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Abstract

Four Korean PWR plants have adopted ethanolamine(ETA) as a secondary pH control agent to increase the
pH at the liquid phase, which raises the pH in the SG blowdown system. The run time of the SG blowdown
demineralizer can be reduced by the increased number of ionic chemical species primarily due to ETA.
Contrary to the possible prevention of SG degradation, the replacement of ammonia with ETA results in the
water chemistry difficulties and more frequent generation of spent resin.

A comprehensive experimental data set for binary, ternary, quaternary, and quinary cation and anion
adsorption was developed from small-volume batch tests at total cation or anion concentrations of 0.01 and
0.05N to obtain the selectivity coefficients of many cations and anions normally present in the PWR secondary
system water. In addition, the kinetic study using the bench-scale column was performed to examine the
breakthrough point of an ion and to calculate the ratio of inlet to outlet concentration at the column, so called
Decontamination Factor, in the different background electrolyte.
The batch equilibrium tests indicated that the ion selectivity is higher for an ion of higher valence and is not

uniform in the different composition and ionic strength. The preference of an ion on ion exchange resin rather
tends to be lower with higher ionic strength. The leakage of an ion from the ion exchange column is not also
uniform in time in the various composition and total concentration. Therefore the ion selectivity and
breakthrough time are different in ammonia and ethanolamine background electrolytes.
The run time of SG blowdown demineralizer can be shorter than it can be expected due to the elevated ionic

strength as well as the increased dissolved solids. The quantitative run time can be estimated by such ion
exchange models as semi-empirical mass action and surface complexation models. The dernineralizer can be
used longer by increasing the ratios of cation to anion exchange resins in the bed.



1. INTRODUCTION

Four Korean PWR plants have adopted ethanolamine(ETA) as a secondary pH control agent to increase
the pH at the liquid phase, which raises the pH in the steam generator blowdown system. ETA is the
moderately weak base of low volatility such that its concentration in the liquid phase becomes high. The steam
generator blowdown demineralizer, which removes all dissolved solids, consists of cation and anion exchange
resins. The run length of the dernineralizer can be reduced by the increased number of ionic chemical species
primarily due to ETA. Contrary to the possible prevention of SG degradation, the replacement of ammonia with
ETA results in the water chemistry difficulties and more generation of spent resin.

The amount of impurities such as ions and particles except organic carboxylates was reduced in the
secondary system water due to the ethanolamine treatment. pH becomes 96 in the steam generator
blowndown water and 62 in moisture separator and reheat drain system by maintaining 2 ppm ethanolamine in
the feedwater system, which might reduce the flow-assisted corrosion. Ethanolamine, however, is thermally
broken down to produce organic carboxylates. The run time was decreased for steam generator blowdown
dernineralizer and increased for the condensate polishing plant due to the increased and decreased
concentrations of ionic species, respectively.

Most studies of binary and multi-component cation exchange have been performed under simple
experimental conditions, usually with a single anion in the background electrolyte. Cations have been observed
to exhibit stronger adsorptive affinity on ion exchangers in electrolyte solutions containing certain anions. The
preference for Cd relative to Ca on zeolite increased in the order of nitrate > mixture of nitrate/chloride >
chloride [1]. The selectivity of Cu over W on Dowex resin has been observed greater in nitrate compared to
chloride anion background 2]. Cation exchange involving more than three cations has been studied in single
anion electrolytes such as chloride or Perchlorate at one ionic strength by a few researchers 3].

The primary objective of this study was to develop a comprehensive set of data for a strongly acidic cation
and anion exchange resins through the equilibrium and kinetic sorptions to determine the selectivity of cations
and anions present in the secondary system and then to evaluate the mass action models for the multi-
component system. These data were used to investigate i) the influence of the ionic composition of aqueous
solutions in ion exchange; ii) the degree to which ion selectivity can be explained by the complexation ability and
ionic radius of the competing ions; iii) the role that specific adsorption plays in ion exchange; iv) the extent to
which ions display the same selectivity in different component; and v) the mixing rate of cation and anion
exchange resins that gives the longest run time of the steam generator blowdown demineralizer.

2. ION EXCHANGE

2.1 Ion Exchange Phenomena
Ion exchange is a process in which ions held by electrostatic or shorter-range forces to charged sites on the

surface of a solid in contact with aqueous solution are exchanged for ions of similar charge in the solution. The
process is not well understood due to non-uniformity of charge distribution within the exchanger material and the
complexity of physical and chemical process involved, which include electrostatic attraction/repulsion and
specific adsorption. Factors that influence ion exchange include the types of charged sites, the complex
geometry of the exchanger, and the ion properties. Ion exchange phenomena can also involve osmotic effects
and ion exclusion in swelling/shrinking systems, complex phenomena that are not usually considered explicitly
in ion exchange modeling.

The preference of charged solids for one counterion over another ion of the same charge is known as
selectivity. Cation selectivity by negatively charged solids is of great interest in soil science, geochemistry, and
water treatment. The selectivity is determined by the exchanger properties, the solution conditions, and the
nature of the electrolyte ions. Binary and ternary cation exchange experiments, primarily with soils, have shown
that ion exchangers can exhibit very strong selectivity for certain cations, and that electrolyte anions affect
cation selectivity. Reasons for the latter phenomenon are difficult to elucidate with data obtained from soils and
from a limited range of solution conditions.

