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ABSTRACT

Boron removal from water remains a significant challenge in desalination and
wastewater treatment due to boron's low ionization potential and high solubility. This
study characterizes the sorption performance of selective N-methyl-D-glucamine
(NMDG) ion-exchange resins in a batch system. Equilibrium and kinetic sorption
parameters were determined through batch experiments to characterize the dominant
mass-transfer mechanisms governing uptake on three NMDG-bearing commercial resins
Amberlite IRA743, Purolite S108, and Diaion CRBO5 over a range of particle-size
fractions. Equilibrium data fit best to the Langmuir isotherm, indicating monolayer
sorption behavior. Kinetic analysis using the Shrinking Core Model and the
Homogeneous Particle Diffusion Model confirmed that boron uptake is primarily
governed by intraparticle diffusion rather than by external film resistance or surface
chemical reactions. Although the pseudo-second-order model yielded a high statistical
correlation with the batch data, it is interpreted as a macro-level empirical description
rather than as mechanistic evidence of a rate-limiting reaction. A diffusion-based "Dp"
model, coupling a material balance with the HPDM, was developed and validated against
experimental concentration profiles for all tested resins. The model showed good
agreement, providing physically meaningful estimates of the effective diffusion
coefficient (Deff) and external mass transfer coefficient (K). These findings establish a
rigorous mechanistic foundation for the design and scale-up of boron sorption processes

KEYWORDS: Boron Elimination, Resin, [on-Exchange, Water Desalination.

INTRODUCTION

Among the separation technologies applicable to boron removal, ion exchange stands
out as particularly well-suited for processing dilute boron-containing streams.
Increasingly strict quality standards for irrigation water have accelerated interest in
advanced treatment technologies, since sensitive woody crops can tolerate only sub-0.5
mg/LL.  boron concentrations before phytotoxic effects occur [1]. Field-scale
demonstrations of on-farm ion-exchange installations have confirmed removal
efficiencies approaching 99%, validating the practical feasibility of complying with these
stringent irrigation limits [1]. In addition to environmental concerns, the European Union
has designated boron as a critical raw material in view of its strategic economic value and
concentrated supply chains. This designation has shifted the focus of boron management
from simple contaminant removal towards recovering boron from desalination brines as
a resource within a circular economy context [2,3]. A variety of theoretical and empirical
kinetic models have been developed to interpret experimental sorption data, with
particular emphasis on breakthrough behavior in packed-bed columns. Standard practice
involves initial batch-scale characterization of equilibria and sorption rates, followed by
scale-up to continuous fixed-bed column operations. Widely used empirical tools for
kinetic description include the Lagergren pseudo-first-order and the Ho—-McKay pseudo-
second-order rate equations, which provide rate constants and equilibrium capacity
estimates beyond simple curve-fitting [4]. For fixed-bed prediction, the Thomas model
grounded in Langmuir-type kinetics is widely used to forecast breakthrough performance
under continuous-flow conditions [5]. The overall adsorption rate generally reflects the
combined resistance of three sequential steps: external mass transfer across the boundary
layer, diffusion within the particle interior, and the intrinsic surface reaction at the
adsorbent interface. Yoon and Nelson developed a simplified analytical model for
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predicting column breakthrough curves [6,7]. Certain investigations, notably that of Hilal
et al. [8], attribute rate limitation during boron uptake on Amberlite IRA743 to the
complexation reaction occurring at the N-methyl-D-glucamine (NMDG) chelating sites.
Conversely, other researchers have demonstrated that intraparticle diffusion resistance
makes a dominant contribution to the overall uptake rate. Although reducing particle size
effectively shortens the diffusion path and accelerates sorption, this comes at the cost of
elevated hydraulic pressure drop in packed-bed columns, imposing a practical constraint
on column design [7].

