, 0.005 g; CaCl, x 2H,0, 0.06 g, CuSO, x
7H,0, 0.02 g; MnSO, x H,0, 0.05 2.1 The ratio between
amount of solid waste and volume of basal medium was
adjusted at 1:2."® The moisture levels of peach and cherry
wastes after adding the basal culture medium in this study
were 18.41 + 1.6 and 39.73 + 3.5%, respectively. Also, the
final pH of the medium was adjusted to 6.0 after steriliza-
tion. Three agar plugs (1 cm? disks) cut from actively gro-
wing culture (12 day old), were used as inoculums. The
fermentation was carried out in a controlled environment
with temperature at 28 + 0.5 °C for 30 days under statio-
nary condition in complete darkness. Under control con-
ditions, the agroindustrial wastes were directly used wit-
hout any pretreatment methods. Samples from flasks were
harvested after 3, 5, 7, 10, 12, 15, 17, 20, 26 and 30 days
of cultivation. Experiments were done triplicate and sam-
ples were analyzed in triplicate.

2. 3. Pretreatment of Agroindustrial Wastes

The both peach and cherry wastes, lignocellulosic
substrates, were pretreated with dilute acid (sulfuric acid
1.0%, w/v) and alkaline (sodium hydroxide 1.0%, w/v)
solutions, hot water. The hot water treatment was named
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as neutral pretreatment, while alkaline treatments could
be named as base pretreatments. At all pretreatment met-
hods, the substrate at a solid loading of 10% (w/w) was
mixed with pretreatment agents and pretreated at 100 °C
with 60 minutes. And also, the substrate was washed until
the pH adjusted to initial pH value at dilute acid and alka-
line pretreatments for getting the same pH levels. After
pretreatment, the substrate was separated by filtration at
room temperature, and then it was ready for the utilization
in SSF bioprocess.

2. 4. Enzyme Extraction

The samples in SSF were mixed with 25 mL of 50
mM sodium-acetate buffer (pH 5.0) two times and stirred
at 180 rpm for 1 hour on ice bath to extract the samples.
Solids were separated by centrifugation (4 = 1 °C, 15000
rpm, 10 minutes).'® The lignocellulosic substrate was
completely removed after centrifugation and the clear su-
pernatant was obtained. The all supernatants were used
for measurements of the extracellular lignocellulolytic
enzyme activities and analysis’s of protein, reducing sugar
and nitrogen amounts.

2. 5. Assay of Enzyme Activities

CMCase and xylanase activities were estimated by
the dinitrosalicylic acid method (DNS) using 2% carboxy-
methyl cellulose and xylan from beechwood in the so-
dium citrate buffer (50 mM, pH 4.8) as the substrates with
glucose and xylose as the standards, respectively.'”!® Exo-
glucanase and B-glucosidase activities were monitored us-
ing 2.0 mM p-nitrophenyl-B-cellobioside and p-nitrop-
henyl-B-glucopyranoside in the sodium acetate buffer (50
mM, pH 5.0) as the subtrates, respectively.!” Lac activity
was assayed by measuring the oxidation of 2, 2-amino-bis
(3-ethyl benzothiazoline-6-(sulfonate) according to Jo-
hannes & Majcherczyk with minor modifications using
5.0 mM 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulpho-
nic acid) as a substrate and sodium acetate buffer (100
mM, pH 4.5)." MnP activity was measured by 2, 6-dimet-
hoxyphenol oxidation, 20 mM, with minor modifications

in the presence of hydrogen peroxide (4 mM) and manga-
nese sulfate (30 mM).° LiP activity was determined by
the oxidation of veratryl alcohol to veratraldehyde in the
presence of hydrogen peroxide using sodium tartarate
buffer (125 mM, pH 2.5).?! AAO activity was assayed
spectrophotometrically using veratryl alcohol as a sub-
strate with no adding hydrogen peroxide.?” The all enzy-
matic activity of 1 U was defined as the amount of enzy-
me that transforms 1 pmol substrate/minute in terms of
volumetric activity.

2. 6. Estimation of Protein, Reducing Sugar
and Nitrogen Contents

Protein concentrations were measured using the
Bradford dye-binding assay with bovine serum albumin
as standard.!' Reducing sugars levels were measured by
the DNS method using D-glucose as standard, according
to Miller.”> Ammonium nitrogen content was assayed by
the phenol-hypochlorite method using (NH,),SO, as stan-
dard.*

2. 7. Statistical Analysis

All statistical analyses were performed with the pro-
gram SPSS 15.0 for Windows. The all values were the
mean of three separate experiments.

3. Results and Discussion

Selection of appropriate lignocellulolytic organisms
for SSF is one of the important factors via useful agricul-
tural solid substrates. In this study, P.eryngii was used for
enzyme producer due to its lignocelluloytic ability.'®?
The chemical compositions of untreated and pretreated
peach and cherry wastes are demonstrated in Table 1. Ac-
cording to the obtained results, the lignin and protein con-
centrations for untreated peach waste were higher than
that of untreated waste cherry. The lignin concentrations
in both wastes were higher when compared to other ligno-
cellulosic wastes; while the cellulose concentrations in

Table 1. The changes of main components of peach and cherry wastes after all pretreatments.

Protein Cellulose Lignin Total Carbohydrate

Concentration (%) Concentration (%) Concentration (%) Concentration (%)
Untreated 0.08 = 0.005 4.63+0.3 40.56 £ 3.1 18.59 + 1.1
§ Neutral-pretreated 0.08 £ 0.006 472+04 38.45+3.3 2346+ 1.8
K Acid-pretreated 0.072 + 0.006 444+0.3 34.07£2.6 2846+ 1.9
Alkaline-pretreated 0.074 £ 0.005 4.12+0.3 31.23+22 36.06 = 2.8
Untreated 0.05 £ 0.002 14.04 £ 1.0 38.8+2.6 19+1.1
g Neutral-pretreated 0.05 = 0.004 1446 £ 1.1 3724 +34 2412+ 1.7
5 Acid-pretreated 0.044 + 0.003 13.34+£0.9 33.59£2.7 29.74+ 1.8
Alkaline-pretreated 0.047 = 0.002 12.56 £ 0.9 30.65+2.4 36.86 £2.7
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peach and cherry wastes were lower.! Also, the total car-
bohydrate concentrations with all pretreatments in both
wastes increased, while lignin concentrations in those we-
re reduced by them. This may be due to the different struc-
tural properties of peach and cherry waste. In other words,
peach wastes have softer fiber when compared to intact fi-
ber of cherry wastes.

The reducing sugar and nitrogen levels in all growth
media decreased rapidly up to 3™ day of cultivation, but
not depleted fully by P.eryngii, so that the cultivation was
reached to carbon and nitrogen-limited conditions. In ad-
dition, good colonization on these wastes with control and
pretreated conditions was achieved with P.eryngii, fungal
growth being observed from the second day of the fer-
mentation, and complete colonization of fungus was ob-
served within 30 days of cultivation. Also, the protein pro-
duction in P.eryngii enzyme supernatant were changed up
to 187.78 + 8.6 ppm for cherry wastes with and without
pretreatment conditions, and this value was 1.26-fold hig-
her than that of control (p < 0.05). The highest protein
production was obtained in acid pretreated condition fol-
lowed by alkaline, neutral pretreatment and control condi-
tions, respectively. On the other hand, the highest protein
production in control conditions of peach cultures was de-
termined as 303.49 + 10.2 ppm on 20™ day following al-
kaline, neutral and acid conditions, respectively. Accor-
ding to obtained results, the observation of the consump-
tion of glucose and nitrogen by P.eryngii, fungal growth
and protein production could be proofs that these peach
and cherry wastes generated by food processing industries
were good substrates for producing lignocelluloytic enzy-
mes. Also, the use of peach and cherry wastes for econo-
mically production of these enzymes in this research has
an importance and novel with regards to literature, most
agro-industrial wastes used to produce lignocellulolytic
enzymes by WRF have not been published since to date.

Lignocellulosic materials are recalcitrant to fungal
hydrolysis due to their composite structure.® Effective pre-
treatments should improve the lignocellulolytic enzyme

—4—control

—-hot water

w

~dlilute acid

——ilute base

CMCase (U/mL)

incubation time (d)

CMCase(U/mL)

production, but selection of these methods is great impor-
tance for economic SSF process. According to the litera-
ture, there is no study about lignocelluloytic enzyme pro-
duction by P.eryngii using peach and cherry wastes with
and/or without any pretreatment conditions. The activities
of CMCase and xylanase showed similar trends under
control and neutral-treatment condition of peach cultures.
The both cellulolytic enzyme activities under control con-
ditions of peach cultures were increased up to 5™ day of
incubation, and then decreased. The highest levels of the-
se enzymes were determined as 3.64 + 0.02 U mL™ and
3.08 £ 0.02 U mL™', respectively. Similarly, the maximum
values of CMCase and xylanase enzymes were detected
as 1.30 £0.01 and 1.16 + 0.01 U mL" on the 3™ day of in-
cubation under control condition of cherry cultures. The
decrements in both enzymes were observed after all treat-
ments in peach and cherry cultures as can be seen in
Figures. 1 and 2. That is, the CMCases in both cultures
were produced simultaneously with xylanases by the
P.eryngii during the cultivation period. Dias et al. have no-
ted that during the SSF period the very low CMCase acti-
vities were detected in both Irpex lacteus and Euc-1
strains compared to our maximum CMCase activities of
peach and cherry cultures by P.eryngii.® In that study, I.
lacteus and Euc-1 showed a peak of xylanase activity
(0.08 U mL™) after 10 days of incubation. On the other
hand, Sharma and Arora researched which supplements
were enhanced the lignocellulolytic enzyme activities of
Phlebia floridensis by using paddy straw of SSF.?” Accor-
ding to their results, the maximum CMCase and xylanase
activities were respectively recorded as 3.27 and 1.83 U
mL™" on supplemented conditions, namely control values
were below them. Naraian et al. subtracted lignocellu-
lolytic enzyme profiles of Pleurotus spp.; Pleurotus flori-
da, Pleurotus sajor-caju and P.eryngii.” The CMCase and
xylanase activities separately ranged from 198 to 317 U
L' and from 178 to 269 U L™ as well as they attained
very low Lac and MnP activities by these strains. Moreo-
ver, Saritha et al. illustrated that Trametes hirsuta used

—4—control
== hot water

dilute acid

——dilute base

incubation time (d)

Figure 1. Variations of CMCase activities depending on peach (left side) and cherry (right side) cultures. The values are the mean + SD for experi-

ments of three separate experiments.
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Figure 2. Variations of xylanase activities depending on peach (left side) and cherry (right side) cultures. The values are the mean + SD for experi-

ments of three separate experiments.

paddy straw as a carbon source and produced the highest
CMCase activity 0.71 U mL™" on the 15" day of incuba-
tion and this value was 5.13-fold lower than that of our re-
sult in obtained peach culture.”

The B-glucosidase activities were increased up to
20" day of incubation, then decreased on both peach and
cherry cultures. In peach cultures, the maximum [B-gluco-
sidase activity was attained in alkaline-treated cultures
followed neutral, control and acid conditions. The maxi-
mum activity was found as 29.96 + 0.9 U L™!, which was
2.35-fold higher than that of control (p < 0.05). Similar to
peach culture, the highest B-glucosidase activity was ob-
tained as 35.67 = 1.1 U L' in alkaline-treated of cherry
cultures, which was 1.52-fold higher than that of control
(p < 0.05). In addition, when the cherry wastes were
pretreated with dilute acid solution and hot water, this
enzyme activity decreased approximately 50% (p < 0.05).
The very low exoglucanase activities were detected in all
conditions of peach and cherry cultures. The exoglucana-
se activities in Peryngii enzyme supernatant were chan-
ged up to 42.57 + 1.2 U L™ for substrates peach and cher-
ry wastes with and without pretreatment conditions during
30 days of cultivation. The highest exoglucanase activity
was detected as 42.57 + 1.2 U L™! (3™ day) in control con-
dition of peach cultures, while 13.15 + 0.2 U L™ (20"

2.250
2.000

750
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=i hot water

—&—clilute acid
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day) in alkaline pretreatment of cherry cultures. There we-
re a few studies about exoglucanase and B-glucosidase
production by Pleurotus spp.*® Similar to our activity va-
lues, B-glucosidase activities of Pleurotus spp. were extre-
mely low.?® According to literature, fungi generally have
not produced all of cellulolytic enzymes. Thus, the con-
sortium cultures have stood out in fungal cellulolytic sys-
tem and Pleurotus spp. secrete dominantly CMCase of
them in peach and cherry cultures of SSF.*!

The maximum Lac activities in P.eryngii enzyme
supernatant ranged from 337.29 + 11.2 to 2193.06 = 50.4
U L for peach and cherry wastes with and without pre-
treatment conditions during 30 days of cultivation as
shown in Figure 3. The maximum Lac activities in control
conditions of both cultures were attained, and also they
were decreased slightly under all pretreatment conditions.
Also, the highest Lac activities in peach and cherry cultu-
res were respectively determined as 2193.06 + 50.4 U L™
(17" day) and 1297.22 + 34.6 U L' (10" day). There we-
re insignificant differences among Lac activities in control
conditions of cherry cultures on 7, 10 and 12" day of incu-
bation (p > 0.05). Stajic et al. showed that the maximum
Lac activity by Pleurotus ostreatus was attained as 746.1
U L' on the 10 day of incubation using grapevine saw-
dust as a substrate.*> When compared to other research of

1 400
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Figure 3. Variations of Lac activities depending on peach (left side) and cherry (right side) cultures. The values are the mean + SD for experiments

of three separate experiments.
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Dias et al.,?® four white rot fungi screened for Lac produc-
tion during 46 days and only Euc-1 produced this enzyme
(the highest activity of 100 U L™; at the end of the incuba-
tion period) using wheat straw. There were insignificantly
differences between the highest Lac activity obtained
from grape culture with the same strain'® and peach cultu-
re in this study.

As depicted in Figure 4, the highest MnP activity
was obtained under control condition followed by alkali-
ne, neutral and acid pretreatments of peach cultures. Con-
currently, the highest activity in this culture was detected
on 17" day as similar to activity of Lac. On the other
hand, the maximum MnP activity was obtained under
control condition of cherry cultures followed alkaline pre-
treatment. Also, they were approximately same in acid
and neutral pretreatments of cherry cultures, while their
levels were lower in activity of alkaline pretreatment. The
highest MnP activity in peach cultures was found as
732.73 £ 19.8 U L™ on the 17" day of incubation. Stajic et
al. showed that the maximum MnP activity by P. ostreatus
was attained as 10.3 U L™! (10™ day) using grapevine saw-
dust as a substrate and the highest activity obtained was
71.14-fold higher than that of their results,* while Isik-
huembhen et al. researched the lignocellulolytic enzymes
activities from corn stalks under SSF by white rot fungus,
Lentinus squarrosulus Mnt. during 30 days of incubation,
and they determined the highest MnP activity as 13 U L"!
on the 6" day.*® Also, the highest MnP activity in this
study was 2.68-fold higher than the activity determined
with Euc-1 strain.”® Additionally, the effects of lignocellu-
losic apricot and pomegranate wastes on ligninolytic
enzymes by P.eryngii under SSF conditions were investi-
gated. The highest Lac and MnP activities in this study
were 1.36- and 1.26-fold higher than obtained in that
study.*

Generally, there were little LiP activities in Pleuro-
tus sp. according to literature.'®% Insignificant levels of
LiP activities were detected in all untreated and pretreated
of both cultures with similar trends in this study. The hig-
hest value was detected as 94.09 += 4.1 U L! in peach cul-

——col I.11l.‘1

= hot water
~dilute acid

——dlilute base

MnP (U/L)

0 3 6 9 12 15 15 21 24 27 30

incubation time (d)
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tures was 2.50-fold higher than that of cherry culture un-
der control conditions (p < 0.05). The declines in LiP acti-
vities were observed after pretreatment of peach and cher-
ry cultures. Comparing peach and cherry cultures in all
conditions for AAO activities, the highest value was ac-
hieved as 239.25 + 7.3 U L™ in control condition of peach
cultures as shown in Figure 5. The activities in control
condition of peach cultures were continuously increased
up to 17" day of incubation, and then decreased. After
pretreatment of peach cultures, the very important decrea-
ses in AAO activities were observed, approximately 9.2-
fold (p < 0.05). Similar to peach cultures, the maximum
AAO activity was obtained as 91.4 + 3.8 U L™ in control
condition of cherry cultures. The AAO activities under
control condition of cherry cultures were increased up to
15" day, then decreased. After pretreatment of cherry cul-
tures, the activities were significantly decreased (nearly
4.33-fold, especially alkaline pretreatment) (p < 0.05).
The maximum activities in acid and neutral pretreated
cherry cultures were respectively determined on 30" and
17" day of incubation. In addition, I. lacteus and Euc-1
strains showed their maximum LiP activities as 60 and 80
U L' after 23 and 35 days of incubation during SSF,*
these results were lower than our highest LiP activity va-
lue. When these results were compared to the results of
Akpinar and Ozturk Urek, the highest LiP and AAO acti-
vities in this study were 1.82 and 1.52-fold higher than
that of these attained in optimal conditions, separately.'®
Moreover, Guillén et al. detected very low AAO activities
by Peryngii.*® According to literature, most WRF secrete
at least two ligninolytic enzymes, whereas P.eryngii se-
cretes three of them during SSF conditions in this study.
Rugayyah et al. studied that the ligninolytic enzyme acti-
vity of two Panus tigrinus strains on the substrates; rice
straw, rice husk and cassava peel.’” According to their re-
sults, rice husk stimulated maximum Lac (2556 U L™)
and LiP (24 U L) activities by the strains MIO9RQY and
M609RQY, respectively. Moreover, cassava peel stimula-
ted maximum MnP (141 U L") activity by the strain
MI109RQY.

—s—control —-hot water

—dilute acid ——dilutz base

incubation time (d)

Figure 4. Variations of MnP activities depending on peach (left side) and cherry (right side) cultures. The values are the mean + SD for experiments

of three separate experiments.
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Figure 5. Variations of AAO activities depending on peach (left side) and cherry (right side) cultures. The values are the mean + SD for experiments

of three separate experiments.

There were few studies about lignocellulolytic
enzymes especially hydrolytic enzymes produced by
Pleurotus species using lignocellulosic wastes according
to literature.*® Namely, this study presented that P. eryn-
gii could have the ability to degrade cellulose, hemicel-
lulose and lignin in peach and cherry agroindustrial wa-
stes due to its enzymatic complex. According to the re-
sults, there could be a relationship between secretion ti-
mes of hydrolytic and ligninolytic enzymes. Firstly, the
hydrolytic enzymes were produced by P.eryngii and then
the ligninolytic enzyme secretion was started when other
enzyme activities were lowered at the beginning time of
incubation. Thus, it could be originated from the ligno-
cellulosic structure of agroindustrial wastes.”® The lig-
nocelluloytic activities were generally decreased with
pretreatments methods in the presence of peach and
cherry wastes as substrates. B-glucosidase and exogluca-
nase activities in cherry cultures were increased at alka-
line pretreated conditions, while the B-glucosidase acti-
vity in peach cultures only was increased at the same
conditions. On the both cultures, the CMCase and xyla-
nase reached their highest activity at the initial days of
incubation, while the highest ligninolytic enzyme activi-
ties occurred after 7™ day of incubation due to their
synergetic interactions among each other. On the other
hand, the maximum B-glucosidase activities were attai-
ned after the CMCase and xylanase activities were de-
creased. Thus, it could be held model for the synergism
between CMCases, xylanases and B-glucosidases.*® In
addition, the findings of higher lignocellulolytic enzyme
activities under control condition of both cultures could
be associated with the industrial fruit juice process steps.

In this study, the main components of these wastes
were analyzed to investigation their changes during all
pretreatments and the effects of the changes on lignocellu-
lolytic enzymes production by P. eryngii. After all
pretreatments, the chemical compositions of the wastes
changed. Generally, the lignin contents decreased, while
the total carbohydrate contents increased. Also, the pro-
tein contents in all conditions were approximately same
with each other. The highest decreases in cellulose con-
tents of both wastes with alkaline-pretreated were obser-

ved followed by acid-pretreated. Likewise, the decreasing
in most lignocellulolytic activity could be brought by the
treatment of wastes and mainly depend on reducing cellu-
lose contents after treatments. Also, it could be explained
by the release of furfural and hydroxymethylfurfural deri-
vatives from hexoses and pentoses in the lignocellulosic
wastes following the pretreatment. The excess of these
substances could affect the microbial growth and the pro-
duction of enzymes.* On the other hand; the efficiency of
pretreatment methods depends on different factors such as
composition of lignocellulosic wastes, chemicals, proces-
sing time, etc.***! These parameters should be optimized
in subsequent experiments for higher lignocellulolytic
enzyme yields.

The purpose of this study was to reveal the poten-
tials of peach and cherry wastes as nutrient and carbon-
energy sources in economic production of lignocellu-
lolytic enzymes which are practiced on the many biotech-
nological applications. The fact that these cheap and ea-
sily available wastes were firstly utilized in the lignocellu-
lolytic enzymes production having biotechnological im-
portance plays roles in both providing economic effi-
ciency of the process and bringing about the disposal of
them. On the other hand, the P. eryngii grew on these wa-
stes and produced high amount of lignocellulolytic enzy-
mes when compared to literature. Pleurotus sp. appear to
play a role in the production of ligninolytic enzyme rather
than hydrolytic enzymes. For this reason, it is observed
that peach and cherry wastes were highly potential when
the efficiency of the used wastes in enzyme production is
evaluated. In our another study, apricot and pomegranate
agro-industrial wastes contained high lignocellulosic con-
tents, but the enzyme productions were lower than those
in this study.* Especially, the carbon sources constituted
extremely large amounts of the process costs.*** and thus
the utilization of these wastes by P. eryngii notably redu-
ced the product costs of these enzymes. In addition, there
could be unimportant effects on lignocellulolytic enzymes
production using these pretreated wastes as some pretreat-
ments methods were performed in order to ensure the
availability of them by it. According to our results, the
first utilization of these peach and cherry wastes by
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Peryngii to produce lignocellulolytic enzymes with and
without pretreatment reflected the significance of this
study.

4. Conclusions

This report showed that P.eryngii can be success-
fully cultivated on peach and cherry lignocellulosic wa-
stes due to its ability to produce enzymes which are essen-
tial for lignocellulose degradation, firstly. A search for ne-
wer sources of agroindustrial wastes are of great impor-
tance for the economic lignocellulolytic enzyme produc-
tions by SSF. According to the obtained results, peach and
cherry wastes had high lignocellulosic contents in their
composition. The pretreatment methods generally could
improve the enzyme productions, however better results
were obtained with untreated peach and cherry wastes ex-
cept exoglucanase and B-glucosidases. Moreover, the
peach wastes were more appropriate than cherry wastes
for producing lignocellulolytic enzymes by P.eryngii un-
der SSF conditions. Thus, the lignocellulolytic enzyme
production cost of SSF bio-processing was reduced using
the untreated peach and cherry wastes. And also, the ener-
gy to be given to the system during the pretreatment pro-
cess would also be another parameter that increases the
production cost. The production cost was reduced in this
way, referring to the results obtained without the pretreat-
ment. In addition, this study proved that they can be good
choice as cheap agroindustrial wastes for the economic
and eco-friendly production of lignocellulolytic enzymes
by Peryngii.
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Gliva Pleurotus eryngii je bila inkubirana na agroindustrijskih trdnih odpadkih breskve in ¢esnje. Potekala je 30-dnev-
na fermentacija brez oziroma z predobdelavo substrata z razred¢eno kislino, lugom in vroco vodo pred inkubacijo. Mak-
simalni aktivnosti karboksimetil celulaz in ksilanaz sta se pojavili tretji in peti dan pri obeh substratih, maksimalni ak-
tivnosti lakaz in mangan peroksidaz pa sta bili doseZeni sedemnajsti dan. Predobdelava je v glavnem imela negativen
ucinek na sintezo ligninoliti¢nih encimov. Najvisje encimske aktivnosti so bile doseZene na odpadkih breskve. Rezulta-
ti kaZejo, da ti odpadki lahko sluzijo kot alternativen in ekonomicen vir energije za produkcijo velikih koli¢in ligninoli-

ti¢nih encimov.
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Abstract

Three metal-organic coordination polymers {[Cu(L)(N,)]-(H,0),,s}, (1), {[Zn(L)(Ny]-(H,0),s}, (2) and
[Cd,(L),(N,),(H,0)], (3) have been synthesized from hydrazone ligand N’-(1-(pyrazin-2-yl)ethylidene)isonicotinohy-
drazide (HL), NaN, and corresponding metal nitrates. Complexes were characterized by elemental analysis, IR spec-
troscopy and single-crystal X-ray diffraction. All three complexes feature 2D coordination network in which L'~ acts as
NNON tetradentate ligand and azide acts as end-on bridging ligand. In complexes 1 and 2, only intra-sheet hydrogen
bonding interactions are found, while the hydrogen bonding interactions between water molecules and host framework
result in 3D network for 3. In addition, complexes 2 and 3 exhibited intense fluorescent emissions in the solid state at

room temperature.

Keywords: Hydrazone; azide; crystal structure; luminescence property

1. Introduction

Metal compounds have attracted considerable inte-
rest because of their fascinating structures,' and functional
applications in many research fields such as adsorption,’
gas storage and separation,™ photoluminescence,’ and
ion exchange.®’ The organic ligands are considered to be
the most important factor that affects the structures and
properties of the coordination polymers.®

Hydrazone ligands obtained from condensation
reaction of aldehydes (or ketones) and hydrazide are an
important class of Schiff bases.” We have been interested
in coordination compounds involving hydrazone ligands
owning to their facile keto-enol tautomerization, the ver-
satile coordination modes, and the strong hydrogen-bon-
ding capability. In previous studies, we synthesized a se-
ries of complexes derived from Schiff bases with metal
chloride, acetate or nitrate. These complexes showed mo-
nonuclear, 1D chain or 3D network.'%-!2

Azide has been demonstrated as the most common
used linear ligand." In the azide complexes, the mono-

coordinated, the bidentate including end-on (u; ;-N;7)
and the end-to-end (p, 5-N;7) bridging modes are fre-
quently observed."*™'> While the azide group may also
function in triply or quadruply bridging modes.'*!” So,
the complexes derived from hydrazone ligands and azide
are good candidates allowing the access to intriguing
architectures.

N
\

4

z ‘N N~ =

E - N‘I\"H-ﬁ —_— E ~ N OH
N’ HL N

0
N
J;
N" L

Scheme 1. Tautomerization and deprotonation of HL.
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Recently Shaabani and coworkers reported Cr(III),
Mn(II) and Fe(IIl) complexes with 4-hydroxy-N’-((pyri-
din-2-yl)-methylene)benzohydrazide and azide as brid-
ging ligands. These three complexes showed mononuclear
or dinuclear structure with moderate antimicrobial acti-
vity.'® Xu and coworkers reported a series of copper com-
plexes showing antitumor activities based on N’-(1-(pyra-
zin-2-yl)ethylidene)isonicotinohydrazide (HL) (Scheme
1)." In this paper, we were prompted to study the coordi-
nation chemistry of HL in the presence of azide. Herein
three complexes namely {[Cu(L)(N,)] (H,0),,s}, (1),
{IZnL)N,)] - (H,0),,5}, (2) and [Cd,(L),(N,),(H,0)],
(3) were synthesized, their crystal structure and lumines-
cence properties were also studied.

2. Experimental

2. 1. Materials and Measurements

The chemicals utilized in this investigation such as
2-acetylpyrazine, isoniazid, Cu(NO,), - 3H,0, Zn(NO,),
- 6H,0 and Cd(NO,), - 4H,0 were commercially avai-
lable and purchased from Aladdin Industrial Corporation
(China). NaN, was purchased from Xiya Reagent (Chi-
na). N’-(1-(pyrazin-2-yl)ethyl-idene)isonicotinohydrazi-
de (HL) was prepared according to the literature.'? Ele-
mental analyses (C, H and N) were performed using a
Perkine Elmer 240 elemental analyzer. IR spectra were
recorded on a FT-IR Nicolet 5700 spectrometer from
4000 to 400 cm™" with KBr pellets. Fluorescence spectra
were obtained using Cary Eclipse spectrofluorimeter at
room temperature.

Table 1. Crystallographic data for 1-3.

Caution! Azide compounds of metal ions are po-
tentially explosive. Only a small amount of material
should be prepared and it must be handled with care.

2. 2. Synthesis of {[Cu(L)(N,)] -

(H,0)y,55}, (1)

The methanol solution (4 mL) of the ligand (9.64
mg, 0.040 mmol) was carefully layered on the top of the
(4 mL) of Cu(NO,), - 3H,0 (9.66 mg, 0.040 mmol). The
(0.20 mol/L, 0.4 mL) of NaN, was gently added as the
third layer. The solutions were left for 5 days at room
temperature, and complex 1 (7.43 mg) was obtained.
Yield: 53%. IR (KBr, cm™): 3434, 3058, 3008, 2047,
1616, 1562, 1498, 1457, 1408, 1378, 1345, 1326, 1311,
1229, 1194, 1175, 1153, 1140, 1069, 1038, 1008, 868,
848, 797, 760, 709, 696, 656, 607, 581, 520, 456, 423.
Anal. Calcd. For C,H,,5,CuN;O, ,.(%): C, 41.14 ; H,
3.02; N, 31.99. Found: C, 41.26; H, 3.01; N, 32.12.

2. 3. Synthesis of {[Zn(L)(N,)] -

(H,0)y 5}, (2)

Complex 2 (5.78 mg) was obtained by similar pro-
cedure as 1 by using Zn(NO,), - 6H,0 (11.90 mg, 0.040
mmol) instead of Cu(NO,), - 3H,0. Yield: 41%. IR (KBr,
cm™): 3411, 3060, 3011, 2056, 1610, 1564, 1460, 1416,
1404, 1364, 1323, 1307, 1234, 1188, 1173, 1154, 1142,
1089, 1067, 1033, 1022, 1008, 914, 866, 854, 793, 765,
716, 702, 660, 612, 578, 558, 519, 457. Anal. Calcd. For
C,,H,\N;O,.Zn(%): C, 40.41; H, 3.11; N, 31.42. Found:
C, 40.57; H, 3.09; N, 31.51.

1 2 3
Empirical formula C,H,, 5,CuN;O, o C,H;;N;O, .Zn C, H,,Cd,N, O,
M, 350.32 356.66 807.38
Crystal system monoclinic monoclinic Triclinic
Space group P2/n P2/n Pi
a(A) 10.1082(6) 10.247(3) 10.3084(18)
b(A) 14.1898(10) 14.165(4) 11.1749(19)
cd) 10.7272(7) 10.703(3) 14.372(2)
a(®) 90.00 90.00 88.687(5)
B(©®) 116.467(2) 115.063(8) 89.140(5)
Y(®) 90.00 90.00 68.924(5)
V(A% 1377.37(16) 1407.3(7) 1544.4(5)
Z 4 4 2
p.(gem™ 1.689 1.683 1.736
F(000) 710 724 796
Data / param. / restr. 2708 /215711 2760/215/10 6045/421/4
T/K 298 298 298
u(Mo-Kor)/ mm™ 1.604 1.765 1.432
GOF (F2) 1.051 1.059 1.052

Rla, wR2b (I>20(1))

0.0275, 0.0704

0.0281, 0.0706

0.0330, 0.0936

"Ry =S| [FVEIF. R, = [Sw(F} FOSEwEN"
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2. 4. Synthesis of [Cd,(L),(N,),(H,0)], (3)

Complex 3 (7.76 mg) was obtained by similar pro-
cedure as 1 by using Cd(NO,),-4H,0 (12.34 mg, 0.040
mmol) instead of Cu(NO,), - 3H,0. Yield: 48%. IR (KBr,
cm™): 3330, 3079, 2054, 1613, 1568, 1510, 1462, 1404,
1358, 1303, 1233, 1180, 1152, 1137, 1061, 1037, 996,
915, 853, 789, 763, 696, 656, 558, 510, 452. Anal. Calcd.
For C,,H,,Cd,N,O,(%): C, 35.70 ; H, 2.75; N, 27.76.
Found: C, 35.81; H, 2.74; N, 27.87.

2. 5. X-ray crystallography

The data were collected at 298 K on a computer-
controlled Bruker D8 venture diffractometer equipped
with graphite monochromated Mo-Ka radiation (A =

0.71073 A). The collected diffraction data were reduced
using the SAINT program,” and multi-scan absorption
corrections were performed via the SADABS program.*!
The structures were solved by direct methods and refined
against F” by full-matrix least-squares methods applying
the SHELXL program package.** All of the non-hydrogen
atoms were refined anisotropically. In complexes 1 and 2,
the ADPs of N6 and N7 atoms were restrained to be same
within a standard deviation of 0.005 A. In total 11 geome-
tric restraints were used in modeling this structure. In
complex 3, the atoms O3 were constrained to have the sa-
me ADPs as atoms Cdl. Total 4 restraints were used in
modeling the structure. The azide ion N13 was disordered
over two positions in refined ratio 0.50(4):0.50(4). All the
hydrogen atoms bonded to C atoms were generated geo-

Table 2. Selected bond distances (A) and angles (°) for complex 1 and 2.

1
Cul-N1 2.0526(17) Cul-N3 1.9310(17)
Cul-N5' 2.2876(17) Cul-N6 1.9468(18)
Cul-N6" 2.7755(19) Cul-01 2.0059(14)
01-C7 1.278(2) N4-C7 1.322(3)
N3-Cul-N1 79.43(7) N3-Cul-O1 79.31(6)
N6-Cul-O1 100.78(7) N6-Cul-N1 98.57(7)
N6'-Cul-N5! 172.18(6) C7-N4-N3 107.39(16)
2
Znl1-N1 2.1939(17) Znl1-N3 2.0521(17)
Znl1-N5' 2.1277(17) Zn1-N6 2.0009(19)
Znl1-N6' 2.618(2) Zn1-01 2.1176(15)
01-C7 1.271(3) N4-C7 1.329(3)
N3-Znl-N1 75.41(7) N3-Zn1-01 75.60(6)
N6-Zn1-01 100.67(7) N6-Zn1-N1 105.03(7)
N6%'-Zn1-N5' 170.70(6) C7-N4-N3 108.47(16)
Symmetry codes: (i) —x + Y2,y — Y2, —z + 3/2; (ii)) x+ 1, -y + 1, -z + 1.
Table 3. Selected bond distances (A) and angles (°) for complex 3.

Cd1-N1 2.575(3) Cd1-N3 2.364(3)

Cd1-01 2.359(3) Cd1-N11 2.278(3)

Cd1-03 2.445(3) CdI-N11! 2.552(4)

Cd1-N10' 2.309(3) Cd2-N5 2.311(3)

Cd2-N7 2.408(3) Cd2-N8 2.312(3)

Cd2-02 2.268(3) Cd2-N14 2.265(4)

Cd2-N141 2.402(4) C7-01 1.265(5)

C7-N4 1.309(5) C19-02 1.265(5)

C19-N9 1.326(5)

01-Cd1-N3 67.62(10) N3-Cd1-N1 65.28(11)

N1-Cd1-03 72.61(11) N11-Cd1-03 77.81(11)

N11-Cd1-01 76.57(11) N11-Cd1-N10% 164.72(12)

02-Cd2-N8 68.93(11) N14-Cd2-02 100.41(14)

N8-Cd2-N7 68.20(11) N14-Cd2-N7 122.34(14)

N5-Cd2-N14i 159.97(15) C7-N4-N3 111.7(3)

C19-N9-N8 109.5(3)

Symmetry codes: (i) —x, 1 —y, 1 —z; (ii)) 1 —x, 2 —y, —z; (iii) x, y, | + 2.
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metrically and refined isotropically using the riding mo-
del. The H atoms attached to water molecules were fixed
by difference Fourier maps with O-H = 0.85(2) A, H--H
=1.442) A and U_(H) = 1.5 U,,(0). The occupancy fac-
tors for water molecules in 1 and 2 were obtained by refi-
nement of occupancy number. Details of data collection
and refinements of complexes 1-3 are summarized in Tab-
le 1, selected bond distance and angles are given in Tables

2 and 3.

3. Results and Discussion

3. 1. IR Spectroscopy

The IR spectra of complexes 1-3 (Figure S1) dis-
play broad band at about 3300~3400 cm™' due to the
stretching band of water molecules.* The absence of typi-
cal v(C=0) band of HL (1662 cm™) and the appearance
of v(C-0) absorption bands (1616 cm™ for 1, 1610 cm™
for 2, and 1613 cm™' for 3) support the coordination of HL
in the enol form.?* The stretching vibration of the azomet-
hine bands for complexes 1-3 are found at 1562, 1564,
and 1568 cm™, respectively. Whereas the same band in
the free 1 igand HL was observed at 1632 cm™'. On com-
plexation the shifts of azomethine C=N band towards lo-
wer wavenumbers indicates coordination of the azomethi-
ne to the metal center.'>? The sharp band of the azide ions
are found at 2047 cm™ for 1, 2056 cm™! for 2, and 2054
cm™ for 3.

3. 2. Structural Analysis

On the self-assembly process, ligand HL featured
keto-enol tautomerism. The structural transformation can
be supported by changes of the bond lengths and angles as
follows (Tables 2 and 3).'2?®?” The bond distances of car-
bonyl group C=O are elongated to 1.278(2) A in 1,

Figure 1. Coordination environment of Cu" in 1. Symmetry codes:
i) —x+Y,y-Y2,—z+3/2; (i) x+1,—y+1,—z+ 1.

1.272(3) A in 2, and 1.265(5) A in 3, which is the typical
C-O0 single bond length; meanwhile the C—-N bond lengths
are shortened to 1.322(3) A in 1, 1.329(3) A in 2, and
1.309(5), 1.326(5) Ain 3, corresponding to the increasing
n-bond order. These bond distance changes are accompa-
nied by shrunk angle of C-N-N being 107.40(16)° in 1,
108.47(17)°in 2, 111.7(3)° and 109.5(3)° in 3.

Complexes 1 and 2 crystallize in the monoclinic sys-
tem, space group P2 /n. As shown in Figures 1 and S2, the
two complexes possess very similar coordination environ-
ment; so only the structure of 1 is described in detail he-
rein.

The asymmetric unit of compound 1 is composed of
one Cu'" ion, one deprotonated ligand L!~, one azide anion
N,", and one lattice water molecule. As presented in Figu-
re 1, the coordination polyhedron around the Cu(II) center
is distorted octahedral. The equatorial plane is surrounded
by one nitrogen donor N1 from pyrazine ring, one nitro-
gen donor N3 from azomethine, one enolate oxygen do-
nor O1 and one nitrogen donor N6 from azide ion. The
sum of the four equatorial angles (=358.09°) is very close
to the ideal value (360.00°), which ensures the planarity
of equatorial plane. The copper ion is only 0.0984 A out
of the basal plane. The axial positions are occupied by the
pyridyl nitrogen donor N5' from another ligand and azide
nitrogen N6 (symmetry codes: (i) —x + Y2, y — Y2, —z + 3/2;
(i) —x+ 1,—-y + 1, —z + 1). The average bond length of the
equatorial plane is 1.9839(17) A, while the average axial
bond length is 2.5313(18) A, thus the coordination sphere
for Cu ion in complex 1 is a stretched octahedron.

Figure 2. View of the 2D structure of 1.

In complex 1, the azide group adopts the asymme-
tric end-on bridging mode. The Cu-N_;,. bond length,
especially the bond length of Cul-N6" (2.7748(19) A), is
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somewhat longer than those reported in Cu-hydrazone-
azide analogues,”?® while it is shorter than that in Cu-
bipyridine-(N,), being 2.849(4) A.?” The Cu(II) centers
are bridged by two p, |-N; to form a planar Cu—(y, ;-
N,),—Cu ring. The Cu---Cu distance within the four-mem-
bered cyclic units is 3.5837(5) A. The adjacent (CuL),-
(1,.1-N3), units are connected with each other via the pyri-
dine N5 atoms forming the 2D sheet structure of 1 (Figu-
re 2). In earlier work, Xu et al. have reported a series of
mono-, bi-, tetra-nuclear and 1D chain Cu(Il) complexes
derived from HL and copper salts.'” HL was also in eno-
lic form in those complexes, and acts as NNO donor in
mono-, bi-, and tetranuclear complexes. While in the 1D
chain complex {[Cu,(L),(NO,)(H,0),] - (NO,)},, L acts
as NNON donor as that in complex 1, however the mono-
dentate coordination mode of the nitrate anion limits the
further extension of the structure. Therefore the counter
anions influence the structures of the complexes efficient-
1y. !9

In complex 1, the free water molecules are linked to
the sheet via hydrogen-bonding interactions O2-H2A.-- N7,
02-H2A---N8, and O2-H2B---O1 (Figure S3).

Crystal structure study reveals that 3 crystallizes in
triclinic system, space group P1. The asymmetric unit of 3
consists of two crystallographically independent Cd**,
two deprotonated ligands L'~, two counter anion N, and
one coordinated water molecule.

As shown in Figure 3, Cdl center adopts a pentago-
nal bipyramid coordination geometry. The deprotonated
ligand acts as pincer-type ligand, occupying three of the
five equatorial coordination sites through pyrazine atom
N1, azomethine atom N3 and enolate atom O1. The re-
maining two sites are held by azide atom N11' and water
molecule O3 (symmetry code: (i) —x, 1 —y, 1 — z). The
sum of the five equatorial angles (=359.89°) is very close
to the ideal value (360°). The nitrogen donors N11 from

another azide ion and N10™ from another pyridyl ring oc-
cupy the axial positions (symmetry code: (iii) x, y, 1 + z.).
The bond angle of N11-Cd1-N10! being 164.72(12)°
suggests a distorted coordination core. Meanwhile the
average axial bond length (2.293(3) A) is shorter than the
equatorial bond length (2.459(3) A) showing a compres-
sed pentagonal bipyramid structure. The Cd2 center pos-
sesses a distorted octahedral coordination environment.
The ligand L'~ still serves as pincer ligand occupying the
basal plane through N7, N§, and O2. Azide atom N14 ta-
kes up the remaining site. The azide donor N 14 (symme-
try code: (ii) 1 — x, 2 — y, —z) and pyridyl donor N5 occupy
the axial positions. The angle of N5-Cd2-N14" being
159.97(15)° also deviates markedly from linearity.

N16

Figure 3. Coordination environment of Cd" in 3 (H atoms are omitted for clarity). Symmetry codes: (i) —x, 1 —y, 1 — z; (i) 1 —x, 2 — y, —z; (iii) x,

v, 1+z
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The azide ions in 3 are more bent than those in 1 and
2 with average N-N-N angle of 168.6(3)°. The azide li-
gands also bridge in an end-on fashion in complex 3, which
is similar with complexes 1 and 2. The Cd(II) centers are
bridged by two y, ,-N; with Cd---Cd separation of 3.71(1)
A. The Cd1-N11-Cd1' and Cd2-N14-Cd" bridging angles
are 100.07(13) and 105.06(14)°, respectively. The adjacent
Cd,(y, ,-N3), units are connected with each other via the
pyridine N atoms (N5 and N10) forming the 2D sheet struc-
ture of 3 (Figure 4). In 3, the coordinated water molecules
are hydrogen bond donors and link these 2D sheets into 3D
network via 03-H3B--01' and O3-H3C---N6" (symmetry
code: (iv) x + 1,-y + 1, —z + 1). (Figure 5).

Figure 5. The 3D framework connected by H-bonding interactions
in complex 3.

3. 3. Luminescence Study

The d'° transition metal based complexes with no d-
d transition have intrinsic electronic properties. They are
potential candidates for photoactive materials. Here the
luminescent properties of HL, 2 and 3 were investigated
in the solid state at room temperature.

As shown in Figure 7 upon excitation at 402 nm the
free ligand HL exhibits fluorescent emission centered at
468 nm, which can be attributed to the intra-ligand w*—m
and m*—n transitions. Complexes 2 and 3 exhibit a little less
intense photoluminescence, with emissions around 541 and
551 nm, respectively. As Zn** or Cd** ions are difficult to
oxidize or reduce owning to their closed shell structure, !
thus the luminescent emissions of the corresponding com-
plexes 2 and 3 can be ascribed to the intra-ligand transi-
tions. The red shifts of their emission spectra may be due to

6000 |-
— HL
=, e 2
= 4000 | -3
=
'
&
@
g
£ 2000
—
1 i 1 i 1 i 1 i 1 M L

450 500 550 600 650 700
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Figure 6. Fluorescence emission properties of the HL and comple-
xes 2, 3 in the solid state.

the coordination and hydrogen bonding effect, which can
effectively enhance the coplanar arrangement of HL.*?

4. Conclusions

In this paper, three complexes with 2D layered struc-
tures based on multidentate hydrazone ligand HL and azi-
de salts have been isolated. The asymmetric end-on brid-
ging mode of N~ was found in complexes 1-3. The mono-
anionic ligand L'~ coordinated to the metal centers in an
enolic form and served as tetradentate NNON type brid-
ging ligand. In complexes 1 and 2 only intra-sheet hydro-
gen bonds were observed. The hydrogen bonding interac-
tions between the water molecules and host framework
construct a 3D supramolecular network for 3. In addition,
complexes 2 and 3 exhibit green emission fluorescence be-
haviors owing to the rigidity of structure.

5. Supplementary Material

Crystallographic data (excluding structure factors)
for the structural analysis have been deposited with the
Cambridge Crystallographic Data Center as supplemen-
tary publication Nos. CCDC 1530937 (1), 1530938 (2),
and 1530939 (3). Copies of the data can be obtained free
of charge via www.ccdc.ac.uk/conts/retrieving.html (or
from The Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK, Fax: +44-1223-336-033. E-mail: deposit-
@ccdc.cam.ac.uk).
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Sintetizirali smo tri kovinsko-organske koordinacijske polimere {[Cu(L)(N,)] - (H,0), 5}, (1), {[Zn(L)(N;)] - (H,0), 5},
(2)in [Cd,(L),(N,),(H,0)], (3) z uporabo hidrazonskega liganda N’-(1-(pirazin-2-il)etiliden)izonikotinohidrazida (HL),
NaN; in ustreznega kovinskega nitrata. Komplekse smo okarakterizirali z elementno analizo, IR spektroskopijo in mo-
nokristalno rentgensko difrakcijo. Vsi trije kompleksi imajo 2D koordinacijsko mreZo, kjer ima L'~ vlogo NNON itiri-
veznega liganda, azidni anion pa je mostovni ligand. V kompleksih 1 in 2 so prisotne samo vodikove vezi znotraj plasti,
medtem ko v kompleksu 3 vodikove vezi med vodo in gostiteljsko mreZo tvorijo 3D mreZo. Kompleksa 2 in 3 intenziv-

no fluorescirata v trdnem stanju pri sobni temperaturi.
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Abstract

The conditions for the synthesis of a material with MnO, (OMD) on activated carbon (AC) were studied. These condi-
tions were: reaction time, temperature, stirring speed, concentrations of AC, H,SO,, and O, in solution, and particle size.
Agglomerates on AC were observed by means of scanning electron microscopy (SEM) and microanalysis by energy dis-
persive spectroscopy (EDS) and revealed the presence of OMD deposited on the surface. The activation energy and the
factor of frequency for the reaction were determined as E, = 1.2 kcal/mol and A = 2.2. The value of E, indicates that the
precipitation of OMD on the AC was controlled by mass transfer in aqueous solution and the order of reaction was zero.
The adsorption capacities of AC were ¢ = 14 mg Pb(II)/g AC and ¢ = 9.1 mg As(V)/g AC. Whereas, for the OMD/AC
obtained in the following conditions: [AC] 1 or 2 g/L, particle size of AC of +0.59 mm, [H,SO,] 1 or 2 mol/L, 25 °C,
stirring speed 600 rpm, and [O;] 1.35 mol/L, the adsorption capacities were g = 90.5 mg Pb(II)/g OMD/AC and 25.4 mg
As(V)/g OMD/AC. Therefore, the fixing of OMD on the surface of the AC greatly improved the removal of both Pb(II)

and As(V) from aqueous solutions.

