
120 Acta Chim. Slov. 2011, 58, 120–126

Bolan~a et al.:  Development of an Ion Chromatographic Method ...

Scientific paper

Development of an Ion Chromatographic Method 
for Determination of Inorganic Anions in Surface Water 

by Using Computer-Assisted Gradient Optimization
Methodology

Tomislav Bolan~a,1,* [ime Uki}1 and Andrea Marinovi} Ru`djak2

1 University of Zagreb, Faculty of Chemical Engineering and Technology, Maruli}ev trg 20, 10000 Zagreb, Croatia

2 Croatian Waters, Central Water Management Laboratory, Ulica grada Vukovara 220, 10000 Zagreb, Croatia

* Corresponding author: E-mail: tbolanca@fkit.hr

Received: 09-10-2010

Abstract
This work focuses on computer-assisted gradient elution method development in inorganic anion analysis of surface wa-

ter using ion chromatography. An integral elution model was applied to model gradient retention behavior based on iso-

cratic experimental information. Applied optimization strategy incorporates in-house developed elimination criteria for

optimal condition search routine with gradient retention modeling resulting in baseline separation within satisfactory

run time. The reliability of developed method was extensively tested by carrying out a performance characteristics eval-

uation process. Based on the evaluation results it can be stated that the method developed shows more than satisfactory

performance characteristics, proving that the applied computer-assisted method development process is a very useful al-

ternative when surface waters differing in composition significantly have to be analyzed in a limited time frame.
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1. Introduction
Inorganic anions (fluoride, chloride, nitrite, bro-

mide, nitrate and sulfate) are important chemical water
quality indicators. They play an important role in bio-
chemical processes and are essential elements for aquatic
and terrestrial biota. These ions can be present in rivers
naturally as a result of , dissolution of geological deposits,
biological degradation of organic matter and seawater in-
trusion in coastal areas. In addition to natural sources,
these ions can enter aquatic ecosystems via sources de-
rived from human activities. These sources include sur-
face runoff generated from urban and agricultural land,
excess application of chemical fertilizers, waste dis-
charge, industrial and septic tank effluents, landfill
leachates and irrigation drainage.1–5 Elevated or fluctuat-
ing concentrations of inorganic anions in water can be
detrimental, especially high levels of fluoride, nitrite and
nitrate which have a toxic effect on the physiology of ani-
mals and tend to be accumulated in aquatic and terrestrial

biota.6–9 Since degradation of water quality can result in
altered species diversity, decrease the overall health of
aquatic ecosystem and cause serious harm to human
health and the environment, the concentrations of inor-
ganic anions in surface water are regularly monitored.

The determination of inorganic anions in environ-
mental waters is nowadays the most widely used applica-
tion of ion chromatography (IC).10,11 IC has several ad-
vantages over conventional chemical methods (titration,
photometry, turbidimetry and colorimetry)12 such as si-
multaneous determination of many ions in a short time,
high selectivity and sensitivity, good reproducibility,
small sample volume, reliability and different detector op-
tions13. Many standard organizations (ISO, U.S. EPA,
ASTM, AOAC, etc.) have standards or regulatory meth-
ods of analysis based upon IC.14,15

Public sector laboratories have to constantly provide
accurate and reliable results and the methods of analysis
used should be evaluated for performance characteristics.
The problem arises when samples with significantly differ-
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ent composition and/or concentrations of individual anions
have to be analyzed; in this particular case the concentra-
tion ratios nitrite : sulfate and bromide : sulfate are in the
range 1 : 10 000. This makes the application of standard or
accredited methodologies for analysis of river water and
simple isocratic elution (20, 25 or 30 mM KOH in eluent)
useless due to peak overlapping. Consequently, the method
needs to be modified and later on evaluated to prove that it
fits the purpose. The development of an IC method can be
difficult; it involves examination of the adjustable proper-
ties such as concentration of the eluent, temperature or gra-
dient program, where one or more of these factors are var-
ied. The chromatographic property which has a major im-
pact on the separation quality is retention. Retention mod-
els can be fitted from either isocratic or gradient experi-
ments,16–21 i.e., the model parameters are determined from
the experiment using least-square techniques. Experiment-
based optimizations include two steps: modeling of the
system and prediction of the resolution through computer
simulation. In the first step, a number of experiments are
performed in order to fit equations or train algorithms that
will allow the prediction of retention. The aim is to devel-
op systems capable of predicting the separation at any new
arbitrary condition. In the second step, large numbers of
simulated chromatograms are calculated and the one that is

expected to give maximal resolution is selected. Usually,
only the resolution is considered, but additional goals, such
as shorter analysis time or desirable peak profiles, may be
taken into account.