Coulombic attraction and repulsion of ions plays an important role in ion exchange processes.
Experimental study of the effects of surface charge on the spatial distribution of ions near a particle surface is
very difficult, however. Based on the macroscopic measurements of electrolyte ion sorption in electrode-water
systems, the electrical double-layer theory [4, 5] describes the effects of surface-related coulombic forces on
sorption and desorption of ions. This well-known theory provides molecular-level insight and is consistent with
solid-water partitioning data for some weakly sorbing electrolyte ions at low concentrations.

The spatial distributions of ions at the solid-water interface predicted by the Gouy-Chapman theory, while
not verified by direct measurement, are useful in thinking about the role of coulombic forces in ion exchange.
For a negatively charged surface, the Gouy-Chapman theory predicts the distribution of cations as shown in
Figure 1.1a. The negative surface charges are balanced by positive adsorption of cations and negative
adsorption of anions. This net countercharge is equal to the difference between the total adsorption of ions of
opposite charge and the total adsorption of ions of like charge. As shown in Figure 1.2b, surface excess of a



counter ion relative to the bulk solution concentration decreases with increasing electrolyte concentration in
solution. The surface deficit relative to the bulk solution concentration created by anion exclusion increases and
becomes a larger fraction of the net diffuse layer charge as ionic strength increases.

Cations sorbed on a solid phase of a uniform, negative charge may be classified into two groups. For the
sake of electroneutrality in the exchanger phase, some cations compensate the anions on or near the surface,
and others counteract the negative charge on the surface. Cations may also be adsorbed to the surface in the
so-called Stern layer, forming weak outer-sphere surface complexes (ion pairing) or inner-sphere surface
complexes (chemical bonding). The electrostatic sorption in the diffuse layer depends on surface charge
density, solid and electrolyte concentrations, and electrolyte type, while the specific adsorption is influenced by
the nature of the surface site and electrolyte ion. Hence, cation adsorption capacity is not a fixed property of an
exchanger, unlike cation exchange capacity (i.e., excess of adsorbed cations over adsorbed anions) which is
equivalent to the total surface charge.

2.2 Review of Ion Exchange Models
Various kinds of ion exchange models have been developed, from thermodynamic models 6 7 8] to semi-

empirical mass action models 9] to physico-chemical (molecular) models [10, 11]. The primary concern has
been to predict the equilibrium composition in particular solid-water systems. In chemistry, ion exchange
modeling has been pursued macroscopically through thermodynamic theory, whereas in soil science it has been
carried out mainly with mass action expressions and, to some extent, with the Gouy-Chapman electrical double
layer theory.

A general model capable of describing and predicting ion exchange under a range of conditions does not
exist at present. Conventional mass action models are limited because of the neglect of anion uptake, the
arbitrary selection of the solid phase activity coefficient, and the use of conditional constants. Thermodynamic
equations for ion exchange can not account explicitly for anion and water inclusion and require solid phase
activity coefficients that cannot be measured. In the Gouy-Chapman model, the coulombic interaction
considered between cations and negative exchanger sites makes no distinction in selectivity for cations of the
same valence. In recent years, in order to account for anion uptake and specific adsorption in ion exchange,
the mass action models and electrical double layer theory have been combined with surface complexation
models, where the chernisorption via ion pairing and complexation at surface sites is considered separately from
the sorption in the diffuse layer. Advances in mechanistic sorption modeling have prompted interest in more
fundamental models of ion exchange, at least for solids that do not undergo significant structural change as a
result of ion sorption. The conventional models are based on the concept of cation exchange as an equivalent
of counterions as illustrated in Figure 2a. A surface complexation/Gouy-Chapman model [11] permits
consideration of specific adsorption as well as electrostatic adsorption, as well as effects of anion adsorption
and cation-anion complexation in solution and at the surface (Figure 2b).

The Vanselow 12] equation was adopted to account for the diffuse layer sorption in some surface
complexation models 13, 14, 15]. However, these models did not include any specific adsorption on the fixed
charge sites; surface complexation reactions were considered only for the pH-dependent, variable charge sites.

There have been some attempts to couple surface complexation reactions with Gouy-Chapman theory to
represent sorption in the diffuse layer 16, 1]. This approach provides a general physicochernical model for ion
exchange and the potential for a common modeling approach for sorption of inorganic ions on charged
surfaces.

2.3 Mass Action Model
Ion exchange usually is described empirically with mass action equations for several reasons. First, the

specific surface interactions present in ion exchange processes are often complex. Nonhornogeneous
exchange solids are typically of interest, and the reactions between the heterogeneous surface sites and
solution phase cations and anions are not simple to describe and predict. Second, a consensus approach for
chemical activity coefficients in the sorbed phase has not been developed for use in thermodynamic models.
Third, the solution phase activity coefficients in mixed electrolytes are different from the ion activity coefficients
in the two-component electrolytes and accurate calculations are not simple, further limiting the usefulness of
thermodynamic modeling approaches.