Keywords: MnO,, Activated carbon, Lead, Arsenic, Adsorption

1. Introduction

Studies on absorbent materials for natural and ant-
hropogenic contaminant ions, in both surface water and
groundwater, remain of interest. Arsenic and lead ions ha-
ve notable deleterious effects on human health. In Mexi-
co, their presence has been detected in aquifers, especially
in the north of the country.! They cause various diseases
including skin diseases, bone diseases and diseases in ot-
her vital organs. Moreover, they can lead to death when
high-dose exposure is continuous. Thus, it is important to
find efficient alternatives for the removal of these ions
from water and to reduce the risks to human health.

Arsenic is present in the atmosphere, soil, rocks, na-
tural water and organisms. Most environmental problems

related to arsenic contamination are due to mobilization
under natural conditions. For human beings, arsenic has
an important impact in the form of mining, burning fossil
fuels and use of arsenic-containing pesticides, herbicides
and livestock feed.? The presence of arsenic in water usu-
ally indicates nearby mines or metallurgical industries in
operation or agricultural areas where materials with arse-
nic are used.® The average levels of arsenic in groundwa-
ter are between 0.001 and 0.002 mg/L; however, in areas
with volcanic rocks and sulfide ore deposits, these levels
are > 3 mg/L. The World Health Organization (WHO) es-
tablished that the arsenic in water for human consumption
should not exceed 0.01 mg/L.* This is a provisional value
given the uncertainty of the risks associated with a lower
concentration of arsenic; in 1984, the WHO had set limit
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value of 0.05 mg/L. The U.S. Environmental Protection
Agency (EPA) indicates a maximum permissible limit
concentration of arsenic of 0.01 mg/L for drinking water.’
The Mexican official standard is a maximum permissible
limit concentration of 0.025 mg/L.°

Lead is present in the environment, including in the
air, dust, soil and water. This element and its compounds
are widely used for batteries, pigments, ammunitions,
weldings, pipes, coated cables and bearings. Other sour-
ces of contamination are mining and smelting waste, pe-
trol and paintings.” The maximum permissible limit con-
centration of lead in drinking water established by the
WHO for water is 0.01 mg/L. Per the U.S. EPA, the limit
is 0.015 mg/L, though it is also 0.01 mg/L according to
the Mexican official standard.*®

There are several technologies for the treatment of
contaminated water with arsenic and lead ions such as
coagulation-filtration, chemical precipitation, ion exc-
hange and lime softening, among others.””" In recent
years, research has been conducted on low-cost and ea-
sily obtainable materials that may be useful for ab-
sorbing heavy metals. Among these materials are: activa-
ted charcoal, zeolites, chitosan, clays, biocarbon, and
sand.'®!" To increase the adsorption capacity of these
natural adsorbents materials, changes to their surfaces
have been proposed. For lead removal, several possibili-
ties have been tested, including: manganese dioxide onto
zeolites, sand or resins, cellulose, carbon nanotubes, pre-
treated clinoptilolite, and graphene.’** Regarding arse-
nic removal, the deposition of MnO, (OMD) onto
polystyrene resins, zeolites and MCM-41 has been pro-
posed. 10:11:26-30

Oxidation of manganese ions by ozone in an aque-
ous solution has been widely studied, and it is a feasible
alternative for the production of OMD.*' Ozone is one of
the strongest oxidants and offers the advantage of not in-
troducing unwanted specimen into the system; therefore,
its use guarantees the purity of the product obtained.
OMD obtained via this method has better characteristics
than if it was produced via other methods. Moreover, this
type of OMD exhibits good behavior for ion exchan-
ge.?* Preferentially, OMD exchanges with other ions in
the order Pb(II) > Zn(II) > Cd(II) > TI(I).*

Activated carbon (AC) is a low-cost adsorbent that,
depending on the conditions of the adsorbate, can be
used in a wide pH range. Its adsorption capacity stems
not only from its surface area but also its physicochemi-
cal nature, i.e. properties obtained during the activation
process.*** Manganese dioxide obtained by specific
conditions of ozonation (OMD) has better adsorption ca-
pabilities than if it was obtained by electrolytic or che-
mical methods. The size of the OMD obtained by direct
precipitation is relatively small. An interesting option is
the use of a supporting material such as AC to obtain a
larger material useful in traditional adsorption columns.
The synthesis of OMD consumes electricity for the for-

mation of ozone; however, with the use of alternate ener-
gy sources (i.e., solar), costs could be mitigated. Manga-
nese sulfate can be obtained during the acid leaching of
manganese ore, whose oxidation with ozone can be di-
rectly applied in the presence of AC. The cost of obtai-
ning OMD from manganese ore is comparable to that of
obtaining it by the electrolytic method. In addition,
OMD/AC provides the features for adsorption of Pb(II)
or As(V); furthermore, the reversibility of adsorption has
been proved for cadmium(Il) and zinc(Il) with an acid
solution at pH 1-2.%

The present investigation proposes the synthesis of
an adsorbent material, which consists of OMD supported
by AC to examine whether its physical and chemical cha-
racteristics are suitable for the adsorption columns used in
water purification. The specific aims of this research are:
1) to establish the best conditions for the synthesis of
OMDY/AC, 2) to characterize the material, and 3) to deter-
mine the adsorption capacity of the material for Pb(II) and
As(V) ions.

2. Experimental

2. 1. Synthesis of MnO,/AC

For the synthesis of the OMD, MnSO, (Karal S. A.
de C. V., reagent grade) and H,SO, (Baker, reagent grade)
were used. Granular AC type CAGR 8 x 30 (Clarimex),
certified by the National Science Foundation and previ-
ously characterized was used.*” The AC is of lignite ori-
gin, is activated by vapor steam, has an average pore dia-
meter of 3.5 nm and has a surface area of 664 m%/g. The
determinations using the inductively coupled plasma
(ICP-OES) spectrometry (Perkin Elmer, Optima 3300
DV) gave the following data: Al: 256 mg/kg, Si: 143
mg/kg, Na: 1085 mg/kg, K: 300 mg/kg, Ca: 872 mg/kg,
Sr: 756 mg/kg and V: 14 mg/kg.

OMD synthesis was performed via the oxidation by
ozonation of Mn(Il) in aqueous solution. A solution of
1 g/L of MnSO, and 1 mol/L. H,SO, was prepared with
deionized water and was deposited in a glass reactor with
2 g of AC. The system was stirred to 600 rpm for 2 h, and
the temperature was controlled at 25 °C. A gaseous mixtu-
re of O,/0O,, produced in an ozone generator (PCI Ozone
& Control Systems, mod. GL-1) supplied with oxygen
was introduced into the reactor. Samples were taken at 0,
30, 60, 90 and 120 min of reaction. The samples were fil-
tered and the solid was washed with 100 mL of deionized
water. These samples were identified as OMD/AC. Fi-
nally, the samples were stored in a desiccator. Liquid sam-
ples were analyzed by ICP-OES.

The base conditions for the synthesis were: tempera-
ture, 25 °C; stirring, 600 rpm; concentration of AC, 2 g/L;
[H,SO,], 1 mol/L; [O,] in solution, 1.32 mol/L; and par-
ticle size of AC, +0.59 mm. Each parameter was indepen-
dently varied in order to find out the best adsorption capa-
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city of the material for Pb(II) and As(V) ions. The tempe-
rature ranged from 25 to 70 °C; the concentration of AC
from 0.5 to 5 g/L; the ozone concentration in solution
from 0.35 to 1.65 mol/L; the concentration of H,SO, from
1 to 3 mol/L; the stirring speed from 200 to 800 rpm; and
the particle size from AC of +0.59 to +1.6 mm.

The resulting solid material was characterized using
scanning electron microscopy (SEM) and microanalysis
by Energy Dispersive Spectroscopy (EDS) (Jeol, mod.
JSM35CFLV) to corroborate the presence of manganese
deposits on the surface of the AC and to identify other ele-
ments in the samples.

2. 2. Adsorption of Lead and Arsenic

The solutions used for the experiment were one of
lead and one of arsenic, each with a concentration of 1 g
of the element per liter. They were prepared with
Pb(NO,), (Baker, reactive grade) and Na,HAsO, - 7H,0
(Mallinckrodt Chemical Works, reagent grade) in deioni-
zed water. These solutions were stored in polyethylene
containers. The stock solutions were diluted up to a con-
centration of 100 mg/L for the adsorption experiments.
0.1 g of OMD/AC prepared in specific conditions was put
in contact with 100 mL of these solutions. For lead, the
adsorption experiments were carried out at pH = 4.7 to
avoid the precipitation of lead as hydroxide. According to
the chemical species diagram at pH = 4.7 lead is present
only as Pb(II).** Arsenic experiments were done at pH 8.8,
when As(V) can be found as the anionic species 30%
(H,AsO,)". Contact was done in an isothermal bath with
stirring at 300 rpm at 25 °C for 24 h.

After the contact the solutions were filtered and a ni-
tric acid solution added to maintain the pH < 2, the sam-
ples were stored in polyethylene bottles. Lead was then
present as Pb(Il) and As(V) was ca. 70% as H;AsO, and
ca. 30% H2A5024" all of which are water soluble.*’ These
samples were analyzed for Pb(Il) or As(V) using ICP-
OES. The OMD/AC was flushed with 100 mL of deioni-
zed water, dried at temperatures up to 35 °C for 12 h and
stored in a desiccator with silica gel.

To determine the influence of each individual condi-
tion on the synthesis of OMD/AC, the adsorption capacity
of the material for Pb(Il) and As(V) was tested using the

material obtained under different stirring speed, ozone
concentration, acidity, AC concentration, temperatures,
and AC particle sizes.

The equation used for the calculation of the adsorp-
tion capacity was:

q=" 00" (M)

where ¢ is the adsorption capacity (mg ion/g adsorbent),
m is the mass of the adsorbent (g), C, is the initial concen-
tration of ions in solution (mg/L), C; is the final concen-
tration of ions in solution (mg/L) and V is the volume of
the solution (L).*' The adsorption capacity of AC for
Pb(II) and As(V) was measured as well.

3. Results and Discussion

3. 1. OMD/AC Synthesis
3. 1. 1. Stirring Speed

The values of Mn(II) when remaining in solution for
the same amount of time are very similar (Table 1); this
means that the parameter does not significantly alter the
oxidation rate reaction. It can be deduced that the mass-
transfer phenomenon in that range of stirring speed is not
important. A slight increase of Mn(II) deposition was ob-
served, however, at a stirring speed of 800 rpm at 120 mi-
nutes of reaction. Mn(II) probably spreads in the AC by
means of electrostatic attraction with the electrically char-
ged sites of the surface, and then, when ions are already
deposited, oxidation occurs to form OMD.

3. 1. 2. Ozone Concentration

Table 1 shows the influence of the concentration of
ozone on the oxidation rate reaction of Mn(I) in the pre-
sence of AC. The oxidation rate increases in relation to the
concentration of ozone in solution. The best conditions for
attaining the lowest concentration of Mn(Il) in solution
are 1.35 mol/L and 120 min of reaction.

With ¢ > 90 min of ozonation and a concentration of
O, of 1.65 mol/L, a re-dissolution of manganese ions was

Table 1. Manganese concentration (mg/L, in italics) remaining in solution, with respect to stirring speed (rpm), ozone concentration (mol/L) and

reaction time (min).

t Stirring (rpm) [O,] (mol/L)
(min) 200 400 600 800 0.35 1.32 1.35 1.65
0 1000 1000 1000 1000 1000 1000 1000 1000
30 920 826 834 816 890 834 790 680
60 770 705 711 642 780 670 590 360
90 608 550 508 410 670 508 388 38
120 423 380 377 184 565 340 180 299
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observed due to the oxidation of the ions Mn(IV) up to
Mn(VII), revealed by the characteristic violet color. In ac-
cordance with the Pourbaix diagram at the experimental
pH, Mn(II) can be oxidized to MnO, and subsequently to
MnO,".** The calculation of the order of reaction was per-
formed with the following equation:

log(—=14) = log k + nlog C, (2

where r, expresses the variation of the concentration of a
species (Mn(II)) with respect to time, C, is the concentra-
tion of ozone, k is the rate constant and n) is the order of
reaction.

The graphics (not included) corresponding to 30, 60
and 90 min of stirring and ozone concentrations of 0.35 to
1.35 mol/L have slopes = 0.5; this is considered a zero-or-
der reaction. The value of log(-r,) tended to be higher, in-
dicating a change in slope, only in the case of 90 min and
1.35 mol/L ozone. For the lowest concentrations of ozone
in solution the mass-transfer phenomena have more inf-
luence in the process than the chemical reaction itself du-
ring oxidation of Mn(II). However, as the concentration of
dissociated ozone increases, the chemical reaction beco-
mes more important.43

3. 1. 3. Sulfuric-acid Concentration

The oxidation rate reaction of Mn(II) decreases with
the increase in sulfuric-acid concentration (Table 2). For
the range of acidity used, the best condition was 1 mol/L
H,SO,. Moreover, the start-up time for reaction increases
when the acid concentration increases. The low rate of
oxidation with high concentrations of H,SO, may be due

to a competition between protons and Mn(Il) ions for the
active sites of AC. Another explanation is that the low rate
of oxidation is due to the high viscosity observed with a
high concentration of acid.

3. 1. 4. AC Concentration

As can be seen in Table 2, the values corresponding
to the change of Mn(II) for the oxidation reaction without
AC have tendency very similar to that of the tests carried
out with the presence of AC. Rodriguez-Santillan et al.
mention that the AC favors the decomposition of Oy in so-
lution even at low pH;44 however, in the conditions of the
present work, this was not observed.

According to the calculations done in accordance
with Equation 2, the oxidation reaction is of zero-order
with respect to this variable. This means that, in the in-
terval of the AC used, this parameter does not have a sig-
nificant influence on the rate of oxidation of Mn(Il) by
ozone.

3. 1. 5. AC Particle Size

The rate reaction is quite similar for the three partic-
le sizes, namely 0.59, 1.19 and 1.6 mm (Table 3). Thus, it
can be deduced that this variable does not influence the
process of oxidation of Mn(II).

3. 1. 6. Temperature

Increasing temperature to 70 °C and reaction ti-
mes to greater than 60 min favors oxidation; for lower
temperatures, there was no noticeable difference (Table

Table 2. Manganese concentration (mg/L, in italics) remaining in solution, with respect to initial sulfuric-acid concentration (mol/L), quantity of

activated carbon (g) and reaction time (min).

t [H,SO,] (mol/L) AC (g)
(min) 1 2 3 0 0.5 1 2 3 5
0 1000 1000 1000 1000 1000 1000 1000 1000 1000
30 834 959 992 743 723 761 834 787 742
60 711 852 925 592 549 629 711 651 657
90 508 654 848 439 351 392 508 489 448
120 377 452 805 255 143 269 377 246 276

Table 3. Manganese concentration (mg/L, in italics) remaining in solution, with respect to the particle size of activated carbon (mm), temperature

(°C) and reaction time (min).

t Particle size (mm) Temperature (°C)
(min) 0.59 1.19 1.6 25 40 60 70
0 1000 1000 1000 1000 1000 1000 1000
30 834 751 793 834 840 876 876
60 711 589 618 711 666 643 647
90 508 404 412 508 469 419 417
120 377 242 251 377 251 221 60
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3). Similar observations have been reported previ-
ously.®

The k values for temperatures of 25, 40, 60, and 70 °C
were calculated considering the slopes of the graphs of Fi-
gure 1A. These values were used to determine the activa-
tion energy by the Arrhenius linear equation:

Ink =InA - E, /RT 3)
where k is the rate constant, A is the factor of frequency,
E, is the activation energy (kcal/mol), R is the universal
constant of the gases, and T is temperature (K).

Figure 1B shows a graph in which the activation
energy and the factor of frequency are the slope and the
intercept of the line, respectively. These values are E, =
1.2 kcal/mol and A = 2.2. According to Peters and Bol-
ton, E, values under 4.7 kcal/mol and occasionally under
2.3 kcal/mol correspond to mechanisms controlled by
mass-transfer in an aqueous solution;* therefore, depo-
sition of MnO, on AC can be considered as such. Thus,
temperature does not influence the process of MnO, pre-
cipitation.

3. 2. Characterization by SEM

Figure 2 shows typical images obtained by SEM. In
the micrograph taken to the scale of 150x and 100 pm (a),
fine particles were observed on the AC. Yet, in the micro-
graph taken to the scale of 2000x and 10 um (b), agglome-
rates of OMD were deposited on the surface of the AC.
The EDS (c) revealed the presence of manganese and si-
licon, which were located on the AC surface.

When low ozone concentrations were used for
synthesis, the images showed less deposits of manganese
on the AC than on samples synthesized with high concen-

a) 1000

©298.15 m313.15 4333.15 a343.15 A

800

600

400

[Mn]i-[Mn]s
e

200

0 20 40 60 80 100

stirring time, minutes

120 140

trations of ozone; thus, the increase of ozone can be said
to favors precipitation.

3. 3. Adsorption of Pb(II) in OMD/AC

Table 4 shows the influence of different conditions
on the synthesis of OMD/AC in terms of the composite’s
adsorption capacity for lead. This adsorption capacity in-
creases with the stirring speed, probably due stirring
speed’s creation of more homogeneous deposits of OMD.
However, the OMD/AC formed at 800 rpm does not pre-
sent the best features for removing Pb(II), because the dis-
semination processes do not favor the solid-liquid interfa-
ce or because the contact time between the particles of
OMD and AC was reduced. Moreover, this condition of
synthesis could also create fractures of AC particles; hen-
ce, the OMD deposited on them may become detached.

The adsorption capacity of lead in the OMD/AC in-
creased when the concentration of ozone used in the
synthesis of the material was changed from 0.35 to 1.32
mol/L (Table 4); however, with higher concentrations, this
adsorption capacity decreased. This can be explained by a
partial re-dissolution of manganese as MnO,” during
synthesis, and resulting decrease of manganese as an oxi-
de on the surface of the AC, which is the chemical species
that allows for efficient adsorption.

Table 4 also shows the influence of sulfuric-acid
concentration. When the concentration of the acid reaches
2 M, the formation of y~-MnO, is promoted, thereby in-
creasing adsorption capacity. A higher concentration of
sulfuric acid (3 mol/L) favors the formation of Mn(III), an
intermediate species between Mn(II) and Mn02.35 In addi-
tion, in this case, the decrease of manganese as an oxide
on the surface of the AC reduces the lead adsorption capa-
city of the material.

b) 145 15
0.6

-0.8

-0.9

InK
[ ]

-1

1/RT

Figure 1. a: Initial manganese (mg/L) minus manganese remaining in solution as a function of stirring time. The slopes are: 5.24, 6.02, 6.33, and
7.04 for 298.15, 313.15, 333.15, and 343.15 K, respectively. b: Estimation of activation energy by means of the Arrhenius equation. Ln K =

—1.2*%(1/RT) + 0.797 (R2 = 0.94)
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The adsorption capacity of Pb(Il) by OMD/AC de-
creases when the concentration of AC used in the synthe-
sis of the material increases (Table 4), for the amount of
OMD present in the adsorbent material is proportionally
smaller.

The best adsorption capacity with respect to the
temperature of the formation of the OMD/AC was 82.7
mg Pb(II)/g in the material prepared at 40 °C. The adsorp-
tion capacity of the material is reduced at higher tempera-
tures during synthesis. Umetsu et al. reported a similar be-
havior; they observed that OMD does not present adsorp-
tion for a synthesis at 70 °C.*® Although there are signifi-
cant deposits of OMD in the synthesized material at that
temperature, the results indicate that the main factor res-
ponsible for the removal of Pb(Il) is AC.

Regarding particle size, the best adsorption capacity
(85.8 mg Pb(Il)/g OMD/AC) was obtained using the
synthesized material with the largest AC particle, because
it presents more deposits of OMD on the surface. In the
intermediate-sized synthesized material with AC, the re-
moval of Pb(I) was reduced because of small amount
OMD deposits, which was observed in the micrographs
for particles sizes of 0.59 and 1.6 mm. Finally, when using
the smallest AC particles, the Pb(I) removal was also
high (71.7 mg Pb(Il)/g OMD/AC); the presence of few
OMD deposits, the adsorption capacity increased if the si-
ze of the AC was reduced.

The conditions of synthesis of OMD/AC with the ma-
ximum adsorption capacity of Pb(II) are: 2 mol/L of sulfu-
ric acid, temperature at 25 °C, stirring at 600 rpm, AC par-

)

1500

1000

J ke

Figure 2. Typical micrographies of the synthetized materials. (a) 150x, (b) 2000x, (c) EDS obtained in micrography.
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Table 4. Adsorption capacities of OMD/AC for Pb(II) and As(V) with respect to different synthesis parame-
ters for OMD/AC. Initial concentrations = 100 mg/L. Without OMD, g, = 14.0 mg Pb(II)/g AC and g, = 9.1

mg As(V)/g AC.
Synthesis parameters Condition q (mg Ph(Il)/g q(mg As(V)/g
for OMD/AC OMD/AC) OMD/AC)

25 71.7 43

Temperature (°C) gg 3(2); }zg

70 71.0 8.0

200 54.6 17.3

. 400 60.9 18.5

Stirring (rpm) 600 717 43

800 39.3 4.7

0.35 40.0 5.6

1.32 71.7 4.3

;] (mol/L) 1.35 56.6 1.0

1.65 76.8 4.5

0.5 84.6 17.6

1.0 81.4 25.1

[AC] (g/L) 2.0 72.0 43

3.0 20.3 1.8

5.0 44.0 7.3

1.0 71.7 43

[H,SO,] (mol/L) 2.0 90.6 16.5

3.0 34.7 19.5

0.59 71.7 4.3

Particle size of AC (mm) 1.19 49.5 19.7

1.60 85.8 10.1

ticle size at +0.59 mm, [O,] 1.35 mol/L, and [AC] 2 g/L.
The adsorption-capacity value in these conditions is 90.5
mg Pb(Il)/g OMD/AC; for AC, however, it is 14 mg Pb(Il)/g
AC. Therefore, the fixing of MnO, on the surface of the AC
greatly improves the removal of ions Pb(I) of aqueous so-
lutions.

3. 4. Adsorption of As(V) in OMD/AC

The results of the experiments carried out to deter-
mine the adsorption capacity of As(V) on the material in
each of the conditions of synthesis was calculated in the
same way as described for lead, following Equation 1 and
determining the influence of each individual parameter.
The values obtained are shown in Table 4.

At the experimental pH (8.8), As(V) can be found
as an anionic species H,AsO,*.* Even if the OMD is
considered a cation exchanger, the use of this material to
remove As(V) has been reported in the literature.*’*

Table 4 shows that the adsorption capacity was bet-
ter with a slow stirring speed during synthesis (200 and
400 rpm); the highest value obtained was for 400 rpm
(18.5 mg As(V)/g OMD/AC). The increased stirring speed
resulted in a drastic decrease in the adsorption capacity
because of fewer deposits of manganese oxide, which is
responsible for adsorption.

The ozone concentration used for the synthesis of
OMD/AC does not have a significant influence on the
adsorption capacity for arsenic ions. The maximum ad-
sorption capacity is less than 6 mg As(V)/g OMD/AC
for a concentration of O, = 1.65 mol/L. This behavior is
different from that observed with the adsorption of
Pb(II) for the same parameter because the mechanism of
ion exchange of the OMD is different for cations and
anions.

The adsorption capacity of As(V)in OMD/AC de-
pends on H,SO, concentration; it increased when that
concentration increased from 1 to 3 M. The best adsorp-
tion capacity was 19.5 mg As(V)/g OMD/AC for 3 mol/L
of H,SO,. The increase of the anion exchange of the OMD
is given by the presence of sulfate ions on the surface,
which allowed for a greater exchange of anions. However,
the variation of the adsorption capacity between 2 and 3
mol/L did not produce noticeable changes. The amount of
OMD deposited on the AC decreased when the concentra-
tion of the acid increased; therefore, the adsorption of
As(V) also decreased.

An adsorption capacity of 25.1 mg As(V)/g
OMD/AC was obtained when the concentration of AC
was 1 g/L; with higher concentrations, smaller values we-
re obtained. This behavior is similar to that observed for
Pb(II), and similarly related to the amount of OMD pre-
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sent in the adsorbent material, which is proportionally
smaller.

With respect to the temperature of the synthesis of
OMDY/AC, the tendency is the same for the As(V) as for the
Pb(II). At low synthesis temperatures the adsorption capa-
city was higher showing the best results at 40 °C, although
it remained virtually constant up to 60 °C, with 19.0 and
18.5 mg As(V)/g OMD/AC, respectively. At 70 °C a signi-
ficant decrease in the adsorption capacity was observed.
The reduction of the ion-exchange capacity of OMD/AC
meant that the capacity for retention of the material decrea-
sed when more deposits of manganese were present in the
adsorbent material.

The adsorption of As(V) with respect to particle size
displayed the opposite behavior as the adsorption of
Pb(ID). In this case, with the smallest particle size, the ad-
sorption capacity was the lowest. The sample used for this
experiment probably had few OMD deposits, so the main
adsorbent was AC. For other particle size, OMD deposits
were confirmed; however, no high adsorption capacity
was observed. The highest adsorption capacity was 19.7
mg As(V)/g, for a particle size of AC =+1.19 mm. The re-
moval of As(V) does not present a clear tendency with re-
gard to the particle size used for the synthesis of
OMD/AC in the present work.

The best adsorption capacity obtained was 25.4 mg
As(V)/g OMD/AC with a material prepared as follows:
AC concentration 1 g/L, temperature at 25 °C, stirring
speed at 600 rpm, AC particle size at +0.59 mm, [O,] 1.35
mol/L, and [H,SO,] 1 mol/L. The adsorption capacity of
As(V) in AC is 9.1 mg As(V) /g AC; therefore, it can be
seen that the presence of OMD greatly improves the ab-
sorption of As(V).

The mechanism of removing the As(V) in anionic
form from water by the OMD/AC is complicated. The
first stage is probably the formation of complexes on the
surface of the AC, which is followed by ion exchange.
The adsorption of anions has been related to reactions
of complex formations on protonated sites or the pre-
sence of electrophilic sites. The As(V) is quite basic,
suggesting that its adsorption in AC has a close rela-
tionship with the concentration of functional strong acid
groups.

3. 5. Comparison of the Adsorption Data
for Pb(II) and As(V)

One published review focused on adsorbents for the
removal of arsenic, cadmium, and lead from contaminated
waters.”” Table 5 shows a comparison of the present work’s
data and some data from the literature for the same kind of
adsorbent material. The adsorption capacity of OMD/CA
is similar to that of Al,O,-pillared layered MnO, and Al-
pillared montmorillonite (A, B) and better than that of ot-
her materials. Regarding the adsorption capacity of
OMD/CA for As(V), the result obtained is not too low;
though there are other materials with higher values of q.

4. Conclusions

The conditions for the synthesis of a material with
MnO, (OMD) on activated carbon (AC) were studied. It
can be deduced that mass-transfer phenomena in the range
of the stirring speed (200-800 rpm) are not important. The
oxidation rate increases according to the concentration of
ozone in solution and the best conditions for attaining the
lowest concentration of Mn(I) in solution which results
in more deposits of manganese dioxide are 1.35 mol/L
and 120 min of reaction. The rate of reaction of Mn(II)
oxidation decreases with increased in sulfuric-acid con-
centration. Neither the concentration nor the particle size
of AC influences the process of oxidation of Mn(II).
Increasing temperature to 70 °C and a reaction time to
greater than 60 min favors oxidation; for lower temperatu-
res, oxidation is not significantly different.

For all experimental conditions agglomerates on AC
were observed by means of SEM and EDS and the presen-
ce of manganese dioxide deposited on the surface of the
AC was identified. The activation energy and the factor of
frequency for the reaction were determined as E = 1.2
kcal/mol and A = 2.2, respectively. The value of E, indica-
tes that the precipitation of manganese dioxide in the AC
is controlled by mass transfer in aqueous solution. The or-
der of this reaction is zero.

The best conditions for the synthesis of OMD/AC to
ensure maximum adsorption capacity for Pb(I) and

Table 5. Comparison of the adsorption capacities (¢) of the materials in the present work and those of previously studied materials.

. q . q Ref.
Material (mg Ph(IT)/g) Ref. Material (mg As(V) /g)
CA 14 This CA 9.1 This
OMD/AC 90.5 work OMD/AC 254 work
8-MnO, 27.81 51 Calcite/a-MnO, 10.36 47
AL O;-pillared layered MnO, 80.22 Calcite/goethite/0i-MnO, 41.94
Montmorillonite-K10 95-97 52 MnO, nanowires/diatomite 108.2 48
Al-pillared clay
0-MnO, 99.8% 53 Functionalized-nanoporous C/MnO, 9.43 49
MnO,/carbon nanotubes 6.7 54

Silica/4-amino-2-mercaptopyridine 2.45 umol/g 55
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As(V) were established. These values are 90.5 mg
Pb(1I)/g OMD/AC and 25.4 mg As(V)/g OMD/AC. When
only AC is used, these values are: 14 mg Pb(II)/g AC and
9.1 mg As(V)/g AC. Therefore, the fixing of MnO, on the
surface of the AC greatly improves the removal of Pb(II)
and As(V) from aqueous solutions.
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Povzetek

Proucili smo pogoje za pripravo materialov z MnO, (OMD) na aktivnem oglju (AC) in sicer reakcijski ¢as, temperatu-
ro, hitrost meSanja, koncentracije AC, H,SO, in O, v raztopinah ter velikost delcev. Aglomerate na AC smo spremljali
zvrsti¢nim elektronskim mikroskopom (SEM) in z mikroanalizo z energijsko disperzijsko spektroskopijo (EDS) potrdi-
li prisotnost OMD depozitov na povrSini. Izracunali smo aktivacijsko energijo in frekvencni faktor reakcije E, = 1.2
kcal/mol in A = 2.2. Vrednost E, kaZe, da je nalaganje OMD na AC kontroliran z masnim prenosom v vodnih raztopi-
nah, reakcija je nictega reda.

Adsorpcijska kapaciteta AC je g = 14 mg Pb(II)/g AC in g = 9.1 mg As(V)/g AC. Adsorpcijska kapaciteta na sistemu
OMD/AC pri sledecih pogojih: [AC] 1 ali 2 g/L, velikost delcev AC +0.59 mm, [H,SO,] 1 ali 2 mol/L, 25 °C, hitrost
meSanja 600 rpm, in [O5] 1.35 mol/L je g = 90.5 mg Pb(II)/g OMD/AC in 25.4 mg As(V)/g OMD/AC. Vezava OMD na
povrsino AC torej izredno izboljsa odstranjevanje Pb(Il) in As(V) iz vodnih raztopin.

Contreras-Bustos et al.: Synthesis of MnO, on Activated Carbon
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Abstract

The main objective of this research is to study the adsorption behaviour of malachite green and methylene blue dyes on-
to the surfactant modified natural clays. The results of SEM, XRD, IR, and thermal analysis confirms the intercalation
of organic moiety in to the clay. The adsorption results show that pseudo-first order kinetics best fitted for both the dyes
adsorbed on organo-clay. The data also reveals that both dyes are in a good agreement with Langmuir isotherm in both
types of modified clays. The value of separation factor, R, , from Langmuir equation and Freundlich constant, n, give an
indication of favourable adsorption. The maximum adsorption capacity q_ based on Langmuir model was found to be
294-303 mg/g at 25 °C, is in good agreement with the experimental values.

Keywords: Environmental remediation, montmorillonite, dyes, cationic surfactants, isotherm models.

1. Introduction:

Ecological issues have turned into a worldwide con-
cern in the light of their effect on public health."? Almost
25% of the sicknesses confronting people today is because
of their long-term exposure to environmental pollutants.’
Dye-bearing effluents are one of the most significant con-
tributors from the textile field and such effluents have a
wide detrimental impact on the human health.*> It has
been estimated that annually 7 x 10° metric ton of different
commercial dyes and pigments are being produced global-
ly, and of which 5-10% are being lost and discharged into
the wastewater in the form of industrial effluents.®’ Among
them azo dyes are the one most widely used and accounts
65-70% of the total dyes produced.® A great deal of dyes
exists and exhibit structural variations and can be classified
in several ways. These can be classified due to their struc-
tural similarity or application to the fiber type.>'°

Dyes, such as malachite green (MG) and methylene
blue (MB) have been used extensively as model dyes for
adsorption studies onto various low cost adsorbents.® In
addition, MG is largely being utilized as a food colouring
agent, food additive, and a therapeutic disinfectant and an-
thelminthic as well as a dye in a vast majority of indus-
tries,'" On the other hand, MB is generally being utilized
as a colouring agent in the biomedical field such as in mi-
crobiology, surgery, and diagnostics.'”> Beside their
greater use, they have now turned into an exceedingly
questionable compounds because of the risks it (MG) pos-
tures to the consumers of treated fish including its effects
on the immune and reproductive system,'*'* similarly, in-
tense exposure to MB can bring about numerous health
risks such as fast pulse, skin disease, jaundice, and
tetraplegia and tissue necrosis.®

In response to concerns regarding the health risks
associated with the utilization of dyes, adsorption is prob-
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ably the most adaptable and versatile approach for the ex-
pulsion of dyes from aqueous solutions.'> Sometimes, it is
conceivable to recoup the adsorbed dye through desorp-
tion and also to reuse the huge amount of water utilized by
textile sector. Adsorption has been observed to be one of
the very most effective physicochemical techniques, bet-
ter than numerous different approaches for water reuse in
terms of the simplicity of operation. The design of adsorp-
tion system play a crucial role in order to generate high
quality treated effluent.'®!” Activated carbon has been
generally utilized for this reason in view of its high ad-
sorption capacity; however, its high cost tends to limit its
use. In the past few decades, much research has been fo-
cused on the development of adsorbents from natural
sources, for example, naturally occurring clays, zeolites,
and other cheap and accessible solid materials to remove
dyes from wastewater.'® Clay minerals are appropriate for
adsorption process because of their specific surface area
and nanometer-scale size.'” Recent progress in the synthe-
sis of nanostructured materials offers a broader spectrum
to change surface properties of naturally occurring clays
in order to increase their adsorption properties. The organ-
oclays (OCs) are set up by introducing cationic surfactant
molecules (e.g. hexadecyltrimethylammonium, HDTMA,
trimethylammonium TMA etc) into the interlamellar
space of a clay (e.g. smectite) through ion exchange
which consequently change the surface properties of natu-
ral clay from hydrophilic to hydrophobic.”” The OCs have
long been used for the adsorption of a range of organic
compounds from water and wastewater.'®?'~%

Adsorption process is a surface phenomenon, where
substance of interest is concentrated on the surface of sol-
id adsorbent material. Liquid and gaseous substances can
be adsorbed in suitable adsorbent and is widely used in
isolation and purification processes in the chemical indus-
tries including biotechnology and environmental technol-
ogy.>*?% Adsorption is very reasonably superior technique
because of simplicity of design availability, ability to treat
dyes more concentrated from other techniques.””?® Being
a dynamic process, the rate of adsorption in adsorption
equilibrium is controlled by mass transfer processes. The
amount of adsorbate (analyte) adsorbed per unit mass is
determined through equilibrium, where data is represent-
ed in the form of adsorption isotherms.* Literature review
shows the number of models which govern adsorption
equilibrium, out of them the Langmuir and the Freundlich
isotherm models are the most commonly used, others in-
clude modified Freundlich, Sips, Redlich—Peterson,
Dubnin—Radushkevich constants, Tempkin constants
etc.*? Several steps can be used to study the controlling
mechanism of adsorption process such as chemical reac-
tion, diffusion control, and mass transfer; kinetic models
are used to the experimental data from the adsorption
process.”® The kinetic parameters are useful for the pre-
diction of adsorption rate, and gives valuable information
for designing and modelling the adsorption processes.

Various structural and non-structural models have been
described in the literature with variable degree of suc-
cess.?*¥ Some of them are: pseudo first and second-order
rate expressions; which are most often used, other in-
cludes intraparticle diffusion model, Bangham’s equation
et 243031

The aim of this study was to examine the adsorption
capability of natural clay (Pakistan based montmoril-
lonite) for removal of malachite green (MG) and methyl-
ene blue (MB) as a model dyes from aqueous solutions.
The peculiar montmorillonite was gotten from Khyber
Pakhtunkhwa region of Pakistan, and emended with a
cationic surfactant, Hexadecyl trimethylammonium bro-
mide (HDTMA) and Hexadecylpyridinium chloride
(HDPy), in order to assess the changes in the clays and its
adsorption capacity. The structures of natural and organ-
oclay were assessed by utilizing, Powdered X-ray dif-
fraction (XRD), X-ray Fluorescence microscopy (XRF)
Fourier Transform infrared (FT-IR) spectroscopy,
Scanning electron microscopy (SEM) and Ther-mogravi-
metric analysis (TGA). The impacts of various parame-
ters, for example, pH, contact time, dye concentration
and adsorbent dosage were also studied. The adsorption
systems of dyes (MG & MB) onto organoclay were as-
sessed in terms of adsorption isotherms which were por-
trayed by utilizing Langmuir and Freundlich isotherm
models.

2. Materials and Methods
2. 1. Materials

Both quaternary ammonium salts, hexadecylpyri-
dinium chloride (HDPy) and hexadecyltrimethylammoni-
um bromide (HDTMA) were purchased from Sigma-
Aldrich and used without any purification. The cationic
dyes methylene blue (MB) C, H,,CIN,S-3H,0 (98%) and
malachite green (MG) C,;H,.CIN, (96%) were used as the
adsorbate in this study and obtained from Sigma-Aldrich.
All the chemicals used were of analytical reagents grade
being purchased from Merck and were used without fur-
ther purification.

2. 2. Preparation of Organoclays

The organoclays were synthesized according to the
general procedure described as under. The clay impurities
were removed by sedimentation method, followed by oven
drying at 110 °C for 3h and pulverized through 200 um
sieve. Briefly, thirty millilitres of the quaternary ammoni-
um salt solution (1:1 CEC) was placed in a beaker and 1g
of pre-dried clay was added into it. The mixture was stirred
with the magnetic stirrers for about 16 h at room tempera-
ture, followed by centrifugation and washing several times
with deionized water until no halides ions were detected
from the supernatant. The modified clays were oven dried
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at 60 °C for 5 hours, ground to 74 um sizes and finally
stored in a desiccator for later use.

2. 3. Characterization Methods

Characteristics of the adsorbent materials are im-
perative in evaluating the mechanism of adsorbate bind-
ing onto the surface of the adsorbent. The chemical
analysis of the natural clay was determined using X-ray
fluorescence (XRF) spectrometer (Phillips PW 1404 X-
ray spectrometer). The basal spacing patterns of the clay
mineral were analysed through X-ray diffraction (XRD).
The data are recorded on a Philips PANanalytical X’ pert
PRO diffractometer using CuKo radiation (A = 1.540598
A). The diffractometer was operated at accelerating volt-
age of 40kV and the emission current of 30mA, and scan
range (20 = from 2 to 10) at a step size of 0.015°. The
Fourier Transform Infrared (FT-IR) spectra of natural
and organoclay were recorded to examine the surface
functional group using Nicolet Nexus 870 FT-IR spec-
trometer in the region 500-4000 cm™! with resolution of
4 cm™ and ten interferograms recorded for each sample.
An FEI Quanta 450 scanning electron microscope
(SEM) was used to define the change in surface mor-
phology of natural and organoclay. The thermogravimet-
ric analyses (TGA) were performed using PerkinElmer
Thermogravimetric analyser instrument in an atmos-
phere of nitrogen (90 cm*/min) at a heating rate of 10
°C/min in a temperature range of 25-800 °C. The BET
surface area and average pore size of the samples were
performed by (Micromeritics, ASAP 2020) System. The
cation exchange capacity (CEC) of the clay was meas-
ured using a simple BaCl, method.*

2. 4. Adsorption Studies Method

The adsorption study of dyes on modified MMt was
carried out by batch equilibrium experiment of known
amount of the adsorbent with 50 ml of aqueous dye solu-
tions of known concentration in a series of 100 ml stop-
pered flasks. The solution mixtures were kept under
isothermal conditions in a shaking water bath at 150 rpm
at the desired temperature. At predefined time, the solu-
tion mixtures were removed from the shaker, and cen-
trifuged. The residual dye concentration in the reaction
mixture were analyzed by UV/Vis spectrophotometer
(Shimadzu UV1700 Japan) using calibration curve. The
effect of various experimental factors such as pH, adsor-
bent dose, initial dye concentration and contact time were
investigated employing the univariate approach. After
each adsorption experiment, the suspensions were cen-
trifuged, filtered through 0.45 pum of nitrocellulose mem-
brane (Sartorius Stedim Biotech. GmbH), to remove the
solid organoclays particles and the supernatant were sub-
sequently analysed by spectrophotometer for the residual
concentration of the MB and MG. The sorption efficiency

(S%) and adsorption capacity at equilibrium (g,) were cal-
culated by using the following equations:

(Co — C&)
C

o

Sorption Ef ficiency (5%) = X 100

=(CO-C.))<V M

m
Where C, (mg/L) represents is the initial dye con-
centration, C, (mg/L) is the equilibrium concentration of
dye, V is the volume of solution (L), and m is the mass of
adsorbent (g).

3. Results and Discussion

3. 1. Material Characterization
3. 1. 1. XRF, CEC & BET

The host clay utilized was a montmorillonite (MMt)
(Smectite clay) from Khyber-Pakhtunkhwa (KPK) region
of Pakistan. There are many MMt deposits available in
Pakistan, but most of them including KPK are Ca ben-
tonites. The chemical compositions of MMt was found to
be (weight %) 57.38 + 0.11% SiO,, 2.33 + 0.05% MgO,
15.20 £ 0.10% ALO,, 1.10 = 0.03% K,0, 4.07 = 0.06%
Ca0, 2.72 £ 0.03% Na,O, 0.1 £ 0.02% SO,, 6.49 + 0.07%
(FeO + Fe,0,) as determined by XRF. Results of XRF de-
clare that predominant exchangeable cation was calcium
along with sodium and potassium. The cation exchange
capacity (CEC) of MMt clay was found to be 68.3
meq/100g and a BET surface area of 58 m?/g.

3.1.2. FT-IR

To understand the presence of functional groups on-
to the surfaces of the adsorbent with and without modifi-
cation, the FT-IR spectral analysis was performed within
the range of 400-4000 cm™'. The FT-IR spectra of natural
clay, HDP-clay and HDTMA-clay are shown in Figure 2.
The IR region between 3700-3000 cm™' shows the region
of OH stretching and is observed by two key bands and is
observed in almost all the natural hydrous silicate (Fig. 1).

Different stretching vibrations of OH are present in
this region. A peak at 3621 cm™' for MMt is assigned to
OH stretching vibrations for the structural hydroxyl group
attached to the octahedral magnesium and the tetrahedral
silicon. The bands at 3404, and 3243 cm™! can be ascribed
to water molecules, within the interlayer of the clay which
are hydrogen bonded adsorbed. The bands between
3500-3000 cm™ are relatively dependent on the concen-
tration of surfactant loaded on clay and becomes broad
upon loading. The conformational changes of the surfac-
tant loading on clay can be monitored through the sensi-
tive CH stretching bands. The CH stretching region (2700
and 2900 cm™) for the clay loaded with surfactant mole-
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cule shows asymmetric v, (CH,) and symmetric v,(CH,)
stretching modes of 2920 cm™ and 2853cm™. The region
between 17001600 cm™ shows the HOH bending of ad-
sorbed water molecules in both clay and organoclays (Fig.
2. peak observed at 1641 cm™). The strong band between
1100-900 cm™ for natural clay and organoclays were as-
sign to the Si—O-Si and Si—O-Al stretching. The peak be-
tween 910-800 cm™ corresponds for the OH deformation
linked to the Mg and Al . The peaks between 800—-600
were assigned to the Si—O quartz vibrations.

HDTMA clay
HODPy clay
Montmorillonite

Transmittance (%)

2000 1500 41000 500

1

4000 3500 3000 2500

Wavenumber cm™

Figure 1. FT-IR spectra of (a) pure clay, (b) HDP-clay, (c) HDT-
MA-clay

3.1.3. XRD

The potential arrangements of intercalated organic
molecules (surfactants) were proposed according to the
obtained basal spacing of organoclays and the size of or-
ganic cations.'>?**-3 In the current work, the unmodified
MMt has a d-spacing of 1.23 nm, which expanded when
the intercalated ions were exchanged with surfactants

(1.81 nm HDP clay)

|~ (1.9nm HDTMA clay)

(1.23 nm MMt clay)

2(26) a4 6 8 10

Figure 2. Powder XRD patterns of MMt modified and unmodified
clay

(HDTMA or HDP). Upon increasing the HDTMA and
HDP loading, the peak at 1.23 nm disappears due to the
increase in interlayer basal spacing and new peaks ap-
peared at 1.81 and 1.90 nm respectively (Fig. 2). The ob-
served interlayer spacing of MMt and organoclays is used
to observe the structural configuration of modified mole-
cule, in the present study lateral-monolayer arrangement
was observed with CEC of 1:1,20333637

3.1.4 SEM

The resulted SEM photomicrographs of natural clay
and organoclays are shown in Figure 4. It is observed that
(Fig. 3a), that natural clay has agglomerated structure with

Figure 3. SEM micrograph of (a) pure clay, (b) HDP-clay, (c)
HDTMA-clay
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small particle size, smooth and micro-porous surface with
fluffy appearance due to the closely packed flakes. The
BET surface area of unmodified MMt clay was found to be
58 m?/g, whereas the modified MMt clay shows the de-
crease of surface area to 18.5 m*/g & 16.5 m*/g for HDT-
MA and HDPy surfactant respectively. These results are
attributed to the fact that the most of the exchange sites of
MMt clay is occupied by organic surfactants molecules
with large molecular size and the inaccessibility of the in-
ternal surface to nitrogen gas.*® However, larger average
pore size (12.2 nm) was observed in modified clay than the
precursor clay (5.2nm). After the modification of clay with
HDMA and HDPy surfactant, the surface morphology
slightly changed from foliated structure to non-agglomer-
ated and crumpled structure containing heterogeneous
pores with large particles as depicted in Figure 3. MMt
have massive and curved plates (Fig. 3a) generally as a het-
erogeneous surface morphology.** However, the clay mod-
ified with organic surfactants shows significant changes in
the morphology. Compared with the morphology of the
MMt, there are many small and aggregated particles and
the plates become relatively flat in while the introduction
of organic moiety leads to large particles and coarse
porous surface, which may be due to the penetration of or-
ganic molecules into the galleries of MM, resulting in an
increase in the adsorption capacity of modified clay.”’

