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ABSTRACT

In this work, both batch and column experiments were performed to investigate on boron removal
from aqueous solution by LSC-800 ion exchange resin. The effects of contact time, initial pH, resin
dosage, temperature, initial boron concentration and foreign ions on boron removal were studied,
and the kinetics, equilibrium and thermodynamic data of the adsorption process were evaluated. The
results showed that the contact time was 120 min to reach adsorption equilibrium, and the kinetic
experimental data were best described by pseudo-second-order model. The boron removal depends
on the resin dosage and solution pH, and the maximum boron removal was obtained at pH 9. The
amount of boron removal increased as temperature and initial boron concentration increased. There
is no essential effect of NaCl, CaCl, and MgSO, on boron removal. The Langmuir isotherm model
agrees well with the equilibrium experimental data. The thermodynamic parameters indicated that
the boron adsorption process was a spontaneous and endothermic. The resin can be reused fre-
quently. The column capacity value of the resin was obtained by graphical integration as 31.04 mg/g.

Both the Thomas and Yoon-Nelson models fitted well with the column studies” data.
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1. Introduction

Boron is not only an element that exists widely in water
bodies, but also an essential element for life. However, it
becomes toxic to humans, animals and plants when the
amount of boron is slightly greater than required [1]. The
World Health Organization (WHO) and the European
Union have given a recommendation of below 2.4 mg/L
and 1.0 mg/L, respectively, for boron in drinking water [2].
China recommends a guide level of 0.5 mg/L for boron in
the drinking water. The safe boron concentration in irriga-
tion water depends on the type of plant: 2-4 mg/L for toler-
ant plants, 1-2 mg/L for semi-tolerant plants, and 0.3 mg/L
for sensitive plants [3]. Therefore, extra boron in water
should be removed by an appropriate method.

*Corresponding author.

There are several methods for boron removal from
aqueous solution, including ion exchange, adsorption,
coagulation sedimentation, solvent extraction and mem-
brane filtration [1,4-7]. Especially, ion exchange is a very
popular and promising method to remove boron from
aqueous solution [8-10]. Ion exchange operation is basi-
cally discontinuous: a loading phase, called service run, is
followed by regeneration of the exhausted ion-exchanger,
and thus ion exchange process usually requires simple
operational requirements. The technique can be applied in
diluted water streams as well as seawater streams [10-12].

Recently, the use of ion exchange resins as selective
adsorbent for boron removal has attracted much attention
[8-13]. The resins have macroporous polystyrene matrix
with active functional hydroxyl groups, and the functional
group are often in the cis postion of the resins, which are
named “vis-diols” [13,14]. Boron can react with wvis-diols
structure to form a variety of borate esters, then immobilize
on the resins, so that the resins have a high selectivity to
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uptake of boron. N-methyl-D-glucamine (NMDG) is well
known as an effective functional group, which can allow
boron to form stable complex with the resin [10,15]. Some
commercial resins such as Amberlite IRA 743, Diaion CRB
02, Diaion WA30, Dowex 2x8, Purolite S108, XSC-700, are
modified by NMDG functional group [8-10,15-17].

In the present work, both batch and column adsorption
experiments were carried out to investigate on boron removal
from aqueous solution by a new ion exchange resin, LSC-800
resin. Firstly, the effects of various experimental parameters
such as contact time, pH, resin dosage, initial boron concen-
tration, foreign ions and temperature on boron removal were
studied. And the adsorption kinetics, equilibrium and ther-
modynamic parameters were evaluated. Then the reusability
of the resin was evaluated by adsorption-desorption tests.
Finally, the Thomas and Yoon-Nelson models were applied
to the data of column experiments.

2. Materials and methods
2.1. Materials

LSC-800 resin was provided from Xi’an LanXiao Tech-
nology Company, China. The typical physico chemical
properties of the resin are listed in Table 1. Before used, the
resin was first immersed in distilled water for 24 h, and then
in 1 M NaOH solution for 2 h, and finally washed by dis-
tilled water several times. After the pretreatment, the resin
was dried at 50°C for 24 h and cooled to room temperature.
Boric acid (H,BO,) solutions were prepared by dissolving
boric acid in distilled water, and the pH of boron solution
was carefully adjusted using 0.1 M HCl and 0.1 M NaOH.

