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The influences of organic compounds, supernatant, calcium phosphate and calcium fluoride on the morphology of calcium
sulfate hemihydrate were investigated in hydrothermal conditions by using calcium sulphate dihydrate of analytical grade as the
raw material, while the organic compounds and supernatant were obtained from phosphogypsum (PG). The influence of the
supernatant on the crystal growth was greater than the organic compounds. The crystal diameter increased and the aspect ratio
decreased, while the added amounts of calcium fluoride and calcium phosphate increased. The influence of calcium phosphate
on the crystal growth was more obvious than with calcium fluoride. Extremely non-uniform whiskers were observed when the
amount of calcium fluoride and calcium phosphate were 5 % and 3 % (w/%), respectively.
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Avtorji so v pric¢ujo¢em prispevku raziskovali vplive organskih spojin, plavajocih ostankov, kalcijevega sulfata in kalcijevega
fluorida na morfologijo kalcijevega sulfat polhidrida v hidrotermalnih pogojih. Kot surovino so uporabili sulfat dihidrat anali-
ti¢ne Cistosti. S to sintezo so dobili organske spojine in plavajoce ostanke iz fosfatnega gipsa (PG). Vpliv plavajocih ostankov na
rast kristalov je bil vecji kot vpliv organskih spojin. Premer kristalov je narasc¢al, medtem ko je razmerje med dolZino in
premerom kristalov padalo z nara§¢anjem dodatka kalcijevega fluorida oz. kalcijevega fosfata. Vpliv kalcijevega fosfata na rast
kristalov je bil ocitnejsi kot vpliv jedavca (kalcijevega fluorida). Vlakna skrajno nepravilnih oblik so nastajala, ko je bila
vsebnost kalcijevega fluorida in kalcijevega fosfata 5 % oz. 3 %.
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1 INTRODUCTION

Phosphogypsum (PG) is a major solid waste when
phosphoric acid (H;PO,) is manufactured using a wet
acid process, of which gypsum (CaSO4-2H,0) is the
major component.! About 4.5-5 kg of PG is generated
for every kg of P,Os produced. Almost 55 million tons of
PG are generated annually in China and its output is
estimated to be around 280 million tons worldwide per
year.>3 Currently, PG is applied in fields, as soil-stabili-
zation amendments, agricultural fertilizers, cement retar-
ders, building bricks/blocks and cementitious binders.**
However, the reuse proportion of PG is lower than 10 %,
while the vast majority of PG is dumped in large
stockpiles, which are exposed to weathering processes
without any treatment.> PG contains metals, organic
substances and other potentially toxic elements, which
have potential environmental impacts.’ Therefore, the
effective utilization of PG cannot only save the natural
gypsum, but protect the environment.® It will be of
interest to see the transformations of PG to obtain
high-value-added gypsum products.’
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Although six different gypsum phases are known,
only anhydrous calcium sulfate (AH, CaSO,), calcium
sulfate hemihydrate (HH, CaS0,-0.5H,0), and calcium
sulphate dihydrate (DH, CaSO4-2H,0) are the usually
encountered three phases.® Among gypsum products, HH
crystals have high economic value and have been widely
utilized.

Recently, much more attention has been paid to the
morphological control of HH crystals, since many
applications are dependent on the crystal morphology.?
For example, acicular HH crystals (whiskers) are widely
used as the reinforcing agent in many fields, such as in
rubbers, plastics, adhesives, friction materials, paper-
making and environmental protection.’!' Short columnar
crystals are used as a cementitious material for its supe-
rior workability and high strength, such as in ceramics,
molding, special binder systems, industrial arts and
architecture, as well as in the construction industry.’

The morphology of HH is usually influenced by pro-
cess parameters and organic/ inorganic additives.!>!¢

Han et al. investigated the influence of
Na,HPO,-12H,0 on the hydrothermal formation of HH
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whiskers from calcium sulfate dihydrate (CaSO,-2H,0)
at 135 °C." They observed that HH whiskers were pre-
pared at 135 °C for 2 h by adding 8.72 x 10 mol/L
Na,HPO,-12H,O. When the P,Os content was more than
0.6 %, it was difficult to obtain thin and high-aspect-ratio
whiskers.'® He et al. prepared HH whiskers in glycerol
solution, where the glycerol plays an important role in
promoting the dissolution of CaSO,2H,O and guiding
the growth of CaSO40.5H,O whiskers along the c-axis.®

The PG usually contains P, F, and organic com-
pounds, which will affect the morphology of HH. But the
details need to determined. In this work, the influences
of organic compounds and the supernatant of PG,
calcium phosphate and calcium fluoride on the morphol-
ogy of HH were investigated.