3.1.5. TGA

Thermogravimetric analysis has been performed to
study the arrangement and packing of surfactant mole-
cules within the organoclays and the thermal decomposi-
tion behaviour of the organoclay. Thermogravimetric
analysis curve for the natural clay and organoclays are
shown in Figure 4. TGA pattern of the unmodified natural
clay reveals that mass loss occurs mainly at two stages; a)
the initial mass loss due to desorption of water occurs at

110

30-120 °C temperature range; b) the second mass loss due
to the loss of structural hydroxyl group occurs at 400-540
°C and 580-690 °C temperature range respectively.®
While there are three stages of mass loss with the increase
in temperature are occurred for the HDTMA and HDPy
modified clay. The first weight loss corresponds to the de-
hydration of water from organoclays that occur at 30
°C-180 °C, the weight loss in both the organoclays are
lower than the unmodified clay because in organoclays the
surfactant molecules replaced some of the water molecules
present in clay structure. The second mass loss that is only
present in both organoclays is attributed to the removal of
surfactant molecules from the organoclays that occurs at
220 °C-350 °C temperature range. This is consistent with
the previously reported studies.***’ This corresponds to 7
to 8% mass loss for both clays, which indicates the surfac-
tant loading to the clays is not very efficient. The last stage
shows that besides degradation of Al, Si-polyoxy cations,
dehydroxylation of structural hydroxyl unit in clay in the
octahedral layer of montmorillonite also takes place.***°

3. 2. Adsorption Optimization Experiments

Effect of various parameters i.e, the effect of pH,
time, adsorbate, and adsorbent concentrations respective-
ly were investigated in univariate design at room tempera-
ture (25 °C).

3. 2. 1. Effect of pH

To investigate the impact of pH on the adsorption
capacity of HDTMA- and HDPy-organoclays for the MG
and MB, adsorption tests were performed with an initial
dye concentration of 150 mg/L and organoclay concentra-
tion was 0.1g and contact time of 30 minutes by varying
the pH of solutions over a range of 3—10. It is clear from
the Figure 5 that increasing pH of a solution, the adsorp-

Mass loss (%)

30 130 230 330

430 530 630 730

Temperature (°C)

Figure 4. Thermogram of (a) pure clay, (b) organoclay

Ullah et al.: Adsorption Kinetics of Malachite Green ...

453



454

Acta Chim. Slov. 2017, 64, 449-460

tion of cationic dyes also increases. Basically, cationic
dyes produces molecular cations (C*) and reduced ions
(CH") on dissolution in water’' and depends on the water
pH. At lower pH, the surface of the adsorbent become pro-
tonated results in lower adsorption of the protonated
dyes.*! Increase in adsorption of dyes with the increase of
pH from 3 to 10; is because of the way that the overall pos-
itive charge in aqueous solution diminishes and at neutral
pH, it shows a balanced surface charge that is required for
the adsorption.?>**** It was observed that both dyes show
little increase in sorption after pH 7, it is therefore pH 7
was selected to investigate the effects of other parameters.
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Figure 5. Effect of pH on the adsorption of MB and MG dyes on
(a) HDPy-clay (b) HDTMA-clay

3. 2. 2. Effect of Time

The effect of contact time on the adsorption of MG
and MB dyes at various time points onto HDTMA- and
HDPy-clays were examined using a fixed adsorbent dose
of 0.1g and dye concentration was 150 mg/L at pH 7. As
depicted by the Figure 6 that adsorption of both dyes onto
the organoclays increases with the increase of contact
time, which is consistent with the previous studies.'*>*
At first, the adsorption of dyes occurs through boundary
layer adsorption and the adsorptions rates were high be-
cause of the accessibility of the higher surface area for the
rapid attachment of these dyes to the external exposed sur-
faces of the organoclays and backs off step by step in the
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Figure 6. Effect of time on the adsorption of MB and MG dyes on
(a) HDPy-clay (b) HDTMA-clay

wake of achieving the equilibrium. After the initial rapid
adsorption of dyes, the adsorbent surface gets saturated
enough that opposed further adsorption due to the repul-
sive forces presents between the cationic dye molecules on
solid surface and cationic dye molecules present in the
bulk phases.

Hence, the adsorption happens because of the diffu-
sion of dyes into the pores of organoclays or might be be-
cause of the surface reaction of dyes with the adsorbent
clay.*¢ There is little increase in dyes adsorption after 60
minutes of equilibrium time, hence 60 minutes selected
for further studies.

3. 2. 3. Effect of Initial Dye Concentration

The initial concentration of adsorbate (dyes) plays
important role in adsorption capacity of organoclays.***’
The influence of initial dye concentrations was examined
using 0.1g of the HDPy and HDTMA-organoclays at pH 7
with equilibrium time of 60 minutes. Figure 7 shows that
adsorption of dyes onto organoclays increases with the in-
crease in the concentration of dyes in a solution up to a cer-
tain value after which it levelled off. This is because of the
fact that an increase in the concentration of dye solution re-
sults to produce the high mass gradient pressure between
the dye solution and organoclay, this pressure gradient than
acts as a driving force for the transfer of dye molecules into
the particle surface of the organoclays.**~° The results also
indicate that percent removal and adsorption capacity of
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dye onto the organoclay shows opposite trends by varying
the concentration of dye solution. Several researchers also
found the same adsorption results as function of MB and
MG dye concentration.?®3*%475! The inverse patterns for
the adsorption capacity and percent removal can be clari-
fied with the way that: there are fixed number of binding
sites on the organoclay surface. At the point when the dyes
are available in little concentration, the adsorption will be
fast and the percent removal of dyes will be high because of
the higher number of accessible sites on the surface of
organoclays. The quantity of accessible sites for adsorption
is higher at lower dyes concentration and deceased with the
increase in the concentration of dyes because of the satura-
tion of adsorbed dye molecule. The dye molecules at high
concentration compete with each other for the fixed number
of binding sites, thus, some of the dye molecules did not get
adsorbed and remains in solution, causing lower percent re-
moval of dyes.>"**5

3. 2. 4. Effect of Adsorbent Dose

The effects of organoclay concentration on the re-
moval of dyes from aqueous solutions were investigated
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Figure 7. Effect of initial dye concentrations on the adsorption of
MB and MG dyes on (a) HDP-clay (b) HDTMA-clay.

by using different concentrations of organoclays in the
range of 0.1-0.3 grams and initial dye concentration of
150 mg L™" at pH 7.0 and equilibrium time of 60 minutes.
The results indicate (Fig. 8) that the adsorption efficiency
(%) increases with the increase of adsorbent dosage but
show opposite trend for the adsorption capacity, i.e., less-
er amount of dye is adsorbed per gram of organoclay.
Increase in adsorption efficiency is attributed due to the
higher surface area of adsorbent and number of available
binding sites for adsorption at a high adsorbent dose.***
While the decrease in adsorption capacity are attributed
due to the fact that total number of dye molecules are
fixed (C,= 150mg/L) against the increasing organoclay
dose (0.1g to 0.3), at higher adsorbent dose some of the
adsorption site remains uncovered and thus causing the
decrease in the adsorption capacity of the adsor-
bent.34’53_55
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Figure 8. Effect of adsorbent dose on the adsorption of MB and
MG dye on (a) HDP-clay (b) HDTMA-clay.

3. 3. Kinetic Study

The kinetic study is important to understanding the
mechanism of the adsorption process. During the process
of adsorption of dyes onto the organoclay, the adsorbate
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molecules undergo various stages while moving from the
bulk solution to the organoclay surface. Usually to under-
stand the adsorption mechanism, pseudo first-order and
pseudo second-order kinetics model were applied. The
pseudo first-order model proposed by Lagergren is widely
applied for the adsorption of an adsorbate from an aque-
ous solution. According to this model, the change in rate
of the solute uptake with time is directly proportional to
the difference in saturation concentration and the solute
uptake with time.*** The linearized integral form of the
pseudo first-order model can be expressed as follows:

M g )
2.303

log(q, — q.) = logq, —

Where g, (mg/g) and q, (mg/g) are the amounts of
dyes adsorbed by organoclay at equilibrium and time t
(min) respectively. k, (min™") is the equilibrium rate con-
stant of pseudo first-order adsorption. The values of q, and
adsorption rate constant (k,) can be calculated from the in-
tercept and the slope of the linear plot of log (q,—q,) vers-
es t, respectively. The plot should give a straight line with
slope of -k,/2.303 and intercept log qe which allows cal-
culation of adsorption rate constant k, and equilibrium ad-
sorption capacity ge (cal).

The pseudo second-order proposed by Ho and
Mckay,”” based on the assumption that “the rate limiting
step are chemisorption involves forces by sharing or ex-
changing electrons between the adsorbent and the adsor-
bate” 29386 and is given as:

dg

2 = K2 (3. —a)? 3)

Integrating with the boundary conditions at t = 0,
q,= 0, and t = t, q, = q, and rearranging, we received.
t 1 t
ar  (k2ag2) a6
Where k, (g/mg min) is the rate constant of pseudo
second-order adsorption. Ideally the plot of t/q, versus tis
a straight line with slope of 1/q, and intercept 1/k,qe’.
The values of k, and g, were calculated from the intercept
and slope of the plot respectively. Figure 9, represents the
plots of the pseudo-first-order and pseudo-second-order
kinetic models of MG and MB onto the organoclays. The
optimized condition used for the kinetic studies includes

the concentrations of organoclays as 0.1 grams and initial
dye concentration of 150 mg L™" at pH 7.0 at room tem-
perature (25 °C) with varying time. The calculated kinet-
ic parameters of pseudo-first order and pseudo-second
order are given in Table 1. The regression coefficients
(R?) values of pseudo-first order kinetic model are better
than those for the pseudo-second order for both types of
organoclays. Moreover, the calculated values of equilibri-
um adsorption capacity are found close to the experimen-
tal adsorption capacity onto the organoclays also con-
firms further the feasibility of the pseudo-first order ki-
netic model.
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Figure 9. Pseudo-first-order-kinetic model for the adsorption of
MB and MG dye on (a) HDP-clay (b) HDTMA-clay.

Table 1. The Pseudo-first and Pseudo-second order kinetic parameters for adsorption of MG and MB on organoclays.

Pseudo-first order

Pseudo-second order

Adsorbent Dye D) Qe @m@  kmin) R g .mgp kmgy R

HDTMA-clay MG 147.99 145.85 0.0532 0.9778 181.82 33x10* 0.9848
HDTMA-clay MB 142.22 135.67 0.0444 0.9967 175.44 2.8x 10 0.9847
HDP-clay MG 145.5 133 0.0493 0.9900 178.57 331 x 10 0.9843
HDP-clay MB 142.5 158.52 0.0514 0.9763 196.07 20x 10 0.9856
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3. 4. Adsorption Isotherm Models

Different isotherm models can be used to analyse
the equilibrium adsorption data.”>?*?° In this work, the
Langmuir and Freundlich isotherm models were used to
showing the relationship between the amount of adsorbed
MG and MB dyes and their concentration in solution at
constant pH at room temperature. Langmuir isotherm
model suggests that the adsorption of adsorbate molecules
by the adsorbent materials takes place on a homogenous
surface by monolayer without any interaction with adja-
cent adsorbed molecules.”® The linear form of the
Langmuir isotherm equation can be represented as fol-
lows:

1
KLqm

=t

9 Am

4)

Where q,, (mg/g) represents the maximum adsorp-
tion capacity and K| (L/mg) is Langmuir adsorption equi-
librium constant related to the free energy of adsorption.
The adsorption isotherm can be plotted by C./q, vs C,,
best fit data should give a straight line, and shows the suit-
ability of the model, where slope of the curve equals to
1/q,, and intercepts 1/K,q, .

Freundlich adsorption isotherm is applicable for a
reaction where the multilayer formation occurs due to the
heterogeneous adsorption reactions.’® The linear form of

Table 2. The Langmuir and Freundlich adsorption isotherm parameters.

the Freundlich adsorption isotherm equation can be ex-
pressed as:

Inqe = InK, +i£nCe (5)
e

Where q, (mg/g) represent the amount of adsorbate
adsorbed per unit mass of the adsorbent at equilibrium, C,
(mg/L) is the equilibrium adsorbate concentration in solu-
tion, K (mg/g) is the Freundlich constants related to the
adsorption capacity and 1/n; is the heterogeneity factor,
the value of “n.” is large than 1 indicates the favourable
adsorption. These values can be obtained from the linear
plot of the Ing, vs InC, where slope = 1/n;; and intercept =
InK.

The results in Table 2, shows that the experimental
data fits well for both the isotherm models, however, the
regression coefficient (R?) values of Langmuir isotherm
for both of the dyes are better than that of the Freundlich
isotherm, which indicates that adsorption of both dyes
takes place as a monolayer on the surface of the modified
clay. Further the experimental maximum adsorption ca-
pacity is well matched with the g, calculated from the
Langmuir isotherm model. Based on the Langmuir equa-
tion, a dimensionless separation factor, R, an important
parameter indicating the favourability of the adsorption
can be calculated using equation given as follows.”!#2%34

Langmuir Freundlich

Adsorbent Dye Exp. q,, (mg/g) q, (mgg) K, (L/mg) R? R, n K, (mg/g) R?
HDTMA-clay MG 285.5 294.12 0.22 0.9871 0.03 5.57 130.61 0.9786
HDTMA-clay MB 270.13 303.03 0.10 0.9987 0.06 3.65 84.26 0.9825
HDP-clay MG 279.4 294.12 0.145 0.9876 0.04 4.51 106.64 0.9732
HDP-clay MB 265.2 294.12 0.158 0.9974 0.04 3.93 87.67 0.989

Table 3. Adsorption efficiency of different adsorbents for MB and MG.
Adsorbent MG (mg/g)/Temp. MB (mg/g)/Temp. Reference
HDTMA-clay 285.71 (298K) 303.03 (298K) This study
HDPy-clay 277.77 (298K) 285.71 (298K) This study
Carbon nanotubes 11.73 (328K) - 14
Algerian halloysite heat/acid treated 192.6 (298K) - 60
Diatomite 23.64 (298K) - o1
Montmorillonite clay 262.5 - 62
Activated carbon loaded with ZnO nanoparticles 322.58 - 63
Halloysite nanotubes 99.6 - 64
Clayey soil 78.57 (303K) - 63
Chitosan coated bentonite 435 - 4
Fe,0,/activated montmorillonite nanocomposite - 106.38 (293K) 66
kaolinite clay-water interface electrolyte enhanced adsorption - 15.6 z
Chitosan/bentonite composite - 142.86 (313K) 7
Montmorillonite clay modified with iron oxide - 71.12 (333K) 67
Dodecyl sulfobetaine modified montmorillonite clay - 254 (298K) 68
Acid/Al(OH), modified clay - 223.19 (303K) 52
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Where K is the Langmuir constant and C, is the
highest initial dye concentration. The value of R, indicates
the type of the isotherm to be either favourable (0 < R, <
1), unfavourable (R, > 1), linear (R, = 1) or irreversible
(R; = 0). The results in Table 2 further indicate that the R;
values lies between O and 1, which shows the favourable
Langmuir adsorption process. Comparison of the maxi-
mum adsorption capacities and optimized temperature of
the removal of MG and MB using proposed organoclays
with that of the other similar adsorbent previously report-
ed has been made and presented in Table 3. It shows that
most of the recent studies for MG and MB removal pos-
sess less Langmuir maximum adsorption capacities com-
paratively than the low cost proposed organoclays.

4. Conclusions

The performance of hexadecyltrimethylammoni-
um/Hexadecylpyridinium-intercalated montmorillonite
clay for the removal of malachite green/methylene blue
from aqueous solutions has been evaluated in this study.
The surface and physical properties of clay and organ-
oclay were evaluate using SEM, XRD, IR, thermal analy-
sis and the results indicated the successful intercalation of
these surfactants onto clay. Kinetic characteristic con-
stants of sorption were determined using a pseudo-
first/second order equation of Lagergren based solid ca-
pacity and pseudo-first order was found suitable. The ex-
perimental data were applied to the Langmuir and
Freundlich isotherm equations. The results indicate that
the experimental data fits well for both the isotherm mod-
els, however, the regression coefficient (R?) values of
Langmuir isotherm for both dyes are better than that of
the Freundlich isotherm, which indicates that adsorption
of both dyes takes place as a monolayer on the surface of
the modified clay. Further the experimental maximum ad-
sorption capacity is well matched with the g calculated
from the Langmuir isotherm model.
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Povzetek

Glavni namen raziskav je Studij adsorpcije barvil malahitno zeleno in metilensko modro na dve vrsti naravne gline, ob-
delane s povrSinsko aktivnimi snovmi. Rezultati SEM, XRD, IR in termi¢ne analize potrjujejo vezavo organskega dela
na glino. Rezultati kaZejo najboljse ujemanje s kinetiko psevdo prvega reda na organo-glino za obe barvili. RavnoteZzji
za obe vrsti barvil lahko opiSemo z Langmuirjevo izotermo za obe vrsti modificirane gline. Vrednosti parametrov
Langmuirjeve in Freundlichove izoterme kaZejo na ugodno adsorpcijo. Maksimalna adsorpcijska kapaciteta q,, po
Langmuirjevem modelu pri 25 °C je 294-303 mg/g in se dobro ujema z eksperimentalnimi podatki.
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Abstract

An efficient and scalable method for the direct isolation of stable a-form crystals of Mirabegron (1) is developed. The
developed method negates transformation of metastable [3-form crystals into o-form crystals thereby overcoming the li-
mitations of reported methods and avoids additional processing steps during its manufacture. The developed method di-
rectly provides stable o-form crystals of Mirabegron (1) with yield of around 84% and purity of >99.77% by HPLC in

a single step.

Keywords: B,-adrenoceptor agonist, Mirabegron, polymorphism, polymorphic transformation.

1. Introduction

Crystallization operation is often critical in pharma-
ceutical industries as it solely determines product proper-
ties such as the polymorphism, crystal size distribution,
and crystal habit.! Change in polymorphic form may alter
product characteristics such as dissolution, hardness, co-
lor, optical properties, melting point or chemical reacti-
vity. As regulatory perspective, developing the process
which provides exclusively pure polymorph of a drug sub-
stance that should be stable enough to maintain the poly-
morph integrity during formulation of the drug product
and storage throughout its life cycle is very necessary. The
driving force in crystal formation is super saturation and
when a super saturation of crystallizing compound is crea-
ted by chemical reaction, the operation is known as reacti-
ve crystallization. In reactive crystallization, reactions can
be very fast compared to the mass transfer rates and
growth rates to the crystals thus reactive crystallizations
can lead to the exclusive formation of the metastable poly-
morph of a system.” This article is aimed to provide a case
study wherein systematic crystallization of stable o-form

crystals of Mirabegron (1) is achieved by circumventing
the following limitations of the known processes; (a) reac-
tive crystallization of metastable B-form crystals of 1 and
(b) transformation of metastable B-form crystals into o-
form crystals using a seed.

2. Background

Mirabegron (1), chemically known as 2-(2-amino-
1,3-thiazol-4-yl)-N-[4-(2-{[(2R)-2-hydroxy-2-pheny-
lethyl]amino }ethyl)phenyl]acetamide is a selective ago-
nist for the human beta 3-adrenoceptor’ (3,-AR) approved
for the symptomatic treatment of urinary urgency, increa-
sed micturition frequency and/or urgency incontinence in
patients with overactive bladder (OAB) syndrome.*”> Mi-
rabegron has distinct and novel mechanism of action com-
pared to antimuscarinics® as it improves the storage capa-
city of the bladder without inhibiting bladder voiding the-
reby prolonging the time between trips to the toilet for the
patient.’ Mirabegron (1), developed by Astellas Pharma
was approved by the USFDA in 2012 and EMA in 2013
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and is currently available in the market under the trade na-
me Myrbetriq® in the US and Betmiga® in Europe.®

According to the literature reports Mirabegron free
base exhibits polymorphism and is know to possess two
crystalline forms, namely o-form and B-form crystals.
The B-form crystals of mirabegron is hygroscopic and
tends to gain water content up to 3% under the relative hu-
midity of about 20%, whereas o-form crystals did not
show any increase in the water content over the entire ran-
ge of relative humidity from 5% to 95% concluding that
a-crystal form is stable and suitable for use as a medici-
ne.” According to EMA assessment report, Betmiga for-
mulation is known to contain a-crystalline form of mira-
begron free base.’

The first generation syntheses'® discloses two synthe-
tic approaches for 1 (Schemes 1 and 2). The first approach
(Scheme 1) involves condensation of Boc-protected aniline
2 with thiazole acid 3 to obtain Boc-protected intermediate
1a. The Boc group was de-protected in 1a using HCI to fur-
nish di-hydrochloride salt of 1 with an overall yield of
about 26% over two stages. However, this report does not
exemplify the isolation of free base of mirabegron (1).

The second approach (Scheme 2) mentioned in the
report is shuffling of synthetic steps of Scheme 1. In the
second approach, benzyl (Bn) protected secondary amine
4 was reacted with (R)-styrene oxide (5) to provide Bn-
protected intermediate 1b. However, detailed synthetic
procedure is not provided in the report for this approach.
Neither of these approaches have provided procedure for
preparing mirabegron free base (1) which has been used
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to formulate drug product and clarity on polymorphic
forms associated with free base.

Second generation synthesis’ (Scheme 3) reported for
1 involves coupling of 6 with 3 followed by addition of aqu-
eous sodium hydroxide solution to provide B-crystal form
directly from the reaction mass through reactive crystalliza-
tion. B-Form crystals was then re-crystallized in subsequent
stage in aqueous ethanol using seeds of ¢t-crystals to provi-
de a-crystal form with 74-78% yield over two stages.
Though second generation synthesis is improved over first
generation but has a limitation to perform additional manu-
facturing step of converting B-form crystals into o-form
crystals using seeds of a-crystals. This additional step to
achieve o-form decreases the efficiency in terms of yield
loss and productivity. However reported transformation of
B-form crystals to o-form crystals lack consistency in pro-
viding pure o-form crystals at our end. Several other known
methods for the preparation of o-form involves additional
crystallization of the isolated material using various solvent
systems.'! Most importantly the desired crystals achieved
via polymorphic transformation generally pose increased
risk of polymorph contamination (polymorphic purity) du-
ring the manufacturing process as well as during its stabi-
lity studies. Thus, it may be difficult to maintain the inte-
grity of the polymorphs which are achieved via transforma-
tion of metastable form / pseudo form. This triggered us to
aim for the process which could directly produce o-form
crystals selectively and directly through a proper solvent-
mediated crystallization process. The details of process op-
timization work carried out in providing a single stage met-
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Schemes 1-3. Reported syntheses of mirabegron (1).
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hod for direct isolation of o-form crystals which is suitable
for industrial scale are discussed herein.

3. Results and Discussion

Our initial approach to achieve o-form crystals ob-
viating the polymorphic transformations was to replace
the reported reaction medium (water) with a suitable orga-
nic solvent. The purpose of replacing the water with orga-
nic solvent before neutralizing the reaction mass was to
avoid the reactive crystallization and to retain the product
in solution phase. Among the several solvents explored for
the reaction, methanol showed moderately good conver-
sion of 6 to 1 in solution state. The reaction mixture was
then neutralized with aqueous solution of sodium hydro-
xide as base and obtained clear solution was concentrated
to provide crude residue, which was dissolved in organic
solvent, filtered to remove the insoluble inorganic mate-
rial and crystallization of 1 was explored using various
solvents and anti-solvents, but the approach was unsuc-
cessful as it provided impure and hygroscopic solids.

In our next approach, water was retained as a reac-
tion solvent and water immiscible organic solvent was
added to the reaction mass prior to basification to extract
the product into the organic phase to arrest reactive cry-
stallization of B-form. The organic phase containing the
product was then separated and crystallization was at-
tempted using anti-solvent(s) preferentially to achieve
pure a-form crystals of 1. Among several solvents ex-
plored for extraction, ethyl acetate as a solvent and n-
heptane, toluene, MIBK, DIPE as anti-solvents exclusi-
vely provided pure o.-crystalline form. However, this
combination of solvent and anti-solvents failed to provi-
de chemical purity as per ICH'? requirement. Additio-
nally, poor solubility of 1 in ethyl acetate necessitated
huge volume of ethyl acetate (around 25 volumes/g of 6)
for complete extraction of 1 even at the elevated tempe-
rature. The yields obtained with this approach were also
not satisfactory. Attempts to achieve yield and ICH qua-
lity material by judicious choice of anti-solvents were
not successful. The results of the various combinations
of solvent(s) and anti-solvent explored in this approach
are provided in Table 1.

Table 1. Screening of solvents and anti-solvents for isolation of o-form crystals of 1.

Entry Solvent! Co-solvent’>  Anti-solvent Anti-solvent Yield Purity by HPLC (area %) Crystal
(vol®) (vol*) (vol*) addition temp(°C) (%) 1 6 3  SMI* form
1 2-MeTHF (30) - n-heptane (80) 25-30 21.6 99.37 ND 0.01 0.13 o+
2 DCM (20) - n-heptane (10) 25-30 59.7 97.63 0.05 0.04 1.02 o
3 EA (25) - n-heptane (20) 55-60 78.3 9742  0.16 ND 1.02 o
4 EA (25) - PhMe (20) 60-65 60.1 99.61  0.06 ND 0.07 o
5 EA (25) EtOH (5)  n-heptane (15) 70-75 77.4 9932 0.17 ND 0.17 o
6 EA (25) IPA (10)  n-heptane (25) 55-60 71.1 9940 007 ND 0.16 o
7 EA (25) MeCN (5) n-heptane (20) 55-60 53.5 99.65  0.06 ND 0.04 o
8 EA (25) Me,CO (10) n-heptane (30) 45-50 70.9 99.75  0.04 ND 0.10 o
9 EA (25) Me,CO (5) PhMe (30) 45-50 68.3 99.56 ND ND 0.17 o
10 EA (25) Me,CO (5)  DIPE (30) 45-50 70.2 9958 ND ND 0.18 o
11 EA (25) Me,CO (5)  MIBK (30) 45-50 46.4 9969 ND ND 0.11 o

2-MeTHF = 2-methyltetrahydrofuran, DCM = dichloromethane, EA = ethyl acetate, EtOH = ethanol, IPA = isopropyl alcohol, MeCN = acetonitri-
le, Me,CO = acetone, PhMe = toluene, DIPE = diisopropyl ether, MIBK = methyl isobutyl ketone; #yolumes of solvent and anti-solvent are with
respect to quantity of 6. solvent': solvent used for extraction; co-solvent®: solvent added after extraction of product to enhance the HPLC purity of
1; *SMI: single maximum impurity; isolation of 1 in entry 1 to 11 is carried out by filtration at 25-30 °C.

Table 2. Optimization results of anti-solvents with n-butanol with respect to their volumes, impurity profile and yields of o-form crystals.

Entry Solvent Anti-solvent Anti-solvent Purity by HPLC (area %) 9 10 Yield Crystal
(vol®) (vol®) addition temp (°C) 1 6 7 8§ SMUI (ppm) (%) (%) form

1 n-butanol (10) n-heptane (20) 75-80 96.87 0.13 027 ND 1.53 NA NA 69.7 o

2 n-butanol (12)  toluene (12) 65-70 99.79 0.02 005 ND 0.06 NA 0.01 719 o

3 n-butanol (6) toluene (14) 65-70 99.77 0.02 005 ND 0.07 NA 0.01 849 o

4 n-butanol (6) toluene (14) 65-70 99.78 0.01 0.07 ND 0.07 NA 0.04 84.6 o

5 n-butanol (6) toluene (14) 65-70 99.77 0.01 0.10 ND 0.04 ND ND 81.1 o

6 n-butanol (6) toluene (14) 65-70 99.86 0.02 003 ND 0.02 16 ND 83.9 o

Note: Entries 3 to 6 are carried out under the same process conditions; ND: Not detected; NA: Not analyzed; *volumes of solvent and anti-solvent
are with respect to quantity of 6; Isolation of o-form crystals of 1 in entry 1 to 6 is carried out by filtration at 25-30 °C; SMUI: single maximum

unknown impurity.
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To overcome the issues associated with ethyl acetate,
extraction of 1 was attempted with an amphiphilic solvent
that was polar enough to solubilize the molecule but had
enough hydrophobicity to have very limited miscibility
with water. n-Butanol has all the attributes that we were
looking in a solvent to be used for extraction of 1. The ex-
ploratory reactions using n-butanol (Table 2; entries 1 and
2) furnished 1 with comparable yields and purity to those
obtained with ethyl acetate. More importantly, only 10-12
volumes of n-butanol were sufficient to extract as opposed
to 25 volumes of ethyl acetate. In addition to this, the ex-
traction of 1 could be carried out at room temperature. This
made n-butanol the perfect choice since it hit the ‘trifecta’
for all that was desired in the solvent of choice. Among the
two preferred anti solvents (n-heptane and toluene), toluene
furnished extremely promising results with n-butanol with
respect to chemical purity and yield as shown in Table 2.

Further, to improve the yield of 1, around half of the
volume of n-butanol used for the extraction was concen-
trated in vacuuo below 70 °C before the toluene was ad-
ded as anti-solvent. The mixture was gradually cooled to
25-30 °C, precipitated solid was filtered and dried under
vacuum at 55-60 °C to get 1 with 84% yield and 99.86%
purity by HPLC. Around 10% yield was increased without
compromising on stringent quality requirements with this

HO\(\{Z\(S

modification. The trend data of yield, purity and poly-
morphic form for kilogram-scale batches is provided in
Table 2 (entries 5 and 6).

The schematic representation of single step process
for achieving the o-form crystals is provided in Scheme 4
and structure of impurities controlled during the crystalli-
zation process are provided in Figure 1.

4. Conclusion

In conclusion, an efficient and robust method for di-
rect isolation of the a-form crystals of mirabegron (1) has
been developed using n-butanol mediated work-up. The
developed process provided o-form crystals obviating the
subsequent recrystallization step necessitated by earlier
methods with an overall yield of around 84% and purity of
around 99.77% by HPLC.

5. Experimental Section
5.1 General

All reagents, solvents, and processing aids are com-
mercial products and were used as received. For reactions
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Scheme 4. Direct isolation of o- form crystals of Mirabegron (1).
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run of pilot scale, glass line reactors having variable rate
agitation, with —10 to 150 °C jacket temperature range we-
re used for the reaction. "H NMR spectra was recorded in
DMSO-d; using Varian Gemini 400 MHz FT NMR spec-
trometer; the chemical shifts are reported in & ppm relative
to TMS. ESI mass spectra were performed on the Shimat-
zu LCMS-2020 spectrometer. Related substance purity
was monitored by high performance liquid chromato-
graphy (HPLC) on Agilent Technologies 1200 series. The
gas chromatography on Agilent Technologies 7683B with
head space was used for analyzing the residual solvents.

5. 2. HPLC Method for Calculating
the Chemical, Assay and Chiral Purity

Related substances, assay and chiral purity of Mira-
begron (1) were estimated by a gradient HPLC analysis
method developed at Megafine.

(a) Related substances and assay of Mirabegron (1) were
estimated by using Zorbax SB-C8, (150 x 4.6 mm ID),
3.5u column; mobile phase-A comprising a mixture of
phosphate buffer (3.4 g potassium dihydrogenorthop-
hosphate, in 1000 mL of HPLC grade water sonicate
to dissolve, adjust the pH 6.8 with triethylamine and
filter through 0.45 um nylon filter and degas. Mobile
phase-B comprising a mixture of acetonitrile/metha-
nol/water in the ratio 45:45:10 (v/v/v); gradient elu-
tion: time (min)/A (v/v): B (v/v), T,.,/85:15, T, /85:15,
T, /70:30, T4 /70:30, T,q /85:15, T, /85:15; flow
rate 1.0 mL/min column temperature 35 °C, wave-
length 245 nm. The observed retention time of Mirabe-
gron under these chromatographic conditions is about
17.5 min.

(b) Chiral purity was estimated using Chiralpak IA (250 x
4.6 mm ID), 5p column; mobile phase comprising a
mixture of n-hexane, 2-propanol, methanol, THF and
ethanolamine in the ratio of 183:67:67:17:1 (v/v/vIv/v)
respectively; flow rate 1.0 mL/min.; column temperatu-
re 25 °C; wavelength 245 nm. The observed retention
time of (S)-isomer is about 14.4 min and (R)-isomer (1)
is about 16.8 min.

(c) Samples generated as described in the solid form were
typically analyzed by X-ray powder diffractogram
(XRPD). XRPD was conducted on a Bruker D8 advan-
ce X-ray powder diffractometer using Cu Ko radiation
at 1.54. The instrument was equipped with a fine focus
X-ray tube. The voltage and amperage of X-ray gene-
rator were set at 40 kV and 80 mA, respectively. The
divergence slices were set at 0.3°. The diffracted radia-
tion was detected by a Lynx Eye detector. Typically, a
theta-two theta continuous scan at 4.95°/min (0.4
sec/0.033° step) from 2° 20 to 50° 20 was used. A
corundum probe standard was used to check the peak
position. In general, positions of XRPD peaks are ex-
pected to individually vary on a measurement-by-mea-
surement basis by about + 0.2° 26.

5. 3 Scale-up procedure for the synthesis
of 2-(2-amino-1,3-thiazol-4-yl)-V-
[4-(2-{[(2R)-2-hydroxy-2-phenylethyl]
amino }ethyl)phenyl]acetamide (1)

Water (17.25 L), aniline 6 (1.15 kg, 3.93 mol) and
acid 3 (0.63 kg, 4.01 mol) was added to the reactor. To the
reaction mixture 37% HCI (0.409 kg, 3.93 mol) was ad-
ded at 25-30 °C and stirred for 10—15 min. EDCI (0.828
kg, 4.32 mol) was added to the reaction mixture at
25-30°C and stirred for 2 h, completion of the reaction
was monitored by HPLC. Upon completion of the reac-
tion, n-butanol (11.5 L) and 20% ammonium hydroxide
solution (0.92 L) was added to reaction mass and stirred
for 25-30 min. Organic layer was preserved and aqueous
layer was extracted with n-butanol (2.3 L). Combined or-
ganic layer was washed with 5% ammonium hydroxide
solution (2 x 11.5 L) to eliminate acid 3. Organic layer
was then washed with 0.3% (4 x 17.2 L) brine solution.
Organic layer was concentrated to about 40% of its initial
volume to obtain turbid mass. To the concentrated mass,
toluene (16.1 L) was added at 65-70 °C, cooled to 20 °C
to obtain thick slurry and stirred at 20 °C for 2-3 h. Solid
was filtered, washed with toluene (1.15 L) and dried in a
vacuum tray dryer at 50 = 5 °C for 2-3 h to provide 1.28
kg of 1 (84% yield). Purity by HPLC: 99.79%; m/z
[M+H]" caled for C,H,,N,0,S: 396.51; found: 397. 'H
NMR (DMSO-d,): 6 1.60 (br s, 1H), 2.61-2.68 (m, 4H),
2.69-2.77 (m, 2H), 3.44 (s, 2H), 4.57-4.61 (m, 1H),
5.21-5.22 (d, 1H), 6.29 (s, 1H), 6.90 (br s, 2H), 7.10-7.12
(d, 2H), 7.19-7.23 (m, 1H), 7.27-7.32 (m, 4H), 7.48-7.50
(d, 2H), 9.99 (s, 1H); *C NMR (DMSO-d,): & 168.29,
167.82, 145.87, 144.59, 137.17, 135.13, 128.77, 127.90,
126.74, 125.86, 119.04, 102.61, 71.51, 57.56, 50.77,
39.90, 35.40. Anal. Calcd (%) for C, H,,N,O,S (396.51):
C, 63.5; H, 6.1; N, 14.1; S, 8.1. Found (%): C, 63.6; H,
5.82; N, 14.28; S, 7.96.
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Abstract

An ab initio methodology to predict the crystal structures of thermodynamically stable polymorphs of benzocaine wit-
hin the least energy region of energy landscape by analyzing the local minima from the initial gas phase optimization
initiated through the flexible torsion using MP2/6-31G(d,p) method. The global search for the hypothetical dense pac-
king for the structures within the energy penalty region of the local minima have revealed the possible stable conformers
under a repulsion alone potential field. The generated hypothetical dense packings from the global search were selected
for lattice minimization using the repulsion — dispersion potential field to authenticate the stability. The stability and the
characteristics of the generated structures were analyzed from the comparative hydrogen bond analysis and second de-
rivative properties with the known experimental polymorphs. The morphological studies of the global minima of benzo-
caine molecule from the valid lattice energy landscape was studied in detail to find the morphological important lattice.

Keywords: Polymorphism, Ab initio crystal structure prediction, PES scan, Lattice minimization, 2D Finger print plot,

Morphology.

1. Introduction

Polymorphism is the ability of a flexible molecule to
crystallize in different crystal lattice. As the physiochemical
properties of the molecule depends on the crystalline para-
meters of a molecule, the prediction of different polymorp-
hic structures of a molecule in a crystal phase gains its im-
portance.! Effect of polymorphs may alter the pharmaceuti-
cal nature of flexible drug molecules which indeed exposed
the search of polymorphs as commercially and academi-
cally vital methodology. As the experimental methods to
predict, the polymorphs have been considered to be tough
to analyse, theoretical ab initio prediction methodology pa-
ved the way in easy procedure with more accuracy. Recent
reports have been justified the accuracy of Ab initio metho-
dology in predicting the polymorphs of molecular solids.

The prior aim of the current research was to analyze
the possible conformeric polymorphs of a local anesthetic

molecule of Benzocaine. The reported analysis of the fle-
xible benzocaine with a ester group attached to the aroma-
tic ring, and the amino group attached in the para position
to the ester group revealed the presence of three poly-
morphic forms. The reports suggested that the structures
were found to be stabilized through the hydrogen bond in-
teraction between the carbonyl and amino group. The
polymorphism exhibited by benzocaine showed the three
forms, mainly Form I, Form II and Form III in crystal
structure database. The needle like morphological crystals
of Form I showed the deviation of the terminal ethyl and
carbonyl functional groups from the plane of the phenyl
ring, which have justified as the conformational changes
in the alkyl ring , thereby increasing the possibility of exi-
stence of conformational polymorphism. The Form II
crystals are found to be in orthorhombic morphology im-
plementing the P2,/c space group. The low temperature
phase transition of form II molecule resulted the forma-
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tion of a twinned monoclinic structure with space group
P112,. The structures were found to be stabilized by the
interaction through carbonyl and amine functional groups
of the molecule.>** As the possibility of conformational
polymorphism prevailed in the molecules with stability
achieved from the position of terminal carbonyl and ami-
ne group, ab initio prediction methodology can be initiali-
zed for accurate prediction.

2. Computational Methodology

The prior aim of the research was the identification
of local minima, for the possible crystal structures of the
concerned parent molecule which may exhibit confor-
mational polymorphisms. A potential energy surface
scan with MP2 level theory using polarized basis set
through the selected flexible torsion have been executed.
As the central aromatic ring was found to be rigid with
T—7 interactions, the terminal torsions C(7)-C(6)-C(16)-
O(1) and C(17)-0(2)-C(16)-C(6) were taken as 0, and 0,
(Fig. 1) to execute the Potential Energy Surface scan.
Accuracy of the ab initio prediction methodology in
identifying the stable polymorphs which satisfies the
principle relation of

E

U + AE

intra ( 1 )

total — ™ lattice

solely depends on the exhibition of the local minima asso-
ciated with the flexible benzocaine molecule. The confor-
mers at local minima and the those which are likely to
overcome the energy penalty raised from the torsion di-
stortions are validated by analyzing the energy associated
with the distorted conformers.

HE1)

9’ 0 w’ s_
" W
;;J’*gzwl s

Fig. 1. Benzocaine molecule with selected flexible torsion

The PES scan executed through the flexible torsions
(6, and 0, ) commence the partial gas phase optimizations
of each step ranging from —180° to 180° of the flexible tor-
sions through MP2 level 6-31G(d,p) basis set using the
Gaussian 09 package.® The promising stable conformers
are selected for lattice minimization from the troughs of the
plot generated using the torsion angles and corresponding
energy of each conformers. (Fig. 2), remaining structures
were discarded as they were improbable to overthrown the
energy penalty of distortion to achieve local minimum.

[ |
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Fig. 2. 2D PES scan plot of the benzocaine molecule with energy
penalty associated with each step

The selected within the range of ~ 5KJ/mol of ener-
gy penalty of torsion angle distortions with respect to the
local minimum were selected and subjected for global
search.

2. 1. Global Search

The global search for the plausible conformers of
the benzocaine molecule was executed using the MOL-
PAK 7 algorithm to generate the candidate structure in
the space group where it belongs; within the most com-
mon space groups occurred in the Cambridge structural
database (CSD) with the minimum volume of the unit
cell.® The MOLPAK global search investigates the uni-
que orientations of the central molecule and constructs
approximate coordination patterns of the concerned mo-
lecule. Global search algorithm was designed to search
for the densest packing patterns of the minimum volume
for molecules with fixed conformers. The algorithm ini-
tiates the search for the possible dense crystal packings
encountering in the common space groups of P1, P-1,
P2, Pm, Pc, P2, P2/c, P2,/m, P2/m, P2/c, Cc, C2, C2/c,
Pnn2, Pba2, Pnc2, P22,, Pmn2,, Pma2, P2 2,2/, P2,2,2,
Pca2 , Pna2, Pnma and Pbca from the 3D orientation
and repetitioﬁ of the central molecule in 10° steps, ran-
ging from —90° to +90° specified by the Eulerian angles
in a 3Dimensional grid . Each orientations satisfying the
threshold interaction with neighboring unit cells have
been subjected for the PMIN? using the repulsion alone
UMD potential'® to create a possible crystal phase with
minimum cell volume initiated through a DFT level the-
ory'' using becke 3-Parameter exchange basis set
(B3LYP) operation.'? The 500 hypothetical crystal struc-
tures of benzocaine for each space groups, generated
with dense packing were ranked on the basis of mini-
mum cell volume were subjected to the lattice minimiza-
tion implementing the repulsion dispersion potential
field of form 2
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2.2. DMACRYS Minimization

Lattice minimization of the generated conformers
from the MOLPAK global search were executed by im-
plementing the repulsion dispersion potential using the
DMACRYS" algorithm, rectifying the effect of repulsion
alone UMD potential in the global search. The minimiza-
tion was initiated with the candidate structure with space
group constraints by analyzing the distributed multipole
associated with the system through GDMA' algorithm.
The algorithm imposes the FIT potential field of the form
(2), parameterized by Williams and Cox'® with additional
terms for the hydrogen atoms bound to nitrogen later fit-
ted by Coombes et al.'® The promising densest hypotheti-
cal benzocaine crystals at OK were refined from the analy-
sis of the Ewald summed charge-charge, charge-dipole,
dipole-dipole interactions of the molecules. The second
derivative properties of the rigid conformers were calcula-
ted by the algorithm to justify the thermodynamic and
mechanical stability of the benzocaine polymorphs. The
stability of the lattice minimized benzocaine conformers
were authenticated from the born criterion'” achieved by

the conformers and those conformers which get minimi-
zed with negative eigen values where re minimized by re-
moving the negative representation of the symmetric con-
straints.

The candidate structures preferred from the lattice
minimizations were compared with the experimental
polymorphs of benzocaine through COMPACK'® compa-
rison. The algorithm determines the similarity of the opti-
mized structures with experimental from the least RMS
deviation in the crystal packing. The optimized rigid con-
formers of benzocaine with RMSD less than 0.4 with 20
molecules in common for a coordination sphere of 20 mo-
lecules within 40% of tolerance were selected as duplica-
tes and discarded from the studies. The unique structures
of benzocaine with valid minimization were ranked on the
basis of the energy (Table 1) associated and selected to ge-
nerate the energy landscape.'’

3. Results and Discussion

3. 1. Energy Landscape Validation

The generated energy landscape (Fig. 4) was aut-
henticated by exploiting the presence of experimental
known polymorphs of benzocaine molecule in the gene-

Table 1. List of Lowest energy conformers of benzocaine with the reproduced experimentally observed polymorphs of Benzocaine.