The aim of this work is to rapidly develop the ion
chromatographic method for determination of inorganic
anions in surface water. Due to the tight schedule it is nec-
essary to rely largely on computer-assisted method devel-
opment and gradient elution IC. If the isocratic data are
available from the literature or from previous user data
sets, it is possible to explore whether a gradient separation
would give satisfactory results before carrying out any ex-
periment. In this work water samples of the rivers Ilova
and Kutinica were analyzed. Gradient retention modeling
coupled with resolution prediction and shorter analysis
time was used. The gradient model was developed using
isocratic experimental data22 and the performance charac-
teristics of developed method were evaluated.

2. Experimental

2. 1. Sampling Locations
Water samples used in this work were collected

from the rivers Ilova and Kutinica in the vicinity of the

Figure 1. Sampling locations at the rivers Kutinica and Ilova.
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town of Kutina. The locations of the two sampling sites
are given in Figure 1.

The small river Kutinica is used by the Petrokemija,
Kutina fertilizer factory for wastewater disposal. Via the
Kutinica-Ilova channel the river Kutinica flows into the
river Ilova which is a medium lowland river (97 km) that
rises to 200 m above sea level in the northern part of
Croatia. Downstream from the confluence of the Kutinica,
the river Ilova runs through the Lonjsko Polje and flows
into the river Sava. The Lonjsko Polje Nature Park has
been included in the Ramsar List of Wetlands of
International Importance, on the list of internationally
Important Bird Areas and in the ecological network in its
entirety as an area important for the conservation of
species and habitats. The water quality of the rivers Ilova
and Kutinica is monitored regularly in accordance with an
operational monitoring program. The previous monitoring
results showed different occurrences of certain water
quality parameters that appear randomly and mostly de-
pend on weather conditions and different production con-
ditions of the fertilizer factory. These circumstances make
the rapid method development process of great signifi-
cance for the region.

2. 2. Chemicals and Solutions

Standard solutions of fluoride (700 mg/L), chloride
(2600 mg/L), nitrite (87 mgN/L), bromide (270 mg/L), ni-
trate (330 mgN/L) and sulfate (7200 mg/L) were prepared
from the air-dried (at 105 °C) salts of individual anions of
p.a. grade (all Kemika, Zagreb, Croatia, except fluoride –
Merck, Darmstadt, Germany). Appropriate amounts of in-
dividual salts were weighed into a volumetric flask (1000
mL) and dissolved with Milli-Q water (Millipore, Bedford,
MA, USA; 18 MΩ cm). All standard solutions were kept
in a plastic flask in a refrigerator when not in use.

A mixed stock standard solution of fluoride (7
mg/L), chloride (260 mgN/L), nitrite (0.87 mgN/L), bro-
mide (0.27 mg/L), nitrate (33 mgN/L) and sulfate (720
mg/L) was prepared by measuring the appropriate volume
of standard solutions into a 500 mL volumetric flask,
which was later filled to the mark with Milli-Qwater.
Working eluent solutions were prepared on-line by using
hydroxide cartridge (Dionex) and Milli-Qwater. Water
samples were collected in 2L polyethylene containers and
stored at 4 °C. Prior to injection samples were filtered
through a Whatman 0.45 μm cellulose nitrate membrane
filter (Whatman, Springfield Mill, England). The first 100
mL of filtered sample was discarded.

2. 3. Instrumentation and Chromatographic
Conditions
The analyses were carried out on a Dionex ICS-

3000 reagent free ion chromatography system (Sunny-
vale, CA, USA) which comprised of a DP dual isocratic

pump module, an EG dual eluent generator module (with
one KOH reservoir cartridge in use for this work) and a
DC detector/chromatography module (with dual tempera-
ture zone configuration). The DC module was configured
with a CRD 200 (4 mm) carbonate removal device and
conductivity detector cartridge. Suppression was carried
out in the auto-recycle mode using a Dionex ASRS Ultra
II (4 mm) suppressor. For removal of anionic contami-
nants from the water used to generate the eluent, a Dionex
continuously regenerating anion trap column (CR-ATC II)
was employed. A Dionex hydroxide-selective AS18 (4mm
× 250 mm) anion separation column and AG18 (4mm ×
50 mm) anion guard column were used for all separations.
All experimental measurements were performed using
constant sample loop volume (100 μL), eluent flow rate
(1.0 mL/min) and temperature (40 °C lower column com-
partment, 30 °C upper detector compartment). The whole
system was computer-controlled by Chromeleon 6.80 SP4
Build 2361 (130805) software.

