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ABSTRACT

Boron is used in the primary coolant of pressurized water reactors in nuclear power
generation for shim control. If boron concentration is decreased, fewer neutrons are
adsorbed and more fission occurs. When boron concentration increases, less fission
occurs. The boron concentration can be controlled by the use of ion-exchange resins
operating in the Boron Thermal Regeneration System (BTRS). A better understand-
ing of BTRS kinetics can enhance its potential use for chemical shim control. The
concentration and temperature effects on boron sorption and desorption with Amber-
lite IRN-78LC resins are investigated both experimentally and theoretically for BTRS
operating conditions from 0.1–0.2 mol/dm3 boron and 10–60°C. A model, based on a
postulated boron-sorption mechanism, assuming linear driving force through the film
with fast, reversible, local reaction equilibrium, is presented. Comparison with exper-
imental data validates that the model predictions are reasonable. The results are also
applicable to other boron ion-exchange systems, such as initial breakthrough predic-
tions from water polishers used in manufacturing microchips.

INTRODUCTION

Boron, as boric acid, can be used for chemical shim control in pressurized
water reactors (PWR) used for nuclear power generation. Boron compensates
for xenon transients and absorbs neutrons to produce tritium and lithium (1).
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The process of absorbing neutrons controls the power generation, or shim,
rate. With higher boron concentrations, less fission occurs; with lower boron
concentration, more fission occurs. Boron serves as a supplemental control to
the primary control-rod mechanism. The Boron Thermal Regeneration Sys-
tem (BTRS) can control boron concentration because borate is absorbed on
ion-exchange resins at low temperature and released at higher temperature.
The amount of reactor coolant reprocessed is minimized, whereas reactor
coolant chemistry control is improved. BTRS is not currently operational be-
cause of the lack of boron sorption and desorption characterization (2). This
paper addresses this current technical deficiency by presenting a model that
can allow BTRS performance simulation.

Suitable resins are the key to BTRS technology. In large-scale cooling-wa-
ter treatment, strong base resins with 8–12% divinylbenzene (DVB) crosslink-
ing (3) are most widely used. Resin requirements include higher equilibrium
capacity with temperature dependency, good thermal stability, and resistance
to radiation damage. Peterka (4) concluded that only strongly basic resins are
suitable for BTRS, and Amberlite IRN 78 is economical in commercial use.
His work was confirmed by Na (5).

Boron sorption and desorption experiments on strong anion resins are re-
ported by Tomizawa (6–8), Kononova et al. (9), and Na (2, 5). Data from ki-
netic experiments using Diaion SAN-1 resin (OH� form) for boron sorption
at low temperature and desorption at higher temperature were analyzed using
the shrinking-core model (6–8). Activation energy of about 3 and 7
kcal/mol�1 for early- and late-stage reaction, respectively, were found during
sorption on borate-form resin with concentrations from 0.0231 to 0.463 M.
These data suggest that the rate-determining step might switch from early film
diffusion to particle diffusion as sorption proceeds. Kononova and his co-
workers, with ANB-11G resin at 0.0162 M boron, reached a similar conclu-
sion that diffusion is the limiting step in boron sorption. They also found that
the sorption rate is influenced strongly by bead size, and could increase with
increasing temperature. Na investigated boric acid sorption on Amberlite
IRN-78LC resin at typical BTRS operating conditions. He suggested that the
sorption isotherm should consider both the exchange of borate ions and ad-
sorption of nondissociated boric acid. Na found that the diffusion-coefficient
temperature dependency of boric acid within the resin follows an Arrhenius
form. No quantitative theories have previously been advanced for the kinetics
of boric acid sorption or desorption in BTRS.

The theoretical study of BTRS includes sorption equilibrium, kinetic be-
havior, and column dynamics. The nature of the equilibrium relationship is
typically nonlinear and favorable over the operation concentration and tem-
perature ranges (10). The kinetic behavior of boron sorption is complicated;
the apparent capacity is both temperature and concentration dependent, and
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various boron forms exist within the solution phase that are accompanied by
multiple reversible reactions that are a function of pH and concentration. In
addition, different diffusion patterns exist for both ionic and molecular
species through the film and particle. The Nernst-Planck model, used to de-
scribe the migration of strong electrolytes, is questionable for this system
(11).