Structures E,_ Density Space a(f&) b(f&) c(f&) o®) BC°) 7(°)
(KJ/mol) Group

benzl -99.676 1.191 P22 2, 4713 8.363 23.373 90.00 90.00 90.00
benz2 -98.293 1.172 P2 /c 8.235 6.069 18.746 90.00 92.45 90.00
benz4 -98.278 1.172 P2 /c 8.235 6.069 18.747 90.00 92.52 90.00
benz5 -99.710 1.191 P22 2, 8.364 4.706 23.397 90.00 90.00 90.00
str 1 -122.126 1.263 P2 /c 9.052 6.630 15.550 90.00 111.46 90.00
str 2 —121.348 1.258 P2, 9.053 14.583 6.607 90.00 90.64 90.00
str 3 -121.275 1.260 P2, 9.053 14.560 6.609 90.00 89.93 90.00
str 4 -120.007 1.280 P1 6.785 12.070 16.185 26.09 130.59 131.89
str 5 -119.749 1.254 Cc 10.731 12.817 16.555 90.00 157.40 90.00
str 6 -119.100 1.238 P-1 6.905 9.041 7.333 77.47 90.06 82.91
str 7 —-118.557 1.272 P21/n 10.409 7.399 11.568 90.00 104.52 90.00
str 8 -118.285 1.256 P2, 9.120 6.783 15.188 90.00 111.58 90.00
str 9 -117.972 1.247 P-1 6.845 9.134 7.430 107.54 96.03 85.36
str 10 -117.547 1.242 P2, 9.096 14.398 6.762 90.00 94.07 90.00
str 11 —117.545 1.261 P22 2, 14.213 6.733 9.094 90.00 90.00 90.00
str 12 -117.475 1.259 P2111 14.232 6.730 9.097 89.46 90.00 90.00
str 13 -117.389 1.245 P-1 10.837 6.889 10.264 132.40 98.10 56.86
str 14 -117.134 1.282 P22 2, 11.716 8.562 8.531 90.00 90.00 90.00
str 15 -116.953 1.221 P2, 9.061 6.695 8.007 90.00 112.29 90.00
str 16 -116.941 1.252 P2, 7.660 6.824 18.108 90.00 67.82 90.00
str 17 -116.739 1.196 P21/n 9.940 8.650 10.674 90.00 88.19 90.00
str 18 -116.480 1.247 Pc 6.851 18.144 14.157 90.00 88.40 90.00
str 19 -116.426 1.251 Cc 12.138 11.325 9.373 90.00 137.09 90.00
str 20 -116.260 1.256 Pc 9.105 7.391 13.055 90.00 96.26 90.00
str 158  —111.055 1.201 P22 2, 24.080 4.541 8.353 90.00 90.00 90.00
str210  —109.865 1.213 P22 2, 5.010 21.792 8.282 90.00 90.00 90.00
str 302 —108.555 1.215 P2 /c 8.320 5.117 21.235 90.00 92.33 90.00
str362  —107.766 1.185 P2 /c 8.399 4.521 24.384 90.00 90.34 90.00
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d)

Fig. 3. Crystal packing similarity between a) Str210(blue) and Form II (green) b) Str 302 (blue) and Form I (green) ¢) Str 362 (blue) and Form I
(green) d) Str 158(blue) and Form II (green) with 20 molecules in common in a coordination sphere. [Str 210, Str 302, Str 362 and Str 158 are theo-
retically predicted conformers, Form I and II are experimental known polymorphs.]
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Fig. 4. Energy landscape consisting the possible conformers of

benzocaine associating the E

total

rated landscape. The COMPACK comparison of the
unique structures with experimental forms of benzocai-
ne employing the criterion of 20 molecules in common
for the coordination sphere with least RMSD in crystal
packing similarity revealed that the str 158, str 210, str
302 and str 362 (optimized conformers generated at the
158, 210,302 and 362 position in the energy rank with
E, . —111.055 KJ/mol, —109.865 KJ/mol, —108.555
KJ/mol and —107.766 KJ/mol respectively) resembles to
the experimental benzocaine Form I(E ,,, -99.710
KJ/mol and E_, —99.676 KJ/mol) and II (E, —98.293
KJ/mol and E_,, —98.278 KJ/mol) [Str 158 and Str 210
resembled FORM II and Str 302 and Str 362 resembled
Form I] Fig 3.

The equivalent nature of the optimized conformers
with the experimental forms were analyzed from the com-
parative analysis of the lattice parameters (Table 2), inter-
molecular short contacts and the mechanical stability of
the structures at OK.

total

Table 2. Regeneration of the crystal structures of Benzocaine molecule using the experimental data, minimized experimental conformation (Exp-
minexp) and the matching structures (20 molecules in common) found during the search of conformers.

Structures a(A) b(;&) c(A) of°) BC®) 2(°) Volume Density | D rmsd
(KJ/mol)

Benzl (Form II)

Observed 5.302 8.217 20.87 90 90 90 909.234

Expminexp 4713 8.363 23.373  90.00  90.00 90.00 921.118 1.191 -99.676

Expminopt (Str 210) 5.010 21.792 8.282  90.00  90.00 90.00 904.230 1.213  -109.865 0.46

Benz2(Form I)

Observed 8.198 543 19.592 90 91.35 90 871.899

Expminexp 8.235 6.069 18.746  90.00  92.45 90.00 935.981 1.172  -98.293

Expminopt(Str 302) 8.320 5.117 21.235  90.00  92.33 90.00 903.256 1.215 -108.555 0.9

Benz4(Form I)

Observed 8.257 5.5009 19.956 90 91.699 90 906.022

Expminexp 8.235 6.069 18.747  90.00  92.52 90.00 936.081 1.172  -98.278

Expminopt (Str 362) 8.399 4.521 24.384  90.00  90.34 90.00 925.940 1.185 -107.766 1.97

Benz5(Form II)

Observed 8.2424 53111 20.9044 90 90 90 915.115

Expminexp 8.364 4.706 23.397  90.00  90.00 90.00 920.981 1.191 -99.710

Expminopt (Str 158)  24.080 4.541 8.353  90.00  90.00 90.00 913.272 1.201 -111.055  0.29
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The table exposed the equivalent nature of the opti-
mized conformers with the known experimental forms
with similar lattice parameters. The deviation of the ener-
gy associated with the structures might be due to the tem-
perature dependence of the molecule as it were regenera-
ted at OK. The equivalence of crystal phase between expe-
rimentally determined and predicted structures were aut-
henticated from the peaks generated at the simulated XRD
patterns of the structures (Fig. 5-Fig. 8).
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Fig. 5. Comparison of the XRD spectrum of Str 158 (black) and
Form II (benz5) (blue)
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Fig. 6. Comparison of the XRD spectrum of Str 210 (black) and
Form II (benz1)(blue)

The studies indicated that the predicted structures
were stable from the presence of the highest peaks. The
shift in the XRD pattern were due to the shear factor asso-
ciated with the molecules at OK. The analysis have also
exposed the str 158 and str 302 were exhibiting more per-
fect match in the XRD. The hydrogen bonds prevails in
the predicted and experimental polymorphs of benzocaine
were studied in detail and tabulated. The hydrogen bond
analysis revealed the experimental polymorphs and pre-
dicted equivalent were stabilized from the N—H—O inte-
ractions between the carbonyl oxygen attached to the ter-
minal with the amide group attached to the aromatic ring
of the molecule contributing to the chain type graph set of
C1'8 and. In addition to the carbonyl -amide interaction,
the predicted structures (str 210, str 302 and str 362) and

their corresponding equivalent experimental form of II
and I were found to be stabilized by the C—H—O inte-
raction through the aromatic carbon atoms beside to the
aromatic nitrogen and the carbonyl oxygen atom along
with the interaction of Carbon atom at the terminal ethyl
group with the carbonyl oxygen. The notable result were
observed for the str158 in which the carbon atom of the
terminal methyl group interacts with the oxygen atom of
the carbonyl functional group. The common hydrogen

10000.0

9000.0 o
8000.0
7000.0 4
5000.0

Intensity

5000.0 4
4000.0

3000.0 4

2000.0

1000.0 4

0.0 4 iy LI ALY L WIS L I N gl b Bldin il
(RO ERy i e L e g iy 1|
10.0 200 30.0 40.0 50.0

2 theta

Fig. 7. Comparison of the XRD spectrum of Str 302 (black) and
Form I (benz2) (blue)

10000.0

9000.0 o
8000.0
7000.0 4
6000.0
5000.0 4

Intensity

4000.0 4

3000.0 4

2000.0

1000.0 o

Jili lll'_ ‘L !I. Lyl M VLW
FOLCUBTTO N
10.0 0.0 30.0 40

0.0 =

T
.0 50.0

Fig. 8. Comparison of XRD spectrum of Str 362 (black) and Form
I (benz4)(blue)

bond interactions that are likely to crystallize the confor-
mers were listed in Table 3.

Table 3. Common intermolecular H-Bonds between the experi-
mental and Predicted conformers.

Predicted Common Experimental
conformers H-bonds forms

str 158 N-H—O C-H—O N-H—N Form II benz5
str 210 N-H—O C-H—O - Form II benz1
str 302 N-H—O C-H—O - Form I benz2
str 362 N-H—O C-H—O - Form I benz4

The in match nature of the hydrogen bonds for the
predicted structures and the experimental equivalent justi-
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fies the accuracy of the prediction methodology and ener-
gy landscape. The detailed analysis and comparative stu-
dies of the hydrogen bonds and the peaks of the simulated
XRD exhibited the perfect match of str 158 and str 302
with the polymorphic form of benzocaine II and I with
least RMSD of 0.294 and 0.9 in crystal packing similarity;
were selected for further studies. The percentage of con-
tribution of the key intermolecular interactions to the cry-
stal stability were studied from the Hirshfeld surface.

3. 2. Hirshfeld Finger Print Plot Analysis

The contribution of the vital interatomic interaction
in the crystal stability and crystallization of the benzocai-
ne molecule have been studied thoroughly from the Hirsh-
feld surface and 2D contour plots generated using the
Crystal Explorer software package.?

The Hirshfeld analysis of the experimental benzo-
caine molecule of form I and Form II with the predicted
equivalent structures, str 302 and str 158 emphasized the
perfect match. The crystal were found to be stabilized
N-H-O and C-H-O interactions, were the latter interac-
tion providing average of 22.5% percentage of the overall
contribution to the stability of the conformers. The poin-
ted nature of the O—H/H-O interactions towards the lower
points of the di/de region indicates the vital importance of
the interaction in the stability. The 2D contour plot of the
N-H/H—-N interaction also shows it importance from the
pointed nature with a percentage of contribution of 3%.
The in match and perfect similarity of the predicted con-
formers and the experimental equivalents authenticates str
158 and str 302 as known experimental forms of Form II
and Form I of benzocaine, thereby validating the energy
landscape. As the mechanical properties are closely rela-
ted to several material parameters which are within reach
of theoretical calculations.”' Studies have been made to
analyze the mechanical strength of the experimental poly-
morphs and the equipotential predicted structure from the
elastic components of the Cij matrix.?

henticated the energy landscape . The structures generated
at the lowest energy region of the energy landscape are the
possible polymorphs of the benzocaine.

3. 3. Analysis of the Predicted Lowest Energy
Polymorph of Benzocaine (Str 1)

The authenticity of the lattice minimized energy
landscape generated from the hypothetical unique structu-
res of benzocaine conformers justified the existence of
possible stable polymorphs at the lowest energy region.
The optimized monoclinic crystal structure of the benzo-
caine polymorph ( Fig. 13) generated with E_
—122.126KJ/mol and space group P2 /c was analyzed in
detail to expose the mechanical stability and the morpho-
logical importance.

Fig. 13. The optimized crystal structure of benzocaine polymorph
generated as Str 1.

Table 4: Comparison of the mechanical properties of the ab initio predicted benzocaine crystal structure and

experimental polymorphs of Benzocaine at 0K.

Structures  C,, C, Cy, C, C, C Young’s
modulus
(GPa)
Form IT 44.633 14.617 26.010 9.705 13.306 8.962 24.038
Str158 34.230 18.098 50.619  11.086 21.688 13.444 31.231
Form I 47.385 17.706 19.711 9.459 6.316 10.053 21.440
Str302 51.709 20.661 26242  10.797 15.312 8.607 26.883

The diagonal elements of the Hessian matrix are
found to be positive and definite; revealed that the structu-
res have met born criteria and are mechanically stable at
OK.* The perfect match of the parameters between the ex-
perimental and predicted polymorphs of benzocaine aut-

The benzocaine conformer generated at the global
minima was found to be mechanically stable at 0 K by ac-
hieving born criteria of stability with elastic sensitivity of
29.89GPa. The thermodynamic stability of the global mi-
nimum (explained as Str 1 henceforward) were justified
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Fig. 14: 2D Finger print plot of predicted Str 1 with a) 100 % contribution of all elements b) 24.4% of C---H/H---C interaction c¢) 21.3% O---H/H---O

interaction d) 3% of N---H/H---N interaction.

from the Intermolecular attraction prevailed on the sys-
tem. The H-bond analysis of Str 1 reveals that the structu-
re were found to be stable by establishing the intermole-
cular interaction among the Nitrogen atom of the amide
group N(1) attached to the ring and O(2), generating
C11(8) graph set through N(1)-H(2) —O(2) linkage. The
detailed analysis have also revealed the Carbon atoms of
the terminal ethyl group interacts with the carbonyl oxy-
gen making a bond length of 3.401 A with an angle of
122° through C(8) —H(7) —O(1). The identification studies
of the possible hydrogen bonds prevailed in the Str 1 also
exposed a key interaction via H(7) between C(8) and
O(1)[C(8) —H(7) —O(1)] making an angle of 122.5° with
bond length 3.401 A, in addition the methyl carbon atom
C(9) also found to be bonded with the amide nitrogen
(N(1)) with bond angle 155.5° and bond length 3.865 A.

The Hirshfeld analysis and the 2D contour plots of
strl detailed the percentage of contribution of each inte-
raction towards the crystal stability.

The percentage of contribution of the key interac-
tions exhibit the dominant nature of the O-H interaction
Oxygen being the acceptor, from the pointed nature of the
2D contour plot towards the lower region of di/de. The in-
teraction contributes to the 21.3% of the hirshfeld surface,
where as the C —H interaction contributes 24.4% of the
surface. The hirshfeld surface reflected the stability of the
crystal structure from the N-H-O bonding, justifying the

thermodynamical satbility of Str 1 from the pointed natu-
re of the fingerprint plot .

The simulated XRD patterns were generated for the
global minimum structure of benzocaine at OK. The XRD
graphs was found to be exhibiting high peaks at different
2 values. The diffraction patterns are represented in fig. 15
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Fig. 15: Simulated XRD pattern of the Predicted polymorph (Str 1)

As the morphological importance of crystal structu-
re depends on the growth rate and surface area of the cry-
stal phases , studies have been carried out to interpret the
morphology and the growth rate of strlby calculating the
interplanar d spacing through the formula (3)
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1/d2hkl = (/sinf ) (hW¥/a*+Isin® B/b*+ 1%/ 3)
c*~2lhcosfac)

The morphological analysis of the structure have
been carries out by using the BFDH theory®**> incorpo-
rating the interplanar spacing (d,,,) and the crystal
symmetry which provide a good insight to the morpho-

logy of the polymorphs (fig. 16).

miller indices of (—1 0 0) and (1 0 0) are morphologically
important due to their comparatively less growth rate by
exhibiting the higher dmcmg27

The theoretical analysis of the Str 1 revealed that the
structure is a thermodynamically possible stable monocli-
nic polymorph of Benzocaine, which have the ability to
crystallize by attaining intermolecular short contacts with

stabilized dense packing.

Fig. 16: Predicted morphology of Str 1 with a) longitudinal view b) Transverse view.

4. Conclusion

The growth rate of the each miller indices have been
noted and tabulated to expose the morphologically impor-
tant of the structure (Table 5) . The studies have revealed

Ab initio prediction of the possible stable poly-
morph of benzocaine molecule, a flexible local anesthetic

Table 5: List of the predicted miller indices of Str 1 with interplanar d spacing.

h k L a B C a B Y D
-1 1 1 9.056 6.6302 15.5501 90 111.4606 90 5.12
-1 1 0 9.056 6.6302 15.5501 90 111.4606 90 5.35

0 1 -1 9.056 6.6302 15.5501 90 111.4606 90 6.10

0 1 1 9.056 6.6302 15.5501 90 111.4606 90 6.10

1 1 0 9.056 6.6302 15.5501 90 111.4606 90 5.35

1 1 -1 9.056 6.6302 15.5501 90 111.4606 90 5.12

0 0 2 9.056 6.6302 15.5501 90 111.4606 90 7.76

1 0 0 9.056 6.6302 15.5501 90 111.4606 90 9.04
-1 0 2 9.056 6.6302 15.5501 90 111.4606 90 6.09

1 0 -2 9.056 6.6302 15.5501 90 111.4606 90 6.09
-1 0 0 9.056 6.6302 15.5501 90 111.4606 90 9.04

0 0 -2 9.056 6.6302 15.5501 90 111.4606 90 7.76

0 -1 1 9.056 6.6302 15.5501 90 111.4606 90 6.10

0 -1 1 9.056 6.6302 15.5501 90 111.4606 90 6.10
-1 -1 1 9.056 6.6302 15.5501 90 111.4606 90 5.12
-1 -1 0 9.056 6.6302 15.5501 90 111.4606 90 5.35

1 -1 0 9.056 6.6302 15.5501 90 111.4606 90 5.35
-1 -1 -1 9.056 6.6302 15.5501 90 111.4606 90 4.99
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molecule via generating the energy landscape; by analy-
zing the energy associated for each different conformers
showed good accuracy in generating the possible crystal
structures of benzocaine. The conformers with compromi-
sing energy penalty of torsional distortions were success-
fully generated the hypothetical structures, owing to the
global search through the repulsion alone potential field.
The lattice minimization using the distributed multipole
analysis associated with the hypothetical structures aut-
henticated the methodology from the generation of expe-
rimental equivalent polymorph of benzocaine. The com-
parison analysis of the experimental known polymorph of
benzocaine with predicted hypothetical conformers revea-
led that Str 158 and Str 302 were equivalent to the experi-
mental known polymorphs of Form II and Form I, with
packing rmsd of 0.294 and 0.9 respectively. The ther-
modynamic stability crystal nature of the predicted con-
formers was proved from the simulated XRD patterns,
with perfect match of Str 158 and Str 302 with Form II
and Form I respectively. The Hirshfeld analysis indicated
that the predicted and experimental polymorphs of benzo-
caine were stabilized through N-H-O and C-H-O interac-
tions with dominant interaction through the carbonyl
Oxygen atom. As the landscape was authenticated from
the presence of experimental known polymorphs of ben-
zocaine, the conformers generated at the lowest energy re-
gion can be considered as the possible polymorphs of ben-
zocaine which are yet to be resolved. The Hirshfeld analy-
sis and XRD patterns revealed the thermodynamic stabi-
lity of the polymorph at lowest energy region along with
the morphological studies exposed useful insight to the
crystal morphology.
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Za izraCune termodinamsko stabilnih kristalnih struktur polimorfov benzokaina smo uporabili ab intio metode. Za
zacetno optimizacijo spojine v plinskem stanju in fleksibilnim torzijskim kotom smo uporabili MP2 metodo in bazni set
6-31G(d,p). S kvantnokemijskimi izracuni smo z iskanjem lokalnih minimumov iskali morebitne stabilne konformere.
Tako izratunane morebitne stabilne konformere smo izbrali in z nadaljnjo mreZno minimizacijo preverjali njihovo sta-
bilnost. Stabilnost in karakteristike izracunanih struktur smo analizirali tudi s primerjavo izracunanih vodikovih vezi in
primerjavo le-teh z eksperimentalno dolo¢enimi podatki. Z morfoloskimi $tudijami molecule benzokaina v globalnem

minimum smo Zeleli najti morfolo§ko pomembne mreZe.
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Abstract

A novel modified graphene oxide nanocomposite was fabricated via a facial procedure, aiming to removal of the aroma-
tic pollutants from aqueous solution. The graphene oxide (GO) was functionalized with 9-aminoanthracene and produ-
ced graphene oxide-9-aminoanthracene (GO-9-AA). FTIR, XRD, TGA, TEM and Raman spectroscopy techniques we-
re used for characterization of the adsorbents. Adsorption of naphthalene (NAP), acenaphthylene (ACN), and phenant-
hrene (PHN) as a model of polycyclic aromatic hydrocarbons (PAHs) was investigated by GO-9-AA. The adsorbent
showed excellent removal efficiency towards PAHs from aqueous solution. Equilibrium data of the adsorption process
were successfully fitted with Freundlich model from single solute system, and the maximum adsorption capacities fol-
lowed the order of NAP > ACN >PHN. The kinetic analysis revealed that the overall adsorption process was fast and
successfully fitted with the pseudo-second-order kinetic model. The anthracene ring makes GO-9-AA m-electron rich,
thus facilitating m—m EDA interaction between NAP, ACN and PHN with GO-9-AA.

Keywords: Wastewater, Aromatic pollutant; Graphene oxide, PAHs

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a
group of organic compounds that contain two or more fu-
sed rings of carbon and hydrogen. They are persistent en-
vironmental contaminants and usually arise from incom-
plete combustion of hydrocarbons and other organic mate-
rials such as petroleum, coal, gas, garbage, tobacco,
wood, and biomass."”” PAHs enter the environment from
different sources, including combustion fuel gasses, wa-
stewater, and runoff from the petroleum industry. They
were identified in industrial and municipal wastewater,
effluents, rain, surface and drinking water, soils, and
plants.** PAHs can transport long distance in air and wa-
ter due to their chemical persistence and semi-volatile na-

ture and are difficult to biodegrade. Presences of PAHs in
the environment are of great concern because many of
them are toxic, carcinogenic, and they tend to bioaccumu-
late in aquatic organisms. Some PAHs are capable of inte-
racting with DNA to promote mutagenic and carcinogenic
responses. Therefore, they are considered as priority pol-
lutants by both the US Environmental Protection Agency
(EPA) and the European Environmental Agency. So, effi-
cient, low-cost and robust methods to decontaminate wa-
ters from PAHs are vital to protect human and environ-
ment. Numerous studies have focused on the effective eli-
mination of PAHs from aqueous solutions by different
strategies such as photocatalysis, adsorption, electrolysis,
organobentonite, and sonication. Among these approac-
hes, adsorption removal of PAHs has been considered as
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an efficient technique due to its low-cost, high efficiency
and facile operation routes. For the adsorptive removal of
PAHs from aqueous environments, various kinds of adsor-
bents have been extensively investigated. However, the
adsorption capacities of aforementioned materials are not
sufficient. Therefore, it will be beneficial to develop new
adsorbents with higher adsorption capacities for persistent
organic pollutant management in the environment.
Carbon-based nanomaterials have unique m-electro-
nic structure and been used as an excellent sorbents for the
removal of aromatic compounds.'>™"> GO, as a newly
found carbon-based nanomaterial with fascinating two-di-
mensional (2D) atomic structure and only one atomic
thickness, have attracted considerable attention in a broad
range of application in addressing environmental chal-
lenges.'®!8 Due to its large specific surface area (theoreti-
cal limit, 2630 m* g™'), remarkable electronic properties
and high ability of modification, potential environmental
applications of GO as a superior adsorbent has been re-
cognized for removal of organic and inorganic contami-
nants from water and gasses.'”*® GO can be well-disper-
sed in water due to its abundant hydrophilic groups on its
surface such as hydroxyl, carboxylic and epoxide.*!* In
addition, the interaction between GO and pollutants is
closely related to its surface structure which is tunable and
flexible.”*** The surface of GO usually consists of two
parts: unoxidized and oxidized zones. The unoxidized zo-
ne is referring to the lowly oxidized GOs while oxidized
zones consist of both sp” zones and sp? clusters. The oxy-
gen-containing functional groups could be found on the
surface of GO in the oxidized zones. The sp? clusters are

affinitive to non-electrolytic organic compounds by m—n
stacking or other hydrophobic interactions***” whereas
the oxygen-containing functional groups tend to bind
hydrophilic species due to hydrogen bonding, ion exchan-
ge or coordination effects.”®** Due to diverse zones of GO
with different adsorption affinity, the adsorption behavior
of GO mainly depends on its surface structural feature.
Therefore, introduction of a suitable functional group on
GO surface can improve its adsorption capacity for the re-
moval of target pollutants. In the current research GO was
modified and functionalized with 9-aminoanthracene by
formation of the chemical bonds between carboxyl groups
of GO and amine groups of 9-aminoanthracene to produce
GO-9-AA (Scheme 1). The aim of functionalization of
GO with 9-aminoanthracene is to increase the sp? clusters
in GO for enhancing adsorption of non-electrolytic orga-
nic compounds by n—7 stacking or other hydrophobic in-
teractions. The fabricated composite was utilized for the
removal of NAP, ACN and PHN as a model of PAHs and
adoption mechanism of aforementioned PAHs was also
proposed. To the best of our knowledge, this research is
the first example of GO-9-AA fabrication and its applica-
tion for the removal of NAP, ACN and PHN from aque-
ous solution.

2. Experimental
2. 1. Materials

All reagents were the analytical grade and used wit-
hout further purification. Graphite powder (~ 325 mesh si-

COOH

Scheme 1. Schematic illustration of GO-9-AA fabrication

h COOH
¢ GO-COOH

1)socl,
2)(Q-NH,
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Table 1. Physicochemical properties of the selected PAHs

Molecular weight

Vapour pressure Water solubility

PAH’ Struct log K
i ructure (g mol™) at 25 °C Pa L™ 8 Bow

Naphthalene 128 10.4 31~ 3.37
CoHg

Acenaphthylene PN 152 0.9 393 4.00
C,Hg = | #

Phenanthrene O 178 0.02 1.2 4.57
Cuthy e

ze, 99.9995%) was obtained from Alpha Aesar Company
(Karlsruhe, Germany). Sulfuric acid (H,SO,), potassium
persulfate (K,S,0,), phosphorus pentoxide (P,0O,), potas-
sium permanganate (KMnO,), hydrogen peroxide (H,0,),
hydrochloric acid HCI, hydrazine hydrate (H,N,O), nitric
acid (HNO,), glacial acetic acid, sodium hydroxide (Na-
OH) and SnCl, were purchased from Merck Chemical
Company (Darmstadt, Germany). NAP, ACN, PHN and
anthracene were purchased from Sigma-Aldrich Chemi-
cal Company (Dorset, UK). All aqueous solutions were
prepared with ultrapure water (16 MQ.cm) from the Mil-
li-Q water purification system (Millipore, Bedford, MA,
USA). The physicochemical properties of PAHs are
shown in Table 1.

2. 1. 1. Fabrication of GO

GO was synthesized using modified Hummer’s met-
hod. Graphite flakes were oxidized using a combination of
powerful reagents, i.e., sulfuric acid (H,SO,), potassium
persulfate (K,S,0,) and phosphorus pentoxide (P,O).
Briefly, 3.0 g of graphite flakes were suspended in 10 mL
of H,SO,. Oxidizing agents K,S,0, and P,O, were gra-
dually added to the graphite and sulfuric acid mixture and
stirred at 90 °C until the flakes were dissolved. The stirring
continued for 4 more hours at 80 °C, and the solution was
then diluted with 500 ml Milli-Q Millipore water. After di-
lution, the solution was stirred overnight, and then filtered,
washed with deionized water and thereafter dried to get the
powdered form of GO. Pre-oxidized GO powder was then
subjected to further oxidation with 125 mL of H,SO, and
15 g of potassium permanganate (KMnO,) in an ice bath.
After 2 more hours stirring, 130 mL of Milli-Q Millipore
water was added to the mixture, and this caused the tempe-
rature to rise to 95 °C. After 15 minutes, 15 mL hydrogen
peroxide (30%, v/v) was added to reduce manganese to
manganese sulfate (Mn — MnSO,). Finally, the solution
was diluted with 400 mL of Milli-Q Millipore water and
yellowish suspension was stirred overnight. GO was filte-
red and washed thoroughly with HCI and water till the rin-
sed water pH was found to be approximately 7.

2. 1. 2. Preparation of 9-nitroanthracene (3)

9-nitroanthracene (3, Scheme 2) was prepared ac-
cording to a previous report. Briefly, concentrated nitric
acid (4 mL) was added dropwise to a suspension of ant-
hracene (1) (10.0 g, 56.0 mmol) in glacial acetic acid (40
mL) maintaining the temperature below 30 °C. The reac-
tion mixture was stirred vigorously for 1 h to form a
clear solution. Then a mixture of concentrated HCI (50
mL) and glacial acetic acid (50 mL) was added slowly
resulting in a pale yellow precipitate of 9-nitro-10-chlo-
ro-9,10-dihydroanthracene (2). The solution was filte-
red, and washed with glacial acetic acid (3 x 25 mL) and
thoroughly with water until the washings were neutral.
The resulting yellow solid was treated with a warm solu-
tion (60-70 °C) of 10% NaOH (200 mL), filtered, was-
hed with warm water until the washings were neutral. Fi-
nally, the solid was air-dried and recrystallized from gla-
cial acetic acid affording fluffy yellow needles (8.31 g,
67% yield), mp 148-150 °C (lit. 145-146 °C). R;=0.30
(n-hexane/EtOAc 9:1). 'H NMR (300 MHz, CDCl,) 6=
8.57 (1H, s), 8.03 (2H, d, J =7.6 Hz), 7.92 (2H, d, J =
7.6 Hz), 7.68-7.52 (4H, m).

2. 1. 3. Preparation of 9-aminoanthracene (4)

9-aminoanthracene (4, Scheme 2) was prepared ac-
cording to the procedure reported by Janovec et al.,.
Briefly, a suspension of 9-nitroanthracene (3) (7.24 g,
32.5 mmol) in glacial acetic acid (145 mL) was heated in
70-80 °C for 1.5 h. To the resulting clear solution was ad-
ded a slurry of SnCl, (31.0 g, 163.2 mmol) in concentra-
ted HC1 (110 mL) via a dropping funnel. The resulting
yellow precipitate was stirred at 80 °C for a further 30
min, cooled to room temperature, filtered, washed with
concentrated HCI (3 x 10 mL), treated with a solution of
5% NaOH for approximately 15 min with manual stirring
from time to time. Finally, product was collected by filtra-
tion, washed thoroughly with water until the washings
were neutral and vacuum-dried at 50 °C for 6 h to afford a
yellow powder (5.18 g, 83% yield). No further purifica-
tion was required, M.p 161-166 °C (lit. 153-154 °C). R, =
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1

NO,
CoO- 00
Cl
2

NO, NH,

3 4

Scheme 2. Schematic illustration of 9-aminoanthracene synthesis. Reagents and conditions: (i) concd. HNO,/HCI, <30 °C; (ii) NaOH (10%),

60-70 °C; (iii) SnCl,/concd. HCl, glacial HOAc, 70-80 °C.

0.39 (n-hexane/EtOAc 3:1). 'H NMR (300 MHz, CDCl,):
8 =7.98-7.94 (m, 4H), 7.88 (s, 1H), 7.47-7.39 (m, 4H),
4.82 (s, 2H, NH,).

2. 1. 4. Preparation of GO-9-AA

The GO suspension (1 mg/mL) was sonicated in the
bath under 100W power for 1 h. The resulting suspension
was taken for further carboxylation and amidation. In car-
boxylation of GO, 1.5 g NaOH and 1.5 g sodium chloroace-
tate were added into 300 mL GO suspension and sonicated
in the bath for 1 h to convert hydroxyl and epoxide groups to
carboxyl groups. The resulting mixture was neutralized with
diluted HCI, and purified by repeated centrifugation at 4,000
rpm for 45 min and rinsed with ultrapure water, then evapo-
rated to dryness in vacuum yielding a dark black solid pro-
duct. The carboxylated graphene oxide, GO—-COOH, was
reacted in 20 mL of SOCI, (containing 2 mL of dimethylfor-
mamide) at 70 °C for 24 h to convert the carboxyl groups in-
to acyl chlorides, then evaporated to dryness in the vacuum
and resuspended in dry acetonitrile containing 9-aminoant-
hracene (500 mg). The mixture was stirred vigorously at 50
°C for 48 h under nitrogen atmosphere, and then the product
was purified by repeated centrifugation at 4,000 rpm for 45
min and rinsed with ultrapure water, acetone, and dichloro-
methane to remove unreacted 9-aminoanthracene. The final
product, graphene oxide-9-aminoanthracene (GO-9-AA),
was dried at room temperature in vacuum yielding 270 mg.

2. 2. Characterization

The fabricated GO-9-AA was characterized by
FTIR, XRD, TGA, TEM and Raman spectroscopy.
FTIR spectra of materials were recorded within 400 to
4000 cm™' region with Shimadzu FTIR 8300 spec-
trometer in KBr matrix. Raman spectra were measured
using SENTERRA (2009) (BRUKER, Germany). The
TGA data were acquired with Shimadzu TA-50 thermal
analyzer (Shimadzu, Japan) at heating rate of 5 °C min™'
from room temperature to 800 °C. High-angle X-ray
diffraction patterns were obtained with STOE diffracto-
meter using Cu-Ko radiation at scanning rate of 3/min
from 20 = 5°-80°. The morphology of the GO-9-AA
was recorded with Philips CM 120 transmission electron
microscopy (TEM).

2. 3. Batch Adsorption Experimental

All adsorption experiments were carried out in a
batch reactor at 25 = 1 °C. Different concentrations of NAP,
ACN and PHN (1-30 mg L") were made by preparation of
simulated wastewater of three adsorbates (in pure metha-
nol) with DI water. Adsorption experiments were conduc-
ted by adding a specific amount of GO-9-AA to the synthe-
tic wastewater, including water/methanol solution (20%
v/v) in 50 mL glass centrifuge tubes sealed with Teflon-li-
ned screw caps. During the adsorption experiments, negli-
gible amounts (0-0.15 pL) of 0.1 M HCI or 0.1 M NaOH
were added to the solution for adjusting the pH to 7.0 £ 0.1.
After obtaining the equilibrium, the mixture was centrifu-
ged at 6000 rpm for 10 min, and then concentrations of the
solutes in the supernatants phase were measured by UV/vi-
sible spectrophotometer (UV/Vis 2100 Shimadzu).

2. 4. Data Analysis

The equilibrium data of the adsorption experiments
were fitted with two conventional isotherm models, i.e.
Langmuir and Freundlich to determine the theoretical
maximum adsorption capacity of the GO-9-AA. Based on
the Langmuir isotherm model, adsorption process takes
place on a homogeneous surface by monolayer adsorp-
tion, and there is no interaction between adsorbed partic-
les. It is formulated as:

mece
de = 1+bCe M
Where C, is the equilibrium concentration of the ad-
sorbate in mg L™, q, the amount of PAHSs adsorbed at equi-
librium in mg g, g,, and b are the Langmuir constants
which demonstrate the adsorption capacity of adsorbent
and apparent heat change in mg g™ and I mg™', respectively.
Dimensionless constant separation factor (R;) ref-
lects the fundamental characteristics of Langmuir model,
and it is expressed as:

R, = — 2)

1+b €y

Where b is the Langmuir constant and C is the
highest initial concentration of adsorbate mg L~'. The
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value of R illustrates the types of Langmuir isotherm.
Adsorption phenomenon is irreversible (R, = 0), favo-
rable (0 < R < 1), linear (R; = 1), or unfavorable (R;
>1). The Freundlich isotherm model assumes that ad-
sorption process is multilayer and occurs on heterogene-
ous surfaces. The Freundlich isotherm model is given
by:

qe = Kp /" 3)

Where K (mg™""" ¢! L) and n are Freundlich
isotherm model constants, representative of the saturation
capacity and intensity of adsorption process.

The Kinetics of the adsorption of the NAP, ACN,
and PHN onto GO-9-AA were investigated by fitting the
adsorption data with pseudo first-order and pseudo-se-
cond-order kinetic models. The pseudo-first order assu-
mes that adsorption rate is a proportion with the number
of free adsorption sites and it is formulated as:

log (4c — q¢) = logqe — 7=t “)

Where g, and q, are the amounts of NAP, ACN and
PHN adsorbed (mg g™') onto GO-9-AA at equilibrium and
any time t (min), respectively, and k, is the rate constant of
the adsorption process (min™).

The linear relationship between adsorption rate and
the square of the number of unoccupied adsorption sites is
an assumption of the pseudo-second order kinetic model,
and it is given by:

t 1

+ = 5)

qe - k2qg qe

Where k, is the adsorption rate constant (mg g~'
min™).

All of the isotherm and kinetic model parame-
ters were obtained by fitting the models in Sigma Plot
12.0.

3. Results and Discussion
3. 1. Preparation of GO-9-AA

After modification of the GO surface by a chlorine
group using thionyl chloride, the reaction of highly
reactive chlorine with the amino group of 9-aminoant-
hracene is led to the formation of title sorbent. Pyridine
was added to the reaction mixture to react with the side
product (HCI). The formation of GO-9-AA nanocompo-
site was confirmed by IR spectroscopy, elemental analy-
sis, thermal gravimetric analysis, Raman spectroscopy,
powder X-ray diffraction and transmission electron mi-
croscopy.

3. 2. Characterization of GO-9-AA
3. 2. 1. FTIR Analysis

The FTIR spectra of GO and GO-9-AA are shown in
Figure 1. The appearance of characteristic absorption peaks
at 3449, 1735, 1631 and 1067 cm™' revealed the stretching
vibrations of -OH, C=0, C=C, and C-O functional groups
in GO, respectively. After the amidation reaction, several
new peaks appeared on the FTIR spectrum of GO-9-AA.
The amide characteristic (-C(O)NH-) stretching vibration
peak at 1653 cm™" indicates that the amide bond formed by
reaction between GO and 9-aminoanthrace. Furthermore,
the new peak at 1573 cm™' corresponds to the N-H bending
vibration and the peak at1192 cm™ for C-N in-plane stretc-
hing demonstrates that the 9-aminoanthracene was grafted
onto the GO by the amide bond.

a | 1735 | \/
1067
\ 1631
S
@ \ -
c
£ 3449
E
w
s e o
= e T
= il W
B by B / W/ Ry Y /f
\ 1653 \ If
o 1573 | !
1192
4000 3000 2000 1000

Wavenumbers (cm™)

Fig. 1. FT-IR spectra of (a) GO and (b) GO-9-AA

3. 2. 2. Raman Spectroscopy

Raman spectroscopy as a powerful tool has been fre-
quently used to investigate the structural and electronic

——GO-9-AA
—_— GO

Intensity (a. u.)

500 1000 1500 2000 2500
Raman shift (cm-1)

Fig. 2. Raman spectra of GO and GO-9-AA
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properties of GO. Figure 2 shows the Raman spectra of
the pristine GO and GO-9-AA. As expected, the pristine
GO displays a prominent G-band (graphitic band) at 1598
cm™ which is due to the influence of defects and isolated
double bonds, and D-band (disorder band) at 1326 cm™.
The D-band in carbon materials is associated with the pre-
sence of Zdisorder’ such as defects or simply nanoscale di-
mensions. The significant structural changes occurring
during the amidation reaction were also reflected in the
Raman spectra. In GO-9-AA, the G band shifts back to
1579 cm™ which is relatively close to the G-band of the
pristine graphite compared with GO, suggesting that elec-
tronic conjugation in GO-9-AA was restored after 9-ami-
noanthracene grafting on GO structure.**’

3. 2. 3. TGA Analysis

Strong evidence for successful functionalization of
the GO with 9-aminoantheracene was also provided via
TGA analysis (Fig. 3). GO shows slight mass lose from
room temperature to 210 °C and significant mass lose
from 210 to 230 °C. Following with slight mass lose up to
600 °C. The major mass lose at ~ 220 °C is caused by
pyrolysis of the oxygen-containing functional groups, ge-
nerating CO, CO,, and stream. In compared with GO,
TGA of GO-9-AA shows an enhanced thermal stability
due to the removal of oxygen-containing functional
groups by amidation reaction. This change led to a new
thermal decomposition at 490-570 °C which attributed to
the formation of amide-bounds of 9-aminoanthracene
functional group. This mass changes indicate successful
covalent functionalization of GO by 9-aminoanthracene
which was also in agreement with the results of FTIR and
Raman analysis.

20
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Fig. 3. TGA of GO and GO-9-AA

3. 2. 4. XRD Analysis

Figure 4 shows XRD patterns of both pristine GO
and GO-9-AA. The peak at 11.06° corresponds to the
(001) diffraction with an interlayer spacing of approxima-
tely 0.74 nm. As it can be seen, this peak in XRD pattern

—GO
——GO-9-AA

Intensity (a. u.)

5 15 25 35 45 55
26 (degrees)

Fig. 4. X-ray diffraction patterns of GO and GO-9-AA

of GO after amidation has been eliminated, suggesting ex-
foliation of layered in GO-9-AA.

3. 2. 5. TEM Analysis

The natural structure of GO could be proved by na-
tural ripples on the GO surfaces. The microstructure of the
sorbent before and after modification was investigated by
TEM analysis. The TEM images demonstrated that both
GO and GO-9-AA nanosheets were transparent (Figure
5). As it can be seen, GO has fairly flat surface compared
with that of GO-9-AA and its wrinkles were mainly posi-
tioned on the boundary regions of the GO and created
scrolls, whereas the surface of GO-9-AA has more aggre-
gations and wrinkles which mostly on the basal planes to
make groove regions.

3. 3. Adsorption Isotherms

Describing the interaction between adsorbent and
the adsorbate is usually the aim of adsorption isotherm
models when the adsorption process reaches equilibrium.
The isotherm models allow having the most vital parame-
ter for designing an appropriate adsorption system. The
adsorption isotherms of NAP, ACN, and PHN on GO-9-
AA are shown in Figure 6, and the regression parameters
are listed in Table 2. In general, all adsorption isotherms
were nonlinear, and the regression parameters are listed in
Table 2. The results indicated that the nonlinear correla-
tion coefficients of the Freundlich isotherm model for
NAP, ACN, and PHN onto GO were 0.991, 0.997 and
0.997, and onto GO-9-AA were 0.998, 0.997 and 0.997,
respectively. The higher correlation coefficients for
Freundlich model imply that adsorption process takes pla-
ce mostly onto heterogeneous regions such as edges,
grooves, and wrinkles. The same result has also been re-
ported in the removal of PAHs by other adsorbent mate-
rials such as modified periodic mesoporous organosilica,
GO and graphene.**® Based on Langmuir isotherm mo-
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Fig. 5. TEM micrograph of GO (left) and GO-9-AA (right)

Table 2. Isotherm parameters for NAP, ACN, and PHN adsorption onto GO and GO-9-AA

Langmuir Freundlich
q q 4 2 Kf (mg™ " 2
Adsorbates m,cal eexp b (I m; R, R gl N R
mgg") (mggh PUmE) K g L
NAP 22.93 23.16 0.52 0.18 0.987 9.43 3.40 0.991
GO ACN 18.80 21.28 0.38 0.21 0.995 4.93 222 0.997
PHN 17.83 19.30 0.34 0.23 0.988 4.71 2.19 0.997
NAP 57.00 78.08 1.31 0.09 0.994 42.18 2.06 0.998
GO-9-AA ACN 46.32 57.60 0.59 0.16 0.995 21.18 2.26 0.997
PHN 44.50 52.02 0.58 0.17 0.994 18.95 2.32 0.997
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Fig. 6. Adsorption isotherms of NAP, ACN, and PHN onto GO and GO-9-AA at room temperature and pH =7.0
del, maximum theoretical adsorption capacity (g, ;) we- ACN, and PHN, respectively. The same trends were ob-

re obtained 23.16, 21.28 and 19.30 mg g”' onto GO and served for experimental adsorption capacities (g,,,,) i.¢.,
78.08, 57.60 and 52.02 mg g”' onto GO-9-AA for NAP, 22.93, 18.80 and 17.83 mg g”' for NAP, ACN and PHN
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onto GO and 57.00, 46.33 and 44.50 mg g™' onto GO-9-
AA, respectively. Separation factor (R, ), derived from the
Langmuir isotherm model was also calculated (Table 2) to
prove the favorableness of the adsorption of three adsor-
bates onto GO and GO-9-AA. The values of R; are calcu-
lated in the range of 0.09-0.23 demonstrating a favorable
adsorption process of NAP, ACN, and PHN. Adsorption
intensity of adsorbates could be attributed to the Freund-
lich constant (1/n). Adsorbates could be easily adsorbed
when 0.1 < 1/n £ 0.5, adsorption process of the adsorbates
is difficult when 0.5 < 1/n £ 1, and when 1/n > 1 adsorp-
tion is entirely difficult to occur. The 1/n values of NAP,
ACN, and PHN onto two adsorbents were calculated in
the range of 0.1-0.5 proofing that the adsorbates could be
easily adsorbed. Since GO-9-AA showed a notable ad-
sorption capacity in comparison with GO, it was selected
to precede extra adsorption experiments.

3. 4. Adsorption Kinetics

Rapid treatment of a large volume of drinking water
is the main factor which sometimes limits practical appli-
cation of the adsorbents. In order to investigate the requi-
red time for obtaining adsorption equilibrium, kinetic stu-
dies were performed. The effect of adsorption time on the
removal of NAP, ACN, and PHN by GO-9-AA is shown in
Figure 7. Adsorption kinetic data were evaluated with two

. e &
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Pseudo first order kinetic model
Pseudo second order kinefic model
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Fig. 7. Adsorption kinetics of NAP, ACN, and PHN on GO-9-AA at
room temperature and pH =7.0.

semi-empirical kinetic models: the pseudo-first and se-
cond-order equations. The validity of two models was in-
vestigated by nonlinear regression. It can be seen from Fi-
gure 7, the adsorption rate was quite fast with the order of
magnitude NAP > PHN > ACN within the first 20 h, and
then gradually slowed down until equilibrium was reached
within 48 h which quite similar to that reported for aroma-
tic compounds. Parameters obtained with two models are
summarized in Table 3. As depicted in Figure 7 and Table
3, predicted adsorption data of NAP, ACN, and PHN onto
GO-9-AA by pseudo-second order kinetic model showed a
quite good agreement with measured data for both fast and
the slow adsorption steps (nonlinear correlation coeffi-
cients of the model for NAP, ACN, and PHN onto GO-9-
AA were 0.991, 0.996 and 0.994, respectively). Constant
rates of NAP, ANC, and PHN adsorption, in the liquid pha-
se, are comparable to those calculated for other aromatic
hydrocarbons on different adsorbents. The experimental
values of g, for NAP, ACN, and PHN were 56.3, 46.24 and
45.92 mg g, respectively, which are consistent with the q,
values calculated from the pseudo-second order model
which summarized in Table 3. The good agreement of ad-
sorption kinetic data with pseudo-second order model indi-
cates that adsorption of the target adsorbates on GO-9-AA
is due to a chemical adsorption.

3. 5. Comparison of Adsorption Behavior
Based on Literature Data

The efficacy of GO-9-AA adsorbent was evaluated
in comparison with other adsorbents (Table 4). As it can
be seen, the sorption capacity of PAHs on GO-9-AA com-
posites is much higher than other adsorbents.