2. 4. Method Development

For development of the isocratic model both surface
water samples were measured using isocratic elution con-
ditions at eleven equidistant eluent concentration levels in
the range 5 to 80 mM KOH. The measurements were per-
formed in triplicate and the average of three values was
used. The delay time between the eluent generator and the
injector was determined by noting when the gradient
slope was observed in the detector and by subtracting the
void time from the delay time. The determined delay time
between eluent generator and injector was 0.15 min. The
void time of the ion chromatographic system was 3.19
min. Obtained data were used to construct a gradient elu-
tion model. The developed gradient model was fully test-
ed and used for gradient elution method development. All
calculations were performed in a MATLAB environment
(MATLAB 7.8.0. R2009a, MathWorks, Sherborn, MA,
USA).

The developed gradient elution method performance
characteristics were evaluated as follows. To reliably test
the calibration model all calibration standards were pre-
pared and analyzed independently since a representative
estimate of the measurement variance is required. Care
was also taken to analyze all standards randomly and to
perform the chromatographic analysis in the shortest time
possible. Calibration was performed at one sequence out
of all experiments. Five concentration levels covering the
whole range were applied. Three independent replicates
of sample preparation per level and three independent
replicates of chromatographic analysis per sample prepa-
ration were performed. The experiment for accuracy-re-
lated calculation was performed at five concentration lev-
els. Three independent replicates of sample preparation
per level and three independent replicates of chromato-
graphic analysis per sample preparation were performed.
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The precision-related calculations were performed at one
level. Six independent replicates of sample preparation
followed by three independent replicates of chromato-
graphic analysis per sample preparation were performed.

3. Results and Discussion

The results of the isocratic measurements are given
in Figure 2. Those results were used to fit the regression
coefficients ai of the polynomial relationship between the
logarithm of the retention factor, k, and the concentration
of the eluent c. The parabolic relationship:22,23

(1)

was used.

Figure 2. Results of isocratic measurements; lines are representing

the quadratic fit of Eq. (1).

The optimal values of coefficients (see Figure 2)
were found by applying the least square method to the ex-
perimental data of both surface water samples (Ilova and
Kutinica) simultaneously.

The isocratic retention model k(c) obtained was then
used for calculation of the gradient retention model. The
integral equation:

(2)

where t0 is the void time, tg is the retention time of the
solute under gradient conditions and c(t) is the variation of
the eluent concentration with time (i.e. the gradient pro-
gram), was solved numerically23 for various anions and
various gradient programs. To shorten the calculation time
only linear gradients were considered in combination with
several elimination criteria. The calculation domain con-
sisted of 6 linear segments and 8 concentration levels giv-
ing a total of 262144 possible gradient profiles. Out of
these 262144 profiles the optimal profile was selected by
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using four elimination criteria. The first criterion com-
pares resolution values of two neighbour isocratic condi-
tions, selects conditions with Rs > 2 and then compares
their resolution product. The condition with the smallest
resolution product is selected while the other one is dis-
carded, as well as all gradient profiles that lie between
them. The second criterion discards all conditions which
have equal segments of the already optimized part of the
gradient profile, while the third criterion discards all pro-
files that result with resolution lower than 2. The fourth
criterion selects the shortest chromatography run if more
than one optimal profile remained after processing of the
first three criteria.

Figure 3. Anion chromatograms obtained by the developed

method: A) river Ilova, and B) river Kutinica. Gradient conditions:

30 mM KOH at 0 min; 5.0 mM KOH at 5 min; step to 30 mM KOH

at 10 min; 30 mM KOH 10–15 min.

Figure 3 shows the chromatograms of the Kutinica
and Ilova river water samples obtained using the optimal
conditions: 30 mM KOH at 0 min; 5.0 mM KOH at 5 min;
step to 30 mM KOH at 10 min; 30 mM KOH 10–15 min.
One can observe the application of a negative gradient
step at the beginning of the separation. This particular part
of the gradient profile ensures good separation of anions
eluting between 5 and 10 minutes by making the eluent
concentration low enough (5 mM KOH in the 5th minute)
to enable baseline separation. On the other hand, a higher
KOH concentration in the eluent at the beginning of the
chromatographic run (30 mM KOH) speeds up analysis
by saving time before the 5th minute where only the fluo-
ride peak (and void peak) elute. After the 10th minute iso-
cratic separation using 30 mM KOH proves to be most

a)

b)
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suitable for the two reasons: firstly it enables good separa-
tion without significant prolongation of analysis time and
secondly it can simultaneously serve as an equilibration
part of the chromatographic sequence since the gradient
straining concentration of the next run in the sequence is
the same. This certainly indicates yet another advantage
of the developed methodology: the time of the overall
chromatographic sequence is significantly reduced.
However, all components of interest are detected and
baseline separated proving that the selectivity of the pro-
posed method is satisfactory and further evaluation of the
performance characteristic can proceed.