2.2. Batch experiments

A series of 100 mL polyethylene flasks were filled with
50 mL of boron-containing solutions, and a known dosage
of the LSC-800 resin was added to each flask. Then, the
flasks were shaken for scheduled time in the thermo-stated
water bath shaker at the speed of 150 rpm. Finally, the 1-mL
solution was taken out and centrifuged. The concentration
of boron in the supernatant was analyzed with UV-5500 pc
spectrophotometer by Carmine method [18].

The adsorption kinetics experiments were performed
with the resin at different periods (5-180 min) under the fol-
lowing conditions: initial boron concentration of 5 mg /L;
resin/solution ratio of 0.2 g/50 mL; solution pH of 9.0;
reaction temperature of 30°C. The surface characteristics of
the resin LSC-800 before and after the ion exchange experi-

Table 1
Typical physicochemical characteristics of LSC-800 resin

0.315-1.25

Microporous

Particle size (mm)

Constitutional type

Functional group N-methyl-D-glucamine

Moisture content (%) 45
Density (g/mL) 0.68
Total exchange capacity 52

(mg/ml resin)

ment were obtained by scanning electron microscope (SEM)
(5-4800, Hitachi, Japan).

The pH-dependent experiments were conducted by
adjusting initial pH of the solutions to 6.0 to 12.0 at ini-
tial boron concentration of 5 mg/L, resin/solution ratio of
0.2 g/50 mL and reaction temperature of 30°C.

The effect of resin dosage on boron removal was inves-
tigated by applying different dosage of the resin (0.05-0.5 g)
to 50 mL of the solution containing 5 mg/L boron at pH 9
and 30°C.

To examine the effect of initial boron concentration on
boron removal, the experiments were performed at dif-
ferent initial boron concentrations (10, 20, 50, 100, 200 mg
B/L). For each initial boron concentration the following
conditions have been used: resin dosage, 0.2 g/50 mL; con-
tact time, 2 h, pH 9 and temperature 30°C.

To investigate effect of foreign ions on boron adsorp-
tion, the concentrations of NaCl, CaCl, and MgSO, were
adjusted to different values at initial boron concentration of
5mg/L, resin/solution ratio of 0.2 g/50 mL, contact time of
2 h, pH value of 9 and reaction temperature of 30°C.

Batch equilibrium experiments were performed by
varying the initial boron concentrations (10, 20, 50, 100,
200 mg B/L) and keeping the resin dosage fixed at 0.2 g. The
containing-boron solutions were shaken at 20°C, 30°C and
40°C for 120 min (adsorption equilibrium time).

In order to evaluate the reusability of LSC-800 resin,
adsorption-desorption cycles were repeated five times. In each
cycle, 0.2 g of resin was added to 50 mL of 5 mg/L contain-
ing-boron solution and shaken at 150 rpm, 30°C for 120 min.
After adsorption, the saturated resin particles with boron were
rinsed in 0.5 M HCI solutions for 30 min, then washed with
distilled water several times, regenerated with 0.5 M NaOH
solution and repeatedly used for next adsorption experiment.

2.3. Column experiments

The column adsorption experiments were carried out in
a glass column with height of 20 cm and internal diameter of
1 cm. The column was filled with 1.5 g resin. Boron solution
(200 mg/L, pH 9) was delivered down-flow to the column
at 2.5 mL/min flow rate that was controlled by a peristaltic
pump (BT 100-2] model). The experimental set-up is shown
in Fig. 1. From the outlet of the column, solution samples
were collected at preset intervals of time (10 min) and ana-
lyzed for boron concentration.

Column

Resin

Feed solution of boron

Pump Effluent collector

Fig. 1. Schematic diagram of experimental set-up for column
adsorption.
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3. Results and discussion
3.1. Effects of contact time and adsorption kinetics

Fig. 2 shows the effect of contact time on boron rem-
val by LSC-800 resin. The boron adsorption was very fast
initially, and adsorption equilibrium was achieved after
120 min.