3. 6. Desorption

For the environmental protection and economic
purposes, adsorbents should both have adequate capacity
to decrease the pollutants concentration to satisfy envi-
ronmental protection agencies standards and have been
recycled and reused in successive cycles because they
might have either precious raw substance or consist of
hazardous materials. The recycling NAP, ACN, PHN and
the regeneration of GO-9-AA are illustrated in Figure 8.
The adsorption-desorption experiment results demonstra-
ted that the efficiency of the applied GO-9-AA adsorbent

Table 3. Kinetic parameters of NAP, ACN, and PHN adsorption on GO-9-AA

Pseudo-first-order

Pseudo-second-order

Adsorbates k, q 2 k,(mg g™ q, . R’
1 eexp | R q, .. o) e, cal

(min™) (mgg™) &l min~) (mg g™)
NAP 56.30 0.50 51.79 0.974 0.71 54.14 0.991
ACN 46.24 0.56 43.41 0.991 0.80 45.21 0.996
PHN 45.92 0.49 42.16 0.985 0.67 44.09 0.994
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Table 4. Comparison of maximum adsorption capacity of different adsorbents for adsorption of PAHs

Adsorbent Adsorbate Adsorption _clapacity Tempfrature Eguilibrium References
(mg.g™) °0O) Time (hour)
NAP 1.63
SBA-15-NH, ACN 1.01 25 10 “
PHN 0.60
PMO NAP 46.64 28 50 4
RHAC NAP 63.60 28 120 46
Activated carbon (Coconut Shell) PHN 20.22 25 1 4
Multilayer Graphene PHN 28.1 25 NA 48
MWCNT30 PHN 14.1 25 NA 4
Biochar PHN 14 25 672 50
C60, Fullerene NAP 2.3 25 72 31
Activated carbon NAP 58.36 25 280 52
Zeolite NAP 29.59 25 6 53
NAP 78.08
GO-9-AA ACN 57.60 25 72 Present study
PHN 52.02

was satisfactory for the removal of target PAHs by remo-
ving 94% (56.50 mg g7'), 79% (46.92 mg g™'), and 74%
(44.24 mg g") of NAP, ACN, and PHN, respectively in
the first cycle. As can be noticed on Figure 8, the ab-
sorption capacity of GO-9-AA remained essentially the
same after five successive cycles of testing. After fifth ad-
sorption-desorption experiments, the efficiency of GO-9-
AA was 83.5% (50.09 mg g™'), 68% (41.00 mg g™'), and
66% (39.90 mg g“) of NAP, ACN, and PHN, respecti-
vely. The negligible decrease in the GO-9-AA capacity
(around 10%) revealed the good reusability and stability
of this adsorbent; therefore, it could be a suitable choice
to be used efficiently for the treatment of wastewater pol-
luted by PAHs.

70

oNaphthalene

s Acenaphthylene
60 @Phenanthrene

(5.
o
i

>

v‘»
7 7 K
s Y % /
e N AN % 7
- = A= sa
240 N AN N Ve
21N AN N AN
\- % % N\
\ | 7 N N
IN| AN N AN
21N AN N A
N A 7 N
\ % N AN
01N AN Z N
N A % N

-
L]
L4

Fig. 8. Recycling of GO-9-AA in the adsorption of NAP, ACN, and
PHN, at room temperature. and pH = 7.0

3. 7. Adsorption Mechanism

Isotherm and kinetic parameters of NAP, ACN, and
PHN adsorption on GO-9-AA are listed in Table 2 and 3,
respectively. As it can be seen, the maximum adsorption
capacity (q,) for three adsorbates are in the following or-
der of magnitude NAP>ACN>PHN onto GO-9-AA. A si-
milar behavior was also observed for the adsorption coef-
ficient (K, = ¢/C,, in Fig.9) values at different equi-
librium concentrations. As it depicted in Figure 9, adsorp-
tion coefficients for NAP, ACN, and PHN have a similar
trend. However, a marked decrease in the K, values for the
three adsorbates (magnitude of decrease was in the order
of NAP>ACN>PHN) was different. Based on the assump-
tions of Freundlich isotherm model, removal of NAP,
ACN, and PHN by heterogeneous adsorption onto GO-9-
AA is concerning to the presence of high surface energy
sites, such as defects, edges, and groove areas.’*®! In this
case, three adsorbates would primarily be adsorbed with
high affinities to these regions. Inherent surface heteroge-
neity on GO and increasing the amount of groove and fol-
ded regions of GO after functionalization (Figure 5) give
rise to charge in homogeneities into the modified GO.
Uneven charge sharing on the GO-9-AA could generate
high active region in wrinkles and defect parts from the
chemical perspective; as a result, NAP, ACN, and PHN
could be adsorbed more in these active sites. As Figure 9
shows, adsorption coefficient values for three adsorbates
reduce considerably with increasing concentrations,
which is in agreement with the K;-C, curve obtained in
the current study for GO-9-AA.

Figure 9 shows that the adsorption of three adsorba-
tes is favorable at a low concentration. Also, the starting
point and decreasing slope for NAP is larger than the ot-
her two adsorbates, i.e., ACN, and PHN which shows ad-
sorption of NAP is more favorable than ACN, and PHN.
Nevertheless, this is not consistent with the hydrophobi-

Balati et al.: Functionalization of Graphene Oxide ...

487



488

Acta Chim. Slov. 2017, 64, 479-490

350

L 3
66 —a—NAP
== ACN
250 4
PHN
- 200 -
oE
=
= 150
£
100
50 1§
N
0 = —— - -
1] 2 4 [ 8 10
C,mglL!

Fig. 9. Adsorption coefficients of NAP, ACN, and PHN onto GO-9-
AA in different concentrations

city (K_,) trend of the target PAHs, i.e., PHN>ACN>NAP.
Wang and et al. suggested that different adsorption capa-
cities of PAHs by carbonic adsorbents after eliminating
hydrophobic effect might be due to sieving effect. Since
adsorption of NAP, especially in the low concentration
with approximately high solubility range is more favorab-
le than ACN, and PHN; this shows more heterogeneous
regions such as wrinkle surfaces, which have rich m-elec-
tron density onto GO-9-AA and readily available for the
molecule with a smaller size.

Finally, several possible interactions between GO-9-
AA and aromatic compounds (as an adsorbate) are res-
ponsible for the adsorption of NAP, ACN, and PHN. The-
se interactions are a hydrophobic effect, electrostatic and
electron donor-acceptor (EDA). Based on the adsorption
mechanism between aromatic compounds and carbonace-
ous adsorbents®® EDA interaction was proposed to be the
main mechanism for adsorption of NAP, ACN, and PHN
on GO-9-AA. One type of EDA interaction is m—nt EDA
interaction. T—nt EDA interaction is specific and noncova-
lent, that exists between electron-rich and electron-poor
compounds. The existence of anthracene rings on GO-9-
AA makes it more electron-rich; therefore, the m—t EDA
interactions between three adsorbates and GO-9-AA sur-
face will be stronger and easier.

4. Conclusion

GO-9-AA composite was successfully prepared via
a facial strategy, characterized and its performance eva-
luated for the removal of NAP, ACN, and PHN. Incorpora-
tion of 9-aminoanthracene in the structure of GO led to
both high adsorption capacity and fast removal kinetics
that was proved by isotherm and kinetic experiments. The
adsorption isotherm and kinetic data were fitted better by
Freundlich and pseudo-second-order, respectively. It
seems that more conformational change of GO after func-
tionalization with 9-aminoanthracene and stronger elec-
tron donor-acceptor interaction between NAP, ACN, and
PHN with modified GO are the main reasons for higher

adsorption capacity of GO-9-AA for the removal of the
target adsorbates. Furthermore, the adsorption efficacy of
GO-9-AA was evaluated in comparison with other adsor-
bents. The results showed that the adsorption capacity of
GO-9-AA for the removal of target PAHs is much higher
than other adsorbents. Therefore, GO-9-AA could be con-
sidered as a promising adsorbent for the removal of PAHs
from water in real world applications.
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Modificiran grafenov oksid smo pripravili z namenom njegove uporabe kot odstranjevalca aromatskih onesnazevalcev
iz vodnih raztopin. Grafenov oksid (GO) smo funkcionalizirali z 9-aminoantracenom in pripravili grafenov oksid 9-
aminoantracen (GO-9-AA). Za karakterizacijo adsorbenta smo uporabili naslednje metode: infrardeco spektroskopijo
(FTIR), rentgensko praskovno difrakcijo (XRD), termogravimetri¢no analizo (TGA), transmisijsko elektronsko mikro-
skopijo (TEM in ramansko spektroskopijo. Kot modelne aromatske ogljikovodike, primerne za preucevanje adsorpcije,
smo uporabili naftalen (NAP), acenaftalen (ACN) in fenantren (PHN). Adsorbent GO-9-AA je bil zelo u¢inkovit v pri-
meru odstranjevanja aromatskih ogljikovodikov iz vodnih raztopin. Ravnotezni podatki adsorpcijskih procesov sledijo
Freundlichovemu modelu, maksimalne adsorpcijske kapacitete za preucevane aromatske ogljikovodike pa lahko poda-
mo z zaporedjem NAP > ACN >PHN. Iz podatkov kineti¢ne analize lahko razberemo, da je proces hiter in uc¢inkovit in
ustreza kineti¢nemu modelu psevdo-drugega reda. Obroci antracena na grafenovem oksidu (GO-9-AA) so »bogati« s 1t
elektroni in zaradi tega pospesujejo interakcijo le-tega z aromatskimi ogljikovodiki (NAP, ACN in PHN).
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Abstract

Antioxidant potential (AOP) is not only the property of the matrix analyzed but also depends greatly on the methodology
used. The chromogenic radicals 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS™), 2,2-diphenyl-1-pi-
crylhydrazyl (DPPH’) and Folin-Ciocalteu (FC) assay were applied to estimate how the method and the composition of
the assay solvent influence the AOP determined for coffee, tea, beer, apple juice and dietary supplements. Large differen-
ces between the AOP values depending on the reaction medium were observed, with the highest AOP determined mostly
in the FC assay. In reactions with chromogenic radicals several fold higher values of AOP were obtained in buffer pH 7.4
than in water or methanol. The type of assay and solvent composition have similar influences on the reactivity of a parti-
cular antioxidant, either pure or as part of a complex matrix. The reaction kinetics of radicals with antioxidants in samples
reveals that AOP depends strongly on incubation time, yet differently for each sample analyzed and the assay applied.

Keywords: Chromogenic radicals, antiradical activity, Folin-Ciocalteu, reaction kinetics, Trolox equivalents, solvent

composition

1. Introduction

A dozen different methods can be found in the lite-
rature' for in vitro analysis of antioxidant properties of
phenolic compounds. Among the most popular are those
employing phospho-tungsto-molybdate in Folin-Ciocal-
teu (FC) reagent or chromogenic radicals such as 2,2’-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS™)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH"). Such radi-
cals, with unpaired valence electron at one nitrogen atom,
can be reduced by compounds with antioxidant properties
and the assays are based on spectrophotometric measure-
ments of unreacted radicals at the beginning and after a
certain incubation time.

There is a long going debate as to whether results of
such in vitro assays are relevant, since no correlation bet-
ween in vitro antioxidant properties and health benefits
has been confirmed? and rates of reaction of antioxidants
with radicals are much more important for their effective-

ness than the stoichometric values obtained by antioxidant
assays.>* Despite these limitations a great number of pa-
pers are published each year containing data about antio-
xidant potential (also activity and capacity) and total
polyphenol content of various biological, pharmaceutical
and food samples.

The incubation time for reaction of antioxidants
with radical probe and FC reagent varies substantially
between different studies and ranges from minutes to
hours. Apart from their structural characteristics (number
and position of —OH groups, inductive effects of other
substituents present in the antioxidant molecule, steric
hindrance/accessibility, packaging of an antioxidant
around reactive species) the reactivity of an antioxidant
depends significantly on reaction conditions such as sol-
vent polarity, pH, temperature, type and concentration of
reactive species.”"14 Since the selection of the method,
the time and reaction conditions adopted to evaluate the
content of antioxidants in a given sample significantly
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impact the determined values and, due to the fact that
these parameters in a number of articles are relatively
poorly described, it is very difficult to compare the re-
sults of AOP obtained for similar samples in different stu-
dies.

As shown in numerous studies, green and black tea,
green and roasted coffee, apple juice, beer, and cranberry
fruits are considered as antioxidant rich foods and exhibit
notable AOP.">° The primary purpose of the present
study was to demonstrate how the selected method and
composition of the assay solvent influence the reactivity
of antioxidant compounds in the above mentioned foods
with chromogenic radicals, DPPH" and ABTS™, and with
the FC reagent. The reactivity was evaluated utilizing the
approach of reaction kinetics as well as stoichiometric
calculations of AOP expressed in Trolox equivalents (TE).
ABTS assay was carried out in water and in aqueous buf-
fers pH 7.4 and pH 5.0. DPPH assay was performed in
methanol (MeOH) and in mixtures of MeOH with water
and aqueous buffers pH 7.4 and pH 5.0. FC assay was car-
ried out only after one protocol.

2. Experimental

2. 1. Sample Material

The samples included in our investigation: green tea
(Green tea, Winston’s Tea Company, UK), black tea (En-
glish breakfast, Winston’s Tea Company, UK), green cof-
fee (Finca la Providencia, 100% Arabica, Guatemala),
roasted coffee (Green coffee roasted for 13 minutes, final
temperature 223 °C; STA Impianti — Combi5), apple juice
(100%, Fructal, Slovenia), beer (Pale lager, Union, Slove-
nia), dried cranberries (Brusnifem, Medex, Slovenia) and
dried cranberries with added vitamin C (Cranberry kap-
seln mit vitamin C, Sunlife productions, Germany), were
obtained from local suppliers.

2. 2. Preparation of Sample Solutions

Coffee beans were ground using a laboratory scale
mill and sieved through a No. 30 sieve. Crushed tea lea-
ves were additionally homogenised in a mortar. 6.00 g of
ground green or roasted coffee, and 1.00 g of green or
black tea were transferred into a beaker and 100 ml boi-
ling MilliQ water poured over. The beaker was covered
with a watch glass to minimize evaporation and the sus-
pension was mixed on a magnetic stirrer (300 rpm) for 5
min. Small amounts of evaporated water were compen-
sated by MilliQ water (control by weighing). 100 mg of
dietary supplement (dried cranberries, dried cranberries
with added vitamin C) were transferred into a 15 ml cen-
trifuge tube and extracted with 10.0 mL of MilliQ water
by vortexing at room temperature for 5 min. All samples
were filtered through 0.45-pm cellulose acetate filters
and used for the analysis of AOP within 1 h. Beer and

apple juice were transferred from freshly opened packa-
ges.

2. 3. Reagents and Solvents

ABTS reagent, DPPH’ reagent, Folin-Ciocalteu rea-
gent, Trolox and ethanol (C,H;OH, 96%) were purchased
from Sigma-Aldrich GmbH (Steinheim, Germany). Met-
hanol (CH,OH, 99.9%), sodium carbonate (Na,CO,), so-
dium hydroxide (NaOH), acetic acid (CH,COOH) and so-
dium dihydrogen phosphate dihydrate (NaH,PO, x 2H,0)
were obtained from Merck (Darmstadt, Germany). Man-
ganese dioxide (MnO,) was obtained from Kemika (Za-
greb, Croatia). The water used was purified using a Milli-
Q system (resistivity >18 MCQ cm; Millipore).

2. 4. Folin-Ciocalteau Assay

The FC assay was performed according to the modi-
fication of Gutfinger.”' 50 pL of appropriately diluted
sample, 700 puL of MilliQ water and 125 pL of FC reagent
(previously diluted 1:2 (v/v) with MilliQ water) were
transferred into a 1.5 mL microcentrifuge tube and mixed
by vortexing. After 5 min of incubation at 25 °C, an aque-
ous solution of Na,CO, (125 uL, 20%, w/v) was added,
and the sample mixed again and incubated for an additio-
nal 55 min at 25 °C. Final dilutions of samples in the test
tubes are given in Supporting Information. The absorban-
ce at 765 nm (A,.;) was measured on a Varian Cary 100
BIO UV-VIS spectrophotometer in a polystyrene cuvette
with a 1 cm path length. Absorbance of the blank (50 uL
of MilliQ water instead of the sample) was subtracted
from the absorbance of sample (three parallels).

2. 5. The DPPH and ABTS Assays

The DPPH and ABTS assays were performed ac-
cording to a modification of the method of Brand-Wil-
liams et al.?” and Re et al.,”® respectively. The DPPH" so-
lution was prepared in MeOH and diluted to the concen-
tration that would give an absorbance of 2.4 at 520 nm in
the 1 cm pathlength cuvette. The radical cation of ABTS,
ABTS™, was produced by reacting ABTS with MnO, in
aqueous solution followed by centrifugation and filtra-
tion. The ABTS™ solution was diluted with MilliQ water
to the concentration that would give an absorbance of 2.4
at 734 nm in the 1 cm pathlength cuvette. All the solu-
tions, buffers and solvents were incubated at 25 °C prior
to analysis.

The assay solutions were prepared in 1.5 mL micro
centrifuge tubes by mixing DPPH" or ABTS™ solution
(500 pL) with 450 pL of MilliQ water, MeOH, acetate
buffer (25 mM, pH 5.0) or phosphate buffer (5 mM, pH
7.4) for the DPPH assay, and MilliQ water, acetate buffer
(25 mM, pH 5.0) or phosphate buffer (5 mM, pH 7.4) for
the ABTS assay. The reactions were started by the addi-

Abramovic et al.: The Methodology Applied in DPPH,



Acta Chim. Slov. 2017, 64, 491-499

tion of 50 pL of the sample solution into the assay me-
dium, with thorough mixing. Final dilutions of samples
in the test tubes are given in Supporting Information.
Each sample was prepared in three parallels. After 60 min
incubation at 25 °C the absorbance at 520 nm in the
DPPH assay (As,,) and 734 nm in the ABTS assay (A,;,)
was measured on a Varian Cary 100 BIO UV-VIS spec-
trophotometer in a 1 cm cuvette. The measured absorban-
ce was subtracted from the corresponding absorbance of
the controls (50 puL of MilliQ water instead of the sam-
ple) after 60 min incubation. The data are expressed as d-
A, or dA,,,, respectively.

The assay solutions for analysis of the reaction kine-
tics of investigated antioxidants with DPPH" (in the mix-
ture of MeOH and phosphate buffer pH 7.4, and in Me-
OH) and ABTS™ (in phosphate buffer pH 7.4 and in wa-
ter) radicals were prepared in 1 cm quartz cuvettes with
the stopper to prevent evaporation, by mixing DPPH" or
ABTS™ solution (500 pL) with 450 uL of the selected sol-
vent. The reaction was started by the addition of 50 pL of
the sample solution (final dilutions in the assay solutions
are given in Supporting Information) into the assay me-
dium and A, and A, respectively, were continuously
monitored at 15 s intervals over 180 min on a Varian Cary
100 BIO UV-VIS spectrophotometer at 25 °C. The mea-
sured absorbances were subtracted from the correspon-
ding absorbances of the controls at appropriate time
points.

2. 6. Statistical Analysis

All samples were prepared in triplicate (three infu-
sions prepared on different days). Each sample was analy-
sed in three parallels. The standard deviations in determi-
ned AOP for the parallels were <5% and standard devia-
tions in AOP for different sample preparations were
<15%. The coefficient of variation (CV) and Pearson cor-
relation coefficients (r) were calculated with program Ex-
cel (Microsoft).

3. Results and Discussion

3. 1. AOP of Selected Drinks and Food
Supplements Obtained by DPPH,
ABTS and FC Assays

The values of A, dA,, and dA,;, determined after
60 min of incubation at selected dilutions (Supporting In-
formation) of investigated beverages and dietary supple-
ments were used to calculate the AOP with the DPPH,
ABTS and FC method (Figure 1). For the purpose of com-
parison, the results were normalized according to the
reactivity of Trolox determined under the same conditions
and expressed as mmol TE per g of dry matter, or per L of
beverage.'?

From Figure 1 and considering the values for CV of
AOPs (Table 1), the method for AOP determination is
seen to have a large impact on the values obtained. Furt-
hermore, differences within a single method reveal that
the solvent influences the ability of antioxidants to sca-
venge chromogenic radicals. The notable differences in
the determined AOP of investigated samples can be attri-
buted to the fact that the reactivity of antioxidants depends
largely on the interaction of antioxidants with the solvent
i.e. H-bonds and deprotonation of phenolic —-OH group
that depends, besides on its pKa, on the pH of the reaction
medium.”** In such a complex system, the variety of inte-
ractions between the antioxidants that operate via diffe-
rent reaction mechanisms results in the specific overall ef-
fect. However, despite the significant differences between
samples, some common features can be seen.

Table 1. Coefficients of variation (CV) for AOP of samples deter-
mined by DPPH, ABTS assays and all methods applied

Sample CV (%)
DPPH ABTS all methods

Green tea 16 24 20
Black tea 23 26 24
Green coffee 58 32 51
Roasted coffee 50 31 43
Cranberry 49 36 46
Cranberry with vit. C 4 10 33
Pale lager beer 62 64 70
Apple juice 55 55 57

In general, the highest AOP for the majority of an-
tioxidants, with the exception of green and black teas, was
determined in the FC assay, followed by ABTS and DPPH
assays in buffer pH 7.4 and in buffer pH 5 and the smallest
one determined in MeOH (DPPH) or water (ABTS). For
systems with similar compositions of phenolic com-
pounds, e.g. green and black tea and roasted and green
coffee, the AOP dependences on reaction medium are also
similar. In the reactions of green and roasted coffee antio-
xidants with chromogenic radicals the influence of the
studied solvents on reactivity was much greater with the
DPPH assay (more than 100% higher AOP in buffer pH
7.4 than in the other three solvents) than with the ABTS
assay. The largest difference in AOP assessed by different
methods in different media was observed for beer antio-
xidants, as compared with the other investigated samples,
resulting in three-fold greater AOP determined at pH 7.4
than in MeOH (DPPH’) and water (ABTS™). When consi-
dering the effects of the reaction conditions on absolute
levels of measured AOPs, the results with apple juice are
similar to beer.

Although the main purpose of our study was not to
measure the “absolute” AOP, comparison of our results
with those in the literature should be considered. The AOP
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Figure 1. Antioxidant potential (AOP) of green tea, black tea, green coffee, roasted coffee, dietary supplement with dried cranberries, dietary sup-
plement with dried cranberries and vitamin C, pale lager beer and apple juice in DPPH, ABTS and FC assays. The AOPs were determined after 60
min incubation of the properly diluted sample with the probe at 25 °C in the particular solvent. They are expressed as Trolox equivalents in mmol/g
of dry weight or mmol/L of beverage.
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in original papers was normalized according to the reacti-
vity of Trolox."* The results reveal that the AOP values de-
termined in our study are similar to those published elsew-
here.!516:18-202526 Ty oeneral, the highest AOP values de-
termined by these authors were those determined using
the FC method. This is consistent with the results of our
study. It should be noted that the DPPH and ABTS assays
in their studies were conducted in MeOH or in water,
where we have also obtained lower AOP values than in the
FC assay, too.

Comparison of values of AOP for food supple-
ments, for dried cranberries and for dried cranberries
with added vitamin C, shows significant differences in
absolute AOP values as well as in the influence of the
solvent on the obtained AOP. The AOP of dried cranber-
ries with added vit. C is almost two orders of magnitude
higher than that of dried cranberry fruits, which in com-
parison to literature AOP data is of similar range though
somewhat lower,'"?” most probably due to losses incur-
red during drying and storage, since the published data
were obtained by analysing fresh fruit. The labelled con-
tent of ascorbic acid (AA) in the enriched cranberry food
supplement amounts to 1.4 mmol/g. Since Trolox and
AA have similar molar reactivities in reactions with
chromogenic radicals,'? it can be estimated that approx.
75% of AOP of investigated sample can be attributed to
the AA. The large contribution of AA to the AOP of
dried cranberries with added vit. C is reflected in the re-
sults obtained by FC assay, being twofold greater than
those obtained by chromogenic radicals, as was obser-
ved for AA."®

3. 2. The Influence of Solvent on the Kinetics
of Reaction of Antioxidants with ABTS™
and DPPH’ Radicals in Selected Drinks
and Food Supplements

The kinetics of reaction of antioxidants in selected
samples with chromogenic radicals were analyzed in sol-
vents giving the lowest (water for ABTS™ or MeOH for
DPPH") and the highest (buffer pH 7.4 for both, ABTS™
and DPPH") values of AOP after 60 min incubation. In or-
der to compare the influence of incubation time on the va-
lue of AOP, the dAg,, and dA,, values determined at 15 s
intervals were normalized to the corresponding values ob-
tained after 60 min incubation of the selected sample with
chromogenic radical in a particular solvent. The determi-
ned value of AOP depends greatly on the time of incuba-
tion (Figure 2), the effect being dependent on the sample,
the type of assay and the solvent. However, for both tests
the shape of curves reveals a fast phase followed by a slow
one.

The fast phase, often completed in the range of se-
conds, is mainly attributable to the oxidation of existing
phenolic —OH groups.'*?*! The rate constants however
depend greatly on the type of antioxidant and the solvent

composition.>'? In the present section we have not focu-
sed on the kinetics of the fast phases but rather on the
amplitude that is directly proportional to the determined
AQP, in order to show how incubation time influences its
value. For both chromogenic radicals, with the exception
of cranberry extract, beer and apple juice analyzed with
DPPH’ radical in MeOH, at least 50% of the “60 min” am-
plitude was reached after 1 min incubation.

At prolonged incubation times the kinetic profiles
for the ABTS assays in buffer pH 7.4 and in water are si-
milar. However, it is important to note that, despite similar
kinetic profiles, the calculated AOP for all samples is
much higher in buffer pH 7.4 than in water (Figure 1). For
beer, where, as compared to other samples, the largest dif-
ference in AOP determined by ABTS assays in water and
buffer pH 7.4 was observed after 60 min (3.3-fold), the
difference in AOP would be even larger if AOP was calcu-
lated after prolonged incubation.

Comparison of kinetic profiles for DPPH assays in
MeOH and buffer pH 7.4 reveals the same pattern for all
analysed samples. The kinetics are much faster at pH 7.4
and, for green tea and coffee, the absorbance virtually le-
vels off after 30 min, and only minor changes are obser-
ved up to 3 h incubation. In contrast to the DPPH assay at
pH 7.4, the kinetics in MeOH are much slower and AOP
depends greatly on the time of incubation. It should be
stressed that a large relative AOP increase after prolonged
incubation in MeOH does not mean that AOP in MeOH is
higher than in buffer pH 7.4. For the majority of samples,
AOP determined after 60 min incubation with DPPH in
buffer pH 7.4 is =3-fold that in MeOH (Figure 1). Gene-
rally most of the amplitude of the slower phase can be at-
tributed to secondary modifications of partially oxidized
polyphenols and formation in the test tube of compounds
with antioxidant properties.’” It is known that oxidative
cross-coupling that leads to the formation of dimers some,
of which possess radical scavenging activity themselves,
can contribute significantly to the overall AOP.*** Howe-
ver, even for an early stage, the contribution to the initial
amplitude of antioxidants formed from partially oxidized
polyphenols cannot be neglected, especially for the sol-
vents that increase the reaction rates. The presence in the
sample of mixtures of antioxidants that differ in rate con-
stant for their reaction with chromogenic radicals and ha-
ve different propensities for secondary transformations
undoubtedly results in a complex kinetic profile, as has
been observed, even when oxidation of model compounds
was analyzed.®**

The solvent type is responsible for electron and/or
hydrogen atom transfer which are characteristic not only
in sequential proton loss electron transfer (SPLET) but al-
so in hydrogen atom transfer, proton-coupled electron
transfer and other mechanisms of the reaction of antioxi-
dants with radicals.* Moreover, the change of hydrogen
ion concentration (different buffer pH, or acidic methanol)
may alter the dominant reaction mechanism.
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Figure 2. Influence of incubation time at 25 °C on the antioxidant potential (AOP) determined for green tea, green coffee, dietary supplement with
dried cranberries, pale lager beer and apple juice in DPPH assay in methanol or DPPH assay in the mixture of methanol and buffer pH 7.4, and
ABTS assays in MilliQ water or buffer pH 7.4. The dA,,, and dA,,, values obtained at certain time point were divided by dAs,, or dA,,, values
measured after 60 min incubation in the particular solvent to give the relative AOP at a certain time point in comparison to the 60 min incubation

for each of the four assays.

SPLET, which includes oxidation of the deprotona-
ted form of the phenolic compound, ArO™ to ArQO’, is the
predominant reaction mechanism of the phenolic com-
pounds with different radicals in protic solvents.?3¢-38
Since the oxidation of the deprotonated form of phenolic
compounds (ArO~ — ArO’ + e") (very fast) is preferred

over that of the corresponding phenol (ArOH — ArO’ +
H* + e7) (slow), in aqueous medium which supports the
deprotonation of the phenol well and has higher H-bond
accepting ability than MeOH, the oxidation of phenols is
expected to be faster than in pure MeOH.” That is most li-
kely the reason for the smaller initial amplitude observed
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in MeOH (Figure 2). Solvents with high H-bond accep-
ting ability strongly decrease the rate of abstracting
hydrogen from ArOH and thus favour electron transfer
processes from ArO~.>*3° The AOP at neutral and basic p-
H, is expected to be higher than that in mildly acidic pH or
absence of buffer (Figure 1), bearing in mind that the
acid/base equilibrium of the —OH group at higher pH is
shifted to the deprotonated form, ArO™. It must be consi-
dered that not only a difference in the reaction rates but al-
so modifications of partially oxidized polyphenols, resul-
ting in the formation of secondary antioxidants, contribu-
te to AOP.

The large influence of incubation time on the deter-
mined AOP with DPPH in MeOH, which is the most com-
mon solvent for this type of assay, points to the importan-
ce of controlling time and temperature in the experiment.
The fact that the AOP depends greatly on experimental
conditions is often neglected and many papers, in which
AOP of various samples is determined, are published each
year without a detailed description of the experimental
conditions.

Despite the above noted limitations, methods for
evaluating AOP will remain useful tools for rapid asses-
sment of the amounts of redox active compounds in com-
plex matrices. There is, nevertheless, sufficient evidence
that assays for estimating AOP should be performed under
controlled and well defined conditions, that are properly
described in the methods section, in order to enable com-
parison with published results.

3. 3. Correlation Between AOPs Determined
in Different Assays and Different
Solvents

Pearson correlation coefficients of AOPs for eight
samples, determined in different assays and solvents, are
listed in Table 2. In general the r values are large and for
only four combinations are the values not significant at o
= 0.05. The strong correlations have also been observed
for combinations of FC, ABTS and DPPH assays of food
samples.'>*" The correlations in our study that are not sig-

nificant at oo = 0.05 were determined for DPPH in MeOH
when correlated to the AOP obtained in DPPH and ABTS
assays at pH 7.4 and FC assay. This is to be expected as
the reactivity of ionized polyphenols in neutral and basic
pH solutions is certainly different from that in MeOH.
The correlation within ABTS and DPPH assays perfor-
med in different solvents was weakest for both radicals
when AOP was determined at pH 7.4. Higher r values we-
re observed when DPPH and ABTS assays at pH 7.4 were
correlated to the FC assays than to the AOP values deter-
mined with chromogenic radicals in other solvents.

It should be stressed out that overall good correla-
tion coefficients do not guarantee that AOPs determined
by the two methods give similar TE values. For example,
we have found strong correlation (r = 0.94; significant at
o = 0.001) between AOP determined with ABTS assay in
pH 5 buffer and AOP determined by FC assay, but 90%
higher AOP was on average determined by FC assay.

3. 4. Correlation Between AOPs Determined
for Complex Samples and Model
Antioxidants

In order to determine whether the influence of type
of assay and of solvent composition on the reactivity of a
model antioxidant is similar to that for complex samples
where particular model antioxidant is a major redox active
compound correlation analyses were performed (Table 3).
The reactivities of model antioxidants that are important
constituents of samples included in this study have been
analyzed under the same conditions."® For both tea sam-
ples the highest r values were determined with catechin
(CTH) and epigallocatechin gallate (EGCG) which are
major constituents of tea polyphenols.'®*! Additionally,
for gallic acid (GA), that is a constituent of EGCG, the
best correlation, although not statistically significant, was
observed with tea samples. High correlations have been
observed for green and roasted coffee with chlorogenic
(CGA) and caffeic acids (CA) that are major polyphenolic
compounds in coffee.’’*? Cranberries contain a complex
mixture of poylphenols with flavonoids as major con-

Table 2. The values of Pearson correlation coefficient for correlation between antioxidant potentials determined in various assays

DPPH ABTS
MeOH H,0 pH 74 H,0 pHS pH74
H,0 0.97#%%*
DPPH pHS 0.96%** 1.00%%*
pH74 0.67 0.80%* 0.80*
H,0 0.91%* 0.97%** 0.95%** 0.77*
ABTS pHS5 0.83* 0.94%** 0.93%** 0.93%** 0.95%**
pH74 0.54 0.71* 0.70 0.93%** 0.78* 0.91%*
FC FC 0.69 0.80%* 0.78* 0.95%** 0.82% 0.94+** 0.94#**

*#% values are significant at the oo = 0.001 level, ** are significant at the oo = 0.01 and * are significant at the oe = 0.05 level
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Table 3. The values of Pearson correlation coefficient for antioxidant potentials of food samples and model polyphenols determined in various as-

says
GA CGA CTH EGCG CA AA

Green tea 0.64 0.42 0.85%%* 0.75% 0.26 0.27
Black tea 0.46 0.63 0.92%%* 0.76* 0.50 0.40
Green coffee -0.33 0.99%#*%* 0.66 0.47 0.96%#%*%* 0.67
Roasted coffee -0.08 0.95%#%*%* 0.82* 0.54 0.86%* 0.70
Cranberry 0.07 0.88%#%* 0.86%* 0.53 0.75* 0.73*
Cranberry with vit. C -0.21 0.71* 0.46 -0.08 0.50 0.98%#**
Pale lager beer 0.33 0.70 0.83* 0.53 0.51 0.66
Apple juice 0.04 0.89%%* 0.81* 0.52 0.74* 0.75*

*#% yalues are significant at the oo = 0.001 level, ** are significant at the o. = 0.01 and * are significant at the oe = 0.05 level

stituents,”’** which can be related to the high correlation

with CTH. The fact that AA is the predominant antioxi-
dant in vit. C enriched cranberry supplement is reflected
in the excellent correlation with AA. For apple juice***
and beer,'3#¢ in which the major polyphenols are hydroxy-
cinnamic acid and flavan-3-ols, the best correlation is ob-
served with model antioxidants within these groups.

The data presented in Table 3 clearly show that the
type of assay and the solvent composition have similar
influences on the reactivity of a particular antioxidant, eit-
her pure or as part of a complex matrix.

4. Conslusions

Spectrophotometric methods for assessing the
amount of redox active compounds in complex matrices
as DPPH, ABTS and FC assays are widespread and are
applied in areas of agricultural and food science, chemi-
stry and pharmacy. We have shown that the small varia-
tions in experimental protocols that are often encountered
in the literature can result in considerable differences in
the reactivity of antioxidants in food samples and dietary
supplements. This confirms that antioxidant activity/po-
tential is not an inherent property of a compound but is
strongly influenced by the nature of the reactive target
species as well as by the environment in which the reac-
tion takes place.

5. Abbreviations

A, absorbance; AA, ascorbic acid; ABTS™, 2,2’-azi-
no-bis-3-ethylbenzothiazoline-6-sulfonic acid; AOP, an-
tioxidant potential; ArOH, phenolic compound; CA, caf-
feic acid; CGA, chlorogenic acid; CTH, catechin; CV,
coefficient of variation; DPPH’, 2,2-diphenyl-1-picrylhy-
drazyl; EGCG, epigallocatechin gallate; FC, Folin-Cio-
calteu; GA, gallic acid; MeOH, methanol; r, Pearson cor-
relation coefficient; SPLET, sequential proton loss elec-
tron transfer; TE, Trolox equivalents
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Antioksidativni potencial (AOP) ni samo lastnost analiziranega vzorca, ampak je v veliki meri odvisen tudi od uporab-
ljene metodologije. Na primeru kromogenih radikalov 2,2’-azino-bis(3-etilbenzotiazolin-6-sulfonske kisline) (ABTS™),
2,2-difenil-1-pikrilhidrazila (DPPH’) in Folin-Ciocalteu (FC) metode smo pokazali, kako izbor metode in sestava topi-
la, v katerem poteka reakcija, vplivata na doloceno vrednost AOP kave, ¢aja, piva, jabol¢nega soka in prehranskih do-
polnil. V sploSnem smo najvec¢je AOP vrednosti dolocili s FC metodo. Reakcijski medij ima velik vpliv na dolo¢eno
vrednost AOP s kromogenima radikaloma, saj smo v pufru s pH 7,4 dolocili nekajkrat ve¢ji AOP kot v vodi ali metano-
Iu. Izbor metode in sestava reakcijskega medija imata podoben vpliv na reaktivnost posameznega antioksidanta, tako
Cistega kot v meSanici z ostalimi antioksidanti. AOP je mo¢no odvisen tudi od ¢asa inkubacije, toda razli¢no za posa-

mezne vzorce in izbrane metode.
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Abstract

Two mononuclear Schiff base manganese(Ill) complexes, [MnL(N,)(OH,)]-CH,0OH (1) and [MnL(NCS)(OH,)] - H,0
(2), where L is the dianionic form of N,N’-bis(5-nitrosalicylidene)ethane-1,2-diamine, have been prepared and charac-
terized by elemental analysis, IR and UV-Vis spectroscopy and single crystal X-ray diffraction. The Mn atom in each
complex is in an octahedral coordination. Molecules of the complexes are linked through intermolecular hydrogen
bonds. Catalytic properties for epoxidation of styrene by the complexes using PhIO and NaOCl as oxidant have been

studied.

Keywords: Synthesis, Crystal structure, Schiff base, Manganese complex, Catalytic oxidation

1. Introduction

Schiff bases with salen-type are a kind of versatile
ligands in coordination chemistry.' In recent years exten-
sive studies have been made on the chemistry of man-
ganese(II) complexes derived from Schiff bases due to
their important role in several metalloenzymes and to un-
derstand their catalytic activities in many organic reac-
tions.> Manganese complexes have interesting biological
activities.> The involvement of manganese in many bio-
logical systems is well established. Manganese(III) salen
complexes are among the most efficient catalysts for the
epoxidation of various olefins with high selectivity and
yield. Epoxidation of olefins catalyzed by manganese(I1I)
salen complexes has been studied extensively since Kochi
and coworkers described in 1986 that they are highly ef-
fective, chemoselective, and stereoselective catalysts.4
Azide and thiocyanate are widely used because of their di-
verse binding modes which yield different types of mole-
cules such as dimers, tetramers, one-, two-, or three-di-
mensional arrays.’ In order to investigate the influence of
the azide and thiocyanate ligands on manganese(III) com-
plexes with tetradentate Schiff base ligands, as well as the
catalytic oxidation property, we report here the synthesis,
characterization, crystal structures and catalytic oxidation
property of two new complexes [MnL(N,)(OH,)] -

CH,OH (1) and [MnL(NCS)(OH,)]-H,O (2), where L is
the dianionic form of N,N’-bis(5-nitrosalicylidene)ethane-
1,2-diamine.

2. Experimental
2. 1. Materials and Methods

Manganese perchlorate, sodium azide and ammoni-
um thiocyanate obtained from commercial sources were
of analytical grade and used without further purification.
5-Nitrosalicylaldehyde and N,N’-ethane-1,2-diamine
were purchased from Aldrich. The Schiff base H,L was
prepared according to the literature method.® Iodosylben-
zene (PhIO) was prepared by the hydrolysis of iodoben-
zenediacetate.” Styrene and styrene oxide were purchased
from Aldrich and used in epoxidation experiment without
further purification. The styrene oxide was used as stan-
dard sample in GC analysis. CHN elemental analyses
were carried out with a Finnigan EA 1112 elemental ana-
lyzer. IR spectra were performed on a Nicolet 470 spec-
trometer with KBr pellets in the 4000-400 cm™ region.
UV-Vis spectra were recorded on a Lambda 35 spectrom-
eter. The crystal determination was carried out on a
Bruker SMART 1000 CCD area diffractometer. GC ex-
periments were performed with Agilent 5977A Network
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GC systems. 'H and *C NMR data were recorded on a
Bruker 300 MHz instrument.

Caution! Perchlorate and azide complexes of metal
ions are potentially explosive. Only a small amount of ma-
terial should be prepared, and it should be handled with
caution.

2. 2. Synthesis of [MnL(N,)(OH,)] -
CH,OH

The mixture of NaN; (0.065 g, 1.00 mmol) and
Mn(CIO,), - 6H,0 (0.362 g, 1.00 mmol) in 50 mL
methanol was stirred for half an hour with heating, then
H,L (0.358 g, 1.00 mmol) was added to the solution and
the reaction continued to stirred for 1 h. After filtration,
the deep brown filtrate was allowed to stand at room tem-
perature for a week to deposit brown crystals of the com-
plex in 37.2% yield. Anal. Calc. for C,;H ;MnN,Oq: C,
40.57; H, 3.60; N, 19.48. Found: C, 40.38; H, 3.72; N,
19.35%. IR data (KBr; v, cm™): 3450 (m, br), 2041 (s),
1634 (s), 1601 (s), 1559 (w), 1501 (m), 1451 (s), 1343
(w), 1301 (m), 1093 (s), 948 (m), 853 (s), 799 (w), 693
(W), 545 (s). UV-Vis data in acetonitrile [A__ (nm)]: 298,
343,

max

2. 3. Synthesis of [MnL(NCS)(OH,)] - H,O

The mixture of NH,NCS (0.076 g, 1.0 mmol) and
Mn(ClO,), - 6H,0 (0.362 g, 1.00 mmol) in 50 mL
methanol was stirred for half an hour with heating, then
H,L (0.358 g, 1.00 mmol) was added to the solution and
the reaction continued to stirred for 1 h. After filtration,
the deep brown filtrate was allowed to stand at room tem-
perature for a week to deposit brown crystals of the com-
plex in 45.0% yield. Anal. Calc. for C;;H,,MnN.O,S: C,
40.40; H, 3.19; N, 13.86. Found: C, 40.53; H, 3.33; N,
13.70%. IR data (cm™): 3445 (m, br), 2067 (s), 1634 (s),
1601 (s), 1561 (w), 1500 (m), 1446 (s), 1345 (w), 1298
(w), 1102 (s), 993 (m), 951 (m), 855 (s), 799 (w), 696
(w), 547 (s). UV-Vis data in acetonitrile [A__ (nm)]: 298,
343,

max

2. 4. X-ray Diffraction

Suitable single crystals of the complexes were
mounted at the top of glass fibres and scanned on a Bruker
SMART 1000 CCD area diffractometer with a MoKa. ra-
diation (A = 0.71073 A) at 298(2) K. The unit cell dimen-
sions were obtained with the least-squares refinements
and the structures were solved and refined by direct meth-
ods with SHELXTL-97 program.® The final refinement
was performed by full-matrix least-squares techniques
with anisotropic thermal parameters for the non-hydrogen
atoms on F2. The water and hydroxyl hydrogen atoms (O3
and OS for 1 and 2) were located from difference Fourier
maps, with O—H and H---H distances restrained to 0.85(1)

and 1.37(2) A, respectively. The remaining hydrogen
atoms were placed geometrically, with U, (H) restrained
to 1.2 Ueq(C) and 1.5 Ueq(Cmethyl). Multi-scan absorption
correction was applied by using the SADABS program.’
Crystallographic data are summarized in Table 1.
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Table 1. Crystal and structure refinement data for the complexes

1 2
Formula C,H,MnN.O, C;H,MnN.OS
FW 503.32 505.35
Crystal system Monoclinic Monoclinic
Space group P2,/n P2//c
alA 13.8160(9) 13.936(2)
b/A 12.2649(8) 12.707(2)
clA 13.8286(9) 13.067(2)
5% 117.280(1) 116.187(2)
VIA? 2082.7(2) 2076.5(5)
Z 4 4
p/mm™ (Mo-K,) 0.696 0.793
Reflections/parameters 11921/308 11814/301
Independent reflections 4529 4516
Obs. reflections [/ > 2c6(1)] 3836 3623
Restraints 4 6
F(000) 1032 1032
Goodness of fit on F? 1.081 1.050

R, wR, [I > 206(D}
R, wR, (all data)®

0.0297, 0.0816
0.0380, 0.0890

0.0411, 0.1148
0.0538, 0.1294

¢ Rl = Z”Fo'_lF/.”/ZlFol’ WRZ = [ZW(F(JZ_F62)2/ZW(F02)2]1/2

2. 5. General Method for Styrene
Oxidation

The oxidation reactions were carried out at room
temperature in acetonitrile under nitrogen atmosphere
with constant stirring. The composition of the reaction
mixture was 2.00 mmol of styrene, 2.00 mmol of chlo-
robenzene (internal standard), 0.10 mmol of Mn(III)
complex (catalyst) and 2.00 mmol iodosylbenzene or
sodium hypochlorite (oxidant) in 5.00 mL freshly dis-
tilled acetonitrile. When the oxidant was sodium
hypochlorite, the solution was buffered to pH 11.2 with
NaH,PO, and NaOH.' The composition of reaction
medium was determined by GC with styrene and styrene
epoxide quantified by the internal standard method
(chlorobenzene). All other products detected by GC were
mentioned as others. For each complex the reaction time
for maximum epoxide yield was determined by with-
drawing periodically 0.1 mL aliquots from the reaction
mixture and this time was used to monitor the efficiency
of the catalyst on performing at least two independent ex-
periments. Blank experiments with each oxidant and us-
ing the same experimental conditions except catalyst
were also performed.
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3. Results and Discussion

Complexes 1 and 2 were synthesized according to
the procedure as described in Scheme 1.

angles of 178.8(2)° for 1 and 177.8(3)° for 2. The plane
defined by NI-N2-O1-02 forms dihedral angles of
17.9(3)° and 13.1(3)° for 1, and 14.8(3)° and 16.7(3)° for
2, with C1-C6 and C11-C16 benzene rings, respectively.

— —
N N

Mn(CIO,), + NaN,

ON O 0 NO

Scheme 1. The synthetic procedure for the complexes

3. 1. Crystal Structure Description of the
Dioxomolybdenum Complexes

The structures of complexes 1 and 2 are shown in
Figs. 1 and 2, respectively. Selected bond lengths and
bond angles are listed in Table 2. The distances and angles
related to the hydrogen bonding are listed in Table 3.