To address these challenges, a diffusion-based 'Dp model' built on the HPDM
framework is proposed. The contribution of this work resides in its integrated application:
simultaneously resolving the rate-controlling mechanisms and delivering mechanistically
grounded parameters directly applicable to the engineering design and scale-up of boron
sorption processes.

THEORETICAL FRAMEWORK

Sorption Equilibrium Isotherms

At thermodynamic equilibrium, sorption isotherms characterize the distribution of an
adsorbate between the solid resin phase and the surrounding liquid phase. A range of
theoretical and empirical relationships has been reported to represent such equilibrium
data; four representative models are presented in Table (1) [8].

Table 1: Equilibrium isotherm models.

Langmuir Freundlich | Langmuir-Freundlich Reddlich-Peterson
K.C " bC" aC
9. =47 q.=k,C 9. =4, 9. = 7
1+K,C - 1+bC" 1+bC

Commercial N-glucamine resins including Diaion CRB-02 and Purolite S-108 have
been widely reported to exhibit Langmuir-type equilibrium behavior during boron uptake
[9]. All isotherm constants are determined from experimental data by minimizing the sum
of squared deviations between model predictions and measurements through nonlinear
least-squares regression.

Diffusion-Based Models: HPDM and SCM

Formulating an accurate kinetic expression is a prerequisite for constructing process-
level models suitable for engineering design. A variety of kinetic frameworks have been
applied to represent experimental boron sorption data [10,11]. This work evaluates
pseudo-nth-order empirical models in parallel with two mechanistic diffusion-based
approaches: the Homogeneous Particle Diffusion Model (HPDM) and the Shrinking Core
Model (SCM), also known as the shell-progressive model [10,11]. Model selection was
based on goodness-of-fit criteria, with the highest correlation coefficient to experimental
data indicating the most representative model.
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Figure 1: Homogeneous particle model.

The particle-based diffusion model

Within the HPDM framework, boron ions migrate from the bulk solution toward the
internal binding sites of the sorbent through a sequence of transport resistances. Mass
transport proceeds in successive steps: the solute first traverses the external boundary
layer (liquid film) surrounding each resin bead. It then crosses the solution—resin
interface, permeates through the particle interior, and ultimately adsorbs onto the internal
pore surface, as depicted in Figure (1).

The transport of boron within the resin is described by Fick’s second law, treating
the particle as a pseudo-homogeneous isotropic medium. In the governing equations,g
represents the adsorbed amount of boron per mass of resin, Defr is the effective
intraparticle diffusion coefficient, and r is the radial position. Performing a differential
mass balance over a spherical shell element of the resin particle leads to the following
diffusion equation:

— 2
To solve this equation, specific initial and boundary conditions are required:
Initial condition: c(r,O) =q (r,()) =0 (2)
Symmetry conditions: At the particle center ( r = 0) are :
gel G4l _ (3)
orl,_, Or|._

Continuity conditions: At the particle surface (r =R), the mass transfer is governed by
the external mass transfer coefficient (K) and the equilibrium relation derived from the
appropriate isotherm:

0
a_:r_R :D_(C_Cr:R) (4)

a(R1)=1(d]..,) ©
where f(C) denotes the interfacial equilibrium relation derived from the fitted isotherm
equation. C is the bulk-solution boron concentration and K is the external fluid-film mass-
transfer coefficient. Assuming rapid equilibrium at the interface, Montastruc et al. [12]
proposed the following relations:

Oc _0g de (6)

ot Ot dg
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P

(7)

(8)

9)

. df — : .
with f'(c) = A the derivative of the adequate isotherm equation.
c

For dense or low-porosity resin particles, an alternative mechanistic description is
provided by the Shrinking Core Model, which conceptualizes sorption as a reaction front
advancing inward through the bead as the unreacted core progressively shrinks. In this
picture, boron-laden solution contacts the outer surface of a partially saturated spherical
bead, and the reaction front migrates toward the particle center over time. The linearized
forms of the HPDM and SCM equations used to identify the rate-controlling step defined
as the slowest transport or reaction step governing the overall uptake rate are compiled in
Table (2) [10,11].