This work investigates boron sorption and desorption kinetics on strong
base anion resins in BTRS to provide a practical model to predict operation.
Conditions addressed are a total boron concentration range near 0.1 to 0.2
mol/dm�1, a temperature range from 10–60°C, and Amberlite IRN 78LC �
OH�1-form anion resin. Contributions of both film and intraparticle diffusion
resistance will be considered in this model.

THEORY

The sorption of boron on strong base resin seems to be governed by a dif-
ferent mechanism from ordinary ion exchange. A special feature is that polyb-
orate formation occurs at an active site during sorption that results in an in-
crease in equilibrium capacity. If A denotes the counterion initially in the resin
(here OH�), B indicates the boric acid molecule, AB is the tetrahedral
B(OH)4

�, and P represents polyborates, the following ion exchanges occur si-
multaneously in the system.

Process I: Consumption of counterion released by the ion exchanger

R�A� � B ←→ R�A�B� (1)

R�A� � P � B ←→ R�P� � AB (2)

Process II: Ion exchange followed by replacement of the tetrahedral ion by
polyborates according to selectivity

R�A� � AB ←→ R�A�B� � A (3)

R�A�B� � P ←→ R�P� � AB (4)

Process III: Complex formation at the exchange site

R�A�B� � (n � 1)B ←→ R�A�B�n (5)

These reactions may take place at both the interface and at sites within the
resin. Hydroxide ions are consumed as soon as they reach the interface by
coion H�, which does not migrate from the bulk to the resin phase because of
Donnan exclusion and maintenance of the liquid-phase charge balance.

As boric acid molecules enter the resin phase they react with OH� to form
the tetrahedral B(OH)4

� because of high, localized pH. Equations (1) to (3)
dominate as long as the resin contains enough OH� for these reactions.
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Molecular boric acid migration across the liquid film is rate limiting. As re-
action proceeds and sites are converted to the borate form, formation of
polyborates at the exchange sites, represented in Eq. (4) and (5), becomes
the major reaction. A sharp boundary may result because of slow mobility
of boric acid and polyborates inside the resin. Film diffusion control is no
longer valid and the rate-controlling step becomes particle diffusion. A ref-
erence point to divide the two stages may be chosen, typically when some
fraction of the resin capacity exhausts, depending on various operation con-
ditions (8).

Assumptions

The following assumptions, based on system process conditions, are used
in the model to minimize mathematical complexity. Boric acid dissociation
equilibrium is assumed to obey the equilibrium relationship presented by
Mesmer et al. (12–13),

�B(OH)3 � �OH�    K��←→ B� (OH)��
� � 3� (6)

Traces of other borates in solution are neglected. The local equilibrium at
the resin–film interface is described by the selectivity relationship. The linear
driving force for film and particle-diffusion control, as demonstrated by
Glueckauf (14), will be adequate in this study.

In addition, the following common ion-exchange assumptions are used:

• quasi-stationary or pseudo-steady-state film diffusion
• unity activity coefficients
• constant individual diffusion coefficients of the ions and the neutral

molecule
• complete Donnan exclusion, no net coion flux within the film
• electrical neutrality
• homogeneous ion-exchanger particles
• negligible swelling changes of the ion exchanger
• neglecting the effect of axial dispersion
• isothermal, isobaric operation

Some assumptions may not be accurate for BTRS, particularly isothermal
behavior and absence of swelling changes due to considerable heat produced
from the reactions. Concentration may not be uniform because gradients exist
near each bead, and flow is nonideal. Moreover, mass transfer varies with time
and space. However, the variations of concentration with location in the film
are much more important than with time, implying pseudo-steady-state ex-
change. Models derived with these assumptions represent an approximate rate
law.
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MODEL DEVELOPMENT

Molecular flux is described by Fick’s first law for film-diffusion control

JHB � �DHB � CHB (7)

If a linear driving force is applied at the liquid side, Eq. (7) can be expressed as

JHB � �kL (Co
HB � C*HB) (8)

where kL is the mass transfer coefficient of molecular boric acid on the liquid
side, which can be determined by an empirical expression, such as the
Dwivedi-Upadhyay correlation (15)