Single-crystal X-ray structural analysis revealed that
both complexes are similar. The asymmetric unit of each
complex contains a mononuclear manganese complex
molecule and a solvent molecule, viz. methanol for 1 and
water for 2. The Mn atoms in the complexes are in octahe-
dral environment consisting of the N,O, donor set of the
Schiff base ligands, the oxygen donor of water ligands,
and the terminal nitrogen donor of the azide or thio-
cyanate ligand. The equatorial plane of the octahedral co-
ordination is defined by the phenolate oxygen and imino
nitrogen of the Schiff base ligands, with the Mn atoms de-
viate from the least-squares planes by 0.061(2) A for 1
and 0.089(2) A for 2. The Ni-N and Ni-O bond lengths
are comparable to the corresponding values observed in
manganese complexes with Schiff base ligands."' The ax-
ial Mn1-N5 and Mn1-0O3 bond lengths are longer than
the equatorial bonds, which is caused by Jahn-Teller ef-
fects expected for d* high spin manganese(III) systems. '
The azide and thiocyanate ligands are quasi-linear, with

Mn(ClO,), + NH,NCS

NO,

Table 2. Selected bond lengths (A) and angles (°) for the complexes

1

Mnl-Ol 1.8745(12) Mnl-02 1.8844(12)
Mnl-N1 1.9737(14)  Mnl-N2 1.9766(13)
Mn1-03 2.3031(15) Mnl-N5 2.2288(17)
O1-Mn1-02  91.61(5) O1-MnI-N1  91.80(6)
02-Mnl-N1  174.92(6) O1-Mnl-N2  174.25(6)
02-Mnl-N2  92.72(6) NI-MnI-N2  83.63(6)
O1-MnI-N5  95.91(6) 02-Mnl-N5  93.58(6)
NI-MnI-N5  89.82(7) N2-MnI-N5  87.60(6)
O1-Mn1-03  89.72(6) 02-Mnl1-03  90.32(6)
NI-Mnl-03  85.93(6) N2-Mnl-03  86.47(6)
N5-Mnl-03  173.05(6)

2

Mnl-Ol 1.8830(16) Mnl-02 1.9107(16)
Mnl-N1 1.9812)  Mnl-N2 1.979(2)
Mn1-03 2.297(2)  Mnl-N5 2.205(3)
01-Mn1-02  93.49(7) O1-Mn1-N2  172.49(9)
02-Mnl-N2  91.63(8) O1-Mnl-N1  91.36(8)
02-Mnl-N1  172.62(8) N2-MnI-N1  83.04(9)
O1-Mnl-N5  92.31(9) 02-Mnl-N5  94.78(9)
N2-MnI-N5  92.74(10)  NI1-MnI-N5  90.58(10)
01-Mn1-03  91.55(8) 02-Mnl1-03  89.49(8)
N2-Mnl-03  83.00(8) NI-Mnl-03  84.81(8)
N5-Mnl-03  174.06(9)

In the crystal structure of 1, the manganese complex
molecules are linked by water molecules through inter-
molecular hydrogen bonds of O-H:--O to form dimers.
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The dimers are then connected via O-H:--N hydrogen
bonds to form 2D layers (Fig. 3). In the crystal structure
of 2, the manganese complex molecules are linked by wa-
ter molecules through intermolecular hydrogen bonds of
O-H---O to form dimers. The dimers are then connected
by water molecules to form 2D layers (Fig. 4).

Table 3. Distances (A) and angles (°) involving hydrogen bonding
of the complexes.

D-H--A d(D-H) dH:-A) d(D-—-A) Angle(D-H--A)
1

O3-H3A--08 0.85(1) 1.88(1) 2.716(2) 168(3)
03-H3B--02' 0.84(1) 2.16(1) 2.967(2) 163(3)
03-H3B--01' 0.84(1) 2.60(2) 3.188(2) 128(2)
08-H8--N5"  0.87(1) 1.96(1) 2.185(3) 167(3)
08-H8--N6'"  0.87(1) 2.61(1) 3.461(3) 167(3)

2

O3-H3A--08 0.85(1) 1.88(1) 2.696(30 162(3)
03-H3B--02' 0.85(1) 1.99(1) 2.819(3) 164(3)

Symmetry codes: (i) 1 —x, —y, —z; (i) 3/2 —x, Y2+ y, V2 — z; (iii) —
x2-y,1-z

Figure 1. Molecular structure of 1 at 30% probability thermal ellip-
soids.

Figure 2. Molecular structure of 2 at 30% probability thermal ellip-
soids.

3. 2. Infrared and Electronic Spectra

IR spectra of the manganese(IIl) complexes are
very similar. The complexes exhibit broad bands cen-

Figure 3. Molecular packing of 1. Intermolecular hydrogen bonds
are shown as dashed lines.

Figure 4. Molecular packing of 2. Intermolecular hydrogen bonds
are shown as dashed lines.

tered at ca. 3450 cm™', indicative of the presence of co-
ordinated and/or lattice water or methanol molecules.
The strong bands indicative of v(C=N) are located at
1601 cm™. The shift of the strong bands towards lower
frequencies, compared to the spectrum of the free Schiff
base, is consistent with the imino nitrogen coordination.
The asymmetric and symmetric vibrations of the nitro
groups are located at about 1451 and 1301 cm™, respec-
tively. The intense absorption for the stretching vibra-
tions of the azide ligand in 1 and the thiocyanate ligand
in 2 are observed at 2041 cm™' and 2067 cm™, respec-
tively.
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UV-Vis spectra for diluted acetonitrile solutions of
the complexes were registered. The absorption at 298 nm
and 343 nm are due to the benzene and azomethine chro-
mophore T—7* transitions, respectively.

3. 3. Oxidation of Styrene by the Complexes

Oxidation of styrene was carried out at room tem-
perature with the complexes as the catalysts and PhIO and
NaOCl as oxidants. The deep brown color of the solutions
containing the complexes and the substrate was intensi-
fied after the addition of oxidant indicating the formation
of oxo-metallic intermediates of the catalysts.'® After
completion of oxidation reaction of the alkene, the solu-
tion regains its initial color which suggests that the regen-
eration of the catalysts takes place. The percentage of con-
version of styrene, selectivity for styrene oxide, yield of
styrene oxide for each complex and reaction time to ob-
tain maximum yield using both the oxidants are given in
Table 4.

The two complexes as catalysts convert styrene most
efficiently in the presence of PhIO or NaOClI. It is easily
observed that there is no obvious difference for the cat-
alytic properties between the two complexes, as a result of
similar structures. The complexes are selective towards
the formation of styrene epoxide. When the reactions
were carried out with PhIO, styrene conversions are 89%
and 87% for 1 and 2, respectively. When the reactions
were carried out with NaOCl, styrene conversions are
75% and 76% for 1 and 2, respectively. 'H NMR data for
the product (8, ppm, CDCl,): 2.76 (t, 1H), 3.09 (t, 1H),
3.82 (t, 1H), 7.28 (m, 5H). 3C NMR data for the product
(6, ppm, CDCL,): 51.0, 52.3, 125.5, 128.1, 128.5, 137.7.
The catalytic properies of the complexes are comparable
to those of the molybdenum complexes.'*

Table 4. Catalytic results

Time  Oxidant Conversion Epoxide Selectivity (%)
(h) (%) yield (%)Epoxide Other

1 20 PhIO 89 77 83 17
3.0 NaOCl 75 62 80 20
2 20 PhIO 87 79 85 15
3.0 NaOCl 76 65 78 22

4. Supplementary Mateiral

1060283 for 1, and 1060284 for 2 contain the sup-
plementary crystallographic data for this paper. These da-
ta can be obtained free of charge at http://www.ccdc.cam.
ac.uk/const/retrieving.html or from the Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44(0)1223-336033 or e-
mail: deposit @ ccdc.cam.ac.uk.
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Sintetizirali smo dva enojedrna manganova(Ill) kompleksa s Schiffovo bazo kot ligandom, [MnL(N,)(OH,)]-CH,OH
(1) in [MnL(NCS)(OH,)]-H,0 (2), kjer je L dianion spojine N,N’-bis(5-nitrosaliciliden)etan-1,2-diamin, ter ju okarak-
terizirali z elementno analizo, IR in UV-Vis spektroskopijo ter z monokristalno rentgensko difrakcijo. Mn atom ima v
obeh kompleksih oktaedri¢no koordinacijo. Molekule kompleksov so povezane preko intermolekularnih vodikovih
vezi. Dolo¢ili smo kataliti¢ne lastnosti kompleksov za epoksidacijo stirena z uporabo PhIO in NaOCI kot oksidantov.
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Abstract

One-pot microwave-assisted synthesis of dihydropyrano[2,3-g]chromenes catalyzed by sodium saccharin as an effi-
cient, mild and green catalyst was studied. The method presented is a safe and eco-friendly approach for the multicom-
ponent synthesis of dihydropyrano[2,3-g]chromene derivatives with many merits including short reaction times (in
comparison with other reported results), high yields and easy work up.

Keywords: Dihydropyrano[2,3-g]chromenes; Sodium saccharin; Pseudo-five component reactions; Microwave irradiation

1. Introduction

One pot multicomponent reactions (MCRs) with high
atom economy’? play an important role in combinatorial
chemistry. Consequently, this field has attracted great atten-
tion in recent years.>~> During MCRs, target compounds are
produced with greater efficiency by generating structural
complexity in a single step from three or more reactants.*’

Chromenes and their derivatives have a wide range
of applications in various fields of chemistry, biology and
pharmacology.® Some of these compounds exhibit spa-
smolytic, diuretic, anticoagulant, anticancer and antimi-
crobial activities.”™"!

During attempts to synthesize the title compounds,
some shortcomings were observed, such as long reaction
time. Consequently, to overcome this drawback, the mi-
crowave irradiation method was used in the present study.
Microwave irradiation (MW) as a form of electromagnetic
energy that falls at the lower-frequency end of electro-
magnetic spectrum (300-300000 MHz), uses the ability
of some liquids and solids to transform electromagnetic
radiation into heat to drive chemical reactions.'*!* In fact,
use of microwaves has some advantages, such as specta-
cular decrease of the reaction time, improved conversions,
formation of cleaner products and wide scope for the de-
velopment of new reaction conditions.'*

Development of catalytic systems composed of low-
cost, clean, environmentally benign and commercially
available materials, has been a challenge in organic
synthesis. Saccharin as an artificial sweetener with no
food energy, has been employed extensively in a variety of
foods and beverages, such as drinks, juices, cookies, me-
dicines, toothpaste and gelatin. It is also used in cosmet-
ics, pharmaceutical products and nutritive and non neutri-
tive sweeteners.'”

Recently, sodium saccharin as a basic green and
easy available compound was used as catalyst in some or-
ganic syntheses.?'”> We now report a new efficient and
simple synthetic method, taking place via addition and
subsequently cyclization of 2,5-dihydroxy-1,4-benzoqui-
none, arylaldehydes and malononitrile in the presence of a
catalytic amount of sodium saccharine under microwave
irradiation. Green and low-cost catalyst, easy workup,
short reaction time in comparison with other reported re-
sults,® are just some of the advantages of the presented
method.

2. Experimental

2. 1. Materials and Apparatus

All chemicals were obtained from Merck and Sig-
ma—Aldrich and used as received. Melting points were de-
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termined in an open capillary using a Thermo Scientific
9300 apparatus. FTIR spectra were recorded with a Per-
kin—-Elmer FTIR 550 spectrometer. 'H NMR and "*C
NMR spectra were recorded in DMSO-d, using Bruker
DRX-400 spectrometer operating at 400 and 100 MHz,
respectively. The elemental analyses (CHN) were obtai-
ned from a Carlo Erba model EA 1108 analyzer carried
out on Perkin—Elmer 240c analyzer. Microwave-assisted
reactions were performed with a Milestone ETHOS EZ
apparatus, keeping irradiation power fixed and monitoring
the internal reaction temperature. Mass spectra were re-
corded on a Finnigan MAT 44S by Electron Ionization
(EI) mode with an ionization voltage of 70 eV.

2. 2. General Procedure for the Synthesis of
Dihydropyrano[2,3-g]chromenes

A mixture of arylaldehyde (2.0 mmol), malononitri-
le (0.13 g, 2.0 mmol), 2,5-dihydroxy-1,4-benzoquinone
(0.14 g, 1.0 mmol), H,O/EtOH (1:1, 5 mL) and a catalytic
amount of sodium saccharin (10 mol%) was irradiated in
a microwave oven (100 W) at 30 °C for appropriate times.
After completion of the reaction (monitored by TLC), the
precipitated product was separated from the reaction mix-
ture by simple filtration and then washed with EtOH to af-
ford the products (Scheme 1).

Sodium saccharin

(CN), 1579 (C=C aromatic( cm™'. 'H NMR (400 MHz,
DMSO-dy): 6 3.67 (2H, bs, 20H), 4.74 (s, 2H, 2CH),
6.6-7.1 (m, 12H, H-Ar, 2NH,) ppm. Anal Calcd for:
C,H,(N,O,: C 65.00, H 3.36, N 11.66%. Found: C 65.10,
H3.33, N 11.65%.

2,7-Diamino-4,9-di-ortho-tolyl-5,10-dioxo-4,9-dihy-
dropyrano[2,3-g]chromene-3,8-dicarbonitrile (4c).
Brown powder (C,H,,N,O,); FTIR (KBr): v 3182
(NH,), 3053 (=C-H aromatic), 2201 (CN), 1596 (C=C
aromatic( cm™'. '"H NMR (400 MHz, DMSO-d,): § 2.48
(s, 6H, 2CH,), 5.37 (s, 2H, 2CH), 6.95-7.30 (m, 12H,
H-Ar, 2NH,) ppm. Anal Calcd for C,iH, N,O,: C 70.58,
H 4.23,N 11.76%. Found: C 70.61, H 4.22, N 11.75%.

2,7-Diamino-4,9-diphenyl-5,10-dioxo0-4,9-dihydrop-
yrano[2,3-g]chromene-3,8-dicarbonitrile (4d). Brown
powder (C,H,(N,O(); FTIR (KBr): v, 3296 (NH,),
3179 (=C-H aromatic), 2202 (CN), 1595 (C=C aromatic)
cm™'. '"H NMR (400 MHz, DMSO-d): 6 4.46 (s, 2H,
2CH), 7.24-7.40 (m, 12H, H-Ar, 2NH,) ppm. Anal Calcd
for C,(H,(N,O¢: C 69.64, H 3.60, N 12.49%. Found: C
69.61, H3.62, N 12.46%.

2,7-Diamino-4,9-bis(4-chlorophenyl)-5,10-dioxo0-4,9-
dihydropyrano[2,3-g]lchromene-3,8-dicarbonitrile

R
CH,(CN
@\ 0 2(CN),
CHO oK
R
HO™ ) /L:i
CH,(CN), —_—
2 1 3a-l

2. 3. Spectral and Analytical Data

2,7-Diamino-4,9-bis(4-nitrophenyl)-5,10-dioxo-4,9-
dihydropyrano[2,3-g]chromene-3,8-dicarbonitrile
(4a). Brown powder (C, H ,N.O,); FTIR (KBr): v_ .
3345 (NH,), 3180 (=C-H aromatic), 2196 (CN), 1592
(C=C aromatic) cm™'. "H NMR (400 MHz, DMSO-dy): 6
4.1(s, 2H, 2CH), 7.39-8.18 (m, 12H, H-Ar, 2NH,) ppm.
Anal. Caled for C,(H,,N,O,: C 58.00, H 2.62, N 15.61%.
Found: C 58.10, H 2.61, N 15.65%.

2,7-Diamino-4,9-bis(2-hydroxyphenyl)-5,10-dioxo0-4,9-
dihydropyrano[2,3-g]Jchromene-3,8-dicarbonitrile
(4b). Orange powder (C,H N,O(); FTIR (KBr): v_
3459(0OH), 3303 (NH,), 3180 (=C-H aromatic), 2189

EtOH/H,0

MW

4a-|

Scheme 1. Synthesis of dihydropyrano[2,3-g]chromene derivatives catalyzed by sodium saccharin under microwave irradiation.

(4e). Brown powder (C,H,,N,0,Cl)); FTIR (KBr): v
3317 (NH,), 3173 (=C-H aromatic), 2197 (CN), 1591
(C=C aromatic( cm™'. "H NMR (400 MHz, DMSO-dy): 6
4.45 (s, 2H, 2CH), 7.29-7.32 (m, 12H, H-Ar, 2NH,) ppm.
Anal Calcd for C,.H ,N,0,Cl,: C 60.36, H 2.73, N
10.83%. Found: C 60.28, H 2.75, N 10.81%.

2,7-Diamino-4,9-bis(4-bromophenyl)-5,10-dioxo-4,9-
dihydropyrano[2,3-g]lchromene-3,8-dicarbonitrile
(4f). Brown powder (C,H ,N,O,Br,); FTIR (KBr): v
3321 (NH,), 3179 (=C-H aromatic), 2199 (CN), 1589
(C=C aromatic( cm™". '"H NMR (400 MHz, DMSO-d,): §
4.45 (s, 2H, 2CH), 7.22-7.51 (m, 12H, H-Ar, 2NH,) ppm.
Anal Calcd for: C,.H,,N,O,Br, C 51.51, H 2.33, N
9.24%. Found, C 51.60, H 2.36, N 9.26%.
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2,7-Diamino-4,9-bis(2,4-dichlorophenyl)-5,10-dioxo-4,9-
dihydropyrano[2,3-gJchromene-3,8- dicarbonitrile (4g).
Brown powder (C,H,N,0,Cl,); FTIR (KBr): v 3326
(NH,), 3178 (=C-H aromatic), 2203 (CN), 1590 (C=C aro-
matic) cm™". "H NMR (400 MHz, DMSO-d,): §5.00 (s, 2H,
2CH), 7.34-8.52 (m, 10H, H-Ar, 2NH,), ppm. BC NMR
(100 MHz, DMSO-d,): 6 33.2 (CH), 56.08, 117.2, 119.9,
128.4, 129.1, 132.4, 133.4, 139.8, 147.5, 158.7, (C-alkene
and Ar), 177.3 (2C=0) ppm. MS m/z (%): 586 (M*), 522
(3),431 (9), 366 (25), 339 (41), 274 (82), 186 (32), 115 (44),
91 (100), 65 (58). Anal. Calcd for C,(H,,N,0,Cl,: C 53.24,
H 2.04, N 9.55%. Found: C 53.78, H 2.09, N 9.32%.

2,7-Diamino-4,9-bis(3-nitrophenyl)-5,10-dioxo-4,9-
dihydropyrano[2,3-g]chromene-3,8-dicarbonitrile
(4h). Brown powder (C,.H,,N.O,); FTIR (KBr): v _
3345 (NH,), 3207 (=C-H aromatic), 2195 (CN), 1593
(C=C aromatic) cm™'. 'H NMR (400 MHz, DMSO-d): 6
4.71 (s, 2H, 2CH), 7.39-8.15 (m, 12H, H-Ar, 2NH,),
ppm; *C NMR (100 MHz, DMSO-d): §36.2 (CH), 56.7,
117.0, 119.3, 123.0, 130.07, 130.5, 135.2, 145.4, 147.2,
148.2, 158.8 (C-alkene and Ar), 177.52 (2C=0) ppm. MS
m/z (%): 538 (M*), 417 (2), 348 (4), 281 (4), 257 (9), 222
(12), 152 (14), 131 (21), 104 (75), 91 (26), 76 (73), 57
(55), 43 (100). Anal. Calcd for C,(H, ,N.Og: C 57.99, H
2.60, N 15.61%. Found: C 58.00, H 2.40, N 15.88%.

2,7-Diamino-4,9-bis(thiophen-2-yl)-5,10-dioxo-4,9-dihy-
dropyrano[2,3-g]chromene-3,8-dicarbonitrile (4i).
Brown powder (C,,H,,N,O,S,); FTIR (KBr): v, 3333
(NH,), 3102 (=C-H aromatic), 2195 (CN), 1576 (C=C aro-
matic) cm™'. '"H NMR (400 MHz, DMSO-dj): 63.80 (s, 2H,
2CH), 6.90-8.73 (m, 10H, H-Ar, 2NH,) ppm. “C NMR
(100 MHz, DMSO-d,): 676.4,129.7, 131.02, 135.7, 139.1,
140.9, 153.9 (C-alkene, C-thiophene), 187.6 (2C=0) ppm.
MS m/z (%): 460 (M™), 374 (8), 342 (12), 314 (18), 160
(92), 147 (15), 133 (30), 109 (34), 76 (38), 66 (50), 49 (100).
Anal. Calcd for C,,H,,N,O,S,: C 57.39, H2.60, N 12.17, S
13.91%. Found: C 57.10, H 2.60, N 12.10, S 13.33%.

2,7-Diamino-4,9-bis(4-hydroxyphenyl)-5,10-dioxo0-4,9-
dihydropyrano[2,3-g]Jchromene-3,8-dicarbonitrile
(4j). Brown powder (C,(H,,N,O); FTIR (KBr): v, 3417
(OH), 3346 (NH,), 3219 (=C-H aromatic), 2198 (CN),
1599 (C=C aromatic) cm™'. 'H NMR (400 MHz,
DMSO-dy): 6 4.10 (s, 2H, 2CH), 6.90-8.30 (m, 12H,
H-Ar, 2NH,), 11.08 (s, 2H, 20H) ppm. ’C NMR (100
MHz, DMSO-d): 6 34.2 (2CH), 75.5, 107.2, 114.6,
115.5, 117.1, 123.2, 134.3 (C-alkene and Ar), 160.96,
164.4 (2C=0) ppm. MS m/z (%): 480 (M*), 454 (9), 313
(48), 274 (25), 238 (38), 198 (18), 187 (46), 170 (100), 94
(69). Anal. Caled for C,0H,(N,O.: C 65.00, H 3.33, N

267716

11.66%. Found: C 64.88, H 3.59, N 11.1%.

2,7-Diamino-4,9-di(para-tolyl)-5,10-dioxo-4,9-dihy-
dropyrano[2,3-g]chromene-3,8-dicarbonitrile (4k).

Brown powder (C,,H,,N,O,); FTIR (KBr): v, 3436
(NH,), 2922 (=C-H aromatic), 2198 (CN), 1584 (C=C
aromatic) cm™'. '"H NMR (400 MHz, DMSO-d,): 6225
(s, 6H, 2CH,), 4.45 (s, 2H, 2CH), 6.94-7.86 (m, 12H,
H-Ar, 2NH,) ppm. MS m/z (%): 476 (M*), 388 (2), 313
(48), 265 (11), 299 (8), 168 (21), 140 (42), 115 (34), 104
(72), 91 (40), 69 (80), 42 (100). Anal. Calcd for
C,sH))N,0,: C 70.58, H 4.20, N 11.76%. Found: C 70.91
70.70,H4.10, N 11.91%.

2,7-Diamino-4,9-bis(4-methoxyphenyl)-5,10-dioxo-4,9-
dihydropyrano[2,3-g]chromene-3,8-dicarbonitrile (41).
Brown powder (C,¢H,)N,O,); FTIR (KBr): v 3321 (NH,),
2926 (=C-H aromatic), 2196 (CN), 1584 (C=C aromatic)
cm'. 'H NMR (400 MHz, DMSO-d,): & 3.65 (s, 6H,
20CH,), 4.45 (s, 2H, 2CH), 6.72-7.20 (m, 12H, H-Ar,
2NH,) ppm. MS m/z (%): 508 (M"), 445 (16), 380 (45), 355
(8), 339 (28), 290 (34), 274 (49), 198 (39), 128 (22), 105
(80), 91 (100), 77 (28). Anal. Calcd for C,dH, ) N,O,: C 66.14,
H 3.93,N 11.02%. Found: C 66.70, H 3.70 and N 11.10%.

3. Results and Disscussion

In the initial stages of the presented research optimi-
zation of the catalyst amounts, solvent and power of mi-
crowave irradiation were investigated. In the first step, ca-
talyst optimization was studied. For determining the best
quantity of sodium saccharin, 2 mmol of 4-nitrobenzal-
dehyde, 2 mmol of malononitrile and 1 mmol of 2,5-dihy-
droxybenzoquinone were used (as a model reaction). The
reaction was performed in the presence of various
amounts of the catalyst. As shown in Table 1, it is clearly
observed that 0.019 g (10 mol%) of sodium saccharin lead
to the highest yield of 4a (Table 1, entry 5).

Table 1. Effect of catalyst amounts on the time and yield of 4a“

Entry Cat. (mol%) Time (min) Yield (%)"
1 - 20 -
2 2 15 47
3 5 12 71
4 8 10 83
5 10 8 90
6 12 8 90
7 15 8 88
8¢ 10 19¢ 88

“ 1 mmol of 1, 2 mmol of 2 and 2 mmol of 3a in 5 mL EtOH/H,O
(1:1) and power of 100 W. ?Isolated yield. ©Thermal condition
(35C). “Time in hours.
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The obtained results show that excellent yield was
achieved using 10 mol% (0.019 g) of sodium saccharin
(Table 1, entry 5). It should be considered that due to the
very low solubility of products in general organic sol-
vents, homogeneous catalysts are the best choice for the
synthesis of dihydropyrano[2,3-g]chromenes.

In continuation of the research, the power of micro-
wave irradiation was examined. Model reaction was run at
several powers. Results in Table 2 show that the power of
100 W was the optimized condition for the synthesis of 4a
(Table 2, entry 4).

Table 2. Optimization of microwave power”

Entry  Power (W) Time (min) Yield (%)’
1 100 2 50
2 100 4 55
3 100 6 70
4 100 8 90
5 100 10 90
6 200 5 55
7 200 8 42
8 300 5 45
9 300 8 40

“1 mmol of 1, 2 mmol of 2 and 2 mmol of 3a in the presence of 10
mol% of catalyst in EtOH/H,0O (1:1). b Isolated yield.

In last step, the effect of the solvent on the time and
yield of the reaction was studied. Depending on the results
presented in Table 3, in contrast to other solvents, H,O/Et-
OH in ratio of 1:1 is the proper solvent for the synthesis of
4a in high yield (Table 3, entry 4).

Table 3. Solvent effect on synthesis of 4a“

Entry  Solvent Time (min) Yield (%)"
1 EtOH 5 35
2 H,0 8 70
3 CH,CN 12 65
4 EtOH/H,O (1:1) 8 90
5 EtOH/H,0 (1:2) 8 75
6 MeOH 8 41
7 Dioxane 10 52

“1 mmol of 1, 2 mmol of 2 and 2 mmol of 3a, in the presence of 10
mol% of sodium saccharin and power of 100 W. * Isolated yield.

According to the optimzation results, the procedure
was extended to various aldehydes (with electron withdra-
wing and electron donating groups). As can be seen in
Table 4, aldehydes containing electron withdrawing
groups (especially at the para position), have the highest
yields (Table 4, entries 1, 8), also low yield products were
obtained using aldeydes with a group at the ortho position
(Table 4, entries 2, 3, 7). As a result, the reaction pro-
ceeded very efficiently and led to the formation of dihy-
dropyrano[2,3-g]chromene derivatives 4a-1 in high yields
and in short reaction times. The structures of 4a—1 was de-
duced from their FTIR, mass spectroscopy, elemental
analysis, '"H NMR and '>C NMR techniques.

O
OH

HO

J Sodium saccharin

0 +
H
OH (’
i} 0
S Colp
<CN Sodium saccharin Hb CN Ar H NC/% 0 _
N CN Af
¢ HO | iy \\::\N
' o Ar
+
N Ar (0] o 0 H_|
% X, “m*— e
| —— - |
t = N HO A
o a7 " S 5 af N
o Ar

Scheme 2. The plausible mechanism of dihydropyrano[2,3-g]chromenes formation
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Table 4. Pseudo-five-component synthesis of dihydropyrano[2,3-g]Jchromene derivatives 4

ArCHO 0 CH,(CN),
l__oH

| | Sodium saccharin

Ho Y EtOH/H,0

0 Mw
CH,(CN), ArCHO
2 1 3a-l 4a-l
Entry Product ArCHO 3a-l1 Time (min) Yield (%)’ m.p. (C) Ref.
1 4a CHO 8 90 290-293 23
O,N” :
2 4b @CHO 14 80 264-266 23
OH
3 dc @[CHO 16 78 280-282 23
CH,
4 4d O/CHO 19 82 287-289 23
5 de /@,CHO 13 85 273-275 23
Cl
6 af /©/CH0 16 85 264-266 23
Br
7 4g /©:C HO 19 80 263-265 -
cl Cl
8 4h Q,C HO 13 90 242-244 -
NO,
9 4i S 13 85 258-260 -
| ) —CHO
10 4j CHO 18 80 208-210 -
HO” :
11 4k CHO 18 78 260-263 -

Q

H,;C

12 41 CHO 18 82 >300 -
HyCO™ :

“1 mmol of 1, 2 mmol of 2 and 2 mmol of 3a-1, in the presence of 10 mol% of sodium saccharin in EtOH/H,O (1:1), and power of 100 W. b Isolated yield.
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A plausible mechanism of the reaction is presented
in Scheme 2. In the first step of the reaction, acidic proton
of malononitrile has been separated by sodium saccharin
as a basic catalyst. Then, the Knovenagel condensation of
malononitrile anion and aldehyde leads to the intermedia-
te I. In the next step, cyclization and tautomerization lead
via II to the product III. The same process occurs on the
other side of 2,5-dihydroxy-1,4-benzoquinone (due to its
special structure) and finally, a dual chromene structure is
produced.

The efficiency of sodium saccharin in comparison
with other catalysts in the synthesis of dihydropyrano[2,3-
glchromenes was also investigated. Results presented in
Table 5 clearly show that sodium saccharin can be mentio-
ned as a powerful, highly efficient catalyst for the synthe-
sis of dihydropyrano[2,3-g]chromenes under microwave
irradiation.

Table 5. The effect of various catalysts on the synthesis of 4a under
optimized conditions

Entry Catalyst (10 mol %) Time Yield (%)*
1 Meglumine 15 43
2 [BMIM]BF,” 8 57
3 Sodium phthalimide 10 70
4 Sodium benzoate 25 64
5 NEt, 20 75
6 Saccharin 30 52
7 Sodium saccharin 8 90

“Isolated yield. ©0.02 g.

4. Conclusion

We have developed an efficient, novel and eco-
friendly method for the synthesis of dihydropyrano[2,3-
g]chromenes in the presence of sodium sacchrin as the ca-
talyst under microwave irradiation. The procedure descri-
bed provides clean reaction conditons with easy work-up,
simple filtration and short reaction times with high yields
of products.
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Povzetek

Raziskalo smo »one-pot« sintezo dihidropirano[2,3-g]kromenov pod pogoji obsevanja z mikrovalovi in z uporabo natri-
jevega saharinata kot u¢inkovitega, milega in zelenega katalizatorja. Metoda predstavlja varen in okolju prijazen pristop
k multikomponentni sintezi dihidropirano[2,3-g]kromenskih derivatov; odlikujejo jo mnoge prednosti v primerjavi z os-
talimi doslej objavljenimi pristopi, kot so krajsi reakcijski Casi, visji izkoristki in enostavnost izolacije.
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Abstract

The adsorption of malachite green (MG) from aqueous solution by waste green tea (WGT) biomass was investigated. A
series of experiments in batch conditions were conducted in order to assess the MG removal on WGT, following adsor-
bent quantity and temperature influences. Maximum removal efficiency for untreated WGT was 89% (4 g biomass, 100
mL solution of 94 mg/L, 316 K). It was found that the adsorption of MG increased by increasing temperature from 296
to 316 K. Thermodynamic parameters (AH®, AS°, AG®) were calculated, and indicated that dye adsorption onto the stud-
ied biomass was endothermic and non-spontaneous. Six chemical treatments were tested (four acidic — H,PO,, H,SO,,
HCI, and tartaric acid, one oxidant — H,O,, and one basic — NaOH) in order to study the chemical groups responsible for
MG adsorption onto WGT biomass. The alkali and acidic treatments led to an increase of adsorption efficiency up to
92% and 95% (H,SO,) respectively. The FTIR spectroscopy results emphasized the modifications of the biomass sur-

face and how these are influencing the adsorption process.

Keywords: Waste green tea, chemical treatment, adsorption, malachite green, SEM analysis

1. Introduction

Dyes are usually used in industries such as textile,
paper, drug, rubber, food, cosmetic, plastic, printing, etc.,
activities, which have as result considerable amount of
colored wastewater. Dye is the first contaminant to be rec-
ognized in wastewater, because not only damage the aes-
thetic nature of freshwater, which will reduce sun penetra-
tion, but also many of them possess a serious threat for hu-
man beings, aquatic life, and for environment, in gener-
all.!

The presence of very small amounts of dyes in water
(less than 1 ppm for some dyes) is highly visible and un-
desirable.” Thus, the development of clean-up technolo-
gies for the treatment of water contaminated with dyes is
of major interest.> A number of technologies are available
to control and reduce the water pollution with dye con-
taminants. Among them are coagulation4, filtration®, ion-
exchange,® electrolysis,” advanced oxidation processes®,
foam flotation,” etc. The removal of dyes in an economic

way remains an important problem, although a number of
systems have been developed using adsorption tech-
niques.'® Adsorption is a well-known equilibrium separa-
tion process and an effective method for water decontam-
ination applications. Among many techniques for water
re-use, adsorption has been found to be superior in terms
of ease of operation, low initial cost, flexibility and sim-
plicity of design, and insensitivity to toxic pollutants.'!
Also, adsorption does not result in the formation of harm-
ful substances due to partial degradation as some chemi-
cal or biological methods would.'* Adsorption of most of
the adsorbents including agricultural by-product is con-
trolled by physical forces, with some exception of
chemisorption.' The main physical forces controlling ad-
sorption are van der Waals forces, hydrogen bonds, di-
pole-dipole n—7 interactions, etc.'®

Many low-cost adsorbents, such as rice husk, wheat
bran, coconut bunch waste, orange peel, banana peel, gar-
lic peel, papaya seed, pineapple stem waste, sunflower
stalks, silk cotton hull, maize cob, etc., which are able to
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bind dyes molecules, have been previously researched and
evaluated.'*

Waste green tea could be also an economical alter-
native for dyes removal from wastewater. Tea plant, called
Camellia sinensis," is native to South-East Asia, but is
cultivated today in over 30 countries in several areas of
the world and belongs to the genus Camellia, Theaceae
family.'® Taking into consideration the quantity of tea and
tea based drinks consumed annualy, which gives rise to a
disposal problem, utilization of such waste is extremely
desirable.'"*

The cell wall of tea consist of cellulose and hemicel-
luloses, lignin, condensed tannins, and structural proteins.
In short, tea waste have a good potential as dyes scav-
engers from aquesous solution since its constituents con-
tain several functional groups.!® Previous studies have
centered their attention on the preparation of waste tea ac-
tivated carbon'’?” or on various treatments involving
acetylation, isopropyl alcohol, formaldehyde, HNO,,
pressure, and ultrasound.'”-?*-*

The aim of this study was to realize malachite green
(MG) adsorption onto chemically modified waste green
tea (WGT). Influence of the adsorbent quantity and tem-
perature over the MG removal were also considered in or-
der to investigate the WGT potential as a biosorbent.
Influence of carboxyl, carbonyl, sulfonate, sulfhydryl,
phosphate, and hydroxyl groups from the biomass surface
over the adsorption of MG onto untreated and chemically
modified WGT were detailed. Equilibrium and kinetic
studies on the untreated WGT — MG system were consid-
ered in a previous paper.”

2. Materials and Methods
2. 1. Adsorbent

The adsorbent, WGT, was collected from a local tea
shop. The used green tea leaves were washed several
times with distilled water to remove any adhering dirt and
repeatedly boiled in distilled water until the filtered water
was clear. Then it was oven dried at 80 °C for 48 h.
Finally, the WGT sample was ground and sieved to obtain
grains in the 200400 pum range that will be further used
in the adsorption experiments.

2. 2. Characterization of the Biosorbent

2. 2. 1. Elemental Analysis

In order to obtain information about the elemental
composition of the studied materials, the C, H, N, S, and
O content of untreated and chemically modified WGT, be-
fore and after MG adsorption (for all considered treat-
ments) was determined. Elemental analysis was carried
out using Thermo Finnigan Flash EA 1112 Series equip-
ment. The biosorbent sample was added into a tin capsule
and analysed at 900 °C under O, atmosphere.

2. 2. 2. SEM Analysis

Scanning electron microscope images were obtained
with a JEOL (USA) JSM 5510 LV apparatus on samples
coated with a thin layer of gold under vacuum to improve
electron conductivity and image quality.

2. 3. Preparation of MG Solutions

MG, N,N,N’,N’-Tetramethyl-4,4’-diaminotriphenyl-
carbenium oxalate, is a cationic (basic) dye,?® which has a
positive charge that is delocalized on the entire compound
by resonance. It belongs to triphenylmethanes family and
is amphipathic (behaves as a polar and non-polar com-
pound). MG is commonly used for dyeing textiles and pa-
per, as well as is an antiparasitic and antifungal agent in
aquaristics.'

Malachite green was purchased from Penta (Czech
Republic) and used without further purification. Stock so-
lution (1000 mg/L) of MG were prepared using distilled
water and stored in the refrigerator. Experiments were car-
ried out using solutions obtained by dillution of the stock
solution to the desired concentration. MG concentration
was determined using a double beam UV-visible spec-
trophotometer (GBC Cintra 202) at A = 618 nm.

2. 4. Adsorption Experiments

Adsorption process was conducted in batch condi-
tions, in dynamic regime (magnetic stirring at 300 rpm),
through the contact of a certain amount of adsorbent (1-5
g) with a volume of 100 mL MG dye aqueous solution 94
mg/L. The adsorption process was realized until equilibri-
um was reached (240 min, established from preliminary
experiments). Residual dye concentration in solution was
determined, at established time intervals after a prelimi-
nary centrifugation (5 min at 10000 rpm) and appropriate
dilution.

In order to determine the effect of temperature on
the adsorption process, experiments were caried out at
three different temperatures 296, 306, and 316 K. The ex-
periments were realized using 100 mL solution of 94
mg/L and 4 g WGT.

Adsorption efficiency expressed as percentage was
calculated with equation (1):2"28

E=S"C 00 (1)

C,
where, C and C, are MB initial and equilibrium concen-
trations, respectively (mg/L).

The amount of the adsorbed dye (MG) onto the
WGT biomass was expressed as adsorption capacity (q,,
mg/g) and calculated as shown in equation (2):'%%’

(c,-¢)v )

m

q, =

where, V is solution volume (L), and m is WGT quantity (g).
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All the experiments were repeated three times, the
values presented were calculated using averaged concen-
tration values.

2. 5. Chemical Treatments for WGT Biomass

2. 5. 1. H,PO, Treatment

10 g of WGT were mixed with 50 mL 50% H,PO,
solution at room temperature for 24 h in a 500 mL beaker
with a stirring speed of 150 rpm so that the reagent was
fully incorporated into the raw material.’ After this treat-
ment, the modified WGT was filtered and washed with
distilled water several times until 7 pH and filtered. Later
on, the adsorbent was oven-dried at 105 °C for 12h.

2.5.2. H,SO, Treatment (Preparation of
Activated Carbon from WGT)

The activated carbon was prepared by contacting
WGT with H,SO,98% for 24 h (1:1 acid volume to WGT
weight). After that, the charred material was washed sev-
eral times in distilled water until the pH of the solution be-
comes neutral.*>*' Chemical treated WGT was dried first
in air, overnight, and then in an oven at 90-100 °C for
8-10 hours.

2. 5. 3. HCI Treatment

10 g of WGT were slowly stirred (150 rpm) in 100
mL HCI 1IN for 4 hours. The treated cellulosic WGT was
left overnight in contact with HCI solution and thereafter
was washed with distilled water several times until neutral
pH and filtered. The HCI-treated WGT biomass was dried
in a hot air oven at 80°C until constant weight (24 hours).

2. 5. 4. Tartaric Acid Treatment

15 g of WGT were mixed with 100 mL of 2 M tar-
taric acid. The mixture was stirred at 200 rpm for 4 hours.
The modified WGT was subsequently washed with dis-
tilled water until neutral and filtered. The treated WGT
was dried at 80 °C for 24 h.

2.5. 5. H,0, Treatment

10 g of WGT were mixed with 50 mL of 25% H,0O,
and kept in contact for 3 h at room temperature, in a
closed vessel and then boiled for 15 min. The sample was
washed with distilled water to neutral pH, filtered and
dried in an oven at 80 °C until constant weight.*>

2. 5. 6. NaOH Treatment

10 g of WGT were mixed with 150 mL 1% NaOH
solution for 6 h at room temperature.*® The cellulosic
sample was then washed thoroughly with distilled water

until the sample was neutralized and dried in the oven at
80 °C for 24 h.

The material obtained after each individual chemi-
cal treatment was grounded and passed through several
sieves in order to obtain the desired particle size (200-400
um). Finally, the resulting material was stored in airtight
containers for further use.

2. 6. FTIR Analysis

The FTIR spectra (1.2 mg WGT samples mixed
with 300 mg KBr) were obtained using JASCO 615 FTIR
spectrometer, 500-4000 cm™!, resolution 2 cm™.

3. Results and Discussion

3. 1. Elemental Analysis

Untreated and chemically treated WGT elemental
analysis performed before and after MG adsorption
showed that after treatment, in some cases (exception
acidic treatments with H,PO,, H,SO,, and tartaric acid),
carbon content deacreses from the initial 52.27% (untreat-
ed WGT) to values ranging from 44.83% for NaOH treat-
ment to 45.80% for H,O,, Table 1. The organic content of
the material decreases significantly due to the delignifica-
tion process that takes place.*” In the case of H,SO, treat-
ment, carbon content increases to 56.83% due to the for-
mation of a new active carbon material (biochar).
Elemental analysis of WGT samples after MG adsorption
showed an increase of the carbon content in all cases, con-
firming the fact that organic dye is adsorbed onto the sur-
face of the studied materials.

3. 2. SEM Analysis

The surface morphology of untreated WGT, before
(a) and after (b) adsorptive removal of MG was deter-
mined by SEM and is presented in Figure 1.

The raw WGT surface is shown to be rough and con-
sists of many strands of fibrous-like materials (Figure 1a).

SEM image confirmed the amorphous and heteroge-
neous structure of WGT. Considerable changes in surface
morphology after biosorption are noted as surface protu-
berances become less obvious and the surface becomes
smoother (Figure 1b).

3. 3. The Effect of Adsorbent Quantity

The adsorption of MG onto WGT was investigated
by changing the adsorbent quantity, from 1 to 5 g, using
particles of 200400 pum in diameter, 100 mL dye aqueous
solution, 94 mg/L, magnetic stirring (300 rpm), for 240
minutes, until the equilibrium was reached, Figure 2.

As presented in Figure 3 with the increasing amount
of adsorbent the adsorption efficiency increase too, due to
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Table 1. Elemental analysis of WGT untreated and chemically modified, before and after MG adsorption (1% error)

Nr. crt. Component C (%) H(%) N (%) 0" (%)
1 WGT untreated — before adsorption 52.27 6.31 3.86 37.56
2 WGT untreated — after adsorption 53.71 5.92 3.26 37.11
3 WGT treated with H,PO, — before adsorption 54.06 3.56 1.76 40.62
4 WGT treated with H;PO, — after adsorption 58.78 4.07 247 34.98
5 WGT treated with H,SO, — before adsorption 56.83 5.64 3.46 34.07
6 WGT treated with H,SO, — after adsorption 60.26 5.72 3.86 30.16
7 WGT treated with HC1 — before adsorption 48.19 6.59 3.67 41.55
8 WGT treated with HC1 — after adsorption 49.71 6.60 4.30 39.39
9 WGT treated with tartaric acid — before adsorption 53.23 6.26 3.34 37.17
10 WGT treated with tartaric acid — after adsorption 54.07 6.49 4.13 35.31
11 WGT treated with H,O, — before adsorption 45.80 6.28 3.71 4421
12 WGT treated with H,O, — after adsorption 46.13 6.15 393 43.79
13 WGT treated with NaOH — before adsorption 44.83 6.13 3.28 45.76
14 WGT treated with NaOH — after adsorption 48.25 6.34 3.09 42.32

* Calculated by difference

Figure 1. Scanning electron micrographs of untreated WGT before (a) and after (b) adsorptive removal of MG.
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Figure 2. Influence of the WGT quantity (untreated) over the evo- Figure 3. The effect of untreated WGT quantity over the adsorption
lution of concentration in time (296 K, 94 mg/L, 100 mL, 200-400 efficiency (296 K, 94 mg/L, 100 mL, 200-400 um, 300 rpm, 240
um, 300 rpm, 240 min). min).
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an increase of surface area and the availability of more ad-
sorption sites, with more active functional groups.'®*’

Taking into consideration that by changing the WGT
quantity, from 4 to 5 g, the increase in adsorption efficien-
cy is small (E,, = 89% and E, = 91%), and that higher
quantities are difficult to handle in terms of sampling and
separation from the aqueous solution, further experiments
were carried on using 4 g of WGT.

3. 4. The Effect of Temperature

It well known that temperature plays an important
role in the adsorption processes. A study of temperature
dependence for the adsorption process gives valuable in-
formation about the enthalpy and entropy changes accom-
panying the adsorption processes.”®

The adsorption of MG onto WGT was investigated
in the 23-43 °C (296-316K) range. As it can be observed
from Figure 4 an increase in temperature led to a higher
quantity of dye removed, indicating that in this system ad-
sorption takes place as an endothermic process. Similar
findings were reported for other sorbent types.**~

95 222
94 2.20
93 2.18
a2 216
= )
) [=2]
;91 214 E.
90 212 %
—a—E
89 q 2.10
88 2.08
87 2,06
295 300 305 310 315
T(K)

Figure 4. The effect of temperature on MG adsorption onto un-
treated WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400 pm, 300
rpm, 240 min).

3. 5. Thermodynamic Analysis

The parameters such as free energy change (AG°),
enthalpy change (AH®), and enthropy change (AS°) can be
estimated by the change of equilibrium constant with tem-
perature.™

The Gibbs free energy change (AG®°) was calculated
from equations (3) and (4), while the change of enthalpy
(AH®) and enthropy (AS°) were obtained using Van’t Hoff
equation (5):

AG® = AH®—TAS® (3)

AG®=-RTInkK, 4)
Ink, =AM AS )
RT R

where, R is the universal gas constant (8.314 x 1073
kJ/Kmol), T is absolute temperature (K), and K, is the dis-
tribution coefficient (K, = q./C,) (L/g).>%7

Slope and intercept values of In(q/C,) versus 1/T
plot, Figure 5, were used to calculate AH® and AS°. The
values of the thermodynamic parameters are depicted in
Table 2.

1T x 102 (K1)
0.4 . - . '
315 32 3.25 33 3.35 3l4
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Figure 5. In(q,/C,) versus 1/T plot for the estimation of thermody-
namic parameters for MG adsorption onto untreated WGT.

The Gibbs free energy, which indicates the degree of
spontaneity of the adsorption process,'® decreased with in-
creasing of temperature, indicating that a better adsorp-
tion is obtained at higher temperatures, and the process is
more spontaneous at 316 K. The relativelly small values
of AG®, although positives, suggested that the adsorption
process can be possible in a certain temperature range (be-
tween 296-316 K, in the present work).#

Positive value of AH® (22.42 kJ/kmol) shows the en-
dothermic nature of the adsorption. This fact indicates the
possibility of physical adsorption, since the heat of
chemisorption generally falls into a range of 80-200
kJ/mol.*! The low value of AS® may imply that no remar-
cable change in enthropy occurred during the MG adsorp-
tion onto WGT. In addition, the positive value of AS re-
flects the incresed of randomness at the solid-solution in-
terface during adsorption.**

Table 2. Thermodynamic parameters for MG adsorption onto un-
treated WGT at various temperatures; (94 mg/L, 100 mL, 4 g,
200400 pm, 300 rpm, 240 min).

AS° AH° AG® (kJ/mol)
(kJ/mol K) (kJ/mol) 296 K 306K 316K
0.063 22.42 3.735 3.103 2472
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3. 6. The Effect of Chemical Treatments
of WGT Biomass Onto MG Adsorption
Process

The influence of chemical treatments on adsorption
efficiency of WGT is illustrated in Figure 5.