Table 2: Kinetic equations used in the case of the diffusion model (shrinking core model :
SCM, Homogeneous particle diffusion model : HPDM [10,11]).

Methods Equations

Step controlling the rate of sorption

HPDM

3DCJ
t

—ln(l—X):(ﬁ

External diffusion in the liquid film

~In(1-X?)= (—wggﬁzjt

Diffusion in the resin pseudo-

homogeneous

SCM Adsorption controlled by the liquid film
3C,K
X = |
aR"C,,
. 6 D C Adsorption controlled by the diffusion
Fx =(3-3(1-x)" - 2x) ¢ through the sorption ayer
akR’ C
Adsorpti trolled by the chemical
3 k C rption controlled by the chemica
FXX =(1- (1 — X) reaction
x=4
q,

where:

X: fractional attainment of equilibrium or extent of resin conversion

g: amount of boron adsorbed at time t
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q°: maximum sorption capacity

t: contact or reaction time

R: radius of the spherical resin particle

Co: initial concentration of boron in the aqueous solution

C:: total concentration of both sorbing in the sorbent phase

Cso: concentration of sorbing species at the bead’s unreacted core
Ks: reaction constant based on surface

r: average particle radius

Desr: effective diffusion coefficient within the resin particle

ks: rate constant for the chemical reaction at the internal surface
a: stoichiometric coefficient

K: equilibrium constant

Cr: total concentration

These equations help identify the best diffusion model for experimental data and the
rate-controlling sorption step. For example, studies have used this approach with Dowex-
XUS 43594 and Purolite S108 resins, both of which have particle sizes of 250 to 1000
pm [13]. Mass transfer modeling accounts for both film diffusion around the resin and
internal diffusion within the particle to predict boron sorption kinetics. Based on these
modeling techniques, subsequent studies have explored related hybrid processes.

Furthermore, Holdich et al. investigated a hybrid process combining microfiltration
membranes with ion-exchange resins to remove boron at 4 mg/L, using Purolite S108
resins with particle sizes of 190-530 um. This study builds on previous modeling
approaches and, as previously highlighted by Valderram [14], aims to identify the
diffusion model that best describes the experimental data and, second, to determine the
specific rate-controlling steps.

The pseudo-n-order models
The generalized pseudo-nth-order rate law, which relates the instantaneous uptake
rate to the remaining driving force toward equilibrium capacity, takes the form:

dq .

5~ K4.—a) (10)
Here, g. represents the equilibrium boron adsorption capacity determined by the

corresponding isotherm model, while k denotes the rate constant of the pseudo-nth-order

sorption process (gn'!.mg!™ min'). When n=1, this expression reduces to Lagergren's

pseudo-first-order equation, whereas n=2 corresponds to the pseudo-second-order kinetic

model developed by Ho and McKay

A comparative kinetic study by Hilal et al. [15] found that the pseudo-second-order
model described batch boron sorption data more accurately than the first-order
expression. The reported rate constants were k = 0.033 and 0.016 g/(mg-min), with
corresponding equilibrium capacities qe of 3.67 and 5.41 mg/g at initial boron
concentrations of 1.5 and 5.0 mg/L, respectively. The authors interpreted this behavior as
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evidence of rate limitation by the complexation reaction at the NMDG chelating sites
rather than by borate ion diffusion within the resin matrix. Santander et al. examined the
particle-size dependence of sorption kinetics for poly(N-(4-vinylbenzyl)-N-methyl-D-
glucamine) (P(VbDNMDG)) and Diaion CRBO02, likewise reporting pseudo-second-order
behavior for both materials.