�
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Ionic species flux can be written using the Nernst-Planck equation, as

Ji � �Di ��
	

	

C
r

i
� � zi �
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i
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r
�� (10)

Through the equilibrium relationship in Eq. (6) the relative concentration be-
tween borate containing i boron molecules to boric acid is

Ci
HB � �

kiK

1

w
| zi |� CiCH

|zi | � �
K
1

i
� CiCH

|zi | (11)

The electrical potential term in Eq. (10) can be replaced by the coions con-
centration gradient (no coions flux and no net electrical current). In this sys-
tem, the only coion is hydrogen. Thus, Eq. (11) can be rewritten as
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Differentiation of Eq. (12) leads to the concentration gradient relationship
among borate, boric acid, and hydrogen
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Substituting Eq. (13) and (11) into Eq. (12) the borate flux in terms of bulk
boric acid and hydrogen concentrations is

Ji � �DiKi �
i

C

�C

H
| z

i�

i |

1
HB
� �

	C
	

H

r
B

� (14)

Then the total boron flux in the film is

JBT � JHB �∑ Ji � �De �
	C

	
H

r
B

� (15)
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where the apparent diffusivity is

De � ��DHB � ∑ DiKi �
i

C

�C

H
| z

i�

i |

1
HB
�� (16)

The particle exchange rate can then be expressed as

�
d
d
q�
t
� � askLDe�(Co

BT � C*BT) (17)

The film-diffusion rate is determined once the total boron interfacial concen-
tration is specified.

For particle-diffusion control, the total boron-exchange rate can be ex-
pressed analogous to Eq. (17)

�
d
d
q�
t
� � k�e (q* � q) (18)

which is subject to the initial condition

q� � q�o, at t � to (19)

Errors from this approach are smaller than expected (16) and can be mini-
mized by an appropriate correlation for the equivalent mass transfer coeffi-
cient. Glueckauf (14) first pointed out the equivalence between a linear-rate
and diffusion model and derived, for a linear system, the equivalent mass
transfer coefficient expression

k�e � 15 �
R

D�e
2� (20)

He validated the expression with various boundary conditions. Comparing
theoretical breakthrough curves calculated from the solution of Rosen’s diffu-
sion model (17–18), Ruthven (16) showed good agreement with Eq. (20).
Therefore, this approximation will be adopted to avoid a complex diffusion
model.

Determination of the Bulk Concentrations

There are many ionic borate species, along with molecular boric acid, in-
volved in boron transport from the bulk liquid to the resin (10). Some borate
species are unproven in solution at specific conditions. However, borate con-
centrations are quite low in the BTRS. The problem is simplified because most
borate forms do not significantly contribute to the total boron migration to-
ward resins. The clarification of species containing multiple boron molecules
and their concentrations is required. The concentration of each borate postu-
lated for a given total boron concentration is determined by combining charge
balance, mass conservation, and water dissociation.
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The water formation relation

KW � COH�CH (21)

in combination with borate ionization and equilibrium constants—corre-
sponding to Eq. (6)—results in

K�� � KW k�� � �
[B�

�

[

�

H

]�

B

[H

]�

�]�

� (22)

The charge balance and the mass conservation are

CH � CB11
� CB21

� CB31 � 2CB42 � COH (23)

CBT � CHB � CB11
� 2CB21

� 3CB31
� 4CB42

(24)

By substituting Eqs. (21) and (22) into Eq. (23) for related species, and solv-
ing for CH, we have

CH � �
1
3

� (DK11CHB � DK21C2
HB � DK31C3

HB � KW) (25)

The concentration of hydroxide can be obtained from Eq. (21) with the result
of Eq. (25) by trial and error. With an appropriate initial guess for the boric
acid concentration CB, Eq. (25) can be solved by the Newton-Raphson
method. The concentrations of other species are obtained by applying Eq. (22)
to each species. Details are given elsewhere (10).