Generally, the acidic treatments change the nega-
tively charged surface of the WGT biomass to positively
charged and thus decrease the electrostatic attractions be-
tween biomass surface and the cationic molecules (of
MG, for example).** Acid treatments allows the hemicel-
lulose hydrolize, especially xylan present in the lignocel-
luloses. Hemicelulloses can be degraded into xylose,
mannose, acetic acid, galactose, glucose, etc. Phenolic
compounds are also formed during acidic treatments from
the partial breakdown of lignin.**

Tartaric acid treatment of the WGT biomass con-
ducts to an increase of the amount of MG removed from
the synthetic wastewater aqueous solutions, this chemical
pretreatment converting the biomass to highly adsorbing
material in terms of higher percentage of MG removed
onto the modified tea surface, probably due to an increase
of carboxylic groups number on the WGT surface , result
that is in good agreement with others from literature.*>4®
The adsorption efficiency of MG increases from 89% (for
untreated material) to 93% (after tartaric acid treatment).

WGT biomass treated with HCI led to a decrease of
adsorption efficiency (from 89% for untreated material to
75% for HCI treatment), fact which can be attributed to
the decrease in electronegativity of the biosorbent surface
due to the presence of the residual H* ions*’*® Due to the
fact that generally, the acid treatments lead to a decrease
of adsorption, the still high values of adsorption efficiency
obtained could be associated with the amount of organic
matter present in the treated biomass.*

H,PO, and H,SO, treatments were considered due
to the fact that a different material can be obtained, acti-

100
95
94
93 92
90 - 89
£30 79
= 76
70 -
60 -
Untreated H3PO4 H2S04 HCl  Tartaric H202 NaOH
acid

Figure 6. Effect of chemical treatments over the adsorption effi-
ciency of MG onto WGT; (296 K, 94 mg/L, 100 mL, 4 g, 200-400
um, 300 rpm, 240 min).

vated carbon (or biochar), which is commonly utilized
due to its large adsorption capacity, fast adsorption kinet-
ics, and relatively ease of regeneration. '

The activated carbon obtained from WGT biomass
after H,PO, and H,SO, treatments provided better results
for the adsorption efficiency that increases from 89 (for
untreated biomass) to 94, and 95%, respectively (Figure
6), results that are in good agreement with other from the
literature.'®>°

In the case of alkali treatment such as NaOH, the in-
creasing of adsorption efficiency can be explained by the
fact that after treatment, hydrolysis reactions can occur,
causing high dissolution of organic substances from the
biomass.** The hydrolysis reactions can lead to the forma-
tion of more hydroxylic (HO") and carboxylate (COO")
groups in the treated biomass, which enhance the cationic
adsorption.”’ The mechanism of alkali treatment is be-
lieved to be saponification of intramolecular ester bonds
crosslinking xylan hemicellulose and other component,
for exemple, lignin.** Dilute NaOH treatment of lignicel-
lulosic materials caused swelling, leading to a decrease in
the degree of polymerization, a decrease in crystallinity,
separation of structural linkages between lignin and car-
bohydrates, and disruption of the lignin structure.*

After NaOH treatment, theWGT biomass had a bet-
ter adsorption efficiency, an increase from 89 to 92% was
noted. This treatment is very efficient, with a high in-
crease in adsorption efficiency, fact that can be attributed
to the changes on the biomass surface (increase in surface
area, average pore volume, and pore diameter),’? in addi-
tion to the already described effects of alkali treat-
ment 30434751

As it can be see in Figure 6, the treatment of WGT
biomass with H,O, leads to a decrease in efficiency (76% by
comparison with 89% for the untreated material), fact that
confirm the hypothesis that if the concentration of oxidant
agent is high (25% H,0,), the modification of functional
groups of the basic structure of the material takes place and
the delignification of cellulosic WGT begins to occur.*®

3. 7. Fourier Transform Infrared
Spectroscopy (FTIR)

FTIR analysis is an important method for identify-
ing the functional groups responsible for the retention of
the dye molecules onto biomass surface. FTIR spectra
were obtained for MG dye removal instead of onto un-
treated (Figure 7) and NaOH treated (Figure 8), before
and after biosorption.

The increasing, decreasing, and shifted signals cor-
responding to different functional groups, were interpret-
ed to indicate which groups participated in the adsorption
process. The fact that no significant reduction in number
of bands after adsorption for both untreated and treated
WGT (Figures 7 and 8) was observed, could indicate that
the studied process occurs mainly as physisorption ).**
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Figure 7. FTIR spectra of untreated WGT before adsorption (a)
and after MG adsorption (b).

As it can see in Figure 7, the groups affected by the
MG adsorption include —OH, N-H (stretching), secondary
amines, SO, (stretching), -C-C—, and amines groups. In
the spectrum of untreated WGT biomass (before adsorp-
tion), Figure 7a, a broad band from 3600 to 3000 cm™ for
—OH groups of phenols/carboxyls was observed. The
strong band attributed to the hydroxyl group (at 3426
cm™') might be an indication of high cellulose content.
After adsorption the aspect of this band is rather flat, and
the maximum is shifted to 3405 cm™, suggesting the MG
adsorption onto WGT surface takes place. Alkane C-H vi-
brations were identified at 2919 and 2886 cm™' for the un-
treated WGT before adsorption and shifted at 2903 and
2842 cm™ for the WGT after adsorption fact which can be
explained by the change in the lignocellulosic struc-
ture.'®>* A distinct band at 1619 cm™' was observed,
Figure 7, that was shifted at 1609 cm™ after MG adsorp-
tion, band that was probably, the result of the stretching
vibration of C=0 and C-N (Amide I) peptidic bond of
proteins.>> Bands at 1020 cm™" (before adsorption) and
1010 cm™ (after adsorption) that could be attributed to the
stretching vibration of the C—O groups, shifted after ad-
sorption. The fingerprint region demonstrates the exis-
tence of sulfur or phosphate groups (800—400 cm™).

All these changes identified in the FTIR spectra sup-

0.83

0.73 A

0.63 A

Absorbance

0.53

0.43

0.33 T
3400

2400 1400 400

Wavenumber (cm™)

Figure 8. FTIR spectra of WGT treated with NaOH before adsorp-
tion (a) and after MG adsorption (b).

port the fact that MG dye adsorption onto WGT surface
occurred.

Spectra of NaOH treated WGT before and after MG
dye adsorption are depicted in Figure 8. The broad ab-
sorption peak at around 3397 cm™ correspond to the O-H
stretching vibrations due to inter- and intra-molecular hy-
drogen bonding of cellulosic polymeric compounds
(macromolecular associations), such as alcohols, phenols,
and carboxylic acids, as in pectin, cellulose, and lignin,
thus, showing the presence of hydroxyl groups on the ad-
sorbent surface.*’” After MG adsorption this band was
shifted at 3414 cm™', fact which supports the MG adsorp-
tion. The band at 2916 cm™ is attributed to the C-H
stretching vibration of aliphatic acids, while the band at
1635 cm™ is due to asymmetric stretching vibrations of
C=0, from carboxyl acid groups.'”*! The other prominent
band at 1028 cm™ was shifted at 1036 cm™ and is due to
C-O stretching vibration from cellulose. Moreover, in the
case of treated WGT biomass after adsorption, a remark-
able shift in positions of -OH and C=0O bands was ob-
served, which indicates that MG is binded mostly at these
groups.’®* The changes in FTIR spectra confirm the
binding of MG with functional groups present on the ad-
sorbent surface. Similar observation were also reported by
Pirbazari et al.*® The proposed adsorption mechanism
would involve the connection realized between a lone pair
of the oxygen atom in —OH and C=0 and the nitrogen
atom =N*(CH,), in the MG molecule.

4. Conclusions

The efficiency of waste green tea biomass in removing
malachite green dye from aqueous solution has been investi-
gated. The removal efficiency increases with the increase of
biomass quantity until no further significant change was ob-
served (4-5 g) and an increase in temperature, and hence the
adsorption process is endothermic in nature. Six chemical
treatments were tested (four acidic, one basic, and one oxi-
dant) in order to study, first, the chemical groups responsible
for the adsorption of MG onto WGT biomass, and secondly,
which chemical treatment gives better results in terms of ad-
sorption efficiency by comparison to the untreated material.
For WGT biomass, the alkali (NaOH) and acidic (H,SO,,
H,PO,, and tartaric acid) treatments led to increases of the
adsorption effficiency from 89% (untreated WGT) to 92%
(NaOH), 93%, 94% and 95% for acidic treatments (tartaric
acid, H,PO,, and H,SO,, respecively).

It can be concluded that this green aproach, eco-
friendly, and economic cellulosic biomass, could be a
promising adsorbent in environmental pollution cleanup.
Also, chemical treatments applied to lignocellulosic ad-
sorbents, improved adsorption efficiencies. Further de-
tailed economical analysis (eg. materials and operating
costs) could be used in order to design practical engineer-
ing application in the future.
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(WGT). Izvedena je bila serija SarZnih eksperimentov z namenom ugotoviti vpliv temperature in koli¢ine biomase na
adsorpcijo. Maksimalna kapaciteta odstranitve z neobdelano biomaso WGT je bila 89% (4 g biomase, 100 mL raztopine
s koncentracijo 94 mg/L, 316 K), pri tem se je kapaciteta adsorpcije vecala od 296 do 316 K.Izracunanitermodinam-
skiparametri (AH®, AS°,AG°)kaZejo, da je adsorpcijaendotermna in nespontana. Testiranih je bilo 6 kemijskihpredob-
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pcijo. Obdelava z NaOH in H,PO, je povecala adsorpcijsko kapaciteto na 92% in 95%. FTIR spektroskopija je pokaza-

la modifikacijo povrSine biomase in s tem vpliv na adsorpcijo.
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Kemijski laboratorij celjske kraljice
(ob 580 letnici kronanja CeSke kraljice
Barbare Celjske)

Stanislav Juznic

* Corresponding author: E-mail: juznic @ hotmail.com
Telephone: 031 814 742

Povzetek

Barbara Celjska je bila gotovo najbogatejsa alkimistka vseh Casov. Prispevek skuSa pojasniti kaksni poskusi so potekali
v njenem laboratoriju in nakazati, katere tehniske kemijske naprave je utegnila pri tem uporabljati. Ker je bila vecina le-
teh iz zlahka lomljivih snovi, bi bilo njihovo iskanje brzkone brez haska, saj ni veliko upanja za njihovo ohranitev.

Kljuéne besede: Barbara Celjska, Zgodovina alkimije, 15. stoletje, Celje, Ceka, Samobor

1. Uvod

Herman II Celjski si je svoje talente raje omislil zu-
naj debelih bukev, tako da mu je latin$¢ina ostala Spanska
vas. Toliko ve€ pa je dal na u€enost svojih otrok, kjer mu
je sekira najbolj padla v med prav pri najmlajsi Barbari' in
pri posvojenki Ani.”

Dne 11. 2. 1437 so v zlati Pragi cesarjevo soprogo
Barbaro Celjsko okronali za ¢esko kraljico. To je bil svo-
jevrsten viSek druZbenega vzpona tedaj petinStiridesetlet-
ne gospe, ki od nekdaj ponazarja znacilno slovensko
zgodbo o uspehu pod tremi celjskimi zvezdami.

Barbara Celjska nikakor ni bila zgolj vladarica, tem-
veC se je obenem nadvse uspeS$no ukvarjala z laboratorij-

Slika 1: Barbarin Samoborski grad z nekdanjim laboratorijem v kletnih prostorih kot je videti danes: je ¢rna kraljica tam postorila kaj zlata?

Juznié: Kemijski laboratorij celjske kraljice ...
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skimi poskusi tiste vrste, ki jih danes radi krstimo za alki-
mijo. V Samoboru med Zagrebom in naSo mejo je
prezivela veliko Casa kot cesarjeva vdova. Ker je bila da-
le¢ najbogatejsa gospa v tedanji ogrsko-hrvaski kraljevini,
si je lahko marsikaj privoscila. Nosila je seveda tudi ogr-
sko-hrvasko krono, kajpada ne na vsakdanjih sprehodih.
Tedanja ogrsko-hrvaska kraljevina pa ni bila kar tako, saj
je ob deZelah omenjenih v svojem imenu obsegala Se da-
nasnjo Slovasko, Romunijo, dele Avstrije in Slovenije.

Slika 2: Vladarica Barbara Celjska.

2. Alkimija v somoborski kleti

Barbari je ljubezen do nekoliko bolj okultnih ved
vsadil Ze o¢e Herman II., ki je hranil eno izmed toboZ
pristnih kup Svetega Graala (St. Grail, Graal) v svojem

gradu Rogatec.* Skupaj s sinom, Barbaro, njeno h&erko in
zetoma pa se je prevzetni Herman dal v¢laniti za povrhu v
Red Zmaja,’ ki je imel kar nekaj okultnih podstati.

Barbarin Samoborski dvorec seveda tudi ni bil od
muh, v njegovi kleti pa si je zvedava gospa uredila alkimi-
sti¢ni laboratorij. Njeni zapisi niso ohranjeni, saj vladarici
Barbari seveda ni bilo treba objavljati knjig in pisati o svo-
jih dosezkih. Raje je pustila, da so o njenih tehnikah po-
rocali drugi.

Dobro pri¢evanje o njenem delu dobimo iz zapisov
njenega sodobnika, ¢eSkega alkimista Johannesa iz Laaza
(Laatz), ki je bil brzkone doma na Moravskem. Johannes
iz Laaza je deloval vecinoma v Italiji, kjer se je ukvarjal z
zlatotvorstvom in preobrazbo kovin. Njega dni to ni bilo
tako nenavadno, kot bi bilo danes, je pa bil vimes seveda
svojevrsten riziko. Zaradi neuspehov pri vedno znova ob-
ljubljani preobrazbi kovin se je vrli Johannes postopoma
zameril raznoraznim laskim vladarjem in je moral bezati
iz Italije. Dobil je celo za svoj poklic ni¢ kaj laskavi vzde-
vek Lasnioro (Laz-nien-oro, »Laz brez zlata«.). Ko si je
na vrat na nos obrusil pete in pustil nejeverne Italijane za
svojim hrbtom, je na veliko potoval in obiskoval Stevilne
znane alkimiste, da bi jim z zvijaco ali kako drugace izpu-
lil skrivnostne formule na katerih je slonela tehnika njiho-
vega pecanja s kemijskimi pretvorbami. Seveda se je
zvecline slabo odrezal, saj je velika vecina tedanjih alkimi-
stov svoja znanja skrbno skrivala pred zvedavimi ocmi
vsiljivcev.

Ko je nadobudni Laaz takole vandral brez pravega
haska, si je spotoma nabral kar nekaj novic o zmogljivosti
Barbarinega kemijskega laboratorija. Beseda je dala bese-
do in ukaZeljni Laaz si je Ze brusil pete pred vrati Barbari-
ne gra$¢ine da bi obiskal Se dvor kraljice Barbare v Samo-
boru. Tam so ga Barbarini pomoc¢niki sprejeli precej bolje,

Slika 3: V hrvaski Krapini izdan dokument o Barbarini poroki z povabilom na prihajajoco poroko podpisan dne 6. Novembra 1405 (Magyar Nem-
teti Levéltar — Orszagos Levéltdr - Diplomatikai Levéltar (MNL OL DL), Budapest, signatura 78655)
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kot je bil sicer vajen. Barbari je Laazova pozornost na-
mrec kar diSala, saj je bil Laaz kljub Stevilnim spodrslja-
jem v alkimisti¢nih krogih dokaj znana osebnost in ne sa-
mo pavliha. Laaz je namre€ sestavil spis Tractatus aureus
de lapide philosophorum Xjer je takoj sprva in znova na
koncu v svojem Tractatus 11 de lapide philosophico zatrje-
val, da je bil svoj ¢as Student slovecCega alkimista Antona
iz Firenc (Antonius de Florentia),® ki naj bi ga svoj &as
spravili s sveta v Pragi v svojevrstnem obracunu tedanje,
llahko bi rekli, alkimisti¢ne mafije. Spis je Laaz sicer dati-
ral nekako osem let po obisku Barbarinega laboratorija,
vendar pa so Laazovi izumi in mnenja Ze mnogo prej
krozili med smetano tedanje evropske kemije in alkimije.
Prav bogata kraljica Barbara je bila dale¢ najbolje
obves¢ena med vsemi sodobniki, ki so se njega dni ukvar-
jali s tehnikami proizvodnje novih materialov, tako da so
novice v njen laboratorij trumoma pritekale in je pogosto
kar stezka locevala zrna od plev. Laazove ideje pa so se ji
zdele nadvse pomembne, saj si je Laaz v svojem traktatu
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med drugim privoscil opise pridobivanja Zivega srebra,
Zvepla, in arzena v povezavi s slovitimi vedeZi, kot sta bi-
la legendarni Hermes in TomaZ Akvinski.” Idrijski Zivo-
srebrni rudnik njega dni resda Se ni obratoval, kljub temu
pa je zvecine Spansko Zivo srebro igralo odlocilno vlogo
pri domnevnih ali resni¢nih pretvorbah kemijskih spojin.
Barbarin necak Ulrik je Ze dobrih ducat let pred Laazovim
obiskom Barbarinega laboratorija romal v Spanijo, tako
da je imela Barbara Spanskega Zivega srebra od nekdaj do-
volj na razpolago.

Zadnji del Laazovega teksta je bil posvecen opatu
Johannesu Trithemiusu, ki je slovel po svojem tajnopisu.
Nekoliko nagajivi Laaz je celo priporocal uporabo sper-
me, Zenskih tekocin in krvi po trojni destilaciji, ki se je
njega dni postopoma uvajala v kemiji po Arabskih predlo-
gah sposojenih pri Kitajcih,® ¢eravno je severnoitalijanski
inovator Taddeo Alderotti razvil svojo inacico frakcionir-
ne destilacije Ze nekaj let predno so bili na voljo potopisi
Marka Pola. Barbara zaradi dvornih igric in mahinacij ni

Graf 1: Kemijska raziskovanja Barbare Celjske v primerjavi z dosezki drugih znanstvenikov povezanih s slovenskimi dezelami.
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S69



S70

Acta Chim. Slov. 2017, 64, (2), S67-S75

Toplota: | , 2. mehanska-kineticna teorija plinoy,
3. statisticna-kvantna mehanika
400 : :
De Broglie Pauli
Schrodinger
n Geber Heisenberg Dirac
350
A
b
300 p i
n, |
| ¥
250 1 \
I \
o !
200 : °: I ‘.
O | L
zatetekStefanbvih |
del: | |
150 Barbara Celjska T !
2o |
: il oy
00 k;)nec _t?fanfwrhm :
BoltzmaRnovih del, " &
3 Diésel 7y
I A \
Paracelsius : SR \
50 . ' "
H .
. ' .
F 93
0 — G S e S— S— S— — T S — 1 — S S — A - — - 0 N — R —————— T - . S
S 8882 33T RIRLRIIRESIRIRIZIRIR 8
A - M T Gl R T o o B U - R U T
(=T [ ' 1 ' [ [ [ [ 1 [ 1 1 ' [ [ [ [ [ 1 [ 1 ' [ ' [ [ 1
I8 53738333 PRNTPRENTEEENEE &8
e ommm:?:.nm\pwSmmhhhhhwwmwwmmmmo
- - — - - [ - - - - - - - - - - - — - - — - - - - - -
flogiston-kalorik «++ mehanska-kineti¢na teorija plinov == == statistitna-kvantna mehanika

Graf 2: Kemijska raziskovanja Barbare Celjske v primerjavi z dosezki drugih znanstvenikov v svetovnem merilu.

spremljala svojega soproga na njegovo cesarsko kronanje
v Rim, Ceravno si je veliko obetala od vmesnih obiskov
italijanskih laboratorijev. Zato so bile njene povezave z
italijanskimi tehnoloSkimi inovatorji slabse kot si je Zelela
in so ji Laazove informacije o laskih novotarijah prisle
nadvse prav.

Da bi naredila prijeten vtis na Laaza, ga je cesarica
vdova Barbara povabila v svoj laboratorij. Govorila sta
morda kar po ¢esko, saj so Barbari tuji jeziki $li nadvse
dobro od rok. Tisti ¢as se je pisalo leto 1540 in alkimi-
sticne pretvorbe so bile vedno bolj priljubljeno pecanje
mnogih. To kar je Laaz videl v Barbarinem kletnem samo-
borskem laboratoriju in poskuse, opravljene v njegovi
navzocnosti, je premeteni Laaz opisal v knjigi Via Univer-
salis (»Univerzalna pot«.), ki jo lahko imamo za svoje-
vrstno Laazovo tehniSko zapuSc¢ino. Del teksta iz tega

Laazovega dela je bil pozneje objavljen v sedmi izdaji al-
kimisticnega dela Currus Triumphalis Antimonii (»Zma-
gujoci antimonov voz« ali »Triumfalni antimonov voz«.),
pripisanega alkimistu Basilu Valentinu. Pri pisanju dom-
nevnega benediktinca z dobrodu$no pametnim obrazom
na naslovnici knjige Basila Valentina je §lo brzkone za pr-
vovrstno potegavscino, eden izmed piscev, ki so se skri-
vali za posreCeno domislico pa je bil navduseni
Paracelzijanec leipziski profesor Joachim Tancke, ki je pri
potegavscini pomagal tamkajSnjemu solastniku proizvod-
nje soli Johannu Tholdeji iz mesta Hesse. Pri ¢iS¢enju soli
se je seveda moZakar naucil veliko kemije, kar mu je zelo
prav prislo v knjigah, ki so se prodajale za med.

Johannes iz Laaza je takole osmislil svoj nepozabni
obisk v Barbarinem laboratoriju: »Ko sem od vec strani
slisal o kraljici, vdovi kralja Sigismunda, blagega spomina,

Juzni¢: Kemijski laboratorij celjske kraljice ...
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TracTtatus I

DELAPIDE PHI

LOSOPHICO JOAN-
NISLASNIORI BOHZEMI
Summi Philofophi, nunc primum in
gratiam Studiofz juventutis in
lucem editas ab Autore A-
nonymo.

, A N N o
TVes faCerDos In zternVM.

dILOSO PHORUM jOAN-
nis de Lasnioro Difcipuli An-
tonijde Florentia.

@;j Eusin adJutonum he-
umintende , &-aperi intel-
£y leGum meum-, ut cogno-
) fcam quianon eft alius prz-
rtequi mihi aperiat profunditatem
rdis mei & daret muhi Spiritum ve- |
tatis ut per ingenium meum poflfem
nfcribere; qua ex veritate funt.Quia - |
eritas folum tu es, & qui veritatem
iligit , veritaseum confequitur.
Domine accedo ad oftium Divini-
atis tuz, ut cum Angelo tuo pofsim’
narrare profunditatem & Secretus
‘hilofophorum , quamvis ignatus
um. Sed tu adjuva Domine fan&ifsi- =
ne,omniacruntinaperto & leviacon- [
:ribere, ut quicung; hunc libellum le-
crint,ut fane intelhgant me verita-

tem

Slika 4: Naslovnica Laazove knjige

da je vesca v fizikalni umetnosti, sem stopil k njej, da bi jo
preizkusil. Ta Zena mi je odgovarjala zelo premeteno. Videl
sem, da je vzela Zivo srebro in arzenik ter Se nekaj drugega,
kar je ona sama vedela. Iz tega je naredila prasek, od kate-
rega se je baker pobelil. Dobljeno snov je bilo mogoce drg-
niti ne da bi pokazala pravo barvo. Preizkusa s kladivom pa
ta snov ni prenesla. Tako je ogoljufala mnoge ljudi«.

Poskus je Laaz seveda poznal iz alkimisti¢ne litera-
ture in ga je tudi sam mnogokrat svojerocno zastavil. Gre za
spajanje bakra z Zivim srebrom in arzenom, pri cemer spo-
jina dobi lepo srebrno barvo. Barva jer bila namrec¢ temelj-
na rec pri tedanjih alkimistih’ in ostaja velepomembna tudi
danes. Ze neznanec, ki je pisal pod imenom Psevdo-
Demokrit, je v 2. stoletju odkril skrivnost tovrstnega

navideznega spreminjanja bakra v srebro. Tak$ni
poskusi v egipCanski Aleksandriji njega dni niso bili ni¢
nenavadnega, strokovnjaki so si pa¢ brez slabih namenov
skusali pridobiti potrebne ves¢ine za cenejSe pridobivanje
kovin, ki so bile videti kot Zlahtne. Pri tem niso imeli v
mislih prevare, podobno kot v sodobni industriji tankih
prevlek nezaZelene lastnosti izdelka prekrijemo s nekaj
molekulami zaZelene trdote, barve in bleska.

Laaz seveda ni ostal le pri tem in je Barbaro nago-
varjal, da naj mu pokaZe kaj Se zna pametnega postoriti v
svojem laboratoriju. Barbara si ni dala dvakrat reci in je
svoje pomocnice in pomoc¢nike zdajci-takojci pritegnila k

Slika 5: Laazov zacetek knjige

demonstracijam novih tehnik, ki si jih je Laaz takole za-
pomnil:

»Prav tako sem videl pri njej, da je segret baker po-
sipala z nekim praskom, ki se je vpil v baker in je baker
obarval kot bi bil fino srebro. Ko se je baker ponovno str-
dil, je postal baker, kakor je bil prej. Pokazala mi je Se ve¢
takih laznih umetnosti.«

Seveda je Barbara pricakovala Laazovih pohval in
se je brzkone nadejala Se kakSnega nasveta z njegove stra-
ni. TakSen postopek nikakor ni bil posebna novost za Laa-
za, saj je bil prav tako poznan v alkimistiéni literaturi. Ze
Stockholmski papirus star kakih sedemnajst stoletij, ki ga
je Svedski generalni konzul prinesel domov iz egipcanskih
Teb, govori o beljenju bakra (halkoy leukosis) med svoji-
mi 154 recepti kjer so pomembno mesto zavzemale imita-
cije zlata in srebra. Opravlja se z arzenom, tako da so na
Barbarin nacin realgar (rdeci arzenov sulfid, o-As,S,) in
arzenik (strupen prah, arzenov tri-oksid) vrgli v raztaljeni
vreli baker. Ker se je o€itno premalo navdusSeni Laaz Se
vedno obotavljal s pri¢akovanimi pohvalami, je Se vedno
dokaj ¢edna kraljica narocila nov poskus, ki naj bi Laaza
Se bolj osupnil:

»Drugic je vzela crocus martis (Crocus martis — do-
besedno »marsov Zafran«, Zelezov oksid s formulo (Fe-
S0O,), ki obicajno vsebuje deleZ necistosti), bakreno apno
in druge praske. Snovi je pomeSala in s tem cementirala

Juznié:
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Slika 6: Naslovnica Basilica chimica Oswalda Crolla pripisane Ba-
silu Valentinu, ki jo je Volf Engelbert Turjaski imel v svoji ljubljan-
ski knjiZnici v prostorih sodobnega NUKa.

Slika 7: Barbara Celjska portretirana kot Venera, ki je bila ekviva-
lentna bakru v njenih laboratorijskih poskusih (VIR: Konrad Kye-
ser, Bellifortis, manuscript 1360, folio 002v, Bibliotheque munici-
pale de Besangon, first half of the fifteenth century, “Liber de sep-
tem signis”, Bellifortis-fragment).

P

Slika 8: Celjska kot temno modra Venera $e bolj podobna bakru, ki Slika 9: Barbara na koncilu v Konstanci (Vir: Kronika Ulricha Ric-
ga je skuSala pozlatiti v svojem laboratoriju henthala).

Juzni¢: Kemijski laboratorij celjske kraljice ...
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enake dele zlata in srebra. Kovina je imela na zunaj in
odznotraj videz finega zlata, ko pa se je raztalila, je izgu-
bila zlato barvo. S tem je prevarala mnoge trgovce«.

V drugem postopku uporabljen crocus martis
(Zafran Zeleza) oziroma Zelezov dva-oksid je rumene bar-
ve, medtem ko je bakrov oksid rdece barve. Cementacija
se v tem kontekstu alkimiji imenuje postopek odvajanja
zlata od srebra.

Kovine in kovinske okside so tedanji strokovnjaki
razzarili v posebni posodi skupaj z navadno soljo in galico
(tako imenovanem cementu). Na takSen nacin ociS¢eno
zlato je bilo celo cCistejSe od naravnega. Tako zlato se je v
poznejsi dobi Paracelzove jatrokemije uporabljalo za kot
zdravilo. Bolnikom so ga dajali v obliki tankih zlatih
listicev, ali tekoCega pitnega zlata, torej zlata topljenega v
zlatotopki, ali v zmesi alkohola in limonovega soka.

Laaz pa je iz vse te kolobocije vendarle ocitno po-
tegnil ta kratko. Njegovo pricevanje se namre¢ zakljucuje
takole: »Videl sem mnogo goljufij in prevar, zato sem ji to
ocital. Ona pa me je hotela zapreti, a usel sem ji z BoZjo
pomocjo.«<'°

Seveda je bil znani prevarant v resnici Laaz, Barbara
pa najbrz zlepa ne, saj je imela pod palcem toliko cvenka,
da ji ja ni bilo treba prigoljufati dodatnih zasluzkov. Zal pa
Laaz nekako ni hotel porocati o spornem zakljucku svoje-
ga sodelovanja v Barbarinem laboratoriju, ki je moral biti
kaj vratolomen in vznemirljiv.

Slika 10: Vladarica Barbara Celjska se pridno smehlja za bodoce
rodove med koncilom v Konstanci, a med nasmehi si seveda misli
svoje.

Barbara je zavoljo tak$nih in drugac¢nih Laazovih
potegavscin resda kmalu prisla ob dober glas, saj se je v
Samoborju in Medvedgradu, seveda pa tudi v bliZznjem
Zagrebu, vrli bratje Hrvati Se dandanes spominjajo kot
¢rne kraljice.!' Iz njenega spodnjestajerskega okolja pa so
kmalu iz8li prvovrstni ucenjaki, ki so predavali predvsem
na Dunajski univerzi. Prvi med njimi je bil Bernhard Per-
ger iz S&vnice v Slovenskih goricah, po nemsko imeno-
vanih Stainz.'?

Slika 11: Samoborski grad od znotraj v dana$njem stanju: kaj neki
je ostalo od Barbarinega letnega laboratorija?

Slika 12: Tloris gradu Samobor formalno v posesti Celjske hise,
kjer si je Barbara Celjska uredila znameniti kletni laboratorij.

V Pergerjevih deskih letih se je dokon¢no skrhala
dotedanja mo¢ njegovih gospodarjev, knezov celjskih. Ob
zacetku Pergerjevih najstniskih let je lepe oci zatisnila
mogocna cesarica Barbara Celjska, dobrih pet let za njo
pa Se njen necak Ulrik kot zadnji Celjan. Eden od povo-
dov za celjski danes in nikoli ve¢ je bila pomanjkljiva skrb
za univerzitetno izobrazbo, saj Celjani kljub silni moci in
znanju niso obvladovali nobenega univerzitetnega mesta,
niti se niso posebej trudili za ustanovitev kakSne nove uni-
verze. Tako se je Perger slaba tri leta po umoru Ulrika
Celjskega leta 1459 odpravil po znanje na dunajsko uni-

Juzni¢: Kemijski laboratorij celjske kraljice ...
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verzo, ki je prav tedaj slovela po Peuerbachovih in Regio-
montanusovih predavanjih. Perger je bil humanist bolj ita-
lijanske usmeritve, ki si jo je prisvojil v mladih Studijskih
letih. Med njegovimi nasprotniki na dunajski univerzi je
bil predvsem nemski humanist Konrad Celtis, ki je nasega
junaka v zbadljivi pesmi imenoval celo »zahrbtnega Slo-
vana«.

Slika 13: Triindvajsetletna kraljica Barbara Celjska na koncilu v
Konstanci

3. Zakljucek

Ceravno nimamo vpogleda ne v Barbarino zbirko
eksperimentalnih naprav, ne v naravoslovni del njene knj-
iZznice, si vendarle lahko predstavimo okoli$¢ine njene
raziskovalne vneme. Kemijski in alkimisticni vzgibe
njenih snovanj utegnejo biti naravnost vznemirljivi.
Barbarin druZzbeni poloZaj je bil seveda nekajkrat previ-
sok, da bi si belila glavo z objavljanjem doseZkov, ki pe-
stijo vsakdan navadnih smrtnikov. Gotovo bo dodatno
predstavo o njih kmalu bolje predocil ohranjeni del njene
zasebne korespondence skupaj z obracuni njenih nemajh-
nih izdatkov ob nabavah pripomockov za poskuse in ke-
mijskih snovi.
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Abstract

Chemical Laboratory of Celje Queen (at 580™ Anniversary of Bohemian coronation
of Queen Barbara of Celje)

Barbara of Cilli was certainly the richest female alchemist of all times. The article tries to explain what kind of experi-
ments she carried out in her laboratory and indicate which technical chemical plant she likely has used. The major part
of her expensive tools was made from easily breakable materials, therefore any contemporary pursuit to locate them will
be probably in vain, because there is not much hope for their preservation.

Keywords: Barbara of Cilli, History of Alchemy, 15™ Century, Cilli, Bohemia, Samobor in Croatia
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POROCILO PREDSEDNIKA SLOVENSKEGA KEMIJSKEGA DRUSTVA
O DELU DRUSTVA V LETU 2016

V letu 2016 je bilo drustvo aktivno na Stevilnih po-
drocjih. Morda smo bili e vedno delezni nekaterih pozi-
tivnih vplivov na delovanje druStva (mednarodno leto ke-
mije, 60-letnica ustanovitve drustva, 60-letnica izdajanja
drustvene revije Acta Chimica Slovenica). Prav tako pa se
na zalost Se vedno cuti gospodarska in ekonomska kriza,
kar smo Se posebej bolece obcutili konec leta 2016, ko
smo prejeli obvestilo ARRS, da so nam sicer odobrili ena-
ko finan¢no pomo¢ pri izdajanju drusStvene revije za na-
slednji dve leti (2017 in 2018), vendar se zaradi nez-
mozZnosti proracuna Republike Slovenije znesek zmanjsa
za skoraj 40 odstotkov (na 18.142 EUR letno).

Slovenski kemijski dnevi so bili v letu 2015 prvic¢
organizirani v Ljubljani, na novi Fakulteti za kemijo in ke-
mijsko tehnologijo Univerze v Ljubljani, v skupni organi-
zaciji Slovenskega kemijskega drusStva in FKKT Univerze
v Ljubljani, v letu 2016 pa smo jih po nekaj letih spet or-
ganizirali v Portorozu, v Kongresnem centru Metropol, od
28. do 30. septembra. UdeleZenci konference so bili z iz-
biro lokacije zelo zadovoljni, zato bodo Slovenski kemij-
ski dnevi 2017 tudi organizirani v PortoroZu.

Programski odbor, ki sem mu predsedoval, v njem
pa so bili Se prof. Marija Bester Rogac, prof. Zorka Novak
Pintari¢, prof. Marjan Veber in prof. Janez Plavec, je pri-
pravil zanimivo in kvalitetno srecanje. Na posvetovanju je
bilo predstavljenih ve¢ kot 100 prispevkov v obliki preda-
vanj in posterjev. Delo je potekalo plenarno in v dveh
vzporednih sekcijah. UdeleZenci konference so bili zelo
zadovoljni s kvaliteto znanstvenih in strokovnih prispev-
kov. Na konferenci je sodelovalo 17 sponzorjev. Posebej
Zelim omeniti in se zahvaliti druzbi Kemomed d.o.o., ki je
bila ob svoji 20-letnici delovanja glavni sponzor nase kon-
ference.

Prenarni predavatelji so bili: prof. Vojko Vlachy,
FKKT Univerze v Ljubljani; prof. Jézsef Karger-Kocsis,
Fakulteta za inZenirstvo Univerze za tehnologijo in eko-
nomiko iz Budimpeste; Prof. Thomas Carell, LM Uni-
verza Miinchen; Prof. Claus Hélix-Nielsen, FKKT Uni-
verze v Mariboru in Danska tehni¢na univerza, Lyngby ter
Prof. Anton Meden, FKKT Univerze v Ljubljani.

Poleg petih plenarnih predavanj je bilo sedem polur-
nih »keynote« vabljenih predavanj (Franc Perdih, Miha
Grilc, Matej Hus, Ivanka Jerié, Jurij Svete, Bojan Pa-
hor in Natasa Zabukovec Logar) ter dva promocijska
seminarja.

V letniku Acta Chimica Slovenica 2016(63) so
iz8le §tiri Stevilke s skupno 108 originalnimi znanstvenimi
in strokovnimi prispevki na skupno 720 straneh z dvoko-
lonskim tiskom. Tretja Stevilka je bila posvecena tragi¢no

preminulemu direktorju Kemijskega instituta, profesorju
Janku Jamniku. V uredniStvo je prispelo preko 1200 pris-
pevkov, vendar jih na zacetku zaradi neustrezne tehni¢ne
priprave in dokumentacije zavrnemo ve¢ kot 80 % brez re-
cenzije. Slaba polovica recenziranih ¢lankov je pozitivno
ocenjenih. Objavljeni ¢lanki pokrivajo aktualna podrocija
organske, anorganske, fizikalne in analizne kemije, kemi-
je materialov, kemijskega, biokemijskega in okoljskega
inZenirstva ter sploSne, uporabne in biomedicinske kemi-
je. Pisani so v angleSkem jeziku s slovenskim povzetkom.
V slovenskem delu revije — Drustvenih vesteh, so bila ob-
javljena sekcijska porocila, ter seznam diplomskih, magi-
strskih in doktorskih del na SirSem podrocju kemije v letu
2016 na slovenskih univerzah. V drustvenih vesteh sta bi-
la objavljena tudi dva slovenska strokovna prispevka o
sintezni biologiji za proizvodnjo biobutanola in o prvih
korakih Nikole Tesle v kemijske vede. Faktor vpliva (Im-
pact Factor) za Acta Chimica Slovenica za leto 2015 znaSa
IF = 1,167 in se je ob prizadevnemu delu urednikov precej
zvisal (IF = 0,61 za 2014).

Na internetu na strani http://acta.chem-soc.si objav-
ljamo elektronsko verzijo Acta Chimica Slovenica, kar
povecuje branost ter mednarodno odmevnost revije. Clan-
ki, objavljeni v ACSi, so povzeti Se v Chemical Abstracts
Plus, Current Contents (Physical, Chemical and Earth
Sciences), Science Citation Index Expanded in Scopus.

Ob izidu vsake Stevilke se je sestal uredniSki odbor.
Clani so pregledali opravljeno delo, nadrtovali naslednje
Stevilke in usklajevali uredniSko politiko. V letu 2016 so
potekale priprave na tematsko Stevilko Cutting Edge, ki
bo izsla septembra 2017. Zanjo je do oktobra 2016 prispe-
lo 14 prispevkov mlajsih raziskovalcev, vecina ¢lankov je
Se v recenzentskem postopku.

Zaceli smo pripravljati posveceno Stevilko akademi-
ku profesorju Mihi Tislerju ob njegovem 90. rojstnem
dnevu; izbran je bil uredniski odbor in poslana obvestila
vabljenim avtorjem. Za to posveceno Stevilko je predvide-
na Cetrta Stevilka v letu 2017. Prav tako smo zaceli urejati
uporabo licence Creative Commons v letu 2017, ki ureja
avtorske pravice objavljenih ¢lankov.

Konec leta 2014 in v zacetku 2015 smo prenovili
drustveno domaco stran, ki je zdaj moderneje urejena in
optimalno deluje na razli¢nih napravah (racunalniki, tab-
li¢ni racunalniki, pametni telefoni). Upam, da vam boZzje
vec, predvsem pa je pomembno to, da so vse informacije
(o drustvu, o njegovih aktivnostih, o preteklih in bodocih
dogodkih, vstopno mesto za revijo Acta Chimica Sloveni-
ca, vstopno mesto za infomacije o Slovenskih kemijskih
dnevih) dostopne na enem mestu, na domaci strani
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drustva.

Nekaj informacij o financiranju izdajanja Acta Chi-
mica Slovenica in na splosno o financah za delovanje
drustva. Nekaj let smo zbirali presezke v poslovnem skla-
du za “tezke Case”. Za leto 2015 smo precej ve¢je odhodke
Se uspeli pokriti s sredstvi iz poslovnega sklada. Sofinan-
ciranje izdajanja ACSi s strani ARRS za leti 2015 in 2016
je bilo na letni ravni za ve¢ kot 9.000 EUR niZja od
prejSnje letne pogodbene vrednosti za leti 2013 in 2014.
Kot povedano Ze zgoraj, pa se je pogodbena vrednost za
leti 2017 in 2018 na letni ravni zniZala Se za pribliZno
11.000 EUR. NiZja pogodbena vrednost je posledica
zmanjsanja sredstev, ki jih drzava namenja za financiranje
slovenske znanosti preko ARRS. Upamo, da bomo del iz-
pada sredstev drZave uspeli pokriti iz prihodkov konferen-
ce Slovenski kemijski dnevi.

Zahvaljujem se inStitucijam, ki finan¢no podpirajo
njeno izdajanje (obe FKKT (Ljubljana in Maribor)), Ke-
mijski inStitut, Institut Jozef Stefan in Fakulteta za farma-
cijo Univerze v Ljubljani; z objavo oglasa so v letu 2016
od slovenskih podjetij pomagali Krka iz Novega mesta,
Donau Lab Ljubljana in MTI Pavli¢ d.o.o. iz Novega me-
sta. Najvecji finan¢ni podpornik je Se vedno drzava Slove-
nija preko dvoletne pogodbe o sofinanciranju. Kot pove-
dano zgoraj, pa so se finan¢na sredstva v nekaj letih vec
kot prepolovila.

V aprilu 2015 je bilo Slovensko kemijsko drustvo na
letni skups¢ini, ki je potekala v Ljubljani, sprejeto v
ECTNA - European Chemistry Thematic Network As-
sociation. V letu 2016 smo se udeleZili letne skupscine, ki
je potekala v Gdansku na Poljskem.

Clani Slovenskega kemijskega druitva so bili v letu
2016 zelo dejavni na podro¢ju mednarodnega sodelova-
nja. Poleg dvostranskega sodelovanja s kemijskimi drustvi
sosednjih in drugih srednjeevropskih drzav, je bilo po-
membno delovanje nasih ¢lanov v mednarodnih zdruZen-
jih TUPAC, EuCheMS, EFCE, EPF in ECA. Nekatere po-
membne aktivnosti:

1. 6. EuCheMS evropski kemijski kongres, 11. do 15.
september 2016, Sevila, §panija;

2. pred EuCheMS kongresom je 10. in 11. septembra
potekala generalna skups$¢ina EuCheMS);

3. Letno sre¢anje [UPAC ChemRAWN odbora, 30. ju-
nij in 1. julij 2016, Bergen, Norveska (udelezil se ga
je titularni ¢lan V. Kaucic);

4. TUPAC CHEMRAWN XXI (21* IUPAC Conference
on Chemical Research Applied to World Needs,
World Conference on Solid Urban Waste Manage-
ment) je potekala aprila 2016 v Rimu, Italija (kot
¢lan Future Action Committee-ja konference se je
sre¢anja udelezil V. Kaucic);

5. Letna skupS¢ina ECTNA je potekala od 24. do 26.
aprila 2016 v Gdansku na Poljskem (udeleZila sta se
je M. Veber in V. Kaucic);

6. 48. Mednarodna kemijska olimpijada je bila julija
2016 v Thilisiju, Gruzija. Nasi dijaki so dosegli od-

licne rezultate: Uro§ PreSern (gimnazija Novo me-
sto) je dobil srebrno medaljo, Tristan Kovaci¢ (gim-
nazija Novo mesto), Martin Rihtarsi¢ in Vid Kermelj
(oba gimnazija Skofja Loka) pa so dobili bronaste
medalje. Vsem cestitke za ta uspeh! Mentorja ekipe
sta bila dr. Andrej Godec in dr. Darko Dolenc, oba
FKKT, Ljubljana;

7. European Symposium on Computer Aided Process
Engineering — ESCAPE-26 je potekal v Portorozu
od 12. do 15. junija 2016. Konferenco je organiziral
je prof. Zdravko Kravanja s sodelavci iz FKKT Uni-
verze v Mariboru;

8. 46"™ TUPAC World Polymer Congress (MACRO
2016) je potekal od 17. do 21. julija 2016 v Istanbu-
lu, Turcija.

V Ljubljani, 14. 3. 2017
Venceslav Kaucic

Porocilo o delu Sekcije mladih kemikov
za leto 2016

Sekcija mladih kemikov je namenjena Studentom
vseh treh stopenj in drugih strokovnjakom na podrocju ke-
mije in sorodnih ved do 35 let. V Sekcijo mladih kemikov
je bilo do konca leta 2016 v¢lanjenih 59 ¢lanov, kar je za
Sest vec kot preteklo leto. Z letom 2016 je Sekcija mladih
kemikov SKD postala ¢lanica novonastale svetovne mre-
Ze mladih kemikov IYCN (International Younger Che-
mist’s Network), ki deluje v sklopu IUPAC. Posamezni
¢lani SMK so bili tudi izvoljeni v organe in delovne sku-
pine IYCN.

Znotraj delovnih skupin SMK smo se ¢lani sreceva-
li v prostorih Kemijskega inStituta in UL FKKT. Med
glavnimi dejavnosti SMK v letu 2016 bi izpostavil zlasti
promocijo naravoslovja med osnovnoSolskimi ucenci.
Clani SMK so aktivno sodelovali z Javnim zavodom RTV
Slovenija pri oblikovanju vsebin s podro¢ji naravoslovja,
zlasti pri demonstraciji naravoslovnih poskusov za oddajo
Firbcologi in Male sive celice.

Clani Sekcije mladih kemikov smo v sodelovanju s
¢lani Sekcije za spektroskopijo SKD in Katedro za analiz-
no kemijo UL FKKT oblikovali in izvedli delavnico za
udence osmega in devetega razreda OS, ki obiskujejo iz-
birna predmeta Kemija v $oli in Kemija v Zivljenju.

Ale§ Zupandic,
predsednik Sekcije mladih kemikov
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Porocilo o delu komisije za slovensko
kemijsko terminologijo in nomenklaturo
v letu 2016

Komisija za slovensko kemijsko terminologijo in
nomenklaturo je tudi v preteklem letu sodelovala pri delu
TehniSke komisije Sekcije za terminoloske slovarje pri In-
stitutu za slovenski jezik ZRC SAZU. Clani tehniske ko-
misije za podrocje kemije in kemijske tehnologije so An-
drej Smalc in Leon Celik iz ljubljanske ter Peter Glavi¢ iz
mariborske podruZnice Slovenskega kemijskega drustva.