The calibration functions for each ion were estab-
lished by analyzing five multi-ion (working) standard so-
lutions at five concentration levels. Results of linear re-
gression between peak area and concentration are given in
Table 1.

Inspecting the table it can be seen that all correlation
coefficients have satisfactory values (R2 > 0.999) indicat-
ing the existence of strong linear relationships between
peak area and concentration for all anions in the given
concentration ranges. To further examine the adequacy of
the linear model, a so-called lack-of-fit test was per-
formed. It consists of the analysis of variance (ANOVA),
i.e., braking up the total variance into components due to
different sources of variation. The pure experimental un-
certainty (MSPE) is compared with the differences of local
averages from fitted values (MSLOF) and if the values are
comparable, the model is justified. Formally, the ratio F =
MSLOF/MSPE was compared with the corresponding F-dis-

tribution at the 95% significance level, and it was con-
cluded that the linear model is adequate to describe the re-
lationship between peak area and concentration for all in-
vestigated anions in the given range of concentrations.

The slopes of calibration curves present the sensitiv-
ity of the proposed method; a larger slope means a higher
sensitivity. Values given in Table 1 prove the good sensi-
tivity of the method. Standard errors sx given in the table
indicate the boundaries for the expected values. The 95%
confidence limit is located at approximately ±2 sx from
the mean value. The exact value of the (1-α) · 00% confi-
dence level is given by the product of standard error and
the appropriate value of the t-distribution tα/2, n–2 for n–2
degrees of freedom.

The same measurements made for calibration were
used to test the accuracy of the proposed method. The re-
covery rates and relative standard deviations (RSD) are
given in Table 2.

All recovery factors are in the range 99.99–100.02
which proves excellent recovery of the method. Also, the
regression technique was applied and the relationship be-
tween the amount found and the amount added was ana-
lyzed. If there were no measurement errors and no bias,
the relationship should be an identity function. Because at
least random errors are made, the determined relationship
differs from identity. The linear relationship between the
amount found and the amount added was considered and
those results are also presented in Table 2. High values of
correlation coefficients (R2 > 0.999) indicate strong linear
relationship, while the slope and intercept values do not

Table 1. Calibration curve parameters calculated for ion chromatographic determination of inorganic anions in surface water together with lack of

fit calculations. The critical F-value for α = 0.05 is Fcrit = 2.8388.

Ion Range R2 Slope μS/mgL–1 Intercept μS Lack of fit test
Value ± Standard Value ± Standard MSPE MSLOF F

error error
Fluoride 0.35–1.05 0.9996 2.037 0.006 –0.007 0.004 0.0001 0.0002 2.5403

Chloride 13.00–39.00 0.9999 1.266 0.001 0.13 0.04 0.0077 0.0067 0.8691

Nitrite 0.04–0.13 0.9999 2.987 0.005 –0.0345 0.0005 1.15 × 10–6 1.76 × 10–6 1.5264

Bromide 0.01–0.04 0.9991 0.358 0.002 –0.00095 0.00005 9.94 × 10–9 1.71 × 10–8 1.7281

Nitrate 1.65–4.95 0.9999 3.175 0.004 –0.02 0.01 0.0009 0.0020 2.1797

Sulfate 36.00–108.00 1.0000 0.911 0.001 0.85 0.07 0.0208 0.0426 2.0488

Table 2. Recovery factors of ion chromatographic determination of inorganic anions in surface water together with results of regression of the

amount found against the amount added.

Ion Recovery R2 Slope Intercept
Value RSD Value ± Standard Value ± Standard

error error
Fluoride 99.99 0.33 0.9996 1.000 0.003 0.000 0.002

Chloride 100.01 0.09 0.9999 1.000 0.001 0.00 0.03

Nitrite 99.99 0.16 0.9999 1.000 0.002 0.0000 0.0002

Bromide 100.02 0.55 0.9991 1.000 0.004 0.0000 0.0001

Nitrate 100.01 0.13 0.9999 1.000 0.001 0.000 0.004

Sulfate 100.00 0.09 1.0000 1.000 0.001 0.00 0.07
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differ significantly from 1 and 0, respectively (the 1 and 0
values are within the interval ±2sx) at 95% confidence lev-
el. Consequently it was concluded that the relationship be-
tween the amounts found and the amounts added is linear
and that there is no systematic error present in the analyti-
cal system.