Interfacial Concentrations

The interfacial concentrations at the resin surface are the boundary condi-
tions for the particle rates, and they must relate the equilibrium isotherm de-
fined in this model. If the process is film-diffusion controlled, the concentra-
tion distribution within the resin is uniform. When film-diffusion resistance is
negligible, the interfacial concentration, C*, is the bulk liquid concentration.
For either limitation, an interfacial concentration occurs at one side of the re-
sistance layer, either from the initial condition or calculation from the column
material balance. The boundary condition at the other side of the resistance
layer can then be estimated, under the assumption of local equilibrium at the
interface, by the following expression (10)

Q � a�(Co
BT)� exp[�(bT � cT 2)] (26)

For film-diffusion control, the average boron concentration in the resin q̄ 
replaces the total apparent capacity, Q, and the liquid interface concentration
in Eq. (26) becomes

C*BT � ��
q
a
�� exp(bT � cT 2)�

1/�
(27)
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Eqs. (21) to (25) are applied to estimate the concentration of other species at
the interface.

Similarly, the interface concentration on the resin side in Eq. (18) is ex-
pressed, for particle-diffusion control, as

q* � a�(Co
BT)� exp[�(bT � cT 2)] (28)

Column Dynamics

In an ion-exchange column, the equilibrium isotherm determines the nature
of the concentration front, and the sharpness of the profile is linked largely to
kinetics. The movement of the concentration front, or mass transfer zone, and
its response to a perturbation in the feed conditions are described by the over-
all material balance throughout the column.

In a fixed-bed column, with ideal plug flow and no axial dispersion, the dif-
ferential boron material balance for a column element of fluid is given as

�
	C

	t
BT
� � �

u
�

� �
	C

	z
BT
� � �

1 �
�

�
� �

	

	

q�
t
� � 0 (29)

subject to the initial and boundary conditions

I. C. CBT � 0, q � 0, at t � 0, z � z (30)

B. C. CBT � Cƒ
BT, at t � t, z � 0 (31)

The term �
	

	

q�
t
� is determined by the particle rate expressed generally as

�
	

	

q�
t
� � F(q, CBT) (32)

To obtain the boron front location—or the boron effluent history—Eq. (29) is
solved, with initial and boundary conditions [Eq. (30) and (31)], and an ap-
propriate rate equation. Equation (32) is replaced by Eq. (17) for film-diffu-
sion control and Eq. (18) for particle-diffusion control. A porosity � of 0.35
was used in this work, which is typical in resin-packed columns.

Because all boron forms are interrelated by equilibrium at a given temper-
ature, mass balance equations for each species are not necessary. The concen-
trations of these species can be readily determined by Eq. (21) through (25) as
soon as the total boron concentration is known.

With a dimensionless transform, Eq. (29) and (32) can be rewritten as

�
	
	
X


� � �

	
	
Y
�
� � 0 (33)

�
	
	
Y
�
� � ƒ(Y,X) (34)
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with the initial and boundary conditions

I. C. X � 0, Y � 0, at � � 0, 
 � 
 (35)

B. C. X � X ƒ, at � � �, 
 � 0 (36)

where the dimensionless parameters are defined as


 � �
ki (1

u
� �)
� �

d
z
p
� (37)

� � �
k
d
i

p

C
Q

i
ƒ

� �t � �
z
u
�
�� (38)

Y � �
Q
q�� and X � �

C

CB
ƒ
B

T

T

� (39)

The explicit form of Eq. (34) in dimensionless form for film-diffusion control
is

�
	
	
Y
�
� � 6Ri(X o � X *) (40)

and for particle-diffusion control

�
	
	
Y
�
� � 60�(Y * � Y ) (41)

where

Ri � ��D
D

H

e

B
��

2/3
(42)

� � �
k
D

L

�
d
e

p
��a�exp[�(bT � cT 2)]�(C ƒ

BT)��1 (43)

Y * in Equation (41) is not a function of the average fraction, Y, in the resin,
but is dependent on the boron feed concentration and can be derived from Eq.
(28). As indicated in the assumptions, concentration variations with location
in the film are predominant concerns in ion-exchange applications at low con-
centration. In other words, the pseudo-steady-state exchange could be applied
to describe the variations of concentration in the film and on the resin surface.
Therefore, integrating Eq. (41) with the initial conditions, the resulting rela-
tionship between concentration inside the resin and on the surface can be ap-
proximated as

Y � Y * [1 � exp(�60��)] (44)

The dimensionless forms are analogous to those used to describe heat trans-
fer in a packed bed, and many of the solutions (19–21) were derived by anal-
ogy. Their solutions used infinite-series or error functions, even in some 
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approximate forms. Direct numerical solution of the model equations is ap-
plied in this work.