In conventional mass action models for cation exchange, the solid-phase activities are represented by
molarity, mole fraction, and equivalent fraction; the ideal behavior of cations adsorbed in the solid is assumed,
and there is no consideration of activity coefficients for the adsorbed species. Table summarizes the most
common mass action models for binary cation exchange, using as an example the exchange of Na+ and Mg2+
on an ion exchanger that possesses discrete sites of -1 charge. The stoichiornetric coefficients for Na-Mg
exchange are the same for the Kerr 17], Vanselow 12], and Gaines-Thomas 7] models, while those in the
Gapon 18] and Langmuir-type models differ.

The various descriptions for solid-phase species activity employed in the models listed in Table were
adopted for different reasons. Molarity for the solid-phase species was adopted in the Kerr equation, because
of its use in the Debye-HOckel 19] model for solution-phase species activity. The mole fraction in Vanselow
equation was used to describe cation exchange as a chemical thermodynamic process. The equivalent fraction



in Gaines-Thomas equation was selected to reflect that cation exchange takes place between cations sorbed in
solid and cations dissolved in solution on an equivalent basis.

In the mass action law the activities of chemical species in both liquid and solid are modeled with
consideration of activity coefficients to account for the extent of the deviation from ideality. It is assumed that
the cations held in the solid phase exist as complexes with the charged sites and that there is no change in
cation hydration during the transfer process between solid and solution phases. The mole fraction (X) and
equivalent fraction (E) as employed in the Vanselow and Gapon ion exchange conventions are used with activity
coefficients to describe the solid-phase activity. The activities for cation adsorbed are expressed by fmgXmg and
fmgEmg in the Vanselow and Gapon ion exchange equations.
0 Vanselow:
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where I and [ ] represent activity and molarity, respectively; y0and f denote the activity coefficients in solution
and solid; R represents a negative site on the charged surface; KV, KG are the thermodynamic selectivity
constants for the Vanselow and Gapon equations; kV, kG are the conditional selectivity coefficients which

include the solution-phase activity corrections.
In the Gapon convention, the chemical formula for adsorbed Mg is written as Mgo.5R for which the

equivalent fraction is the same as the mole fraction. Thus, the Gapon equation is consistent with chemical
thermodynamics conventions in that the activity is defined in terms of the mole fraction. In the Gapon approach,
cation exchange is described as an equivalent chemical reaction in which a unit surface charge is electrically
neutralized by one equivalent of cation, i.e., MO[ of Na+ and 12 MO, Of Mg2+ . Equivalent fraction is used for
activity of solid phase species, but with formulae for adsorbed species that reflect directly the 1:1 charge
neutralization. The fractional chemical formulae may be not valid chemical species but are widely used in
macromolecular chemistry[18].

In contrast with the 1:1 equivalent basis used in the Gapon model, cation exchange is expressed in the
Langmuir-type equation on a 1:1 molar basis. In this case the ion exchanger acts as a monodentate ligand for
the adsorption of a univalent cation, a bidentate ligand for the binding of a divalent cation, and so on. The
doubly charged sites are modeled by fusing two single surface charge sites such that the number of the former
is half of the number of the latter, i.e., rp2-] = 0.5[p-].

In cation exchange modeling, activity corrections for electrolyte ions in solution have been made usually
without considering the weak solution-phase complexes between component ions. Activity correction models
derived from Debye-HOckel theory, e.g., the Davies 20] equation, have been often applied to the total
concentration of cation dissolved in order to correct the solution-phase activity. In more complicated exchange
systems, the correct selection of solution-phase activity coefficients is important for the successful application of
mass action models.

3. EXPERIMENTAL MATERIALS AND METHOD

3.1 Selection of Electrolyte Ions and Exchanger
Electrolyte ions relevant to natural aquatic systems and meeting specific criteria were selected for study.

The criteria for selection were that the ions be i) high, intermediate, and low in tendency to form solution
complexes with each other, in order to investigate the possibility of adsorption of a complex, ii) mono-, di, and
trivalent, for examination of cations of different charge, iii) not able to decompose the exchanger through a
redox reaction, and iv) well studied with respect to liquid phase activity coefficients in mixed electrolytes. Alkali,
alkaline earth, and representative elements were selected along with chloride and sulfate because the range of
ion chemistry that they represent is sufficient to investigate the phenomena of interest.

The criteria for selection of the solid exchanger were that it have fixed negative charge and well-known
surface properties: cation exchange capacity, surface area, charge density, and acid-base characteristics. To
avoid the need for large concentrations of the exchanger in suspension in order to observe large differences in
electrolyte concentration in the solution phase, an exchanger with a relatively high charge density was desired.
It was also desired that the exchanger exhibit minimal structural change such as breakdown and osmotic
swelling/shrinking during ion exchange. The strongly acidic cation and basic anion exchange resinw Amberlite
IRN 77 and 78 (Rohm and Haas Co.) were chosen for the exchanger.



3.2 Characterization of Strongly Acidic Cation and Basic Anion Exchange Resins
Amberlite IRN 77 cation and 78 anion exchange resin (hydrogen, hydoxyl forms) particles are spherical and

consist of a matrix of styrene with divinylbenzene as the crosslinking agent into which sulfonate and amine
groups, respectively, have been incorporated. The hydrocarbon skeleton is stable with respect to temperature
change, strong acid and base, and oxidizing agents, but the resin must be kept permanently moist to avoid
physical stress due to repeated drying and rewetting. Typical properties of the Amberlite IRN 77 resin are
shown in Table .