MATERIALS AND METHODS

Chemicals and Resins

Two particle-size categories were employed throughout the experimental program.
To isolate the influence of particle size on sorption kinetics, Amberlite IRA743 was wet-
sieved to a narrow fine fraction of 40-60 um. The as-received forms of all three resins
Amberlite IRA743, Purolite S108, and Diaion CRB05 were additionally classified by
sieving into three cuts: below 500 pm, 500-600 pm, and above 600 um. Analytical-grade
boric acid (HsBOs) served as the boron source for all test solutions. Solution pH was
controlled using 1 M sodium hydroxide (NaOH). Deionized water was used throughout
for all solution preparation.

Batch sorption experiments

Kinetic and equilibrium sorption experiments were carried out in a mechanically
agitated batch stirred-tank reactor operated for 2448 h, as schematized in Figure (2). In
each kinetic run, a resin loading of 2 g/LL was achieved by contacting 1 g of resin with
500 mL of boron solution (Co =5 mg/L) ina 1 L vessel. A mechanical overhead stirrer at
200 rpm maintained homogeneous suspension and adequate mass transfer throughout
each experiment. The pH was set to 8.2 approximating the value typical of seawater by
dropwise addition of 1 M NaOH. A thermostatic water bath maintained a constant
temperature of 25 °C for the duration of all trials. At timed intervals, 1 mL aliquots were
withdrawn by syringe and immediately passed through a 0.45 pum cellulose acetate
membrane filter to separate resin particles before analysis. Dissolved boron in the
clarified filtrate was quantified by the azomethine-H colorimetric procedure [16].

Motor o Motor (RW 20, IKA)

200 rpm

@ Themostatic bath (25 °C)
© seaker 1L
NaOH (1M)
PH1082 © Temperature probe
; N y © syiinge (1 mL)
i
i

© riter 0.45um

© sample vial

© NaoH — pH adjustment

Figure 2: Experimental setup of the batch stirred-tank.

Isotherm experiments followed an identical setup, with samples collected after 48 h
of agitation to confirm equilibrium attainment. A series of boron solutions spanning 1—
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15 mg/L initial concentration was prepared and tested to map the complete sorption
isotherms.

The system was deemed to have reached equilibrium when successive concentration
measurements remained constant within experimental uncertainty. Each isotherm data
point pairs the equilibrium solid-phase loading (q, mg/g) with the corresponding liquid-
phase concentration at equilibrium (C, mg/L). The isotherm data enabled direct
comparison of maximum uptake capacity across resins and provided the basis for fitting
four equilibrium models: Langmuir, Freundlich, Langmuir—Freundlich, and Redlich—
Peterson.

The amount of boron adsorbed at equilibrium is calculated from a mass balance:
_ (C-CO)V

q9= "1 (11)

where ¢ is the equilibrium sorption capacity (mg boron / g resin), Co is the initial
boron concentration (mg/L), C is the equilibrium boron concentration (mg/L), V is the
volume of boron solution (mL), and m is the mass of resin used (g).

RESULTS AND DISCUSSION

Adsorption equilibrium isotherms

Nonlinear regression was applied to fit each isotherm model to the experimental
equilibrium data. Selecting the most physically appropriate model is essential for reliable
process design and scale-up. Four isotherm expressions were assessed to correlate the
solid-phase uptake (ge) and the equilibrium liquid concentration (Ce), the Langmuir,
Freundlich, Langmuir-Freundlich, and Redlich—Peterson isotherms were evaluated.

Model discrimination was performed quantitatively using the Sum of Squared Errors
(SSE) as the objective function:

2
SSE = Zﬁl()/i,exp _yi,pred) (12)

where m represents the number of experimental data points, yiexp denotes the
experimental values, and yiprea represents the values predicted by the model.