Numerical Solution Techniques

The solution of convective diffusion equations, coupled among different
model components, is a major difficulty for simulation of ion-exchange dy-
namics. Many investigators have applied the method of characteristics to ad-
sorption-packed columns (22), binary and multicomponent ion-exchange
columns (23–26), and cation and anion resins in mixed beds (27). This tech-
nique is also used in this work.

Equations (33) and (34), which describe, in dimensionless form, the mate-
rial balance of boron in a column element and the exchange rate around a par-
ticle within the element, are coupled first-order ODEs. As soon as the bulk and
interface concentrations, and effective diffusivity or equivalent mass transfer
coefficients, are obtained, the equations are solved numerically with restric-
tions in Eqs. (35) and (36).

The assumption that reactions are instantaneous compared to the diffusion
rate is applied here. For a small time increment with fast reactions, this ap-
proximation is reasonable (28). The boric acid dissociation equilibrium gives
algebraic equations solvable by the Newton-Raphson method. The resulting
boric acid concentrations are used to determine the effective diffusivity de-
fined in Eq. (16). Euler’s and Adams-Bashforth’s explicit methods were ap-
plied to solve the ODEs. The Runge-Kutta fourth-order method gave the ini-
tial starting values for Adams-Bashforth.

EXPERIMENT

Experiments on sorption equilibrium provide data for the determination of
Eq. (26) parameters. The detailed experiment work was presented by Na (2).
In the experiment, a temperature-adjustable 2600-mL capacity fermentor
(Model SY-250, Korea Fermentor Co.) was used as the batch reactor for
boric acid adsorption. Reactor temperature was controlled by an ENDOCAL
RTE-210 thermostat (NESLAB Co.). Table 1 lists the reactor specifications
for adsorption. The resin used was OH� form Amberlite IRN-78LC with 6%
DVB crosslinking (Lot No. 16082). The structure, physical properties, and
particle size distribution were examined. The details were provided by Na
(2).

The experimental conditions were selected by referencing operation condi-
tions of BTRS. A typical operating temperature of BTRS is 10°C for dilution
and 60°C for boration. The concentration of boron in the coolant decreases
from about 0.143 M at the beginning of the reactor fuel cycle to about 0.0019
M at the end of the cycle. Therefore, experiments were performed within the
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concentration range of 9.25 � 10�5 to 0.143 M boron and temperature range
from 10 to 60°C.

To pretreat the resin, it was fully swelled, converted into OH� form by 2 N
NaOH solution, and then rinsed thoroughly with deionized water. After pre-
treatment, 1000 mL of boric acid solution with given concentration was placed
within the batch reactor. The reactor was maintained at a desired temperature
�0.5°C. Then, 8–16 g of pretreated resin were put into the reactor. The sys-
tem was stirred at 700 rpm for about 2 h. Finally, after adsorption equilibrium
was reached, the solution was sampled and analyzed to determine the boron
concentration. The data are presented in Table 2 (boron concentration in solu-
tion—ppm boron, amount of boron sorbed on the resin—g boron/L), and the
sorption isotherms of boric acid on IRN-78LC resin are illustrated in Fig. 1.

Case Comparison and Discussion

The equilibrium concentration on the resin surface is determined by Eq.
(28). Values of parameters in the equation were given by Lou, et al. (10). For
Amberlite IRN78LC resin, substitution of these values leads to the explicit ex-
pression of Eq. (28) as:

q* � 6.30 � 102 (Co
BT)0.291 exp[�(0.00599T � 4.55 � 10�8T 2)]

Film diffusion dominates the early stage of the exchange process (up to 50%
of the intrinsic capacity of the resin), whereas particle diffusion dominates the
final stage. A transition point exists where these two mechanisms are equiva-
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TABLE 1
The Specifications of Reactor Used for Boron-Adsorption