Cation and Anion Exchange Cai)22�y: The values for cation and anion exchange capacity is 437 and 5.01
meq per gram of the resin, respectively (dry weight basis) as determined by acid-base titration with H-form and
OH-form resins. To determine cation exchange capacity, H-form resin was conditioned with 4 HC1 and placed
in a 0. N NaOH containing M NaCl. The amount of H liberated to the supernatant liquid was measured by
back-titrating with 0. N HCI and using a glass pH electrode. Anion exchange capacity was similarly decided
with 4 % NaOH, 0. N HCl containing M NaCl, 0. N HCI.

Acid-Base Characteristics: H-form resin samples were placed in 0.01, 0.05, and 0. N HCI and then titrated
with 0.08 N NaOH solutions which were prepared with 0.01, 0.05, and 0. N NaCl, respectively. It was found
that the shapes of the base titration curves were exactly the same at the three ionic strengths, which confirmed
the absence of pH-dependent, variable charge on the resin surface. The same shape of the acid titration curve
was obtained for OH-form resin.

Surface Area: The corresponding specific surface areas of the dried cation and anion resin were measured

as 1.1 5 and 137 m2 per gram by the BET-N2 gas adsorption method.

Surface Charge Densit : The surface charge density was estimated as 409.4 and 352.9 coulombs per m2
for cation and anion exchange resins, respectively. This was calculated by dividing the cation exchange
capacity obtained by titration of the H-form resin by the surface area measured by BET-N2 adsorption with the
proper unit conversion.

3.3 Preparation of Electrolyte Stock Solutions and Resin
Electrolyte Stock Solutions: Electrolyte stock solutions of 0.01 and 0.0 N were prepared with the following

salts of analytical grade using deionized water: HCI, LiCI, NaCl, KCI, NH4CI, MgCI2, CaCI2, CUC12, ZnC12, CeCI3;
H2SO4, Li2SO4, Na2SO4, K2SO4, (NH4) 2SO4, MgSO4, CaSO4, CUSO4, ZnSO4, Ce2(SO4)3 for cation exchange
and NaCl, NaBr, NaNO3, Na2SO4; MgC]2, MgBr2, Mg(NO3)2, MgSO4 for anion exchange. All salts were obtained
from Fisher Scientific. The deionized water had resistivity greater than 17 MQecm and was obtained from a U.
S. Filter ion exchange system.

Resin Conditioning: The required amount of H- and OH-form resins as supplied was first washed with
deionized water and then placed in glass chromatography columns 3Ox3OO mm, Fisher Scientific Co.) for
conditioning. Washing was done by mixing resin with the deionized water and then discharging the supernatant
until the supernatant was visibly clear and the specific conductivity was 0056 pS/cm. The addition of the
electrolyte solution was continued until Na was not detectable at 004 mg/L. Moisture content of the conditioned
resin was determined from the difference in weight before and after 12-hour oven drying at 110 'C.

3.4 Exchange Experiment Methods
Surface excess and deficit were determined by monitoring ion loss or gain in the solution phase. The

amount of cations associated with the exchanger phase can not be measured directly via solid phase separation
and extraction of adsorbed ions, as the isolation of the solids can not be achieved without disturbance of the
ionic distribution in the vicinity of the exchanger phase.

Binary and ternary cation exchanges were studied for different electrolyte anion compositions at two total
cation concentrations (TCC). Small-volume batch experiments for binary and ternary cation exchanges were
performed with combinations of several cations in the single anion background of chloride Cl') and sulfate
(SO4 2- ) at TCC = 0.05 and 0.0 N.

In each experiment, a pre-determined amount of conditioned resin was added into a 160 mL polyethylene
bottle in which combinations of electrolyte stock solutions at 0.05 or 0.0 N were placed to obtain the desired
composition of cations and anions. After the test suspensions were prepared, they were placed on a rotator and
allowed to equilibrate for 12 hours. After this reaction period, solid and liquid were separated by gravity settling.
Supernatant samples were then taken and analyzed by atomic absorption spectroscopy for cations and by ion
chromatography for anions.

The kinetic study was performed with the column adsorption apparatus as illustrated in Figure 3 The
solution in the reservoir tank was uniformly pumped to the resin column before and after which pH and
conductivity were continuously monitored to estimate the breakthrough zone. The samples were collected
every 5 or 10 minute to analyze cations by atomic absorption spectroscopy and anions by ion chromatography.
The injection rate to the column was adjusted to meet the ionic loading rate of 60 equivalents/(g.min); 6 ml/min
for 0.01 N and 125 ml/min for 0.05 N.



4. RESULTS AND DISCUSSION

4.1 Equilibrium Ion Exchange
Equilibrium ion exchange data are commonly presented in plots of solid-phase concentration versus

solution-phase concentration for one of the exchanging ions. Exchange isotherms show the preference of an
exchanger for one ion over another and are customarily constructed with the experimental data converted to
equivalent fraction for both ions adsorbed in resin and dissolved in solution. Figures 4 to 15 show the binary,
ternary, quaternary, and quinary cation exchange data in the chloride background electrolyte at the total cation
concentrations JCC) of 0.0 N while Figures 16 to 22 illustrate the binary, ternary, and quaternary anion
exchange data in the sodium background electrolyte at the total anion concentrations JAC) of 0.0 N.

