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Abstract—A technique for investigation of the interference of ions in on-line sorption ion chromatographic
determination has been proposed. The technique involves choice of a mathematical model for describing the
sorption dynamics, calculation of the thermodynamic and kinetic properties of ion sorption in a given system,
and plotting of sorption isotherms of a microcomponent in a wide range of concentrations of interfering mac-
rocomponents. The technique has been used for studying the sorption of nitrate in the presence of bicarbonate
and sulfate ions. It has been shown that the nitrate sorption dynamics is adequately described by the external
diffusion model. The data obtained have been used for predicting the recovery levels of nitrate as a function of
the sample volume containing sulfate. The accuracy of the prediction has been proved experimentally.
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Analysis of waters and solutions requires the deter-
mination of inorganic and organic ions. The most uni-
versal method of solving these problems is ion chroma-
tography (IC) [1]. Among the advantages of this method
are a high sensitivity (detection limits for some ions are
0.5-1.0 pg/L without preliminary concentration), the
possibility of relatively rapid simultaneous determina-
tion of a large number of ions in a small analyte volume,
a wide range of determined ion concentrations, and
complete automation of determination. Among the dis-
advantages of the method are complicated synthesis of
ion exchangers for ion separation and lower efficiency
of ion separations compared to HPLC [2].

The IC method affords determination of inorganic
anions and cations, as well as the ions of organic acids
and bases. Typical objects of IC analysis are natural and
waste waters, atmospheric precipitation, and different
processing solutions in which anions, for example,
inorganic ones (fluoride, chloride, nitrate, bromide, and
sulfate), should be quantified. The concentration ranges
of inorganic anions in waters can be rather wide, from
trace concentrations in special purity water, for exam-
ple, from a few micrograms per liter of chloride and
sulfate in the water circulating in heat-transfer loops of
power plants [3], to macroconcentrations, for example,
to tens of grams per liter of chloride in seawater [4]. To
enhance the sensitivity of ion determination, solutions
are concentrated (sorption is most often used for con-
centration).

Analyte ions are also concentrated in analysis of
solutions containing large amounts of accompanying
components that exist in solution in ionic form. The
task is complicated by the low selectivity of ion-
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exchange processes and the low capacity of sorption
columns used for concentration.

This work deals with the development of methods
for considering and predicting the interference of ions
in the course of concentration.

EXPERIMENTAL

Solutions and Reagents. Eluents and model solu-
tions of ions were prepared using deionized water with
a resistivity of no less than 18.0 MQ.

1 M sodium carbonate and bicarbonate solutions
were prepared by dissolving weighed portions of the
corresponding salts in deionized water. The purity of
the salts (Merck, Germany) was GR for analysis.
Nitrate and sulfate solutions were prepared by dilution
of certified solutions with the concentration 1 mg/mL
(Ekoanalitika, Russia).

Eluents were prepared immediately before the
experiments from 1 M sodium carbonate and bicarbon-
ate solutions by dissolving them with deionized water.
To suppress the background conductivity of the eluent,
a 0.05 M sulfuric acid (chemically pure, Khimmed,
Russia) solution in distilled water was used.

All solutions were prepared in Vitlab plasticware
(polyethylene).

Equipment. Sorption IC analysis was carried out
on a setup composed of commercial modules (Aqui-
lon, Russia). The setup included three precision high-
pressure pumps (Staier of series I and series II), a
CD-510 conductivity detector with analog (integrator)
output, an E-18 AQU ADC external two-channel
18-bit analog-to-digital converter, an AMP-01 anion
capillary suppressor of eluent conductivity, two Rheo-
dyne Model 9740-001 six-port injection valves, and a
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Phenomenex Star-Ion A300 chromatographic column
(100 X 4.6 mm). A protection column for Star-Ion
A300 (10 x 4.6 mm) was used as the column for con-
centration. Both columns were packed with the same
sorbent (based on a styrene—divinylbenzene copoly-
mer with quaternary amino groups). The sorbent grain
size was 7.5 pm.

Dissolved gases were removed from solutions by
using an ultrasonic bath with a volume of 1.3 L (Sapfir
PKF, Russia). An analogous procedure was used for
faster dissolution of compounds.