Figure (3) compares the four isotherm fits to the Amberlite IRA743 equilibrium data
obtained in the batch system. The Langmuir, Langmuir—Freundlich, and Redlich—
Peterson models all reproduced the experimentally observed maximum capacity
adequately. Although the Langmuir—Freundlich model returned a marginally lower SSE,
the differences among these three models were not statistically meaningful. The
magnitude of the SSE difference was comparable to the inherent experimental scatter in
the data. The Freundlich model systematically overestimated the resin-phase boron
loading relative to all other expressions. The results and the isotherm parameters obtained
by the nonlinear regression are summarized in Table (3). A Freundlich 1/n exponent
below unity as reported by Rekha Krishnan et al. [17] and confirmed here signals that this
isotherm does not capture the sorption behavior for the present system. Overall, all four
models yielded comparable predictions over the concentration range studied, with the
differences in SSE remaining small across all resins. Given its physical simplicity and
equivalent predictive accuracy, the Langmuir model was selected for all subsequent
calculations.
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Figure 3: Langmuir, Freundlich, Langmuir-Freundlich and Redlich—Peterson equilibrium
isotherms onto Amberlite IRA743 (40-60 pm).

Table 3: Estimated isotherm parameters for the equilibrium sorption of boron onto
Amberlite IRA743 (dp=40-60 pm) at 25°C.

Parameters Langmuir Freundlich Langmuir- Redlich-
Freundlich Peterson
q’ (mg/g) 6.153 -—- 6.234 ---
Ki (L/mg) 14.164 -—- --- ---
ke ((mg/L)m B s 3 B B
mg/g))
n(--) --- 8.105 0.956 1.016
b (mg/L)™" --- --- 9.25 3.787
a (L/mg) - -—- --- 27.345
SSE 0.0870 1.432 0.4901 0.998
where :

a: Redlich—Peterson isotherm affinity constant (L/mg)

b: Affinity/energy parameter for the Langmuir-Freundlich and Redlich—Peterson
models ((mg/L)™)

kr : Freundlich isotherm capacity constant ((mg/g)-(mg/L)~'m)
Kv : Langmuir isotherm equilibrium adsorption constant (L/mg)

n: Heterogeneity factor/exponent for the Freundlich, Langmuir—Freundlich, and
Redlich—Peterson models (dimensionless)

q°: Maximum theoretical monolayer adsorption capacity (mg/g)
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The Langmuir isotherm was also applied to describe boron sorption equilibrium
using experimental data from the original resins, which were not sieved or ground. As
shown in Figure (4), the boron sorption isotherms are for the three original resins: Purolite
S 108, Amberlite IRA 743, and Diaion CRB 05. The isotherm constants q° and b obtained
by nonlinear regression are summarized in Table (3). These parameters will be used for

process simulation.

© Reddlich-Peterson
=+ Langmuir-Freundlich

8_
b a .
o] N * * ¢
E ¢l .
=) //ﬁézéingi iil_\i l_i X ﬁ
E 4
g 4[ Exp
g A Langumir
2 | @ Freundlich
§ 2] © Reddlich-Peterson
3 -+ Langmuir-Freundlich
T T T T T T 1
e 2 4 6 8
Concentration (mg/l)
3 c
@ ]
g
o |
s 3]
3 + Exp
g It A Langumir
B 273 @ Freundlich
=
2
9
<

e 2

4 6 8

Concentration (mg/l)
Figure 4: Isotherm equilibrium for boron onto original resin: (a) Amberlite (b); Purolite;
(c) Diaion; (d) three resins with Langmuir model.

Adsorbed amount q (mg/g)

A Langumir
1l 4@ Freundlich
| © Reddlich-Peterson
1 -+ Langmuir-Freundlich
Q 2 4 6 8
Concentration (mg/1)
6 d
c
)
£
S
b= 4 + ++
L +
3 +
=
<
E 2 + Purolite
é Amberlite
< -
< + Diaion
T T T T T T 1
0 2 4 6 8

Concentration (mg/L)

Table 4: Parameters of the Langmuir isotherm on the original resins.