In order to investigate the mechanisms involved in the
adsorption process, the kinetic data of boron adsorption
(Fig. 2) were evaluated with three typical kinetic models
including the Lagergren pseudo-first-order equation (Eq.
(1)) [19], pseudo-second-order equation (Eq. (2)) [20] and
intra-particle diffusion kinetic equation (Eq. (3)) [21].

k

1 —g)=logg ——L ¢ 1
og(q, —q:)=logq, 2303 1)
t 1 t

—=—t— (2)
7 ka q

qtzkpt(lS (3)

where g, is the adsorption capacity (mg/g) at contact time
t (min), g,is the maximum adsorption capacity (mg/g) at
equilibrium time t (min), k, is the pseudo-firs-order rate
constant (min™), k, is the pseudo-second-order rate con-
stant (g mg™ min™), k, is intra-particle diffusion rate con-
stant (mg g™ min~/2).

The plots of log (9, g,) vs. t, t/q, vs. t and g, vs. t°° were
used to obtain the values of kinetic parameters for boron
adsorbed by LSC-800 resin, which are listed in Table 2.
Based on the high correlation coefficient (R*> 0.99) and
good agreement between the experimental value (g, = 1.17
mg/g) and the calculated g, , value for the pseudo-second
order model, it could be conclude that the pseudo-second
order model is most suitable to describe the adsorption
kinetic data, suggesting that the boron adsorption with the
LSC-800 resin is chemisorption process [22], and is limited

0.8 ~
0.6 1

0.4 -

Boron adsorption, q (mg/g)

0.0 1 I 1 )
0 40 80 120 160 200

Contact time, t (min)
Fig. 2. Effect of contact time on boron removal by LSC-800 resin.

Boron concentration = 5 mg/L, resin dosage =4 g/L, pH =9, T
=30°C.

by the rate of boron complexation with N-methyl-D-glu-
camine (NMDG) functional groups of LSC-800 resin [10].

Fig. 3 indicates the SEM micrographs of LSC-800 resin
before and after adsorption of boron onto it. The micro-
graphs revealed that the LSC-800 resin was covered with a
distinguishable substance, which was assumed to be boron
adsorption onto the LSC-800 resin.

3.2. Effect of initial pH

The effect of the solution pH on capacity of boron
removal is shown in Fig. 4. As can be seen from Fig. 4, the
boron removal was apparently affected by solution pH, and
the optimum solution pH for boron removal was 9. This

Table 2

Kinetic parameters for removal of boron by LSC-800 resin

Pseudo-first-order Pseudo-second-order  Intraparticle
diffusion

0., kx102 R* g kx102 R*  kx10? R?

1.393 4.51 0985 1.341 347 0997 831 0.870

(®)

Fig. 3. SEM micrographs of LSC-800 resin (a) before and (b) af-
ter adsorption of boron.
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Fig. 4. Effect of initial pH on boron removal by LSC-800 resin.
Boron concentration = 5 mg/L, resin dosage = 4 g/L, T = 30°C,
contact time =2 h.

may be explained as follows. Firstly, solution pH affects
the dissociation process of B(OH), in aqueous solution
[23]. Several researchers have demonstrated that below
pH 7, boron exists in the form of B(OH),’, while at high pH
(>8-9) B(OH), is the primary anion [9,24]. Compared with
B(OH),’, B(OH),” is more easily attracted by the Resins’
hydroxyl groups [10]. Secondly, the increase in solution pH
was accompanied by an increase of OH™ in solution, which
could result in the competition between B(OH),”and OH"
for adsorption sites [9]. As a result, at values of solution pH
higher than 9, the boron adsorption capacity decreased.

3.3. Effect of resin dosage

The effect of the resin dosage on boron removal is
showed in Fig. 5. With an increase in the resin dosage from
1 to 10 g/L, the boron removal efficiency increased from
32.53% to 96.02%, which is due to the availability of larger
surface and more adsorption sites [9,10]. The optimum of
boron removal was obtained for the resin dosage of 8 g/L.
After this dosage, there was no obvious change in the boron
removal. It may be attributed to the decrease in the boron
concentration of the solution [25].