4. 1.1 Cation Exchange Isotherms and Modeling
Figures 4 7 and 10 show the data for K+-H+, K -Cu 2+ , K-Ca 2+ , KCO2+ , K-Ce 3+ and H-Na+, H-NH4+ H-

ETA+, H-Mg 2+ , H-Zn 2+ binary cation exchanges in the chloride background electrolyte at the total cation
concentrations JCC) of 0.05 N. The Vanselow mass action modeling was presented in Figures 5 6 8, and 9
for the binary cation exchanges, in Figures 1 1 and 12 for the ternary cation exchanges, in Figure 3 and 14 for
the quaternary cation exchanges, and in Figure 15 for quinary cation exchange.

Figure 4 shows data for binary cation exchanges between K and H Cu, Ca, Co, Ce in the chloride
electrolyte solutions at TCC = .05 N. The exchange isotherms show that the divalent cation selectivity
decreased with increasing its surface coverage, i.e., a decreasing slope of the isotherm curve was observed at
higher solution equivalent fractions of the divalent cation. The preference of the resin for divalent cation over K
was greater in the chloride anion media than that for H. This effect became larger at the lower surface coverage
by the cation. + + 2 < CU2 < C02+ < 2+

The series of resin selectivity for cations is H+ < Li+ Na < NH4 <K <Mg Ca < Ce'.
The selectivity of ion exchangers is defined as the selection by the ion exchanger of one couterion in preference
to the other. The quantitative determination of selectivity for particular ions is usually made on the basis of
comparison of the solid-phase equivalent fractions for the same equivalent fractions in the solution phase. The
selectivity is determined by the exchanger material (i.e., geometry and surface properties), the solution
conditions (i.e., ionic strength and composition), and the nature of the electrolyte ions (i.e., valence, size, and
polarizability). Selectivity generally increases for counterions higher in valence and smaller in hydrated radius.
However, the specific properties of a particular exchanger determine the order of cation selectivity and no
universal order exists in the replacing power of cations. Understanding selectivity series in ion exchange
requires understanding of the microscale processes involved, i.e., electrostatic and specific adsorption.

Mass action modeling was performed by first fitting the binary cation exchange data for the chloride media
at TCC = 0.05 N, and then applying the models to predict other binary, ternary, quaternary, and quinary cation
exchanges. The conditional selectivity coefficients for the Kerr, Vanselow, Gaines-Thomas, and Gapon
equations were extracted from the binary cation exchange data in chloride background at TCC = 0.05 N. The
selectivity coefficients were considered for half reactions of the charged site with Na, Mg, and Zn (kNa, kmg, and
k,,) as presented in Table 1. The solution-phase activity was corrected with the Davies equation. kH Was set to
I as a matter of convention. kmg and kz, were optimized to yield the best fits to the corresponding exchange
data through the least square method. The selectivity coefficients for the Kerr, Vanselow, Gaines-Thomas, and
Gapon equations were given in Table 3 The Vanselow model fits to obtain the selectivity coefficients were
shown in Figure 5, 6, 8, and 9 for binary cation exchanges.

Figures 11 to 16 show predictions of the ternary, quaternary, quinary cation exchanges in the chloride media
at TCC = 0.05 N. The Vanselow model predicted the exchanger composition well and other model predictions
were in poor agreement with the experimental data even at TCC = 0.05 N from which the selectivity coefficients
were extracted using binary data. The Gapon model does not seem to be acceptable as a cation exchange
model in multi-component systems in which several divalent cations are present in the suspension. The Kerr
and Gaines-Thomas models also did not yield accurate fits for cation exchanges.

4.1.2 Anion Exchange Isotherms and Modeling - Cl_-S 2
Figure 17 shows the data for Cl--OH-, C-Br, Cl'-NO3, 04 - binary anion exchanges in the sodium

background electrolyte at the total anion concentrations JAC) of 0.05 N. The Vanselow mass action modeling
was presented in Figures 18,19, and 20 for the binary anion exchanges, in Figures 21 and 22 for the ternary
anion exchanges, and in Figure 23 for the quaternary anion exchange. 2,

Figure 17 shows data for the binary anion exchanges between Cl- and OH-, Br, NO3, S04 in the sodium
electrolyte solutions at TAC = 0.05 N. The exchange isotherms show that the slope of isotherm for divalent
anion was higher than that for monovalent anions and that the isotherm for OH- was much below the diagonal
line over the whole solution equivalent fractions. The order of resin selectivity for anions is OH- < Cl- < Br <

2-N03- < S04 . Selectivity generally increases for counterions higher in valence and smaller in hydrated radius.
However, the high selectivity of N03' might be explained from the specific adsorption between the resin and
nitrate and the polarizability of nitrate.