2 EXPERIMENTAL PART

Commercial calcium sulphate dihydrate, calcium
phosphate, calcium fluoride and sulphuric acid of analy-
tical grade were provided by Chengdu Kelong Chemical
Reagent Co. Ltd., China. PG was provided by Guangxi
Luzhai Chemical fertilizer Co. Ltd., China.

The X-ray diffraction (XRD) pattern and chemical
composition of the as-received PG are shown in Figure 1
and Table 1, respectively. The PG contained 50.37 % of
mass fractions of SOs, 39.60 % CaO, 7.99 % SiO,,
1.07 % P,0s, etc. The PG phases were mainly
CaS04-2H,0O (85.68 %), a minor amount of poorly
crystalline CaSO,-0.5H,0, and crystalline SiO,.

A 100 g of PG was added to 2000 mL of water and
stirred to obtain an organic compounds foam. The orga-
nics mainly came from the floatation reagent of phos-

Table 2 Chemical compositions of the supernatants (mg/L)

phorite, where the floatation reagent is a surface-active
agent. The supernatants were obtained from leaching PG
for (2, 4 and 6) h. The chemical compositions of the
supernatants are shown in Table 2, where the super-
natants contained some impurities (e.g., P, F, Na, etc).
The iron content was almost unchanged, while the
leaching time increased.

Table 1 Chemical composition of PG (w/%)

SrO
0.08

CaO | SO,
39.60150.37

Si0,
7.99

Png
1.07

A1203 FeZO3
0.51 | 0.21

K,O
0.13

MgO
0.04

The FT-IR spectra of the organics foam and the
supernatants are shown in Figure 2. It is clear that the
bands at 3270 cm™! and 1639 cm™! are assigned to the
OH of the water stretching modes and bending modes,
respectively. The band at 1120 cm™ can be assigned to
the organics stretching or bending modes. The band at
400 cm™ can be assigned to the hydrated ion stretching
or bending modes.

2.0 g DH and 40 mL water/supernatant were added
into a 50-mL Teflon stainless-steel autoclave. To some of
solution, calcium phosphate, calcium fluoride or the
organics were added. The reaction systems were stirred
with a glass rod, and then aged at 140 °C for 2 h. Finally,
the autoclaves were cooled down to room temperature
naturally, and the samples were filtered and then washed
with hot distilled water and dried at 100 °C for 5 h.

The morphologies of samples were characterized by
scanning electron microscopy (SEM, TM-1000, Hitachi,
Japan). The phases of the PG and the samples were
identified by X-ray powder diffraction (XRD) (X’pert
PRO, PANalytical, Netherlands) using Cu-K, radiation

Leaching time (h) As Ca K Mg Mn Na P Si Sr F Cl
2 0.16 | 371.28 8.53 7.39 0.641 17.79 2.14 1.49 2.54 0.26 10.27
4 0.16 | 322.70 | 8.50 7.25 0.59 16.74 2.04 1.25 2.25 0.27 10.29
6 0.18 311.10 | 8.27 10.08 0.63 16.90 2.46 1.30 2.40 0.21 10.29
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Figure 1: XRD pattern of received PG
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Figure 2: FT-IR spectra of the supernatant leached for: a) 2 h, b) 6 h
and c) the organics foam of PG
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Figure 3: SEM micrographs of the samples prepared with/without PG impurities: a) without the impurities, b) with the organics foam, c¢) with the

supernatant

(k = 0.154178 nm). The chemical compositions of the
supernatants were tested with an ion chromatograph
(Compact IC pro 881, Metrohm, Switzerland) and induc-
tively coupled plasma atomic emission spectroscopy
(ICP) (ICAP 6500, ThermofiShher scientific, UK).

3 RESULTS AND DISCUSSION
(1) Effects of PG impurities on the crystal growth

The SEM micrographs of the samples prepared
with/without PG impurities are shown in Figure 3. The
HH whiskers were obtained without the addition of PG
impurities (Figure 3a), with a 0.5-1.5 um diameter and a
3040 aspect ratio.

The formation mechanism of calcium sulfate
hemihydrates whiskers was a dissolution-recrystalli-
zation. The formation of the whiskers underwent a
three-stage process. Firstly, the homogeneous nucleation
of calcium sulfate hemihydrate took place; secondly,
self-assembly of calcium sulfate hemihydrate aggregated
co-oriented along their c axes; finally, the crystalline
grain grown occurred and the whiskers formed.!” Cal-
cium sulfate hemihydrate normally crystallizes in the
whiskers (1D shape) because the crystal lattice of cal-
cium sulfate hemihydrate consists of —-SO4—~Ca—-SO,~Ca-—
chains, with each S atom and four O atoms forming a
tetrahedron. These chains are hexagonally arranged and
form a framework parallel to the c axis, where one water
molecule is attached to every two calcium sulfate
molecules.!?