3.4. Effect of initial boron concentration

As shown in Fig. 6, the amount of boron adsorbed onto
LSC-800 resin increased with increasing of initial boron
concentration. This is due to increase in the driving force
of the concentration gradient, as an increase in the initial
boron concentration [9].

3.5. Effect of foreign ions

Natural waters can contain various ions such as sodium,
calcium, magnesium,chlorine, sulphate, etc. In the present
study, boron removal by LSC-800 resin was evaluated in
the presence of three salts, i.e. NaCl, CaCl, and MgSO,.
As shown in Fig. 7, there is no essential effect of these for-
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Fig. 5. Effect of resin dosage on boron removal by LSC-800 resin.
Boron concentration =5mg/L, pH=9, T =30°C, contact time =2h..

24
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Boron adsorption (mg/g)
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Initial boron concentration, C_(mg B/L)

Fig. 6. Effect of initial boron concentration on boron removal by
LSC-800 resin. Resin dosage = 4 g/L, pH =9, T = 30°C, contact
time =2 h.

eign salt ions even at their high content in water on boron
removal. This indicates the high specific boron adsorption
by LSC-800 resin from multicomponent aqueous solutions.
The similar results on high selectivity of the resin when used
for boron removal from multicomponent aqueous solutions
have been reported previously by Darwish et al. [10].

3.6. Adsorption isotherms and thermodynamic studies

The adsorption isotherms of boron onto LSC-800 resin
at different temperatures are presented in Fig. 8. The equi-
librium data were fitted using the Langmuir [26] and Freun-
dlich [27] isotherm models. The two isotherm models can
be presented as follows:

¢_1. .G )
9. bq, 4,
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1

qc =K fce; (5)
where C, is the equilibrium boron concentration (mg/L),

g,is the amount of boron adsorbed at equilibrium (mg/g),
g, is the maximum adsorption capacity (mg/g), b is the

1.2

7 ¢

2 7 7

W7

e
x
1

Boron adsorption (mg/g)
=
N
L

0.4 4
0.2 4
0‘0 T T T 1 T T T
1 2 3 4 5 6 7
solutions

Fig. 7. Effect of foreign ions on boron removal by LSC-800 resin
at pH 9 ((1) 5 mg B/L H,BO,; (2) 5 mg B/L H,BO, + 0.01 mol/L
NaCl; (3) 5 mg B/L H,BO, + 0.1 mol/L NaCl; (4) 5 mg B/L H,BO,
+ 0.01 mol/L CaCl,; (5) 5 mg B/L H,BO, + 0.1 mol/L CaCl,; (6)
5mg B/L H,BO, + 0.01 mol/L MgSO,; (7) 5 mg B/L H,BO, + 0.1
mol/L MgSO,).

185

Langmuir adsorption constant related to the free energy of
adsorption (L/mg), K, and n are the Freundlich equilibrium
constants related to adsorption capacity and adsorption
intensity, respectively.

The parameters calculated from the two isotherm mod-
els are presented in Table 3. According to the values of
correlation coefficients (R?), the Langmuir isotherm model
describes the boron onto the LSC-800 resin better than the
Freundlich isotherm model, indicating that the adsorption
tends to form a single mono layer instead of multi-lay-
ers. This result is similar to several reports from previous
research studies [3,9,28].

Table 4 lists a comparison of the maximum adsorption
capacity of boron on various ion exchange resins, which
indicates that the adsorption capacity of LSC-800 resin is
higher than those of other ion exchange resins. Therefore,
the present LSC-800 resin could be considered a promising
material for the removal of boron from aqueous solutions.

The value of Langmuir equilibrium constant b is depen-
dent on the temperature. Therefore, this value can be used
to estimate the thermodynamic parameters, such as the
changes in free energy (AG), enthalpy (AH) and entropy
(AS) for the adsorption of boron on the LSC-800 resin. The
thermodynamic parameters can be calculated from the fol-
lowing equations [25,34]:

AG = —RTInb ©)
R RT

where R is the gas constant (R = 8.314 ] /mol K), T is the abso-
lute temperature (K), and b is the Langmuir constants (L/mol).

