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Abstract: In the present study, batch kinetic tests have been performed for boron
removal from model solutions using boron selective ion exchange resins Diaion
CRB 02, Dowex (XUS 43594.00) and Purolite S 108. Several kinetic models have
been used to evaluate the sorption kinetics of boron by means of a well mixed
stirred system, diffusional models, pseudo-first-order, and pseudo-second-order
kinetic models. The mass transfer model, based on a well stirred system including
maximum capacity (Qn,, mg/g) and Langmuir constant (b, L/mg) values obtained
from Langmuir isotherms, has been used to obtain predictive concentration changes
against time. The experimental results have been used to compare with the
modelling data for different ionic strength media.

Keywords: Boron, ionic strength, ion exchange, mass transfer, water

Received 2 June 2006, Accepted 6 November 2006

Address correspondence to N. Kabay, Chemical Engineering Department, Faculty
of Engineering, Ege University, 35100, Izmir, Turkey. Tel.: + 90-232-3880016;
Fax: + 90-232-3741401; E-mail: nalan.kabay @ege.edu.tr

1013



09: 30 25 January 2011

Downl oaded At:

1014 1. Yilmaz et al.
INTRODUCTION

In many regions, water resources suffer from several salinization problems.
One of the inorganic constituents that is problematic and difficult to get rid
of is boron. Boron, is an essential micronutrient for plants to complete
certain metabolic activities, however, higher boron levels accelerate plant
decay and expiration. Different plants can withstand different boron levels.
For example, the optimal boron concentration range is 0.3-0.5 mg/L for
citrus and grapes and 0.50-0.75 mg/L for corn (1). Boron compounds
passing to soil, surface waters, and ground waters form many complexes
with heavy metals such as Pb, Cd, Cu, Ni, etc. and these complexes are more
toxic than the heavy metals within them (2). Boron removal is also a critical
issue in the production of ultra-pure water in the electronics industry (3).

The World Health Organization has given a recommended maximum
limit of 0.3 mg/L of boron in drinking water because boron may have a
harmful effect on humans. It has been demonstrated that boron produces
harmful effects on the masculine reproductive organs in laboratory animals
such as mice, rats, and rabbits, which is an indicator of some teratogenic
effects in humans (3). So, there is a need for removal of boron from water
and wastewater to obtain the concentration limit for environmental pollution
control.

There are several methods of boron removal from the water that contains
a high concentration of boron, even though most of them are inefficient in
obtaining the desired concentration and too difficult to utilize.

The coprecipitation method using metal hydroxide is an inefficient and
environmentally ineffective process due to low removal rate, requirement of
a large amount of metal hydroxide, and disposal of large amount of unrec-
yclable wastes. The evaporation—crystallization process is sufficient only in
the case of very high boron concentrations, especially more than several
thousand ppm. Likewise, solvent extraction needs expensive extractants
which are toxic (4). Besides, a new hydrothermal treatment technique was
developed to recover boron as recyclable precipitate Ca;B,05 - H;O from
aqueous solutions (4). There are conventional adsorption methods worked
on by several researchers. Treatment wetlands are one method that could
be used to remove boron, but the inability of S. polyrrhiza to remove
even low levels of boron from the test solutions indicates this species is
not suitable for treating boron-containing wastewater (5). G. Pieruz et al.
investigated a process based on liquid-liquid electrochemistry to transfer
selectively borate anions present in produced water to an immiscible
phase (6). Removal of silicon and boron from ultra-pure water using EDI
(electrodeionization) was worked by R. Wen et al. (7). There are also
some membrane processes such as reverse osmosis and electrodialysis for
boron removal. However, these techniques require a high cost for manufac-
turing and maintenance. Often these methods are efficient only in the case of
high pH values. For example, the removal efficiency using reverse osmosis
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was about 40—80% and in some cases (pH 10—11) over 90% (1). In elec-
trodialysis, the removal efficiency is 40—75%; and the process was found
to be expensive (8).

Besides the prementioned methods, there are hybrid processes that
combine two or more process to remove elements from water and waste-
water such as membrane-ion exchange etc (9). The membrane-ion exchange
hybrid process integrates sorption processes with membrane separation of
sorbents. Combination of sorbents with their separation on membranes
reveals many advantages comparing with conventionally used fixed bed
systems (10).