The HH whiskers were obtained by adding organics,
where the organics were obtained by adding PG to water
and stirring to produce the organics foam. The HH
crystals were obtained with about 0.2—4 um diameter and
an about 10-20 aspect ratio (Figure 3b).

The HH whiskers were obtained by adding super-
natant, where the supernatant was obtained by leaching
PG. The HH crystals were obtained with 0.2—4 pm in
diameter and an about 1-6 aspect ratio (Figure 3c).

The mechanism of impurities on the crystal morphol-
ogy control as through selective adsorption on specific
crystal planes to alter their surface energy. During the
hydrothermal process, the impurity molecules tend to
absorb on the polar crystal faces rather than on the
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prismatic faces, which would inhibit the crystal growth
along the plane.'>-'8

According to the above results, the influence of the
supernatant on the HH crystal growth was greater than
the organics. In these impurities, PO~ and F- can react
with Ca* to form difficult-to-dissolve compounds
(Ca;3(POy),, CaF,), which can firmly adsorb on the HH
crystal surfaces and hinder the crystal growth. On the
other hand, the impurity compounds were also possibly
the crystal nucleus for the HH and influenced the HH
crystal growth.

(2) Effects of calcium fluoride/calcium phosphate on
the crystal growth

The SEM micrographs of the samples prepared by
adding calcium fluoride are shown in Figure 4. The
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Figure 4: SEM micrographs of the samples prepared by adding cal-
cium fluoride: a) 0.5 %, b) 1.0 %, ¢) 3.0 %, d) 5.0 %, e) 10.0 %,
f) 15.0 %
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influence on the crystal growth was little by adding a
0.5 % calcium fluoride. The diameter increased and the
aspect ratio decreased, while the addition amount of
calcium fluoride increased. The crystals were obtained
by adding 15 % of mass fractions of calcium fluoride,
with 0.5-3.5 um diameter and a 6-30 aspect ratio.

The SEM micrographs of the samples prepared by
adding calcium phosphate are shown in Figure 5. The
crystals, with a 15-30 aspect ratio and a 0.6-2.0 um
diameter were obtained by adding 0.5 % calcium phos-
phate. And some short crystals were also observed.
Some particles of calcium sulfate were observed by
adding 1.0 % calcium phosphate. The crystals were
obtained by adding 15 % calcium phosphate, with
1.0-3.5 ym diameter and a 4-10 aspect ratio.

The pK,, of calcium sulphate dihydrate, calcium
fluoride and calcium phosphate are 6.29, 9.79 and 28.70,
respectively. The dissolved PO4*- to from the calcium
phosphate can absorb on the crystal surface and hinder
the crystal growth. The dissolved F- to from the calcium
fluoride can also absorb on the crystal surface and hinder
the crystal growth. The influence of calcium fluoride on
the crystal growth was not more obvious than calcium
phosphate, because the solubility of the calcium fluoride
is higher than the calcium phosphate.

On the other hand, extremely un-uniform whiskers
can be observed when the amount of calcium fluoride
was 5 % and the amount of calcium phosphate was 3 %.

2016-12-12 1809 L x50k  20um  1-0011

2:0000

Figure 5. SEM micrographs of the samples prepared by adding
calcium phosphate: a) 0.5 %, b) 1.0 %, c¢) 3.0 %, d) 5.0 %, ) 10.0 %,
f) 15.0 %
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Figure 6. XRD patterns of the samples prepared: a) without the
impurities, with b) the organics form, c) the supernatant d) calcium
fluoride and e) calcium phosphate

The XRD patterns of the samples prepared without,
with the organics, the supernatant, calcium fluoride and
calcium phosphate are shown in Figure 6. The peaks of
the samples presented analogous diffraction angles,
indicating that the phases of all the samples were same
calcium sulfate hemihydrate (CaSO4-0.5H,0). The peaks
of calcium phosphate and calcium fluoride were not
obvious, because the peaks were much weaker than the
HH peaks.

According to the above result, the HH crystal growth
was most affected by the soluble phosphorus of the
supernatant. The soluble phosphorus can be removed by
using water to wash the PG.® The effect of soluble
phosphorus on the crystal growth can also be decreased
by adding CaO in the PG.'¢

4 CONCLUSIONS

The HH crystals were obtained by adding organics
with an about 0.2—4 pum diameter and an about 10-20
aspect ratio. The HH crystals were obtained by adding
the supernatant, with a 0.2—4 um diameter and an about
1-6 aspect ratio. The influence of the supernatant on the
HH crystals’ growth was greater than the organics.

The crystal diameter increased and aspect ratio
decreased when the added amount of calcium fluoride
and calcium phosphate increased, respectively. The
influence of calcium phosphate on the crystal growth
was more obvious than the calcium fluoride. Extremely
non-uniform whiskers can be observed when the
amounts of calcium fluoride and calcium phosphate were
5 and 3 % (w/%), respectively.
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