Table 4
o) Comparison of boron adsorption capacities for several ion
E exchange resins
=
'g Ion exchange resin Capacity (mg B/g) Reference
E LSC-800 resin 25.64 This work
=
§ Dowex 2x8 resin 16.98 [9]
Amberlite IRA743 541 [10]
XSC-700 resin 19.81 [17]
04 . . . . D564 resin 16.42 [29]
0 30 60 90 120 150 Salicylic-HCHO 22.06 [30]
Equilibrum concentration, Ce (mg/L) pOlymeriC resin
MCM-41 resin 8.64 [31]
Fig. 8. Adsorption isotherms of boron onto LSC-800 resin at dif- GMA-co-TRIM resin 149 [32]
ferent temperatures. Boron concentration = 5-200 mg/L, resin PS resin 454 [33]
dosage =4 g/L, pH =9, contact time =2 h. ;
Table 3
Langmuir and Freundlich isotherm parameters for boron adsorption onto LSC-800 resin at different temperatures
Temp.(K) Langmuir isotherm Freundlich isotherm
q, (mg /g) b (L/mg) b (L/mol) R? K, n R?
293 23.81 0.029 2.685 0.992 1.294 1.757 0.985
303 25.64 0.040 3.700 0.995 1.778 1.855 0.968
313 2778 0.058 5.365 0.994 2.500 2.020 0972
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The values of AH and AS were determined from the slop
and intercept of plot between In b and 1/T (Fig. 9). The ther-
modynamic parameters for boron adsorption onto LSC-800
resin are listed in Table 5.

As seen in Table 5, the values of AG at 293 K, 303 K, 313
K for boron adsorption onto LSC-800 resin are all negative,
suggesting the spontaneous nature of the adsorption pro-
cess. The values of AGbecome more negative with increas-
ing temperature, indicating the adsorption process becomes
more favorable at higher temperatures. The increase in
adsorption capacity of the resin at higher temperatures may
be caused by the increasing mobility of adsorbate ions/
molecules in the solution and the affinity to the adsorbent
[24]. The positive value of the change of enthalpy (AH) con-
firms the endothermic nature of the adsorption process.
The magnitude of AH also gives an idea about the type of
adsorption. Generally, the value of AH for chemisorption
is at the range of 20.9-418.4 kJ/mol [35]. The value of AH
found in this study (Table 5) was 26.36 k]J/mol for boron
adsorption, which implies that the chemisorption was the
dominant mechanism. The result is consistent with the adsorp-
tion kinetics study in section 3.1. The positive value of AS
(98.02 J/mol-K) suggests an increase in randomness at the
solid /solution interface during the adsorption process.

3.7. Reusability of LSC-800 resin

Five cycles of adsorption/desorption of boron onto the
LSC-800 resin were carried out. The obtained results (Fig. 10)
indicate that the regenerated resin can be reused frequently
without significant loss in its adsorption performance.

1.8
1.6
y=-3170x + 11.79
-
1.4 R =0.992
=
E
1.2
1.0 4
0.8 T T T
0.0031 0.0032 0.0033 0.0034 0.0035
1/T (/K)

Fig. 9. Plot of In b verus 1/T for estimation of thermodynamic
parameters.

Table 5
Thermodynamic parameters for boron removal with LSC-800
resin

Temp. (K) Inb  AG (KJ/mol) AH (kJ/mol) AS (J/mol. K)
293 0988 241 26.36 98.02

303 1.308 -3.30

313 1.680 -4.37

3.8. Column studies

The performance of resin LSC-800 in the ion-exchange
column can be assessed by plotting breakthrough curves.
Boron adsorption capacity of the resin in the column is cal-
culated from Eq. (8) [36]:

v. (C,-C,)dVv
%:J‘O . mt

®)

where g, (mg/g) is adsorption capacity of the column, m
is the mass of the resin in the column, C, (mg/L) is inlet
boron concentration, V (L) is volume of effluent, V, (L) and
C, (mg/L) are effluent volume and effluent boron concen-
tration at sampling time ¢, respectively.