The classical method for eliminating boron is ion exchange which has
been also used in the present study. In the case of ion exchangers, the boron
removal efficiency is 90—98%, but the regeneration costs can be very high
(8). Batch and column-mode studies for boron removal from geothermal
wastewaters using N-glucamine type resins were performed by Badruk
et al. (11, 12). Kabay et al. studied column-mode removal of boron from
geothermal wastewaters using Diaion CRB 02 N-glucamine-type chelating
resin for ten sorption-washing-elution-washing-regeneration-washing cycles
in Kizildere geothermal field, Denizli. Column-mode recovery of boron
from acidic eluate solution was performed using Diaion WA 30, a weak
base anion exchange resin (13). Also, the comparative results were obtained
using different N-glucamine type resins (Purolite S108, Diaion CRB 01,
Diaion CRB 02) and column performances of these resins for boron
removal from geothermal wastewater were studied (14).

This paper presents the effect of ionic strength of the solution on kinetic per-
formance for boron removal from water by ion exchange. Also, different kinds of
kinetic models have been used to evaluate the kinetic studies and some con-
clusions drawn regarding the optimum design for the ion exchange resin bead.

Modelling of Sorption Kinetics

In order to compare the mass transfer coefficients of the sorption processes, several
kinetic models such as well-known pseudo first and second order kinetic
equations and stirred cell models can be used to evaluate the kinetic studies.

Seeded Microfiltration Cell Kinetic Modelling

The kinetics of the process have been modelled by a mass transfer model
based on a well mixed stirred system as explained by Holdich et al. (15) for
boron removal using a seeded microfiltration system. Mass balance for
boron in a stirred cell with well mixing provides:
dc dq
V—=F(Cfpea —C) —m— 1
7 (Cfeea = C)—m o (1)
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where

V = the liquid volume in the cell
C = the concentration in the solution (both in the cell and the exit)
Creca = the concentration in the feed to the cell
F = feed flow rate
m = mass of the resin in the cell
q = average mass of boron per mass of resin.
The system of equations can be solved simultaneously in an equation

solver capable of solving partial differential equations such as PDESOL
(Numerica, Dallas, USA) (15). The related equations are given below:

gt=0,0<r<R)=0

Ct=0)=0
«__ 4-=R
b(gm — ql,=r)
q —x = dx(q)
ag(t > 0
=0 _,
ar =0
og(t >0 K
=0 _ K c_cy
or =k Defrpy
dc 3 dq
V"= F(Cppeqg — C) — =mD,p—
gr = F(Crea = O) = gmDeyg |

g 10 , 0q
A2 prH
ot r28r( 77 or

Diffusional and Reactional Models

Alternative kinetic studies have been evaluated using diffusional and reaction
models. The models for process dynamics includes both the diffusional steps
(bulk solution, a film layer at the external surface of the particle, pores) and the
exchange reaction on the active sites. Since the resistance in bulk solution is
easily controlled and negligible, three resistances, such as film diffusion,
particle diffusion, and chemical reaction, usually determine the overall rate
of the ion-exchange process. One approach uses the infinite solution volume
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(ISV) model, whereas another method uses the unreacted core model (UCM)
to describe the rate determining steps in ion exchange process (11). These two
kinetic models developed for spherical particles to specify the rate-determin-
ing steps are given in Table 1.

EXPERIMENTAL
Materials

Diaion CRB 02 and Purolite S 108 ion exchange resins were kindly provided
by Mitsubishi Co., Japan and Purolite International Ltd., UK, respectively and
Dowex (XUS 43594.00) resin was kindly sent by Dow Chem., Germany. In
the experiments, the functional group of Purolite S 108 resin was converted
from Cl form into OH  form. The conversion was achieved by washing
16 g of the resin with 100 mL of 1M sodium hyroxide solution for 24 h at
room temperature with continuous shaking.

The model solution containing 20 mgB/L (pH of this solution was
adjusted with sodium hydroxide up to pH =9.0-9.2) was used in the
experiments.

The ionic strength of Kizildere geothermal wastewater has been calcu-
lated as 0.07 mol/L but in the experiments the ionic strength of the
solutions has been adjusted to 0.1 mol/L (Table 2).