Langmuir Isotherm
Parameters Amberlite IRA743 Purolite S108 Diaion CRB05
300-720pm 300-650um 300-920pm
qs (mg/g) 5.595 3.739 4.153
Ky (L/mg) 34.481 5.479 8.378
SSE 0.121 0.211 0.011

Kinetic Study: Identification of Rate-Controlling Step

The kinetic data were subjected to linearized analysis using both the HPDM and SCM
equations (Table (2)) to pinpoint the rate-determining step. The fractional conversion (X)
is defined as the ratio of boron uptake at time t (qt) to the equilibrium capacity (qe),

expressed as X .
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The resulting kinetic transformation plots for the SCM and HPDM are presented in
Figures (5) and (6), respectively. For all three resins at particle sizes below 500 pm,
neither the chemical-reaction sub-model nor the external-film sub-model produced
linearized plots passing through the origin, excluding both as rate-controlling steps.

By contrast, the intraparticle diffusion sub-models yielded strong linearity passing
through the origin, confirming that internal diffusion within the resin beads is the
dominant rate-controlling mechanism.

Original Amberlite Original Diaion

1 * F=X 0.5, F=X
7|+ FX=(3-3(1-X)25-2X) + FX=(3-3(1-X)25-2X)
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0.6 . =03 .
< - % .
= 0.4 . TR 02 ,*
1. . _3- o . e e
0.2 o o« - S 0.1 « * ¢
7'o.+/+/ '..... P
Ok:‘:""“ B 0 Ll + ’Tﬂ T T T T T T 1
0 40 80 120 160 200 40 80 120160 200
Time (min ) Time (min )
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e X ¢ =X
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Figure 5: Kinetic study based on the SCM model.
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Figure 6: Kinetic study based on the HPDM model.

Pseudo-Order Kinetic Models

Empirical kinetic analysis was performed using both the pseudo-first-order and
pseudo-second-order rate laws for the original Amberlite, Purolite, and Diaion resins and
for the finely ground Amberlite fraction (40—60 pum).

Integration of the generalized rate equation (10) yields the following linearized forms
for the pseudo-first-order (Lagergren) and pseudo-second-order (Ho—McKay) models,
respectively:

k
log(qe—qt)=10g(qe)—2 3103t (13)
r1 1
LI . (14)
qt quez qe

Model evaluation employed plots of log(qe—qt) versus t and t/q: versus t. The selection
of the most appropriate model enables determination of the rate constant (k) and the
theoretical adsorption capacity (qe). This analysis was performed on the original
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Amberlit, Diaion, and Purolite resins, in addition to the ground Amberlite (40—60 pum).
The corresponding linear regressions and model fits are illustrated in Figures (7-10).

! dp (40-60pm)
od |© Exp (a)
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Time (min)
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Figure 7: Lagergren kinetics model for boron sorption on Amberlite (40-60pm): (a)
pseudo-first order; (b) pseudo-second order.
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Figure 8: Lagergren kinetics model for boron sorption on Amberlite (original): (a)
pseudo-first order; (b) pseudo-second order.
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Figure 9: Lagergren kinetics model for boron sorption on Diaion (original): (a) pseudo-
first order; (b) pseudo-second order.
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Figure 10: Lagergren Kinetics model for boron sorption on Purolite (original): (a) pseudo-
first order; (b) pseudo-second order.

Inspection of the fitted curves confirms that boron uptake on all three resins is best
described by a second-order rate law, consistent with prior literature reports. The derived
parameters are listed in Table (5).

Table 5: Rate sorption parameters for Amberlite, Purolite and Diaion resins.

Amberlite Purolite Diaion

k> (g/mg).(1/min) 0.0127 0.016 0.0132
qe (mg/g) 2.584 2.498 2.2981
SSE 0.149 0.0816 0.4176

where ge is the amount of boron adsorbed once the system has reached its equilibrium
state from an initial boron Co concentration, which is in agreement with the values that
can be predicted from the adsorption isotherm of Langmuir.