Like cation exchange modeling, mass action modeling was performed by first fitting the binary cation



exchange data for the sodium media and then applying the models to predict other binary, ternary, and
quaternary cation exchanges. The conditional selectivity coefficients for the Kerr, Vanselow, Gaines-Thomas,
and Gapon equations as shown in Table 4 were extracted from the binary cation exchange data in sodium
background at TCC = .05 N. kH was set to as a matter of convention and other anion coefficients were
obtained from the best fits to the corresponding binary anion exchange data through the least square method.
The Vanselow model fits to obtain the selectivity coefficients were shown in Figure 18, 19, and 20 for binary
cation exchanges.

Model predictions were presented in Figures 21 to 23 for the ternary and quaternary anion exchanges in the
chloride media at TCC = .05 N. The Vanselow model provided relatively well prediction and Kerr, Gaines-
Thoams, and Gapon model predictions were in poor agreement with the experimental data.

4.2 Kinetic Ion Exchange
The kinetic study for ion exchange are practically important for the water purification with ion exchange bed

in order to approximate the run time of the column and the composition of the treated water. The column data
usually presented in plots of the ion concentrations at the column outlet versus time, i.e., breakthrough curve.
The effluent concentration is frequently normalized to the influent concentration to illustrate the concentration
difference at the inlet and outlet. The breakthrough curves indicate the selectivity of the ions present in influent
with the consideration of the solution composition and the resin properties. Figures 24 to 30 show the binary,
ternary, and quaternary cation exchange data in the chloride background electrolyte at the total cation
concentrations (TCC) of 0.05 and 0.01 N, while Figures 31 to 36 illustrate the binary, ternary, and quaternary
anion exchange data in the sodium background electrolyte at the total anion concentrations (TAC) of 0.0 N.

4.Z1 Cation Exchange + + 2+ 2+ U2+

Figures 24, 25, and 26 show the data for H-Na+, H-NH4+, H-ETA , H -Mg . H-Zn , H-K+, K-C , K-
Ca 2+, K-Co 2+ binary cation exchanges in the chloride background electrolyte at the total cation concentrations
(TCC) of 0.05 and 0.01 N. The shape of the breakthrough curve was influenced by the properties of counterion
and the extent of total cation concentration. The curves tend to be sharper at the higher TCC so that the
adsorption zone at the resin column becomes short. Contrarily, the adsorption zone tends to be longer at the
lower TCC, like the system water at nuclear power plant (NPP). Thus the run time of ion exchange bed at NPP
is much shorter than that expected on the basis of the theoretical resin exchange capacity. This phenomenon
will be worse due to the reduced total cation concentration with the switch of ammonia to ethanolamine as a pH
control agent. Fortunately, the effect of anion on the run time of cation exchange resin in NPP can be negligible
due to the very tiny amount of anion present in the system water.

In the column study as shown in Figures 27 to 30, the order of resin selectivity for cations is the same as
that in the equilibrium study, while the order of ion leaching varies with the solution composition. In NIPP, the
concentration of ammonia or ethanolamine is very high, compared to that of other ions, so that Na, even though
its selectivity is low, can be leached out of the ion exchange bed later than ammonia or ethanolamine. The run
time and the composition which are usually estimated with the theoretical exchange capacity and the ion
selectivity of adsorption equilibrium may not be correct. Therefore the quantitative modeling will be the
important too[ to use the ion exchange bed efficiently.

4.2.2 Anion Exchange 2

Figures 31 to 36 show the binary, ternary, and quaternary anion data for OH-, Cl', Br, N03-, S04 in the
sodurn background electrolyte at the total anion concentrations (TCC) of 0.05 and 0.01 N. The effect of the
counterion and total anion concentration on the breakthrough curve was almost same as cation exchange. All
anions tends to break through the column almost simultaneously, but the extent of their concentrations at the
adsorption zone is different from each other. The anion of the higher selectivity may be low in the normalized
concentration, vice versa for the anion of the lower selectivity. However, this kind of situation may not happen in
nuclear power plant because of the small quantity of anions present in the system water.

S. SUMMARY AND CONCLUSIONS

Cation and anion exchanges were performed through the equilibrium and kinetic studies. The series of
resin selectivity for cations is H+ < Li+ < Na+ < NH4+ < K < Mg 2 < CU21 < C02+ < Ca 21 < Ce 31 and for anions is
OH- < Cl- < Br < N03- < So 42,. Selectivity generally increases for counterions higher in valence and smaller in
hydrated radius. However, the selectivity difference for divalent cations may resulted from the ability of
complexation with surface functional groups of resin, while the high selectivity of N03- might be explained from
the specific adsorption between the resin and nitrate and the polarizability of nitrate.

The shape of the breakthrough curve was influenced by the properties of counterion and the extent of total
cation concentration. The breakthrough was initiated earlier for the cations of the lower valence due to the fast
diffusion of cation in the weaker electrostatic attraction of anion of low charge and the peak was sharp for the



counterions of the higher valence due to the facilitating exchange in the high ionic strength (high Donnan
exclusion). Also the peak of the breakthrough curves was sharp at the higher total cation or anion concentration
because the diffuse layer becomes shrinking at high ionic strength, which in return facilitates the ion exchange
reaction.