For recording chromatograms and dynamic elution
curves, the Multichrom 2.4 software (Ampersand Ltd.,
Russia) was used. Direct and inverse problems of sorp-
tion dynamics were solved using the Matlab 7.0 (Math-
works, Inc.) and Femlab/Comsol 3.2 (Comsol AB) soft-
wares.

RESULTS AND DISCUSSION

In accord with the objective of this work, we studied
the interference of inorganic anions in on-line sorption
ion chromatographic determination and developed an
approach that provides the prediction of ion interfer-
ence with the use of mathematical models of sorption
dynamics.

In sorption IC analysis of solutions, microcompo-
nent ions should often be determined in the presence of
considerable amounts of other ions. In this case, due to
the low selectivity of ion-exchange processes, the
recovery level of the analyte component, as a rule,
decreases. For estimating the systematic error of deter-
mination of ions under such conditions, it is expedient
to develop a mathematical description of the sorption
process, which will allow one to predict the recovery
level of a microcomponent in the presence of various
concentrations of macrocomponents. To do this, we
used so-called determinate models of sorption dynam-
ics based on partial differential equations. These equa-
tions and methods of their solution have been discussed
in monographs [5-7].However, analytical solutions can
be obtained only in a few special cases; in more com-
plicated cases, numerical methods are used. In this
work, sets of equations were solved numerically with
the use of the Femlab software.

Mathematical models of sorption dynamics. The
models used involve three basic equations: the mate-
rial balance equation and the equations of mass trans-
fer kinetics and thermodynamics. The material bal-
ance equation for a one-component system takes the
form [8]
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where Vv is the geometrical volume of an empty column
from its beginning (v = 0) to a given point, f'is the solu-
tion flow rate, € is the fraction of the free volume in a
sorbent-packed column, D is the longitudinal diffusion
coefficient, V, is the total geometric volume of the col-
umn without a sorbent, and c(x) and a(x) are the aver-
aged concentrations of a microcomponent in a phase
(of the solution and sorbent, respectively) in the unit
cross section with the x coordinate. Concentrations in
solution were calculated per unit volume of the solution
and those in the sorbent, per unit volume of the entire
medium (column).

The mass transfer of a component from the solution
phase to the sorbent was described in terms of external
diffusion kinetics. In so doing, we assumed that the
concentration change rate of the microcomponent in
the sorbent is proportional to the difference between the
current and equilibrium concentrations of the micro-
component in the solution [8]:

da _
5 = B(c(x, 1) —co(x,1)), ()

where B is the external diffusion mass transfer coeffi-
cient, s7!.

If the sorption isotherm of the microcomponent is
linear, the distribution coefficient is

K, = e _ const. 3)
Ce

Taking into account Eq. (3), Eq. (2) can be rewrit-
ten as

da _ a(x, )
Fr B(C(X, t)—Td)- 4)

Equations describing diffusion mass transfer coeffi-
cients as a function of the sorbent packing factor were
derived in [9]. In the case of the external diffusion
model, this dependence is expressed is follows:

B,

a+p,

For further calculations, we used both Eq. (4) (the
external diffusion model with constant parameters;
hereinafter, model 1) and Egs. (4) and (5) (the external
diffusion model with variable parameters, model 2).

B =

)

Calculation of model parameters. To find the val-
ues of the model parameters, we solved so-called
inverse problems of sorption dynamics. In the frame-
work of mathematical physics, these problems are
attributed to the inverse problems of identification of
constant coefficients [7]. No universal and correct
methods for solving such problems are currently avail-
able. However, the most frequently used (and recom-

No. 1 2008
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Table 1. Values of 8/N x 10* calculated for different DECs
and models 1 and 2

Model
chog , mmol/L
1 2
0.5 2.3 4.2
1.0 6.6 0.9
1.4 6.4 2.2
1.7 7.0 1.0
2.0 8.3 2.5

mended) method for solving similar problems is itera-
tive optimization [7]. This method was used in the
present work.