V letu 2016 se je nadaljevalo sodelovanje pri novi
izdaji sploSnega tehniSkega slovarja, ki obsega tudi pri-
pravljanje gradiva s podrocja kemije, kemijske tehnologi-
je in kemijske tehnike. Po reorganizaciji leta 2014 se delo
opravlja dopisno, osnovno gradivo s pripombami ¢lanov
pa se obravnava na rednih sejah po tri ure tedensko. V letu
2016 je bila dokon¢ana obdelava gesel crke O.

Nadaljevalo se je tudi pripravljanje gradiva za predvi-
deni slovarkemijske tehnike. Slovar bo obsegal pomem-
bnejSe pojme s tega podrocja in bopredstavljal pomembno
dopolnitev sploSnega tehniSkega slovarja. Delo je zelo ob-
sezno, saj z naglim razvojem vseh podrodij tehnike sproti
nara$ca tudi Stevilo novih pojmov, ki jih je treba Se termino-
losko obdelati. Slovar pripravlja ozja (Stiri¢lanska) skupina
¢lanov SirSe Tehniske komisije (v sestavi P. Glavic, A.
Smalc, L. Celik za kemijo in kemijsko tehnologijo in A.
Skusek za mehanski del procesne tehnike) na rednih sejah,
ki so na Institutu za slovenski jezik pri ZRC SAZU dvakrat
mesecno po dve uri. Glavnina dela se opravi doma, na vsaki
seji se obravnavajo vnaprej pripravljena in obdelana gesla,
njihovi popravki in dopolnitve pa se dokon¢no obravnavajo
na naslednji seji ob pregledu zapisnika. Na ta nacin se je de-
lo precej pospesilo, tako da je bilo v letu 2016 dokon¢no ob-
delano in vneseno v slovar vse gradivo do vkljuéno &rke Z —
skupaj 1012 gesel, pri ¢emer je treba omeniti, da so tu vSteta
tudi nekatera Ze prej obdelana, ki so bila le popravljena. De-
lo se nadaljuje z obdelavo manjkajocih gesel, ki so se poja-
vila vzporedno ob redni obdelavi Ze zbranih.

V letu 2016 so komisiji priskocili na pomo¢ Fakulte-
ta za kemijo in kemijsko tehnologijo Univerze v Ljubljani,
Fakulteta za kemijo in kemijsko tehnologijo Univerze v
Mariboru, Helios Koli¢evo, Lek Ljubljana, Krka Novo
mesto in Melamin Kocevje, s prispevki v skupnem znesku
4100 EUR. Zaradi pomanjkanja sredstev za delo poteka
priprava slovarja kemije in kemijske tehnike preteZno pro
bono, saj smo mnenja, da bi bilo $koda prekiniti delo, ki je
do prakti¢no treh Cetrtin Ze opravljeno in je za dokon¢no
slovaropisno obdelavo pripravljenih Ze okrog 7600 gesel.

Poleg rednega dela v zvezi s slovarjem je komisija v
preteklem letu strokovno pregledala Se standarde SIST
ISO 80000-2 Matematika, 80000-4 Mehanika, 80000-5
Termodinamika ter 80000-9 Atomska in jedrska fizika
(prav tako pro bono). Nova izdaja standarda SIST ISO
80000 postopno nadomesca izdajo SIST ISO 80000 iz ob-
dobja 20082013.

Za leto 2017 je predvideno nadaljnje sodelovanje pri
pripravi gradiva za novo izdajo Slovenskega tehniSkega
slovarja in dodatno zbiranje in obdelavo gradiva za novi
slovar kemijske tehnike ter zacetek kon¢nih redakcijskih
del v zvezi s pripravo racunalniSke oblike slovarja za obja-
vo na spletu, ki bo omogocala sprejemanje pripomb in no-
vih gesel ter s tem sprotno dopolnjevanje slovarja.

Andrej Smalc

Porocdilo o delu sekcije Eurachem Slovenija

Kakovost proizvodov in Zivljenja prebivalcev RS je
v veliki meri odvisno od meritev, ki jih opravljajo kemij-
ski laboratoriji v industriji (kakovost proizvodov in hrane,
varovanje okolja), zdravstvu, raziskovalnih inStitutih, fa-
kultetah in drugih laboratorijih v javnem in zasebnem sek-
torju. Zagotavljanje primerljivosti rezultatov meritev je ta-
ko ena klju¢nih potreb vsake druzbe, vpete v globalni
svet. Laboratoriji dokazujejo svojo usposobljenost z akre-
ditacijo po mednarodnih standardih kot npr ISO EN
17025: General requirements for the competence of te-
sting and calibration laboratories, pri tem pa so kljucni
mednarodni strokovni standardi in strokovna harmonizi-
rana vodila. EURACHEM aktivno deluje na podrocju pri-
prav harmoniziranih vodil za (bio) kemijske laboratorije,
ki temeljijo na klju¢nih mednarodnih dokumentih, kot sta
“JCGM 200:2012 International vocabulary of metrology
— Basic and general concepts and associated terms (VIM)
in Guide to the Expression of Uncertainty in Measure-
ment (GUM). Delo EURACHEMa poteka v ve¢ delovnih
skupinah, Raziskovalci in strokovnjaki iz Slovenije so ak-
tivno vkljuCeni v tri delovne skupine (Validacija analit-
skih postopkov, Medlaboratorijska preskuSanja in Izo-
brazevanje), prav tako pa sodelujemo kot polnopravni ¢la-
ni z volilno pravico na vsakoletni Generalni skupscini.
Prenos znanja v slovensko okolje se izvaja preko enod-
nevnih seminarjev, Sol kakovosti, predavanj Studentom ter
ciljanim izobraZevanjem na zahteve posameznih laborato-
rijev. V letu 2016 se je na seminarjih povecalo Stevilo ude-
lezencev iz laboratorijev v zdravstvu, predvsem na Soli
kakovosti v organizaciji SIQ. To usposabljanje je Zborni-
ca laboratorijske medicine Slovenije ovrednotila z 20
tockami SILM. Od 28. 3. do 8. 5. 2016 je na evropski rav-
ni za naSe ¢lane potekal brezplacen e-seminar o merilni
negotovosti. Dr. Nineta Hrastelj Majcen se je udeleZila ge-
neralne skupsc¢ine EURACHEM v Gentu v Belgiji, od
10.5. do 13. 5. 2016. V letu 2016 pa so potekale aktivne
priprave nekaterih ¢lanov drustva za izvedbo delavnice
»9" Proficiency testing in analytical chemistry, microbio-
logy and laboratory medicine — Current Practice and Futu-
re Directions«, ki bo od 9.—12. oktobra 2017 v PortoroZu.

Dr. Nineta Hrastelj
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Porocilo Sekcije za kristalografijo za leto
2016

Sekcija za kristalografijo pri Slovenskem kemij-
skem drustvu je v letu 2016 sodelovala s hrvaskim krista-
lografskim drustvom iz Zagreba pri organizaciji 24. zapo-
rednega srecanja slovenskih in hrvaskih kristalografov.
Srecanje je potekalo na hrvaskem v Bolu na Bracu. Kot
vsako leto je bila tudi tokrat udelezba mednarodna, zato je
bil uradni jezik sre¢anja anglescina. S skupnim trudom s
hrvaskimi kolegi pa smo uspeli organizirati srecCanje s
sredstvi donatorjev in sponzorjev tako, da smo obdrzali
tradicijo, da za udeleZence kotizacije ni bilo.

Podobno kot na prej$njih konferencah, so se tudi to-
krat povabilu za sodelovanje odzvali ugledni, mednarodno
uveljavljeni plenarni predavatelji. To so bili Mariusz Ja-
skolski (Poznan, Poljska), »Handling crystal pathologies
in macromolecular crystallography«; Lee Brammer (Shef-
field, ZdruZeno kraljestvo), »Flexibility, Dynamics and
Chemical Reactions in Solids: Molecular Crystals to Fra-
mework Materials«; Goran Drazi¢ (Ljubljana, Slovenija),
»Direct imaging and quantification of crystal structures at
the atomic level using C, corrected scanning transmission
electron microscope«; Michele Zema (Chester, ZdruZeno
kraljestvo), »Crystallography and Society: outcomes of
IYCr 2014«; Zeljko Skoko (Zagreb, Hrvaska), »Thermo-
salient crystals — acrobatics on the nanoscale«.

Konferenca je bila po udelezbi rekordna. UdeleZilo
se je je 98 kristalografov, ki so s kakovostnimi prispevki v
obliki krajSih predavanj osvetlili Stevilna podrocja krista-
lografije. Srecanje je bil tako spet priloZnost za izmenjavo
spoznanj, navezavo stikovin intenzivno ucenje mlajsih ko-
legov.

Zaradi omejenih sredstev v raziskovalnih programih
ni projektih, se slovenski kristalografi v letu 2016 Zal ni-
smo mogli udeleZiti drugih srecanj, kjer smo sicer pogo-
sto prisotni (Evropsko kristalografsko srecanje ECM30 v
Baslu in Evropske konference o praskovni difrakciji
EPDICI15 v Bariju).

Aktivno poteka delo za pripravo jubilejnega 25. Slo-
vensko-hrvaskega kristalografskega sreCanja, ki bo juni-
ja2017 v Ljubljani. Srec¢anje bo potekalo v prostorih nove
stavbe Fakultete za kemijo in kemijsko tehnologijo, ki je
glavni institucionalni soorganizator srecanja. Trenutno
stanje prijav kaZe, da bo dogodek uspesen tako po udelez-
bi kot po vsebini.

prof. dr. Anton Meden

Sekcija za Zivilsko kemijo

Clani Sekcije za Zivilsko kemijo so v letu 2016 so-
delovali s prispevki na Slovenskih kemijskih dnevih, ki jih
je organiziralo Slovensko kemijsko druStvo v Portorozu.
Aktivno smo sodelovali tudi pri razli¢nih dejavnostih

Sekcije za zivilsko kemijo (Food Chemistry Division,
FCD) Evropskega zdruzenja za kemijske in molekularne
znanosti (European Association of Chemical and
Molecular Sciences - EuCheMS), kjer predstavljamo Slo-
vensko kemijsko drusStvo. V okviru tega smo med drugim
sodelovali pri izborih tematik mednarodnih simpozijev, ki
jih organizira FCD. Med te aktualne tematike spadajo: no-
va zivila in nanomateriali, bioaktivne sestavine in mikro-
nutrienti, kemijske reakcije in interakcije sestavin v Zivil-
ih, Zivilska kemija in bioekonomija, kakovost in varnost
hrane, funkcionalna zivila in sestavine s funkcionalnimi
lastnostmi, pigmenti in aditivi v Zivilih, potvorbe, avten-
ticnost in sledljivost in nove metode v Zivilski kemiji.
Poleg tega smo bili ¢lani Sekcija za Zivilsko kemijo ak-
tivni tudi na podrocju izobraZevanja in popularizacije
kemije in Se posebej Zivilske kemije. Te aktivnosti smo
med drugim izvajali tudi na svojih inStitucijah, kjer smo
pripravili delavnice za osnovnoSolce in srednjeSolce.

V planu za leto 2017 smo predvideli aktivno udelez-
bo na mednarodnih simpozijih. Nacrtujemo vecjo udelez-
bo na EuroFoodChem XIX (Budimpesta, 4.-6. 10. 2017),
ki je najpomembnej$i simpozij, ki ga organizira FCD.
Tudi letos se bomo udeleZili sestanka FCD, kjer bomo
prestavili naSe delo in z ostalimi ¢lani FCD naredili nacrt
dela za prihodnje leto. Sekcija za Zivilsko kemijo bo v letu
2017 sodelovala na Slovenskih kemijskih dnevih, ki bodo
od 20. do 22. septembra v PortoroZu.

Irena Vovk
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KOLEDAR VAZNEJSIH ZNANSTVENIH SRECANJ

S PODROCJA KEMIJE IN KEMIJSKE TEHNOLOGIJE

2017
July 2017

2-5

Information:

2-6

Information:

2-17

Information:

2-8

Information:

3-6

Information:

Information:

7-10

Information:

9-13

Information:

9-13

Information:

SCIENTIFIC MEETINGS -

CHEMISTRY AND CHEMICAL ENGINEERING

4™EUCHEMS INORGANIC CHEMISTRY CONFERENCE - EICC-4
Copenhagen, Denmark
http://www.euchems.eu/events/4th-euchems-inorganic-chemistry-conference-eicc-4/

INTERNATIONAL SYMPOSIUM ON MACROCYCLIC AND SUPRAMOLECULAR
CHEMISTRY IN CONJUNCTION WITH ISACS: CHALLENGES IN ORGANIC
MATERIALS & SUPRAMOLECULAR CHEMISTRY

Cambridge, United Kingdom
http://www.rsc.org/events/detail/17933/international-symposium-on-macrocyclic-and-
supramolecular-chemistry-in-conjunction-with-isacs-challenges-in-organic-materials-and-
supramolecular-chemistry

16™ EUROPEAN POLYMER CONGRESS
Lyon, France
http://www.europolyfed.org/home

3RD INTERNATIONAL MASS SPECTROMETRY SCHOOL (IMSS)
Dubrovnik, Croatia
http://www.imss.nl/

2P INTERNATIONAL CONFERENCE ON NEW PHOTOCATALYTIC MATERIALS FOR

ENVIRONMENT, ENERGY AND SUSTAINABILITY (NPM -2)

Ljubljana, Slovenia
http://chem-soc.si/news-1/2.-mednarodna-konferenca-new-photocatalytic-materials-for-
environment-energy-and-sustainability-npm-2

ISSNP 2017 — INTERNATIONAL SUMMER SCHOOL ON NATURAL
PRODUCTS

Naples, Italy

http://www.issnp.org/

10™ INTERNATIONAL SYMPOSIUM ON CATALYSIS IN MULTIPHASE REACTORS
(CAMURE-10) & 9™ INTERNATIONAL SYMPOSIUM ON MULTIFUNCTIONAL
REACTORS (ISMR-9)

Tsingtao (Qingdao), PR China

http://camure2017.csp.escience.cn/dct/page/1

16™ INTERNATIONAL MEETING ON BORON CHEMISTRY
(IMEBORON XVI)

Hong Kong, China

www.imeboron16.org

EuCOMC 2017 — 22"° EUROPEAN CONFERENCE ON ORGANOMETALLIC
CHEMISTRY

Amsterdam, The Netherlands

http://www.eucomc2017.amsterdam/
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9-14
Information:
23-27
Information:
23-29
Information:

24 -26

Information:

August 2017
13-17
Information:
16-18
Information:

20-23

Information:
27 -30
Information:

28 -31

Information:
28 — Sept. 1

Information:
28 — Sept. 2

Information:

September 2017
3-6

Information:

3-6
Information:
3-8

Information:

46™ TUPAC WORLD CHEMISTRY CONGRESS (IUPAC-2017)
Séo Paulo, Brazil
www.JUPAC2017.org

16™ ECSSC - 16™ EUROPEAN CONFERENCE ON SOLID STATE CHEMISTRY
Glasgow, UK
https://ecssc16.com/

RACI CENTENARY CONGRESS
Melbourne, Australia
http://www.racicongress.com

5™ INTERNATIONAL CONFERENCE ON GREEN CHEMISTRY
AND TECHNOLOGY

Rome, Italy

http://greenchemistry.alliedacademies.com/

SE2017 — 200 YEARS OF SELENIUM RESEARCH
Stockholm, Sweden
http://se2017.se/

CHEMICAL IDENTIFIER
Bethesda, MD United States
http://www.inchi-trust.org

GLS-13 — 13™ INTERNATIONAL CONFERENCE ON GAS-LIQUID AND
GAS-LIQUID-SOLID REACTOR ENGINEERING (GLS-13)

Brussels, Belgium

http://www.gls13.com/

EUROPACAT 2017
Florence, Italy
http://www.europacat2017.eu/index.html

17™ JUPAC INTERNATIONAL SYMPOSIUM ON MACROMOLECULAR COMPLEXES
(MMC-17)

Tokyo, Japan

http://www.waseda.jp/assoc-mmc17/

EuroAnalysis 2017
Stockholm, Sweden
http://euroanalysis2017.se/

11ICHC - 11™ INTERNATIONAL CONFERENCE ON THE HISTORY OF CHEMISTRY
Trondheim, Norway
http://www.ntnu.edu/11lichc

3%P EuGSC - 3%P EuCheMS CONGRESS ON GREEN AND SUSTAINABLE CHEMISTRY
York, UK
http://www.euchems.eu/events/3rd-eugsc-3rd-euchems-congress-on-green-adn-sustainable
-chemistry/

20™ INTERNATIONAL SYMPOSIUM ON INDUSTRIAL CRYSTALLIZATION
Dublin, Ireland
http://isic20.com/

215T EUROPEAN CONFERENCE ON THERMOPHYSICAL PROPERTIES
Graz, Austria
http://ectp2017.tugraz.at/

Drustvene vesti in druge aktivnosti



Acta Chim. Slov. 2017, 64, (2), Supplement S83

4-7 11 EUROPEAN CONFERENCE ON THEORETICAL AND COMPUTATIONAL
CHEMISTRY - 11EUCO-TCC
Barcelona, Spain

Information: http://www.11euco-tcc.org/

5-8 THERMODYNAMICS 2017
Edinburgh, UK

Information: http://www.thermodynamics2017.efconference.co.uk/

10-13 GDCh SCIENTIFIC FORUM CHEMISTRY 2017 - ANNIVERSARY CONGRESS »GDCh —
150 YEARS
Berlin, Germany

Information: https://veranstaltungen.gdch.de/tms/frontend/index.cfm?1=7210&modus=

10-14 81T PRAGUE MACROMOLECULAR MEETING
Prague, Czech Republic

Information: http://www.imc.cas.cz/sympo/81pmm/

11-14 EUROPEAN SYMPOSIUM ON COMMINUTION AND CLASSIFICATION 2017
[zmir-Seferihisar, Turkey

Information: http://efce.info/ESCC+2017.html

17 -20 BloodSurf2017
Clemson, SC United States

Information: http://www.ireviakine.net/Bloodsurf/

17-22 INTERNATIONAL SYMPOSIUM ON IONIC POLYMERIZATION - IP 2017
Durham, United Kingdom

Information: https://www.dur.ac.uk/soft.matter/ip2017/

19 CUTTING EDGE 2017
Ljubljana, Slovenia

Information: http://www.cutting-edge.si/

20-22 SLOVENIAN CHEMICAL DAYS 2017
Portoroz, Slovenia

Information: http://chem-soc.si/slovenski-kemijski-dnevi

24 -27 ECPC17 — 2ND EUROPEAN CONFERENCE ON PHYSICAL CHEMISTRY
Corsica, France

Information: http://ecpcl7.com/

2627 EuCheMS GENERAL ASSEMBLY
Rome, Italy

Information: http://www.euchems.eu/about-us/2017-general-assembly-rome-italy/

27-29 11™ INTERNATIONAL SYMPOSIUM ON BIOORGANIC CHEMISTRY (ISBOC-11)
Konstanz, Germany

Information: https://www.uni-konstanz.de/isboc-11/about-isboc-11/

October 2017

1-5 EPIC 2017 — 6™ EUROPEAN PROCESS INTENSIFICATION CONFERENCE 2017
Barcelona, Spain

Information: http://www.wccel0.org/index.php/en/

1-5 WCCEI10 — 10™ WORLD CONGRESS OF CHEMICAL ENGINEERING
INCORPORATING THE 11™ EUROPEAN CONGRESS OF CHEMICAL ENGINEERING
(ECCE11)
Barcelona, Spain

Information: http://www.wccel0.org/index.php/en/
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1-5
Information:
2-5
Information:
4-6
Information:

9-12

Information:
9-13
Information:

11-13

Information:
11-13
Information:
12-14

Information:

November 2017

5-9

Information:
26 -29

Information:

2018
February 2018
21-23

Information:

April 2018

15-18

Information:

4™ EUROPEAN CONGRESS OF APPLIED BIOTECHNOLOGY - ECAB3
Barcelona, Spain
http://www.wccel0.org/index.php/en/

7™ [UPAC INTERNATIONAL CONFERENCE ON GREEN CHEMISTRY
Moscow, Russian Federation
http://greeniupac2017.muctr.ru

XIX™ EUROFOODCHEM CONFERENCE
Budapest, Hungary
http://www.eurofoodchem2017.mke.org.hu/index.php

9™ WORKSHOP ON PROFICIENCY TESTING IN ANALYTICAL CHEMISTRY,
MICROBIOLOGY AND LABORATORY MEDICINE

Portoroz, Slovenia

http://eurachempt2017.eu/

POLYCHAR 25 — 25™ ANNUAL WORLD FORUM ON ADVANCED MATERIALS
Kuala Lumpur, Malaysia
http://www.25POLYCHAR .org.my

TUPAC-FAPS 2017 POLYMER CONGRESS ON SMART MATERIALS FOR EMERGING
TECHNOLOGY

Jeju Island, Republic of Korea

http://www.faps2017.org

5™ MS FOOD DAY
Bologna, Italy
http://www.spettrometriadimassa.it/Congressi/SMS-FoodDay/

EWCC 2017 - EAST-WEST CHEMISTRY CONFERENCE 2017
Skopje, Macedonia
http://ewcc2017.org/

HPLC 2017 — THE 46™ INTERNATIONAL SYMPOSIUM ON HIGH PERFORMANCE
LIQUID PHASE SEPARATIONS AND RELATED TECHNIQUES

Jeju Island, Republic Of Korea

http://www.hplc2017-jeju.org

EMEC 18 — 18TH EUROPEAN MEETING ON ENVIRONMENTAL CHEMISTRY
Porto, Portugal
http://emec18.eventos.chemistry.pt/

ChemCYS 2018 — 14™ CHEMISTRY CONFERENCE FOR YOUNG SCIENTISTS
Blankenberge, Belgium
http://chemcys.be/

PETROMASS 2018 — XI. INTERNATIONAL MASS SPECTROMETRY CONFERENCE
ON PETROCHEMISTRY, ENVIRONMENTAL AND FOOD CHEMISTRY

Bled, Slovenia

http://www.petromass2018.com/
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June 2018

4-6

Information:
4-7

Information:

July 2018
8-13

Information:

August 2018
26 -30

Information:

September 2018
16-19

Information:

October 2018
4-17
Information:
14-18
Information:
16 -21

Information:

IIS PRAGUE 2018 — 13™ INTERNATIONAL SYMPOSIUM ON THE SYNTHESIS AND
APPLICATIONS OF ISOTOPES AND ISOTOPICALLY LABELLED COMPOUNDS
Prague, Czech Republic

http://www.iis-prague2018.cz/

POLYMERS AND ORGANIC CHEMISTRY 2018 (POC 2018)
Montpellier, France
https://iupac.org/event/polymers-organic-chemistry-2018-poc-2018/

27™ [TUPAC INTERNATIONAL SYMPOSIUM ON PHOTOCHEMISTRY
Dublin, Ireland
https://iupac.org/event/27th-iupac-international-symposium-photochemistry/

ECC7 — 7™ EuCheMS CHEMISTRY CONGRESS
Liverpool, UK
https://www.euchems2018.org/

DISTILLATION & ABSORPTION CONFERENCE 2018
Firenze, Italy
http://www.aidic.it/da2018/

N-LIGANDS2018 — 7™ EuCheMS CONFERENCE ON NITROGEN-LIGANDS
Lisbon, Portugal
http://www.n-ligands2018.com/

14™ JUPAC INTERNATIONAL CONGRESS OF PESTICIDE CHEMISTRY
Rio de Janeiro, Brazil
https://iupac.org/event/14th-iupac-international-congress-of-pesticide-chemistry/

22NP INTERNATIONAL CONFERENCE ON ORGANIC SYNTHESIS (22-ICOS)
Florence, Italy
http://www.22-icos-florence.it
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Acta Chimica Slovenica

Author Guidelines

Submissions

Submission to ACSi is made with the implicit un-
derstanding that neither the manuscript nor the
essence of its content has been published in whole
or in part and that it is not being considered for
publication elsewhere. All the listed authors should
have agreed on the content and the corresponding
(submitting) author is responsible for having ensu-
red that this agreement has been reached. The ac-
ceptance of an article is based entirely on its scien-
tific merit, as judged by peer review. There are no
page charges for publishing articles in ACSi.

Submission material

Typical submission consists of:

o full manuscript (Word file, with title, authors,
abstract, keywords, figures and tables embed-
ded, and references);

e supplementary files:

- Statement of novelty (Word file),

- List of suggested reviewers (Word file),

— ZIP file containing graphics (figures, illustra-
tions, images, photographs),

- Graphical abstract (single graphics file),

- Proposed cover picture (optional, single
graphics file),

- Appendices (optional, Word files, graphics files).

Submission process

Submission process consists of 5 steps. Before
submission, authors should go through the chec-
klist at the bottom of these guidelines page and
prepare for submission:

Step 1: Starting the submission

e Choose one of the journal sections.

e Confirm all the requirements of the checklist.

e Additional plain text comments for the editor
can be provided in the relevant text field.

Step 2: Upload submission

e Upload full manuscript in the form of a Word file
(with title, authors, abstract, keywords, figures
and tables embedded, and references).

Step 3: Enter metadata

e First name, last name, contact email and affilia-
tion for all authors, in relevant order, must be
provided. Corresponding author has to be selec-
ted. Full postal address and phone number of
the corresponding author has to be provided.

e Title and abstract must be provided in plain
text.

e Keywords must be provided (max. 6, separated
by semicolons).

e Data about contributors and supporting agen-
cies may be entered.

e References in plain text must be provided in
the relevant text filed.

Step 4: Upload supplementary files

e Statement of novelty in a Word file must be
uploaded

e List of suggested reviewers with at least three
reviewers must be uploaded as a Word file.

e All graphics have to be uploaded in a single ZIP
file. Graphics should be named Figure 1.jpg, Fi-
gure 2.eps, etc.

e Graphical abstract image must be uploaded
separately.

e Proposed cover picture (optional) should be
uploaded separately.

e Any additional appendices (optional) to the
paper may be uploaded. Appendices may be
published as a supplementary material to the
paper, if accepted.

e For each uploaded file the author is asked for
additional metadata which may be provided.
Depending of the type of the file please provide
the relevant title (Statement of novelty, List of
suggested reviewers, Figures, Graphical ab-
stract, Proposed cover picture, Appendix).

Step 5: Confirmation
¢ Final confirmation is required.

Article Types

Review articles are welcome in any area of che-
mistry and may cover a wider or a more specialized
area, if a high impact is expected. Manuscripts nor-
mally should not exceed 40 pages of one column
format (letter size 12, 33 lines per page). Authors
should consult the ACSi editor prior to preparation
of a review article.

Scientific articles should have the following
structure:

Title (max. 150 characters),

Authors and affiliations,

Abstract (max. 1000 characters),
Keywords (max. 6),

Introduction,

Experimental (Results and Discussion),
Results and Discussion (Experimental),
Conclusions,

Acknowledgements (if any),

10. References.

The sections should be arranged in the sequence
generally accepted for publications in the respecti-
ve fields. Scientific articles should report significant

CONAUTRWN
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and innovative achievements and exhibit a high le-
vel of originality.

Short communications generally follow the same
order of sections, but should be short (max. 2500
words) and report a significant aspect of research
work meriting separate publication.

Technical articles report applications of an al-
ready described innovation. Typically, technical ar-
ticles are not based on new experiments.

Preparation of Submissions

Text of the submitted articles must be prepared
with Word for Windows. Normal style set to single
column, 1.5 line spacing, and 12 pt Times New Ro-
man font is recommended. Line numbering (conti-
nuous, for the whole document) must be enabled
to simplify the reviewing process. For any other
format, please consult the editor. Articles should be
written preferably in English. Correct spelling and
grammar are the sole responsibility of the aut-
hor(s). Papers should be written in a concise and
succinct manner. The authors shall respect the ISO
80000 standard, and IUPAC Green Book rules on
the names and symbols of quantities and units.The
Syst¢me International d'Unités (SI) must be used
for all dimensional quantities.

Graphics (figures, graphs, illustrations, digital
images, photographs) should be inserted in the
text where appropriate. The captions should be
self-explanatory. Lettering should be readable
(suggested 8 point Arial font) with equal size in all
figures. Use common programs such as Word Excel
to prepare figures (graphs) and ChemDraw to pre-
pare structures in their final size (8 cm for single
column width or 17 cm for double column width) so
that neither reduction nor enlargement is required.
In graphs, only the graph area determined by
both axes should be in the frame, while a frame
around the whole graph should be omitted. The
graph area should be white. The legend should be
inside the graph area. The style of all graphs
should be the same. Figures and illustrations
should be of sufficient quality for the printed ver-
sion, i.e. 300 dpi minimum. Digital images and
photographs should be of high quality (minimum
250 dpi resolution). On submission, figures should
be of good enough resolution to be assessed by the
referees, ideally as JPEGs. High-resolution figures
(in JPEG, TIFF, or EPS format) might be required if
the paper is accepted for publication.

Tables should be prepared in the Word file of the
paper as usual Word tables. The captions should
above the table and self-explanatory.

References should be numbered and ordered se-
quentially as they appear in the text, likewiise met-
hods, tables, figure captions. When cited in the
text, reference numbers should be superscripted,
following punctuation marks. It is the sole respon-

sibility of authors to cite articles that have been

submitted to a journal or were in print at the time

of submission to ACSi. Formatting of references to
published work should follow the journal style;
please also consult a recent issue:

1. J. W. Smith, A. G. White, Acta Chim. Slov. 2008,
55, 1055-1059.

2. M. F. Kemmere, T. F. Keurentjes, in: S. P. Nunes,
K. V. Peinemann (Ed.): Membrane Technology in
the Chemical Industry, Wiley-VCH, Weinheim,
Germany, 2008, pp. 229-255.

3. J. Levec, Arrangement and process for oxidizing
an aqueous medium, US Patent Number
5,928,521, date of patent July 27, 1999.

4. L. A. Bursill, J. M. Thomas, in: R. Sersale, C. Col-
lela, R. Aiello (Eds.), Recent Progress Report and
Discussions: 5th International Zeolite Conferen-
ce, Naples, Italy, 1980, Gianini, Naples, 1981,
pp. 25-30.

5. ]. Szegezdi, F. Csizmadia, Prediction of dissocia-
tion constant using microconstants, http://www.
chemaxon.com/conf/Prediction_of_dissociation
_constant_using_microco nstants.pdf, (asses-
sed: March 31, 2008)

Titles of journals shoud be abbreviated according to

Chemical Abstracts Service Source Index (CASSI).

Special Notes

e Complete characterization, including crystal
structure, should be given when the synthesis
of new compounds in crystal form is reported.

e Numerical data should be reported with the
number of significant digits corresponding
to the magnitude of experimental uncertainty.

e The SI system of units and IUPAC recom-
mendations for nomenclature, symbols and
abbreviations should be followed closely. Addi-
tionally, the authors should follow the general
guidelines when citing spectral and analytical
data, and depositing crystallographic data.

e Characters should be correctly represented
throughout the manuscript: for example, 1
(one) and | (ell), 0 (zero) and O (oh), x (ex), D7
(times sign), BO (degree sign). Use Symbol font
for all Greek letters and mathematical symbols.

e The rules and recommendations of the IUBMB
and the International Union of Pure and Ap-
plied Chemistry (IUPAC) should be used for
abbreviation of chemical names, nhomenclature
of chemical compounds, enzyme nomenclature,
isotopic compounds, optically active isomers,
and spectroscopic data.

e A conflict of interest occurs when an indivi-
dual (author, reviewer, editor) or its organiza-
tion is involved in multiple interests, one of
which could possibly corrupt the motivation for
an act in the other. Financial relationships are
the most easily identifiable conflicts of interest,
while conflicts can occur also as personal rela-
tionships, academic competition, etc. The Edi-
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tors will make effort to ensure that conflicts
of interest will not compromise the evaluation
process; potential editors and reviewers will be
asked to exempt themselves from review pro-
cess when such conflict of interest exists. When
the manuscript is submitted for publication, the
authors are expected to disclose any relations-
hips that might pose potential conflict of inte-
rest with respect to results reported in that ma-
nuscript. In the Acknowledgement section the
source of funding support should be mentioned.
The statement of disclosure must be provided
as Comments to Editor during the submission
process.

¢ Published statement of Informed Consent.
Research described in papers submitted to
ACSi must adhere to the principles of the Dec-
laration of Helsinki (http://www.wma.net/
e/policy/b3.htm). These studies must be
approved by an appropriate institutional re-
view board or committee, and informed con-
sent must be obtained from subjects. The Met-
hods section of the paper must include: 1) a
statement of protocol approval from an institu-
tional review board or committee and 2), a
statement that informed consent was obtained
from the human subjects or their representa-
tives.

¢ Published Statement of Human and Animal
Rights. When reporting experiments on human
subjects, authors should indicate whether the
procedures followed were in accordance with
the ethical standards of the responsible com-
mittee on human experimentation (institutional
and national) and with the Helsinki Declaration
of 1975, as revised in 2008. If doubt exists
whether the research was conducted in accor-
dance with the Helsinki Declaration, the authors
must explain the rationale for their approach
and demonstrate that the institutional review
body explicitly approved the doubtful aspects of
the study. When reporting experiments on ani-
mals, authors should indicate whether the insti-
tutional and national guide for the care and use
of laboratory animals was followed.

e Contributions authored by Slovenian scien-
tists are evaluated by non-Slovenian referees.

e Papers describing microwave-assisted reac-
tions performed in domestic microwave ovens
are not considered for publication in Acta Chimi-
ca Slovenica.

e Manuscripts that are not prepared and sub-
mitted in accord with the instructions for aut-
hors are not considered for publication.

Appendices

Authors are encouraged to make use of supporting
information for publication, which is supplementary
material (appendices) that is submitted at the sa-
me time as the manuscript. It is made available on

the Journal’s web site and is linked to the article in
the Journal’s Web edition. The use of supporting in-
formation is particularly appropriate for presenting
additional graphs, spectra, tables and discussion
and is more likely to be of interest to specialists
than to general readers. When preparing suppor-
ting information, authors should keep in mind that
the supporting information files will not be edited
by the editorial staff. In addition, the files should
be not too large (upper limit 10 MB) and should be
provided in common widely known file formats so
as to be accessible to readers without difficulty. All
files of supplementary materials are loaded sepa-
ratly during the submission process as supplemen-
tary files.

Proposed Cover Picture and
Graphical Abstract Image

Authors are encouraged to submit illustrations as
candidates for the journal Cover Picture as well as
graphical abstracts. Graphical abstract contains an
image that appears as a part of the entry in the
table of contents in both online and printed edition.
The pictures may be the same. The illustrations
must be related to the subject matter of the paper.
Usually both proposed cover picture and picture for
graphical abstract are the same, but authors may
provide different pictures as well.

Graphical content: an ideally full-colour illustra-
tion of resolution 300 dpi from the manuscript
must be proposed with the submission. Graphical
abstract pictures are printed in size 6.5 x 4 cm
(hence minimal resolution of 770 x 470 pixels).
Cover picture is printed in size 11 x 9.5 cm (hence
minimal resolution of 1300 x 1130 pixels).

Statement of novelty

Statement of novelty is provided in a Word file and
submitted as a supplementary file in step 4 of sub-
mission process. Authors should in no more then
100 words emphasize the scientific novelty of the
presented research. Do not repeat for this purpose
the content of your abstract.

List of suggested reviewers

List of suggested reviewers is a Word file submitted
as a supplementary file in step 4 of submission pro-
cess. Authors should propose the names, full affilia-
tion (department, institution, city and country) and
e-mail addresses of three potential referees. For
each reviewer at least one reference relevant to the
scientific field should be provided as well. Appro-
priate referees should be knowledgeable about the
subject but have no close connection with any of
the authors. In addition, referees should be from in-
stitutions other than (and preferably countries ot-
her than) those of any of the authors.

How to Submit

Users registred in the role of author can start sub-
mission by choosing USER HOME link on the top of

Drustvene vesti in druge aktivnosti



Acta Chim. Slov. 2017, 64, (2), Supplement

the page, then choosing the role of the Author and
follow the relevant link for start of submission.
Prior to submission we strongly recommend that
you familiarize yourself with ACSi style by browsing
the journal, either in print or online, particularly if
you have not submitted to the ACSi before or re-
cently.

Correspondence

All correspondence with the ACSi editor regarding
the paper goes through this web site and emails.
Emails are sent and recorded in the web site da-
tabase. All emails you receive from the system
contain relevant links. Please do not answer
the emails directly but use the embedded
links in the emails for carrying out relevant
actions. Alternatively, you can carry out all the
actions and correspondence through the online
system by logging in and selecting relevant op-
tions.

Proofs

Proofs will be dispatched via e-mail and corrections
should be returned to the editor by e-mail as
quickly as possible, normally within 48 hours of re-
ceipt. Typing errors should be corrected; other
changes of contents will be treated as new submis-
sions.

Submission Preparation Checklist

As part of the submission process, authors are re-
quired to check off their submission’s compliance
with all of the following items, and submissions
may be returned to authors that do not adhere to
these guidelines.

1. The submission has not been previously publis-
hed, nor is it under consideration for publica-
tion in any other journal (or an explanation has
been provided in Comments to the Editor).

2. All the listed authors have agreed on the con-
tent and the corresponding (submitting) aut-
hor is responsible for having ensured that this
agreement has been reached.

3. The submission files are in the correct format:
manuscript in MS Word; diagrams and graphs
are created in Excel and saved in one of the fi-
le formats: TIFF, EPS or JPG; illustrations are
also saved in one of these formats (See Aut-
hor guidelines for details).

4. The manuscript has been examined for spelling
and grammar (spell checked).

5. The title (maximum 150 characters) briefly
explains the contents of the manuscript.

6. Full names (first and last) of all authors toget-
her with the affiliation address are provided.
Name of author(s) denoted as the correspon-
ding author(s), together with their e-mail ad-
dress, full postal address and telephone/fax
numbers are given.

7. The abstract states the objective and conclu-
sions of the research concisely in no more than
150 words.

8. Keywords (maximum six) are provided.

9. Statement of novelty is prepared as a Word
file.

10. The text adheres to the stylistic and bibliograp-
hic requirements outlined in the Author gui-
delines.

11. Text in normal style is set to single column, 1.5
line spacing, and 12 pt. Times New Roman font
is recommended. All tables, figures and illu-
strations have appropriate captions and are
placed within the text at the appropriate
points.

12. Mathematical and chemical equations are pro-
vided in separate lines and numbered (Arabic
numbers) consecutively in parenthesis at the
end of the line. All equation numbers are (if ne-
cessary) appropriately included in the text.
Corresponding numbers are checked.

13. Tables, Figures, illustrations, are prepared in
correct format and resolution (see Author
guidelines).

14. The lettering used in the figures and graphs do
not vary greatly in size. The recommended let-
tering size is 8 point Arial.

15. Separate files for each figure and illistration are
prepared. The names (numbers) of the separa-
te files are the same as they appear in the text.
All the figure files are packed for uploading in a
single ZIP file.

16. Authors have read special notes and have accor-
dingly prepared their manuscript (if necessary).

17. References in the text and in the References
are correctly cited. (see Author guidelines).
All references mentioned in the Reference list
are cited in the text, and vice versa.

18. Permission has been obtained for use of cop-
yrighted material from other sources (including
the Web).

19. The names, full affiliation (department, institu-
tion, city and country), e-mail addresses and
references of three potential referees from in-
stitutions other than (and preferably countries
other than) those of any of the authors are
prepared in the word file.

20. Full-colour illustration or graph from the ma-
nuscript is proposed for graphical abstract.

21. Appendices (if appropriate) as supplementary
material are prepared and will be submitted at
the same time as the manuscript.

Privacy Statement

The names and email addresses entered in this
journal site will be used exclusively for the stated
purposes of this journal and will not be made avai-
lable for any other purpose or to any other party.

ISSN: 1580-3155
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Koristni naslovi

Slovensko kemijsko dru$tvo
www.chem-soc.si
e-mail: chem.soc@ki.si

Wessex Institute of Technology
www.wessex.ac.uk

SETAC

www.setac.org

European Water Association
http://www.ewa-online.eu/

European Science Foundation
www.esf.org

European Federation of Chemical Engineering
https://efce.info/

International Union of Pure and Applied Chemistry
https://iupac.org/

Novice europske zveze kemijskih drustev

(EuCheMS) najdete na:

EuCheMS: Brussels News Updates
http://www.euchems.eu/newsletters/
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Kemijska nomenklatura oz. poimenovanije kemij-
skih elementov in spojin je potrebno zato, da se
vsi, ki jih uporabljajo, med seboj lahko sporazu-
mevajo. Najpomembneijse pri tem je, da je poi-
menovanije spojin enotno in enoznacno, saj mo-
ra biti zagotovljeno, da si pod dolo¢enim ime-
nom vsi predstavljajo isto kemijsko spojino.

Z razvojem kemije in celotne splosne znanosti je
bilo v preteklosti odkritih ali sintetiziranih ogrom-
no Stevilo kemijskih spojin, kar se bo v prihod-
nosti brez dvoma nadaljevalo s e vedjo inten-
ziteto. Vzporedno z odkritji in raziskavami pa se
je razvijalo in prilagajalo tudi poimenovanije
kemijskih spojin. IUPAC (Mednarodna unija za
Cisto in uporabno kemijo) skrbi za vsklajeno de-
lovanje na tem podro¢ju. V predgovoru k origi-
nalu knjige, ki sledi letemu, je zato natanéno
opisano, kako je Mednarodna unija poimenova-
nje kemijskih spojin spremljala, zasledovala in

Izdajo pripravili
Neil G. Connellz, Ture Dambus
Richard M. Hartshorn, Alan T. Hutton

PRIPOROCILA IUPAC 2005
NOMENKLATURA
ANORGANSKE
KEMIJE

ISBN 978-961-90731-8-6
Obseg: 367 str.

spreminjala, kadar je bilo to potrebno zaradi
jasnosti ali moZnosti razliénih razumevani.

Pred nami je tako v letu 2008 prevod »Nomen-
clature of Inorganic Chemistry, IUPAC Recom-
mendations 2005« v slovenskem jeziku, le tri le-
ta po izidu izvirnika. Zadnja slovenska nomenk-
latura anorganske kemije je bila izdana leta
1986, njen obseg pa je bil 86 strani (brez pre-
glednic). Nova izdaja prevoda obsega skoraj
400 strani strokovno izjemno zahtevnega teksta.
Slovenski prevod je pripravil Andrej Smalc, z re-
cenzijo in z nekaterimi dodatnimi dejavnostmi v
zvezi_s pripravo za tisk pa mu je pomagal Pri-
moz Segedin. Za obsezno in strokovno korektno
opravlieno delo se obema iskreno zahvaljujem.

Venéeslav Kauci¢
Predsednik Slovensko kemijsko drustvo

Publikacijo lahko kupite v Slovenskem kemijskem drustvu,

Slovensko kemijsko drustvo
Slovenian Chemical Society

L&

Hajdrihova 19, 1000 Ljubljana

Narocilo oddate preko drustvene spletne strani:

http:/ /www.chem-soc.si/publikacije/nomenklatura-anorganske-kemije
Cena: 17,50 EUR
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Priro¢nik predstavlja monografije nevar-
nih kemikalij, opisuje njihove kemijske in fizi-
kalne lastnostih, prakti¢no uporabo ter nji-
hov vpliv na Zive organizme in okolje. Name-
njena je strokovnjakom, ki delujejo na po-
droc¢ju kemije, farmacije, veterine, agrono-
mije pa tudi poslovnim osebam, ki se ukvar-
jajo s proizvodnjo in prometom z nevarnimi
kemikalijami ter nadzirajo njihov promet.

Priro€nik nudi veliko koristih podatkov
osebam, ki so pogosto v stiku z naravnim
okoljem (lovci, ¢ebelarji, ribici, ekologi), ki
skrbijo za zaS¢ito rastlin (gozdarstvo, polje-
delstvo, sadjarstvo) in zivali (veterina). V tem
pogledu so posebno predstavljene kemikali-
je, katerih uporaba je dovoljena v Sloveniji
na podroc¢ju kmetijstva, sadjarstva in goz-
darstva.

Publikacija je izredno primer-
na kot ucbenik za Studente ke-
mije, kemijske tehnologije,
farmacije in drugih sorodnih
znanosti.

V publikaciji so zajete
zakonske dolo¢be glede
razvr§éanja in oznacevanja
kemikalij v prometu, obe-
nem z uredbo Evropskega
parlamenta in Sveta o razvrs-
¢anju, oznacéevanju in pakiranju
snovi ter zmesi, ki se zacne iz-
vajati za snovi s 1. decem-
brom 2010, za zmesi pa s 1.
junijem 2015.

Cena knjige v elektronski
obliki (CD-ROM) znasa 15 EUR funkcionalnih skupin.

Opisi posameznih kemikalij so oprem-
lieni tudi s CAS in s Stevilkami carinske tari-
fe, ki je usklajena s kombinirano nomenkla-
turo EU.

Vsebina knjige je prilagojena dosezkom
mednarodnih organizacij (Organizacija za
hrano in kmetijstvo — FAO, Organizacija za
ekonomsko sodelovanje in razvoj OECD,
Svetovna zdravstvena organizacija WHO...),
ki so v osemdesetih letih prejSnjega stoletja
postavljale temelje nove svetovne politike
pri obravnavi kemijskih snovi in njihovega
vpliva na ¢lovekovo okolje.

PriroCnik je rezultat dela strokovnjakov
Fakultete za farmacijo in Fakultete za kemijo
in kemijsko tehnologijo. Podatki so zbrani iz
razli¢nih virov, ki so bili dosegljivi v strokovni
literaturi, na spletnih straneh, v uradnih listih
in drugih sprejemljivih publikacijah.

Ker je takSen nacin obravnave nevarnih
kemikalij pripravljen v slovenscini, je knjiga
pomemben prispevek uresnievanju nacio-
nalnega programa o kemijski varnosti.

Avtorji knjige so Prof. Dr. Ale§ Krbav¢ic,
Prof. Dr. Ale$ Obreza, Prof. Dr. Marija Soll-
ner-Dolenc, Prof. Dr. Branko Stanov-

nik in Mag. Milan Skrlj.
Vsebinsko priroénik zaje-
ma opise blizu 800 kemikalij,
IUPAC kemijski nomenkla-
turni sistem za organske in
neorganske spojine, opis
svetovnega usklajenega si-
stema za razvrSéanje in oz-
nacevanje kemikalij (GHS),
mednarodni sistem merskih
enot, pregled aktivnih snovi in
preparatov za zascito rastlin regi-
striranih v RS in osnovne far-
makolosko toksikoloske last-
nosti nekaterih kemijskih
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Linen fiber felt useful as fiber material for preparation of fully bio-
based fiber reinforced composites. Actually described is the hydropho-
bic modification by bio-based treatment using natural Tung Oil. ‘See
more details on page 373
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