The adsorption zone in ion exchange bed tends to be longer for the system water at nuclear power plant
(NPP) due to the lower ionic strength. The run time of ion exchange bed at NPP is much shorter than that
expected on the basis of the theoretical resin exchange capacity. This phenomenon will be worse due to the
reduced total cation concentration with the switch of ammonia to ethanolamine as a pH control agent.
Fortunately, the effect of anion on the run time of cation exchange resin in NPP can be negligible due to the very
tiny amount of anion present in the system water.

In the column study, the order of resin selectivity for cations is the same as that in the equilibrium study,
while the order of ion leaching varies with the solution composition. In NPP, the concentration of ammonia or
ethanolarnine is very high, compared to that of other ions, so that Na, even though its selectivity is low, can be
leached out of the ion exchange bed later than ammonia or ethanolamine. To prevent the wrong estimation of
the run time and the composition the quantitative modeling will be the important tool to use the ion exchange
bed efficiently.
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Table 1. Mass action models for cation exchange between Na and Mg

models half reactions overall e change mass law equations" resin

equations conc.

Kerr Mg ;�+ +2F = MgP2; kmgP2 Mg Z+ +2NaP INa + 1 2qM?, mol/L

Na++P = NaP; kNaP MgP2+2Na+; kk kV = (Mg,'+ )qNa 2

Vanselow Mg2++2P = MgP2; kMgP2 Mg Z+ +2NaP = (Na+ )2X MgP2 mole

Na++P = NaP; kNaP MgP2+2Na+; kv kV - Mg2+ 2 fraction
IXN.Fl

Gaines- Mg Z+ +2F = MgP2; kMgP2 Vg'2NaP (Na+ ) 2 EmgP2 equivalent

Thomas Na++P = NaP; kNP MgP2+2Na+; kGT kGT = lMg2+ 2 - fraction
IEN.P

Langmuir- Mg2r+_P-'z'__ MgP ; kmgp Mg NaP (Na + } [Mg PI mol/L

type (&-j {p-1/2) MgP+Na + kL kL tMg'+ ) [NaPI

Na++P- NaP; kNP

Gapon T/21VIg NaP _6.�Wg W = MgO.5P; kMgO.5P INa+ JE equivalent

([MgP2]=[MgO.5P]/2) M90.5P+Na+; kG kG iW + )0-5EN.P Traction

Na++P- = NaP; kNaP I I

a P represents a site with a unit negative charge.

b and represent the activity and molar concentration.

qMg adsorbed Mg concentration kMgP2(Mg 2+jjp-�

qNa adsorbed Na concentration kNapjNa+){F)

X and E represent the mole and equivalent fractions for the adsorbed species.

kK, kv, kGT, kG, and kL denote the selectivity coefficients for Kerr, Vanselow,

Gaines-Thomas, Gapon, and Langmuir-type cation exchange equations.



Table 2 Physicochemical P perties of Ion Exc nge Resin

Item Unit Cation Exchange Anion Exchange
Resin IRN-77 Resin IRN-78

Moisture Content % 51.02 61.47
Ion Surface Area meq/9 4.37 5.01
BET Surface Density M29 1.15 1.37
Surface Charge Density C/m, 409.4 352.9
Bead Density g/mI 1.28 1.08
Thermal Stability 0 100 60
Particle Size Mesh 16 - 45 16 - 0
Effective S ze mm 0.50 0.50
pHRange 0 - 14 0 - 14

Table 3 Cation Selectivity Coefficients for Mass Action Models

Table 4 Anion Selectivity Coefficients for Mass Action Models

Kerr Vanselow Gaines-Thomas Gaeon

OH' 1.0 1.0 1.0 1.0
ci- 97 6 27 6 27 6 27 Br Vaqqe . pc,jow omas C An

Wo, 5" 9907
S 14516 1406 9.111 9713
114 a 2.0 2.0 2.0 2.0
ETA' 3.8 3.8 3.8 3.8
NH4' 3.9 3.9 3.9 3.9
K+ 13.9 13.9 13.9 13.9

Cu,- 59.8 2.5 6.7 6.3
Ca2+ 110.0 3.9 11.0 8.2
W 357.0 11.1 92.8 4.2
Co,,� � 371.9 17.3 45.7 13.2

445.5 17.4 49.3 18.3
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Figure 1. Schematic plots of (a) electrolyte ion concentrations versus distance from the negatively charged
surface with an electrolyte solution predicted by Gouy-Chapman theory; (b) Surface excess and deficit
concentrations predicted by Gouy-Chapman theory (GCT) for a negatively charged surface, and typical
observed cation adsorption capacity as a function of cation solution



(a) Conventional Electrostatic Model for Cation Exchange
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(b) Surface Complexation/Gouy-Chapman Model for Cation Exchange
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Figure 2 Schematic illustrations for (a) conventional and (b) SCGCIVI cation exchanges: Conventional modelconsiders exchange on a cation equivalent basis by electrostatic forces. SCGCM considers cation and aniontransfers between solid phase and solution phase by electrostatic and chemical forces.
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Figure 3 Column Adsorption Apparatus
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Figure 4 Binary Cation Exchanges between K and H, CU2+, Ca 2+ C2+, Ce 3+ at TCC 0.05 N
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Figure 5. Vanselow Mass Action Modeling of K - W Binary Cation Exchange between at TCC 0.05 N