The value g, e (mg/g) of LSC-800 resin was obtained
by graphical integration as 31.04 mg/g (Table 6). The
breakthrough curve of boron adsorption onto the resin is
illustrated in Fig. 11. The column experimental data were
analyzed by the Thomas model and the Yoon-Nelson
model.

The Thomas model is a model that can be used to
determine the maximum adsorption capacity of an adsor-
bent and the rate constant for an adsorption column [37].
The Thomas model is represented by the following form
[12,36].

C, 1
C N
° gy exp{kT(W”CuV)} ©)

14

where K is the Thomas rate constant (mL/min mg) and 0 is
the volumetric flow rate (L/min). The linear Thomas equa-
tion can be written as follow:

C K K.C
ln(c_;‘l)z i (10)

0 6

The plot of In((C,/C)-1) against sampling time ¢ is illustrate
in Fig. 12, which can be employed to determine the values

100

80 4

60—

404

Boron removal (%)

20 4

0 1 2 3 4 5

Number of cycles

Fig. 10. Boron removal capacity of the regenerated resin. Feed bo-
ron concentration =5 mg/L, resin dosage =4 g/L, pH=9, T =30 °C.
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Table 6
Thomas and the Yoon-Nelson model parameters

Ty, exp (ME/8) Thomas model Yoon-Nelson model
K, [mL/(min mg)] q, .. mg/gl R? K, [1/min] q, .. mg/gl T [min] R?
31.04 0.192 31.83 0.944 0.0407 3217 96.52 0.944
1.0 ,!_._!1-! 6
. n
0.8
0.6 —_
o 3y
“ 044 if’ ¥ <
& E
0.2 4
0.0 —a= T T T T -6 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
t (min)

Fig. 11. Breakthrough curve of boron adsorption onto LSC-800
resin.

of K, and g, . The Thomas model parameters are given in
Table 6.

The non linear Yoon-Nelson model can be described
[24,38]:

IH(Q _ 1)=M_Kr_co (11)
Co 0 0

where K is the Yoon-Nelson rate constant (L/min), t is
the time required for the column to reach 50% adsorbate

breakthrough and t is the sampling time (min). The linear
Yoon-Nelson equation is as follows:

IC‘

n—=— (12)
KYN Cn - Ct

t=7+

Alinear plot of In((C/C,— C,) against time t was shown
in Fig. 13, which was employed to determine the values of
K, and 1. And adsorption capacity of the column, G, Was
calculated according to the follow equation [36]:

1
qo = ECOH(ZT) =C,or (13)

The Yoon-Nelson model parameters are also listed in
Table 6. As seen from Table 6, the experiments adsorption of
boron onto LSC-800 resin packed in column were well fit-
ted with the Thomas and the Yoon-Nelson model (the cor-
relation coefficient R*= 0.944). This result agrees with the
previously studies concerning the removal of boron from

aqueous solution by boron selective ion exchange resins
Diaion CRB 02 and Dowex [12].

t (min)

Fig. 12. Plot of In((C,/C)~1) vs. t according to Thomas model.

200

50+

In(C/(C-C))

Fig. 13. Plot of In(C,/(C~ C)) vs. t according to Yoon and Nelson
model.

4. Conclusions

The present study shows that ion exchange resin LSC-
800 is an effective adsorbent for the removal of boron from
aqueous solution. Adsorption equilibrium was reached
within 120 min, and the kinetic data were best described by
pseudo-second-order model. The boron removal depends
on the resin dosage and solution pH. The maximum
adsorption was obtained at pH 9. The Langmuir isotherm
model described the boron removal better than the Freun-
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dlich isotherm model. Thermodynamic studies indicated
that the boron adsorption process is mainly a chemical pro-
cess of a spontaneous and endothermic nature. The boron
removal increased with increasing temperature and initial
boron concentration. There is no essential effect of NaCl,
CaCl, and MgSO, on boron removal. LSC-800 resin can be
reused frequently. The column capacity value of the resin
was obtained by graphical integration as 31.04 mg/g. Both
the Thomas and Yoon-Nelson models fitted well with the
column studies’ data. The capacity values were obtained
as 31.83 mg/g and 32.17 mg/g using the Thomas and
Yoon-Nelson models, respectively, for LSC-800 resin. The
high capability of the present LSC-800 resin makes it poten-
tially attractive material for the removal of boron from
aqueous solutions.