Equilibrium Uptake of Boric Acid

Adsorption isotherms studies were conducted using 0.1 g of Dowex (XUS
43594.00) and Purolite S 108 resins at a particle size of 0.250—1.000 mm
and 50 mL of solutions containing different boron concentrations (4, 8, 10,
15, 20, 30, 40 mg B/L, pH 9.0) at 30°C and for 48 hours with continuous

Table 1. Diffusional and reaction models

Model Equation Rate-determining step
ISV F(X) = —In(1 — X) =kt Film diffusion
where k = D, 77 /1§
ISV F(X) = —In(1 — Xz) = Kj;t Particle diffusion
where K;; = 3DC/ro6C,
UCM F(X) = X = (3Ca0Kma/a:0Cso)t Liquid film
UCM F(X) =3 — 3(1 — X)*/* = 2X = (6DgCao/ Reacted layer
ar02Cso)t

UCM FX)=1-(1-X)'? = (kCao/ro)t Chemical reaction
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Table 2. Chemical composition and ionic strength of the Kizildere geothermal
wastewater

Tonic MW LS. = (C-z%)/2
species C(mg/L) (g/mol) Charge C(mol/L) C-z* (Total)
Na*t 1190.00 23.00 1 0.05174  0.05174

K* 142.00 39.00 1 0.00364  0.00364 0.02769
Lit 3.78 6.94 1 0.00054  0.00054 0.02796
Ca*t 0.51 40.00 2 0.00001  0.00005 0.02799
Mg2+ 0.42 24.30 2 0.00002  0.00007 0.02802
F~ 15.36 19.00 1 0.00081  0.00081 0.02843
Cl 94.20 35.50 1 0.00265  0.00265 0.02975
SO; 646.00 96.00 2 0.00673  0.02692 0.04321
HCO3 1660.00 61.00 1 0.02721  0.02721 0.05682
CO§7 224.00 60.00 2 0.00373  0.01493 0.06429
At 0.85 74.92 3 0.00001  0.00010 0.06434
B3 19.00 10.81 3 0.00176  0.01582 0.07225

Note: T-SiO, and S-SiO, have not been included in the LS. calculation (T-
Si0, = 330 mg/L and S-SiO, = 287 mg/L) (T: total, S: soluble).

shaking. To investigate the effect of the ionic strength on equilibrium uptake
of boron, the following solutions were prepared:

1. [Boric acid +NaOH] (pH = 9)
2. [Boric acid + NaOH + 0.1 M NaHCO;] (pH = 9)
3. [Boric acid + NaOH + 0.1 M NaNO;] (pH = 9)

Because the ionic strength of Kizildere geothermal wastewater (Table 2)
is about 0.1 M, in the experiments related to conditions 2 and 3, this concen-
tration value was maintained in addition to boric acid and NaOH.

Kinetic Tests with Ion Exchange Resins using Model Boron Solution

The effect of ionic strength on kinetic performance of boron removal was
studied by contacting 2 g of Dowex (XUS 43594.00) and Purolite S 108
resins (0.250-1.000 mm) with 500 mL of 20 mg B/L (pH = 9) solution
prepared at the following conditions on a magnetic stirrer and at room
temperature:

1. [Boric acid + NaOH] (pH = 9)
2. [Boric acid + NaOH + 0.1 M NaHCO;] (pH = 9)
3. [Boric acid + NaOH + 0.1 M NaNOs] (pH = 9)

The boron concentrations of the samples were monitored by taking the
samples from the solution at defined time.
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Analytical Procedure

The analysis of boron was performed spectrophotometrically using the
Azomethine-H method (A ,,: 415 nm).

RESULTS AND DISCUSSION

Adsorption Isotherms of Boron

In models of ion exchange or adsorption, the equilibrium concentration of
the species transferring from the liquid to the solid phase can be modelled

using an adsorption isotherm. The widely used Langmuir isotherm is
expressed as (16):

bCegm
e — 2
% =TTbC. 2
A linear form of this expression is:
C, 1 C.
== A3)
qe bgn  qm

where q. (mg/g) and C. (mg/L) are the amount of boron adsorbed per unit
weight of sorbent and remained boron concentration in solution at equili-
brium, respectively. The value of b is the Langmuir equilibrium constant
which has the unit of L/mg. A plot of C./q. versus C. gives a straight
line with a slope of 1/q,, and intercept of 1/bqy,.

In the present study, equilibrium uptake of boron was investigated using
different kinds of ion exchange resins and model boron solutions having
different ionic species. The Langmuir isotherms have been used to describe
the sorption of boron onto the resins. Linear plots of C./q. versus C. show
that sorption isotherms obey the Langmuir isotherm model for Dowex
(XUS 43594.00) and Purolite S 108 resins for all solutions used as shown
in Table 3.