A K 0 CU A K Vansebw ....... CuVansebw

1.0 -.. AL

O 
4

AA

06 A
a) A

A
04

2
A

0 A
0 2 04 0 6 0 8 1.0

Equv.ftactbn in the aqueous phase

Figure 6 Vanselow Mass Action Modeling of K - CU2+ Binary Cation Exchange between at TCC 0.05 N
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Figure 7. Binary Cation Exchanges between H+ and Na�, NH4+, Mg2+, Zn 2+ at TCC 0.05 N
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Figure 8. Vanselow Mass Action Modeling of H - Na+ Binary Cation Exchange between at TCC 0.05 N
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Figure 9. Vanselow Mass Action Modeling of H-'- Mg2+ Binary Cation Exchange between at TCC 0.05 N
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Figure 1 0. Binary Cation Exchanges between ETA+ and NI-14� at TCC = .05 N
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Figure 11. Vanselow Mass Action Modeling of K', CU2, C2* Ternary Cation Exchange between at TCC 0.05
N



&H *Na Mg AHVansebw NaVansebw *MgVansebw

I
Uj

AP� - Q
44 0.8
U) G)

0.6 -6C)

OA

02

144
0 * <� I I

0.0 02 OA 0.6 0.8 1.0

Equv. fiacthn:h ihe aqueous phase

Figure 12. Vanselow Mass Action Modeling of H+, Na�, Mg2+ Ternary Cation Exchange between at TCC 0.05 N
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Figure 13. Vanselow Mass Action Modeling of K4, CU2,1' C024, Ca 2,1 Quaternary Cation Exchange between at

TCC = 0.05 N
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Figure 14. Vanselow Mass Action Modeling of Na+, Mg2+, Zn 2+ Quaternary Cation Exchange between at

TCC 0.05 N
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Figure 15. Vanselow Mass Action Modeling of K+, CU2+, C02+ Ca 2+ Ce 3+ Quinary Cation Exchange between at

TCC = 0.05 N
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Figure 16. Vanselow Mass Action Modeling of H, Na+, NH4+ g Zn Quinary Cation Exchange between at

TCC = .05 N
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Figure 17. Binary Anion Exchanges between CI_ and OH-, Br-, N03-, S04 2- at TAC 0.05 N
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Figure 18. Vanselow Mass Action Modeling of CI- - Br Binary Anion Exchange at TAC 0.05 N
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Figure 19. Vanselow Mass Action Modeling of Cl'- N03- Binary Anion Exchange at TAC 0.05 N
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Figure 20. Vanselow Mass Action Modeling Of Cl- S04 2- Binary Anion Exchange at TAC 0.05 N
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Figure 21. Vanselow Mass Action Modeling of U. Br, N03- Ternary Anion Exchange at TAC 0.05 N
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Figure 22. Vanselow Mass Action Modeling of U. N03-, S04 2- Ternary Anion Exchange at TAC 0.05 N
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Figure 23. Vanselow Mass Action Modeling of U, BC, N03-, S04 2- Quaternary Anion Exchange at TAC 0.05 N
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Figure 24. Breakthrough Curves for H - Na+ Binary Cation Exchange in NO and S04 2- Background Media at
TCC = .05 N
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Figure 25. Breakthrough Curves for H - Na+ Binary Cation Exchange in S04 2- Background Medium at TCC
0.01 N and 0.05 N
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Figure 26. Breakthrough Curves for Binary Cation Exchanges between H and K, Ca 2+ C2+, CU2+, Mg2+, NH4+,

Na+ in C- Background Medium at TCC = .01 N
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Figure 27. Breakthrough Curves for H', Na+, NH4+ Ternary Cation Exchanges in Cl- and S04 2- Background

Media at TCC = 0.05 N
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Figure 28. Breakthrough Curves for H+, Li+ Na+ Ternary Cation Exchanges in Cl- and S04 Background Media
at TCC = 0.05 N
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Figure 29. Breakthrough Curves for H+, Na+ Li+, NH4+ Quaternary Cation Exchanges in Cl- Background

Medium at TCC = 0.05 N
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Figure 30. Breakthrough Curves for H, Na4 Li+, NH4+ Quaternary Cation Exchanges in S04 2- Background
Medium at TCC = .05 N
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Figure 31. Breakthrough Curves for Cl-, Br Binary Anion Exchanges in Na+ Background Medium at TAC 0.01
N and 0.05 N
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Figure 32. Breakthrough Curves for Cl-, Br Binary Anion Exchanges in Mg2+ Background Medium at TAC 0.05
N
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Figure 33. Breakthrough Curves for Cl-, Br, N03- Ternary Anion Exchanges in Na+ and Mg2� Background
Media at TAC = .01 N
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Figure 34. Breakthrough Curves for Cl-, N03-, S04 2- Ternary Anion Exchanges in Na+ and Mg2+ Background
Media at TAC = .05 N
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Figure 35. Breakthrough Curves for Cl-, B(, N03-, S04 2- Quaternary Anion Exchanges in Na4 Background
Medium at TAC = .05 N
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Figure 36. Breakthrough Curves for Cl-, Br, N03-, S04 2- Quaternary Anion Exchanges in Na+ Background

Medium at TAC = .01 N