Acknowledgments

This study financially was supported by the Key Labo-
ratory of Urban Pollutant Conversion, Chinese Academy of
Sciences (Grant No. KLUPC20160001), the Natural Science
Foundation of Fujian Province (Grant No. 2016]J01737
and the Marine high-tech industry development project of
Fujian Province (Grant No. 2013013).The authors would
like to thank to Xi’an Lan Xiao Technology Company.

References

[1] N. Hilal, GJ. Kim, C. Somerfield, Boron removal from saline
water: A comprehensive review, Desalination, 273 (2011) 23-35.

[2] WHO, Guidelines for Drinking Water Quality, 4™ ed., WHO
Press, Zheneva, 2011.

[3] N. Oztiirk, D. Kavak, Adsorption of boron from aqueous
solutions using fly ash: Batch and column studies, J. Hazard.
Mater. B., 127 (2005) 81-88.

[4] A.Demetriou, I. Pashalidis, Adsorption of boron on iron-oxide
in aqueous solutions, Desal. Wat. Treat., 37 (2012) 315-320.

[5] J. Kluczka, J. Trojanowska, M. Zolotajkin, Utilization of fly ash
zeolite for boron removal from aqueous solution, Desal. Wat.
Treat., 54 (2015) 1839-1849.

[6] Y. Liu, T. Takaya, A. Ohuchi, Boron removal from wastewater
via coagulation sedimentation with ettringite: an experimen-
tal and mechanism study, Desal. Wat. Treat., 58 (2017) 435—441.

[7]1 J. Kheriji, A. Mnif, I. Bejaoui, B. Hamrouni, Study of the influ-
ence of operating parameters on boron removal by a reverse
osmosis membrane, Desal. Wat. Treat., 56 (2015) 2653-2662.

[8] AE.Yilmaz, R. Boncukcuoglu, M.T. Yilmaz, M.M. Kocakerim,
Adsorption of boron from boron-containing wastewaters by
ion exchange in a continuous reactor, J. Hazard. Mater., 117
(2005) 221-226.

[9]1 N. Oztiirk, T.E. Kose, Boron removal from aqueous solutions
by ion-exchange resin: Batch studies, Desalination, 227 (2008)
233-240.

[10] N.B. Darwish, V. Kochkodan, N. Hilal, Boron removal from
water with fractionized Amberlite IRA743 resin, Desalination,
370 (2015) 1-6.

[11] A. Tiwari, KM. Choi, S.M. Lee, D. Tiwari, Rapid and efficient
removal of boron from deep sea water using synthesized poly-
mer resin, Desal. Wat. Treat., 57 (2016) 2134-2141.

[12] 1Y. ipek, N. Kabay, M. Yiiksel, Modeling of fixed bed column
studies for removal of boron from geothermal water by selec-
tive chelating ion exchange resins, Desalination, 310 (2013)
151-157.

[13] Z. Guan, J. Ly, P. Bai, X. Guo, Boron removal from aqueous
solutions by adsorption — A review, Desalination, 383 (2016)
29-37.

[14] N.Wang, R.-Q. Wei, E-T. Cao, X.-N. Liu, Synthesis of a new ace-
tyl-meglumine resin and its adsorption properties of boron,
Chem. J. Chin. Univ., 33 (2012) 2795-2800.

[15] N.Kabay, S. Sarp, M. Yuksel, M. Kitis, H. Koseoglu, O. Arar, M.
Bryjak, R. Semiat, Removal of boron from SWRO permeate by
selective ion exchange resins containing N-methylglucamine
groups, Desalination, 223 (2008) 49-56.

[16] M.EC. Arias, LV. Bru, D.P. Rico, PV. Galvain, Comparison of ion
exchange resins used in reduction of boron in desalinated water
for human consumption, Desalination, 278 (2011) 244-249.