Calculated Langmuir equilibrium constant, b, L/mg and the theoretical
monolayer saturation capacity, Qn,, mg/g values are given in Table 3. As
seen from Table 3, increase in ionic strength led to an improvement of Q.
It was considered that an increase in ionic strength leads to the increase in
diffusion of B(OH), ions to the binding sites of the resin. In addition, the
kind of electrolyte species that are used for adjusting the ionic strength of
the solution did not affect the Q,, values for both Dowex (XUS 43594.00)
and Purolite S 108 resins. Also, Q,, values for Dowex (XUS 43594.00) are
found to be higher than those for Purolite S 108. Besides, as tabulated in
Table 3, calculated b values changed as a function of resin type and ionic
strength.
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Table 3. Evaluation of boron adsorption isotherms of Dowex (XUS 43594.00) and
Purolite S 108 resins

Ton exchange resins/model solution R? Qum (mg/g) b (L/mg)

Dowex [Boric acid + NaOH] (pH = 9) 0.9830 8.51 0.59

Dowex [Boric acid + NaOH + 0.1 M 0.9864 13.61 1.51
NaHCOs] (pH = 9)

Dowex [Boric acid + NaOH + 0.1 M 0.9972 13.42 5.78
NaNOs] (pH =9)

Purolite S 108 [Boric acid + NaOH] 0.9944 4.25 1.05
(pH=9)

Purolite S 108 [Boric acid + NaOH + 0.1 M 0.9986 6.30 1.53
NaHCOs] (pH = 9)

Purolite S 108 [Boric acid + NaOH 4+ 0.1 M 0.9952 6.28 0.89

NaNOs] (pH =9)

Investigation of Sorption Kinetics

All the kinetics studies were evaluated using pseudo-first-order and pseudo-
second-order kinetics models. To obtain the correlation coefficients,
log(ge — q,) versus t and 1/(q. — q) versus t were plotted for first-order and
second-order kinetic models, respectively. The linearity of the plots shows
the empirical applicability of the pseudo-first-order or pseudo-second-order
kinetic equation for boron sorption on the resins. Since the correlation coeffi-
cients of pseudo-second-order kinetics (R?) (Table 4) are greater than those of

Table 4. Evaluation of batch kinetic studies with respect to conventional kinetic mod-
elling of sorption

Ion exchange resin and experimental R? (First order R? (Second

conditions kinetics) order kinetics)

Dowex (XUS 43594.00) [Boric acid + NaOH] 0.9828 0.9937
(pH = 9)

Dowex (XUS 43594.00) [Boric acid + 0.9745 0.9968
NaOH + 0.1 M NaHCO3] (pH = 9)

Dowex (XUS 43594.00) [Boric acid + 0.9862 0.9996
NaOH + 0.1 M NaNOs] (pH =9)

Purolite S 108 [Boric acid + NaOH] (pH = 9) 0.9802 0.9959

Purolite S 108 [Boric acid + NaOH + 0.1 M 0.9546 0.9770
NaHCO;] (pH =9)

Purolite S 108 [Boric acid + NaOH + 0.1 M 0.9815 0.9981

NaNOs] (pH =9)
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Figure 1.
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Effect of ionic strength on boron removal by batch kinetic study using

Dowex (XUS 43594.00).

pseudo-first-order kinetics for all experimental conditions, it can be concluded
that the sorption of boron by both resins obeys the pseudo-second-order
kinetic model.

Also, the kinetic behaviors of Dowex (XUS 43594.00) and Purolite S 108
resins were examined and compared in order to get a measure of the relative
kinetic performance of the resins in the presence of other ionic species in the
solution. Figures 1 and 2 show that the ratio of boron concentration to initial

cic

1,20
—<&—( Boric acid + NaOH) (pH=9)
1,00
(Boric acid + NaOH + 0.1 M NaHCO3)
(pH=9)
0,80 N~
——(Boric acid + NaOH + 0.1 M NaNO3)
(pH=9)
0,60
0,40
0,20 —®
—h
0,00 - T : .
0 500 1000 1500 2000

Time (min)

Figure 2. Effect of ionic strength on removal of boron by batch kinetic study using
Purolite S 108.
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Figure 3. Model and experimental data of batch kinetic study using Dowex (XUS
43594.00) and [Boric acid 4+ NaOH] (pH = 9) solution (D¢ = 1.50E-13 m2/ S).

concentration decreased to almost 0.50 at about 60, 20, and 20 min of contact
time with only boric acid solution (pH=9) and with boric acid in
0.1 M NaHCO; and in 0.1 M NaNOj solutions, respectively for both resins
at moderate stirring rates. In terms of contact, time, the ionic strength of the
solution affects the kinetic performance of the resin although the kind of the
electrolyte species did not influence the kinetic performance of the resin. It
can be considered that an increase in ionic strength leads to an improvement
in diffusion of B(OH), ions to the binding sites of the resin due to the facili-
tated transport phenomenon. The mobility of B(OH), ions through the ion
exchange resin is enhanced with the aid of ionic species increased by ionic
strength in the bulk solution.