Experiment

Contents Specification

Inside Diameter 132 mm
Height 200 mm
Volume 2600 mL
Number of baffles 3 ea.
Motor (DC) 40 watt
Agitation speed 50–1500 rpm
Heater 30 � 80 watt (2 EA)
Temperature control range 0–60�C
Press of cooling water 0.8–1.2 Kg/cm2

Materials Pyrex glass, SUS 316
Power supply AC 110V, 60 Hz
Model SY-250
Manufacturer Korea Fermentor Co
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lent. The selection of the switch point is empirical. Tomizawa’s work (6–8)
and Na’s experimental results (2) suggest the switching point is approximately
80–90% of the apparent resin capacity exhausted, depending on the resin type.
A value of 80% was used as the transition point in this work for Amberlite
IRN78LC resin.
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FIG. 1 Sorption isotherms of boric acid on IRN-78LC resin.

TABLE 2
Experimental Data of Sorption of Boric Acid on IRN-78LC Resin

10�C 30�C 45�C 60�C

C ppm Q (g/L) C ppm Q (g/L) C ppm Q (g/L) C ppm Q (g/L)

4.48 10.34 3.95 8.42 7.51 9.1 8.48 8.24
15.86 12.14 5.74 10.06 13.29 10.19 14.85 9.54
45.78 15.37 20.43 12.02 28.56 11.18 71.36 11.64
86.03 17.84 52.57 13.67 81.11 13.44 140.6 13.5

111.5 19.41 111.5 16.72 124.6 16.17 200.4 15.67
324.8 24.31 236.8 19.98 387.2 21.94 344.3 18.12
622.4 28.63 370.3 22.78 706.6 25.10 441.3 19.51
928.6 32.5 680.6 26.52 10.41 27.75 720.1 22.47

1240 36.05 1004 29.80 1392 30.23 1046 25.2
1587 39.57 1331 32.25 1379 27.39

1440 32.54 1541 28.61
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The model was tested by comparing data from an industrial plant. In a
closed cycle, the initial feed conditions were 463 ppm boron at 17,000 kg/h
(for the first 70,000 kg), then flow rate increases to 27,000 kg/h. Boron con-
centration in the reactor coolant system, after boration, was 246 ppm. The
comparison is given in Fig. 2, and the corresponding boron concentration dis-
tributions within the column bulk liquid are given in Fig. 3. When the effluent
concentration after breakthrough exceeds the feed concentration, boron des-
orption from the resin occurs to maintain bulk liquid and resin phase equilib-
rium. Meanwhile, the highest concentration front is located near the most ac-
tive exchange zone rather than at the column inlet, which reflects boron
desorption in the saturated zone as feed concentration decreases. The model
did very well predicting column performance.

Some curvature, corresponding to the lower solution concentration 
range (0–�100 ppm), exists on Fig. 1. This is not a serious challenge to 
the assumption of a linear driving force applied in this work. We believe 
that the curvature reflects the contribution of electric potential within the 
total boron diffusion at very low solution concentrations, which has 
been shown in past work (27) and accounted for within the effective diffusiv-
ity De.

The sharp front of these curves indicates that a favorable sorption isotherm
and high exchange rate can be expected by using strong base anion resins in
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FIG. 2 Comparison of model prediction and operation data for concentration histories in BTRS
with conditions: T � 283 K, flow rate � 17 M3/h for 70 M3, followed by flow rate � 27 M3/h,

Amberlite IRN-78LC resin.
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BTRS. The sorption behavior can be attributed to

1. dominant boric acid molecular diffusion in the liquid film has less inter-
action with other diffusing species

2. instantaneous ionization of boric acid molecules at the interface
3. fast polyborate formations inside the resin

However, there is slight deviation in the breakthrough between the experi-
mental data and model prediction in Fig. 2. This deviation could result from
either the choice of the transition point or neglecting the effect of axial diffu-
sion or both.