To test the precision of the obtained method both
surface water samples were measured 6 times. The RSD
values for those measurements are presented in Table 3.

Table 3. Precision of ion chromatographic determination of inor-

ganic anions in surface water.

Precision RSD/%
Fluoride 0.52

Chloride 0.16

Nitrite 0.46

Bromide 1.77

Nitrate 0.20

Sulfate 0.20

With the exception of bromide, the RSD values are
smaller than 0.53% what proves that the precision of ion
chromatographic determination of fluoride, chloride, ni-
trite, nitrate and sulphate in surface water is satisfactory.
The value of 1.78% obtained for bromide is due to low
concentration.

The sample preparation procedure consisted of sam-
ple dilution. The influence of the dilution procedure on
the final analytical result quality (accuracy) was tested by
using one-way ANOVA (Table 4).

Table 4. Calculation-related sample preparation influence on accu-

racy of ion chromatographic determination of inorganic anions in

surface water

Ion Sample preparation
Influence on accuracy

MS between sample MS between p value
preparation injections

Fluoride 0.45 0.40 0.39

Chloride 0.04 0.04 0.36

Nitrite 0.04 0.26 0.85

Bromide 4.28 1.43 0.12

Nitrate 0.13 0.12 0.40

Sulfate 0.01 0.05 0.90

The mean square errors due to sample preparation
are compared to those due to injection. It can be seen from
p values, which are greater than 0.05 that the mean square
errors due to dilution are not significantly different from
mean square errors due to injections, by taking into ac-
count 95% confidence. That yields the conclusion that the
analytical result quality (accuracy) is not significantly af-

fected by using the sample preparation procedure (dilu-
tion).

4. Conclusions

In this work the development of an ion chromato-
graphic method for determination of fluoride, chloride, ni-
trite, bromide, nitrate and sulphate in surface water was
presented. The selectivity of the ion chromatographic
method plays one of the most important roles in ion chro-
matographic analysis. Concentrations of eluent competing
ions are optimized by using the gradient elution retention
model. It is shown that calculated optimal conditions en-
able very good separation within reasonable analysis
time. Optimal conditions for separation are: 30 mM KOH
at 0 min; 5.0 mM KOH at 5 min; step to 30 mM KOH at
10 min; 30 mM KOH 10–15 min. All components of in-
terest are detected and baseline separated, indicating that
the proposed method is a candidate for routine applica-
tion. Method performance characteristics evaluation is the
last step in method development procedures. Once a can-
didate method has been obtained, it has to be shown to
meet requirements of the user. Method performance char-
acteristics evaluation is carried out to ensure the quality of
the method. It is, therefore, an essential part of any quali-
ty assurance program in the laboratory. Results show that
the proposed method is characterized by superior per-
formance characteristics (linearity R2 ≥ 0.9991; recovery
= 99.99–100.02%; repeatability RSD ≤ 1.78%) and the
sample preparation procedure does not influence the
analysis result quality. It can be concluded that the devel-
oped ion chromatographic method can be recommended
and successfully used for routine monitoring of surface
water.
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Povzetek
Delo obravnava ra~unalni{ko podprto ionsko kromatografijo za analizo anorganskih ionov v povr{inskih vodah. Za mo-

deliranje retencije pri gradientnih pogojih smo uporabili integralni model elucije, ki je osnovan na izokratskih eksperi-

mentalnih podatkih. Uporabljena strategija optimizacije vklju~uje lastne izlo~itvene kriterije za rutinsko iskanje opti-

malnih pogojev na osnovi modeliranja retencije pri gradientnih pogojih. Na ta na~in smo dobili lo~bo vrhov na bazni li-

niji v zadovoljivem ~asovnem oknu. Zanesljivost razvite metode smo ekstenzivno testirali s preverjanjem njenih karak-

teristik. Glede na rezultate ovrednotenja ima razvita metoda ve~ kot zadovoljive karakteristike, kar dokazuje, da je ra~u-

nalni{ko podprt razvoj metode zelo koristna alternativa, {e posebno pri ~asovno omejeni analizi povr{inskih vod, ki se

signifikantno razlikujejo po sestavi.