Let us write the structure of the sorption dynamics
model in the general form:

C(.X, l) = M[Cinit(x), Cinlet(t)’ p]a (6)

where c(x, t) is the solution of the set of equations M at
the specified initial distribution of the microcomponent
concentration over the system c;,;(x), concentration of
the microcomponent at the column inlet c¢;,.(¢), and
vector of the equation parameters p. From the dynamic
experiment, we obtain the function c,(x, 7) (as a rule,
its section at some point ce,,(xo, £)). In the further con-
sideration, variable coordinates will be omitted. By the
identification of parameters is usually meant the search
for such a vector p,, at which

cexp = M[Cinitr Cinlets popt]' (7)
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Fig. 1. Comparison of the experimental DEC and the DEC
calculated using model 2. The solid line corresponds to the
experimental data, and the dashed line corresponds to the
calculated values (c/c( is the ratio nitrate concentration at
the outlet of the column to the initial concentration). The
experimental DEC of nitrate sorption (2.0 mg/L) was

obtained on a Star-Ion A300 column (CHCO, =2.0 mmol/L,
3

the sample flow rate was 1 mL/min).
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Inasmuch as experimental data always contain ran-
dom errors, it is evident that, even in the case of com-
plete identity of the model and the experimental sys-
tem, Eq. (7) cannot be solved in the general form.
Therefore, let us formulate the problem in a different
way: the search for such a vector p,, for which the dis-
tance (8) between the ¢ and c,,, functions determined
by some method is minimal. In most cases, the experi-
mental results are expressed as the set of the k pairs of
{t;, ¢;}i <i<x points; i.e., they are not a function but a
vector of the function values at the points {¢}; there-
fore, it makes sense to determine the distance between
the ¢ and ¢, functions in the following way:

k
1
8 = Jlescoll = 72 () i)’ (®)

The search for p,,, when the analytical form of the
c(p) dependence is unknown (this is the case for most
problems of sorption dynamics) is performed by means
of different iteration procedures [10].

Preliminary experiments. The volume of a solu-
tion in the column for concentration (the hold-up vol-
ume of the column V,)) was determined. To do this,
20 uL of water was introduced into the flow of a bicar-
bonate solution, and the hold-up volume of the column
was calculated from the water peak retention time with
taking into account the hold-up volume of the system
without the column for concentration.

To determine the amount of nitrate sorbed on the
column for concentration, we obtained the dependence
of the nitrate peak area in the chromatogram on its
amount in an injected sample. Calibration dependences
were plotted upon direct IC determination of nitrate. To
do this, 20 uL of a nitrate solution was applied to a Star-
Ion A300 column and chromatograms were recorded.

Study of nitrate sorption Kinetics and thermody-
namics. To calculate the kinetic and thermodynamic
parameters of nitrate sorption on the Star-Ion A300 sor-
bent, a series of dynamic elution curves (DECs) at dif-
ferent concentrations of the supporting electrolyte:

Chco- = 0.5-2.0 mol/L and the constant nitrate concen-
3

tration 2.0 mg/L. To do this, a sample was passed
though a column at a constant rate of 1 mL/min and the
conductivity of the solution at the outlet of the column
was measured as a function of the volume of the intro-
duced sample. Rather good reproducibility of DECs
was observed. Inverse problems of sorption dynamics
were solved for calculation of parameters of models 1
and 2.

At the first stage, we compared the qualities of
description of the experimental data obtained in mod-
els 1 and 2: we compared the &/N values (N is the num-
ber of experimental points in a DEC) obtained upon

2008
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optimization (Table 1). The quality of description can
be visually assessed from Fig. 1.

As follows from Table 1, model 2 provides the best
fit between the theoretical and experimental DECs.
Therefore, this model was used for further calculations.
Table 2 presents the values of the parameters of model 2
calculated for all DECs measured.

The sorption of nitrate from solutions in which its
concentration is at the level of micrograms per liter is
of practical interest. However, at such concentrations,
the above direct method of measuring DECs is inappli-
cable because of the insufficient sensitivity of the detec-
tor. To check the predictive power of model 2, we stud-
ied the sorption of nitrate at its low concentrations
(2 ug/L) and compared the data obtained with those
calculated by model 2 using the found parameter val-
ues.

To study the dynamics of sorption of low concentra-
tions of ions, a specified sample volume was passed
through the concentration column, then the extracted
ions were desorbed with a chromatographic eluent and
transferred to the analytical column, and a chromato-
gram was recorded. From the resulting chromatograms,
the amount of the recovered nitrate was calculated. The
theoretical dependence of the sorbed nitrate on the vol-
ume of the sample passed through the column was cal-
culated. To do this, model 2 was used, and its parame-
ters were taken to be B, = 0.4 s7!, B, = 0.7, and K, =
3.1 mL/mL. The experimental and theoretical curves
are shown in Fig. 2, which demonstrates that the calcu-
lated curve fits well the observed one. Thus, this model
can also be considered valid for description of the sorp-
tion of low concentrations (on the order of pg/mL) of
nitrate ions.