Donnan exclusion leads to no net coion flux within the film, which means
that the concentration gradient of hydrogen ions in this case is constant. In
other words, the concentration gradients of boric acid molecules and borates
are constant due to the equilibrium relations between the boron carriers and
hydrogen ions. Fast reversible chemical reactions balance the concentrations
among boric acid and various borates in the film. This reduces possible inter-
actions among diffusion species that may produce the resistance to boron 
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FIG. 3 Boron concentration distributions in the column with time, corresponding to the feed 
conditions presented in Fig. 2.
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carrier transport from the bulk liquid to the interface. The immediate con-
sumption of hydroxide ions released from the resin at the interface partly 
reduces the interactions of coions.

The instantaneous ionization of boric acid at the interface results in an 
extremely low concentration of molecular boric acid, which gives the largest
possible driving force for the molecular diffusion on the liquid side and 
accelerates the exchange rate. This can be considered valid when little resin
capacity has been consumed. Figure 4 shows the favorable exchange rate 
as boric acid sorption on IRN-78LC resin in BTRS. The decreased exchange
rate after the peak results from boron desorption due to decreasing feed 
concentration.

The rapid polyborate formation at sites within the resin dramatically in-
creases the apparent (or equilibrium) capacity for boron, and favors formation
of a sharp boundary between the interface and the resin interior in the later
stages of sorption. This in turn favors a fast exchange rate and the postulation
of a linear driving force.

Effects of temperature on boron sorption are indicated in Fig. 5. The ex-
change rate depends weakly on temperature for the conditions studied because
of the weak temperature dependence of mass transfer coefficients and negli-
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FIG. 4 Uptake of boric acid on Amberlite IRN-78LC resin in BTRS (q � average boron con-
centration in resin, q_app � apparent capacity corresponding to feed concentration of 463 ppm

and temperature of 283 K).
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gible concentration of dissociated ionic species from boric acid at these 
temperatures.

The apparent resin capacity, however, varies with changing temperature,
about 25% higher at 10°C than 60°C. Correspondingly, with similar condi-
tions, the concentration front at higher temperature will be farther down the
column than that at lower temperature at a given time, and breakthrough is ex-
pected to occur earlier.

CONCLUSIONS

Experiments revealed that the boron sorption on IRN-78LC resin increases
with increasing boron concentration and decreases with increasing tempera-
ture. The model demonstrates the feasibility of modeling boron sorption in
BTRS. The steep shape of the breakthrough curves results from favorable
sorption equilibrium of boron on OH�-form anion resin. Lower temperature
favors sorption. Dominant molecular migration may allow the simplification
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FIG. 5 Effect of temperature on uptake of boric acid on Amberlite IRN-78LC resin and break-
through.
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of neglecting borates to boron sorption at higher concentrations. If this sim-
plification is used, Fick’s law is sufficient for boron sorption kinetics in
BTRS. Modeling both molecular and ionic forms is recommended for lower
concentrations.

NOMENCLATURE

a parameter in Eq. (26)
as specific area of resin (cm2/cm3)
b parameter in Eq. (26)
c parameter in Eq. (26)
Ci concentration of ith species in solution (mM/dm3)
De effective diffusivity of boric acid (cm2/sec)
Di self diffusivity of ith species (cm2/sec)
Ji flux of ith species (mM/cm2�sec)
ke effective mass transfer coefficient of boron (cm/sec)
kL boric acid mass transfer coefficient at liquid side (cm/sec)
Ki equilibrium constant of reaction for ith species
q average boron concentration in resin (mM/cm3)
Q resin equilibrium capacity (mM/cm3)
R universal gas constant
Re Reynolds number of particle
Sc Schmidt number
t time (sec)
T temperature (K)
u superficial velocity (cm/sec)
X, Y concentration fractions in solution and resin
zi charge number of ith species

Greek symbols

� proportional constant in Eq. (6)
� proportional constant in Eq. (6)
� parameter in Eq. (41)
� parameter in Eq. (26)
� column void fraction
� dimensionless time specified in Eq. (38)

 dimensionless space coordinate specified in Eq. (37)

Superscripts

bar refers to resin phase and average concentration in resin
* interfacial conditions
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o bulk phase conditions
ƒ refers to feed conditions

Subscripts
o initial conditions
BT total boron in solution
HB boric acid
H hydrogen ions
OH hydroxide ions
W water
B11 monoborate
B21 diborates
B31 triborates
B42 tetraborates with charge number �2
� boron atom number in borates
� charge number of borates
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