=
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Figure 4. Model and experimental data of batch kinetic study using Purolite S 108
and [Boric acid + NaOH] (pH = 9) solution (Dgg = 4.00E-12 m?/s).
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Figure 5. Model and experimental data of batch kinetic study using Purolite S 108
[Boric acid + NaOH + 0.1 M NaHCO3;] (pH = 9) solution (D.g = 7.00E-13 mz/ s).

As shown in Figures 3—-6, the experimental data were evaluated using a
seeded microfiltration cell kinetic model. Effective diffusion coefficients of
boron inside the particle, m? /s (Degr) which give the best fitting for theoretical
and experimental results are 1.50 x 10713 mz/ s for Dowex (XUS 43594.00)
in the case of only the boric acid solution and 4.00 x 10~'2, 7.00 x 10~ "3,
and 7.00 x 10~ " m? /s for Purolite S 108 for only boric acid solution, boric
acid in 0.1 M NaHCOs;, and in 0.1 M NaNOj solutions, respectively.

Finally, Table 5 summarizes the calculated mass transfer coefficient
values using seeded microfiltration cell kinetic modelling method. As seen

25
EI Theoretical
g’ 20 & Experimental
T
§ 15
G
.5 10
3 T :
0 - T T T T T T

0 200 400 600 800 1000 1200 1400 1600

Time (min)

Figure 6. Model and experimental data of batch kinetic study using Purolite S 108
and [Boric acid + NaOH + 0.1 M NaNOs] (pH = 9) solution (Deg = 7.00E-13 mz/s).
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Table 5. Evaluation of batch kinetic studies by means of mass transfer coefficients

Ton exchange resin and solution Modelling data K (m/s)

Dowex (XUS 43594.00) [Boric acid + NaOH] (pH = 9) 1.34-E-4

Dowex (XUS 43594.00) [Boric acid + NaOH + 0.1 M 1.34-E-4
NaHCO3;] (pH =9)

Dowex (XUS 43594.00) [Boric acid + NaOH + 0.1 M 1.34-E4
NaNOs] (pH =9)

Purolite S 108 [Boric acid + NaOH] (pH = 9) 1.33-E-4

Purolite S 108 [Boric acid + NaOH + 0.1 M NaHCOs] 1.33-E-4
(pH=9)

Purolite S 108 [Boric acid + NaOH + 0.1 M NaNOs] 1.33-E-4
(pPH=9)

Table 6. Evaluation of diffusional and reaction models for Purolite S 108

R2
—In —In 3—-3 1-
Solution 1-X 1-X» X (1-X*-2x 1-x)'3
[Boric acid + NaOH] 0.9830  0.9841 0.9507 0.9813 0.9740
(pH=9)

[Boric acid + NaOH + 0.9280 0.9834 0.8521 0.9833 0.9053
NaHCO;](pH = 9)

[Boric acid + NaOH + 0.9440  0.9981 0.8650 0.9981 0.9206

NaNO;] (pH =9)

Table 7. Evaluation of diffusional and reaction models for Dowex (XUS 43594.00)

R2
—In —In 3-3 1-

Solution 1-X 1-X3 X q0-xX*-2x a-x'
[Boric acid +NaOH] ~ 0.9352  0.9993  0.8895 0.9992 0.9211

(pH=9)
[Boric acid + NaOH +  0.9524  0.9965 0.8727 0.9961 0.9291

NaHCO;](pH = 9)
[Boric acid + NaOH+  0.9571  0.9988  0.8808 0.9983 0.9352

NaNOs] (pH = 9)
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Figure 7. Kinetic behavior of Purolite S 108 and [Boric acid + NaOH] (pH = 9)
solution based on infinite solution volume models.

in Table 5, the calculated mass transfer coefficients for all experimental con-
ditions are found to be almost the same.