Plotting of sorption isotherms. The major physico-
chemical parameter determining the behavior of the
microcomponent in a sorption system is the distribution
coefficient or, in the general case, the sorption isotherm.
The concentrations of the analyte ion and accompany-
ing ions in actual samples can vary in wide ranges;
therefore, to predict the recovery levels of the micro-
component, we should obtain isotherms of its sorption
in the presence of different amounts of interfering
anions.

The sorption isotherms of nitrate in the presence of
different concentrations of sulfate and bicarbonate
were plotted. To do this, a solution with different con-

tents of HCO; and SOi_ ions was passed through the
concentration column until equilibrium was achieved.
Then, 20 pL of a solution containing 4-20 mg/L of
nitrate was injected into the flow using a loop dispenser.
The distribution coefficient of nitrate was determined
from the nitrate retention time. The distribution coeffi-
cients were calculated by Eq. (9):

Ky= = ; €))
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Table 2. Parameters of model 2 calculated for different con-
centrations of the supporting electrolyte

“Hco;” By, s B, K4, mL/mL
mmol/L
0.5 0.9+0.1 2705 102
1.0 0.6 +0.1 1.6 £0.5 5505
1.4 0.48 £0.04 1.7+ 0.1 34103
1.7 0.38 £ 0.06 1.6+04 46102
2.0 04+0.1 0.7+0.4 3.1£04

where V. is the corrected retention volume of the
nitrate peak. Over the entire concentration range stud-

ied, the nitrate sorption isotherms are linear (R> >
0.999).

To consider the effect of interfering ions on the
nitrate sorption, we obtained a set of distribution coef-
ficients of nitrate in the presence of various concentra-
tions of sulfate ions (0—6 mg/L) and the supporting

electrolyte (cHCO, = 0.5-1.7 mmol/L). Thus, we

obtained the dependence of the nitrate distribution
coefficient on bicarbonate and sulfate concentrations
(Fig. 3).

Prediction of the recovery level of nitrate as a
function of the sample volume in the presence of sul-
fate. The above information on the kinetics (depen-
dence of coefficients B on the bicarbonate concentra-
tion) and thermodynamics (dependence of K; on the

mj Mmax
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Fig. 2. Amount of nitrate ions recovered on the Star-Ion
A300 column vs. the sample volume passed through the
column at the stage of sorption. Open circles denote exper-
imental values; the solid line corresponds to the calculated

values. CHCO; = 1.7 mmol/L, ‘No- 2.0 pug/L (the sample

flow rate is 1 mL/min; m/my,y is the ratio of the amount of

nitrate sorbed on the column to the maximal amount of
nitrate sorbed in the course of a given experiment).
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300

200

100

2
CsoZ- mg/L

2 CHCO;’ mmol/L

6

Fig. 3. Nitrate distribution coefficient vs. the bicarbonate and sulfate concentration.

bicarbonate and sulfate concentration) of nitrate sorp-
tion was used for predicting the nitrate recovery (R) as
a function of the sample volume passed though the col-
umn. A typical dependence is shown in Fig. 4. To verify
the validity of the prediction procedure, we compared
the calculated and experimental R values. As follows
from Fig. 4, the calculated recovery values fit rather
well the experimental values.

Thus, we suggested a technique for investigation of
interference of ions in their on-line sorption ion chro-
matographic determination. The technique involves the
following major steps: choice of a mathematical model,

R
1.0

0.8}
0.6}
0.4+ °

0.2

1
0 5 10 15 20
V, mL

Fig. 4. Comparison of experimental and calculated recovery
levels of nitrate on the Star-Ion A300 sorbent. The solid line
corresponds to the calculated values, and solid circles cor-
respond to the experimental values.
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calculation of the mass transfer and distribution coeffi-
cients of the microcomponent, and plotting of the sorp-
tion isotherms of the microcomponent in a wide range
of concentrations of interfering components in a sam-
ple. The technique has been used for predicting the
recovery levels of nitrate as a function of the change in
concentrations of interfering ions in a wide range. The
adequacy of the prediction has been proved experimen-
tally.
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