A comparative analysis of the kinetic profiles is illustrated in Figure (11) for the
finely ground Amberlite IRA743 resin (dp=40—-60 pm) and in Figure (12) for the
unground, original Diaion CRBO0S5 and Purolite S108 resins. The results indicate that the
pseudo-second-order model provides a high degree of correlation with the experimental
data for all tested resins. However, while this fit often suggests specific complexation
between boron and the N-methyl-D-glucamine groups, it is not definitive evidence for
the rate-limiting step. When integrated with the HPDM results, it becomes clear that
although the chemical reaction (complexation) is inherently fast, the overall uptake rate
is physically limited by intraparticle diffusion, particularly in the larger original resin
beads.

1 1

0.84 0.8
0.64 . 0.64 Amberiite ( Original)
o) Amberlite (40-60um) Q o Exp
O o Exp © 0.44 = 2.4 Order
= 2eq Order 14 order
0.2 1 order 0.24
0. ; T—— : o 0. ‘ ‘ ‘ :
2 4 6 8 10 0 100 200 300 400
Time (min) Time (min)

Figure 11: Effect of particle size on Amberlite IRA743 kinetics: Pseudo-first vs. pseudo-
second-order model fits for fine (left) and original (right).
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Figurel2: Comparison of the kinetics of 1 and 2 orders for Diaion and Purolite originals.

The performance of the selective resins investigated, Amberlite IRA743, Purolite
S108, and Diaion CRBOS5 is primarily dictated by the presence of the N-methyl-D-
glucamine (NMDG) functional group. This group forms a stable, covalent coordination
complex with boric acid and borate ions, which remains highly specific even in the
presence of competing salts. The kinetic investigations demonstrated that boron uptake is
predominantly controlled by intraparticle diffusion. Consequently, the particle size
distribution of each resin type plays a critical role: finer particles (such as those used in
the hybrid system) significantly reduce the diffusion path length, thereby enhancing
overall efficiency compared with the larger beads used in standard fixed-bed columns.

Batch Dp Model Validation

The above results demonstrate that intraparticle diffusion governs the uptake rate for
both the HPDM and SCM. Because the equilibrium capacity is not straightforwardly
defined for a given initial concentration Cy it is difficult to define the equilibrium
concentration ge, on the other hand, the sorption rate kinetic step is controlled by internal
diffusion, whether for the HPDM model or the SCM model. Therefore, the complete
model of the batch system can be described by the following differential equations.

e Boron concentration in the bulk liquid phase:
ac _ _mog (15)
dt V ot

e Boron concentration within the fluid phase inside the resin pores:

oc I-¢, oq d’c 2adc
—=—|—2L|p, ZL+D, | —+—— 16
or ( c }pp or Eff(arz rdr (16)

p

Where m is the mass of the resin (g), V is the reactor volume (L), ¢ is the boron
concentration in the pore fluid (mg/L), ¢y is the particle porosity, ¢ is the adsorbed boron
(mg/g resin), r is the radial distance (cm), and D.s is the effective diffusion coefficient
(cm?/min).

Assuming that local equilibrium between the adsorbed phase (g, mg/g) and the fluid
phase within the pores (¢, mg/L) is instantaneously reached, the Langmuir isotherm
applies:

3 _ g de
ot Oc dt
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K,c

wn_9q _ K
Sley=="=4, (1+K,c)

(17)

By integrating equations, the above equation and with the Langmuir isotherm, we
can get:

oc D, d’c 2oc
EOR M "

The system can be solved with the boundary conditions:

o Initial conditions (t=0): = Co (initial bulk phase boron concentration, mg/L), and c(r,
0) =0 for 0 <r <R, where Co is the initial boron concentration and r is the radial
position (cm).

c(r,O) = q(r,O) =0

e Symmetry condition at the particle center (r=0):
o o
or

- -0
o Or

r=0

e Surface boundary condition (at r = R): The flux of boron entering the resin (Js) is
defined by external mass transfer, Js is the flux (mg/cm?-min).