Tables 6 and 7 give the linear correlation coefficients obtained from the
plots of F(X) function versus time. The plots given in Figures 7—10 were
obtained using the solution of boric acid and NaOH mixture (pH = 9) only.
As seen in Tables 6 and 7, the maximum correlation coefficients for the
linear models show that the boron sorption by both resins is controlled by
particle diffusion at various conditions.

0.6

* FX)=X
0.51 g Fx=aa(1-xM23-2% *
044 A FRO=(1-X)MI3 R2 =0.9507

=03
e R =0.974
0.2 |
R2=0.9813
" //‘
0-0 B2 o T T T T T
0 5 10 15 20 25 30 35

Time (min)

Figure 8. Kinetic behavior of Purolite S 108 and [Boric acid + NaOH] (pH = 9)
solution based on unreacted core models.



09: 30 25 January 2011

Downl oaded At:

1026 1. Yilmaz et al.

0,6

* F(X)=-In(1-X"2)
m F(X)=-In(1-X) B=0,8352

0,5 -
0,4 -

0,3

F(X)

0,2

0,1 -

R? =0,9993

0 5 10 15 20 25 30 35

Time (min)

0,0

Figure 9. Kinetic behavior of Dowex (XUS 43594.00) and [Boric acid + NaOH]
(pH = 9) solution based on infinite solution volume models.
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Figure 10. Kinetic behavior of Dowex (XUS 43594.00) and [Boric acid + NaOH]
(pH = 9) solution based on unreacted core models.

CONCLUSIONS

Ionic strength of the solution affected the kinetic performance of the resin
although kind of the electrolyte species did not influence the kinetic perform-
ance of the resin. It was obtained that the sorption of boron by both resins
obeyed the pseudo-second-order kinetic model. According to the linear
diffusion models it was obtained that boron sorption by both resins is con-
trolled by the particle diffusion.



09: 30 25 January 2011

Downl oaded At:

Boron Removal from Model Solutions

APPENDIX

An example of the model for a “Batch Process” using “PDESOL” program is

given in Appendix:

Constants

Qm = 8.51e-3’ Langmuir maximum q value g/g

b = 0.59' Langmiur parameter b m> /g of boron

m = 2’ mass resin used g

V = 5e-3 volume of cell in m’

radius = 250e-6" m

mu = 0.001” viscosity of liquid

rhos = 1.1’ specific gravity of solid

rhol = 1’ specific gravity of liquid

diff = 0.8e-8 mz/ s Diffusivity of transferring species in water
Degr = 1.3e-13 mz/ s Internal diffusivity of transferring species in bead
cfeed = 19.88' g/m’ Concentration of species in feed (also ppm)

vel_ter = 9.329¢-3’ Terminal settling velocity—Manual

Calculated Constants

rho = rhos - le + 6 g/m’

deltarho = (rhos-rhol) - 1000’ density difference in kg/ m’

Re = 2 -radius - rhol - 1000 - vel_ter/mu’ Particle Reynolds number
Sc = mu/(rhol - 1000 - diff)’ Scmidt number

Sh=2+.6-Re".5 - Sc".33' Sherwood number

K = Sh - diff/(2 - radius)’ Mass transfer coefficient

V2 =Re

V3i=K

Initial Conditions
q@t0 = 0
C@t0 = cfeed
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Boundary Conditions and Equations

Cequ

q@xU/b/(qm-q@xU)

q_x = dx(q)

gx@xL = 0

q_x@xU = (K - (C - Cequ))/(rho - Deff)
C_t= —m- 3/V . Deff/radius - q_x@xU
q_t=1/(x > 1e-6)"2 - dx(Deff - x"2 - q_x)

NOMENCLATURE

fractional attainment of equilibrium or extent of resin conversion

k rate constant (L/s)

t time (s)

D, diffusion coefficient in solid phase (m2 /s)

Iy average particle radius (mm)

Ky rate constant for film diffusion (infinite solution volume condition
(L/s)

D diffusion coefficient in solution phase (m?/s)

1) film thickness (mm)

C total concentration of both exchanging species (M)

Cao concentration of species A in bulk solution (M)

Ko mass transfer coefficient of species A through the liquid film (m/s)

a stochiometric coefficient

Cso concentration of solid reactant at the bead’s unreacted core (M)

Der effective diffusion coefficient in solid phase (m2 /s)

kg reaction constant based on surface (m/s)
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