oq oq

%~ ka(C=d|_ )= 4D, p, %L

19
ot ” or (19)

r=R

Here, K is the mass transfer coefficient (cm/min), Desis the effective diffusivity of

L A 4zR* 3 :
boron (m?/min), with a = 7 = ﬁ = s Therefore, equation (19) becomes:
V4
p

— Kap VP

oqg KA 3K
T e, )2l ) -2 e,
4 m Pp¥p Py (20)
and the material balance in batch system becomes:
d_C:_ﬂ3_K(C_C i ) Q1)
dt V Rp, r=k

Based on these illustrations, the numerical solution was implemented in MATLAB
using a nonlinear least-squares curve-fitting procedure. This approach enabled the
estimation of two key parameters: the external mass transfer coefficient (K) and the

effective diffusion coefficient (D¢y). The resulting simulation parameters are summarized
in Table (6).

Figure (13) illustrates simulations of this model for the original resins and for the
ground Amberlite (40-60 pm). Figure (14) presents the dimensionless boron
concentrations for the original Purolite and Diaion resins. Figure (15) compares all three
original resins.
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Figure 13: Concentration profile for boron sorption on the Amberlite: original resin (left
side) and 40-60 pm(right side).
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Figure 14: Concentration profile for boron sorption on the original resin: Purolite (left
side) and Diaion (right side).
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Figure 15: Concentration profile for boron sorption on the tree original resins.

Table 6: Parameters obtained for Kinetic studies for the DP model.

Amberlite Diaion Purolite Amberlite
(original) (original) (original) (40-60 pm)
K (m/min) 1.6713x1073 1.700x103 1.286x107 23.717x1073
Dy (m°/min) 24.493x10” 23.214x101° 56.123x1071° 50.213x1071°
& 0.4891 0.580 0.478 0.4905
SSE 0.5010 0.4820 0.4061 0.0145
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The DP model shows good agreement between experimental data and predicted
concentrations across all tested resins. This correlation confirms that the proposed
diffusion-based model accurately represents the dynamic behavior of boron uptake in the
batch reactor system.

CONCLUSION

The uptake of boron from synthetic water solutions was studied using three selective
NMDG-functionalized ion-exchange resins operated in batch mode. Equilibrium, kinetic,
and diffusion-model experiments were performed to characterize the dominant transport
mechanisms and benchmark the predictive accuracy of several mathematical frameworks.

For all three resins tested Amberlite IRA743, Purolite S108, and Diaion CRBO05 the
Langmuir isotherm adequately described the equilibrium data, pointing to monolayer
adsorption on a homogeneous surface. Analysis through both the SCM and HPDM
confirmed intraparticle diffusion as the overriding rate-controlling mechanism, with
external film resistance and surface reactions making only minor contributions. Although
the pseudo-second-order model fitted the kinetic data well, this agreement is attributed to
its capacity to capture overall transport dynamics empirically, not to the presence of a
mechanistically rate-limiting complexation step.

A diffusion-based Dp model that couples the material balance with the HPDM
framework was successfully developed and validated against experimental
concentration—time profiles for all tested resins and multiple particle-size fractions. The
model showed good agreement with experimental data and provided physically
meaningful estimates of the effective diffusion coefficient (Deff) and external mass
transfer coefficient (K). These results confirm that intraparticle diffusion dictates the
overall sorption rate and show that reducing particle size dramatically improves mass-
transfer kinetics, thereby motivating the use of fine resin particles in advanced reactor
configurations.

The mechanistic parameters established in this study, particularly the effective
diffusion coefficient (Defr) and external mass transfer coefficient (K), are of direct
practical importance for the design and scale-up of boron removal processes, including
fixed-bed ion-exchange columns and membrane—sorption hybrid microfiltration systems,
where accurate prediction of mass transfer kinetics is essential for reliable process
performance.
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