[17] X. Xiao, B.-Z. Chen, X.-C. Shi, Y. Chen, Boron removal from
brine by XSC-700, J. Cent. South Univ., 19 (2012) 2768-2773.

[18] China Bureau of Environmental Protection. Monitoring and
Analytical Methods of Water and Wastewater (4™ Ed.). China
Environmental Science Press, Beijing, China (In Chinese),
2002, pp. 167-170.

[19] S.Lagergren, About the theory of so called adsorption of soluble
substances, K. Sven. Vetenskapsakad. Handl., 24 (1898) 1-39.

[20] Y.S. Ho, G. McKay, Sorption of dye from aqueous solution by
peat, Chem. Eng. J., 70 (1998) 115-124.

[21] J.R. Weber, J.C. Morris, Kinetics of adsorption on carbon from
solutions, J. Sanit. Engng. Div. Am. Soc. Civ. Engrs., 89 (1963)
31-59.

[22] Y.-S. Ho, Review of second-order models for adsorption sys-
tems, J. Hazard. Mater., 136 (2006) 681-689.

[23] W.L. Jolly, Modern Inorganic Chemistry, McGraw-Hill, New
York, 1984.

[24] I Polowczyk, J. Ulatowska, T. Kozlecki, A. Bastrzyk, W. Saw-
inski, Studies on removal of boron from aqueous solution by
fly ash agglomerates, Desalination, 310 (2013) 93-101.

[25] I Kipcak, M. Ozdemir, Removal of boron from aqueous solu-
tion using calcined magnesite tailing, Chem. Eng. J., 189-190
(2012) 68574-68576.

[26] I. Langmuir, The adsorption of gases on plane surfaces of glass,
mica and platinum, J. Am. Chem. Soc., 40 (1918) 1361-1403.

[27] H. Freundlich, W. Heller, The adsorption of cis-and trans-zao-
benzene, ]. Am. Chem. Soc., 61 (1939) 2228-2230.

[28] H. Demey, T. Vincent, M. Ruiz, A.M. Sastre, E. Guibal, Devel-
opment of a new chitosan/Ni(OH),-based sorbent for boron
removal, Chem. Eng. J., 244 (2014) 576-586.

[29] H. Liu, X. Ye, Q. Li, T. Kim, B. Qing, M. Guo, F. Ge, Z. Wu, K.
Lee, Boron adsorption using a new boron-selective hybrid gel
and the commercial resin D564, Colloids Surf. A Physicochem.
Eng. Asp., 341 (2009) 118-126.

[30] S. Yu, H. Xue, Y. Fan, R. Shi, Synthesis, characterization of
salicylic-HCHO polymeric resin and its evaluation as a boron
adsorbent, Chem. Eng. J., 219 (2013) 327-334.

[31] O.Kaftan, M. Agikel, A.E. Eroglu, T. Shahwan, L. Artok, C. Nj,
Synthesis, characterization and application of a novel sorbent,
glucamine-modified MCM-41, for the removal/preconcentra-
tion of boron from waters, Anal. Chim. Acta, 547 (2005) 31-41.

[32] T.Qi, A. Sonoda, Y. Makita, H. Kanoh, K. Ooi, T. Hirotsu, Syn-
thesis and borate uptake of two novel chelating resins, Ind.
Eng. Chem. Res., 41 (2002) 133-138.

[33] B. Wang, H. Lin, X. Guo, P. Bai, Boron removal using chelating
resins with pyrocatechol functional groups, Desalination, 347
(2014) 138-143.

[34] M. Solener, S. Tunali, A.S. Ozcan, A. Ozcan, T. Gedikbey,
Adsorption characteristics of lead (II) ions onto the clay/Poly
(methoxyethyl) acrylamide (PMEA) composite from aqueous
solutions, Desalination, 223 (2008) 308-322.

[35] N.Unlii, M. Ersoz, Removal of heavy metal ions by using dith-
iocarbamated-sporopollenin, Sep. Purif. Technol., 52 (2007)
461-469.

[36] TE.Kose, N. Oztiirk, Boron removal from aqueous solution by
ion-exchange resin: Column sorption—elution studies, J. Haz-
ard. Mater., 152 (2008) 744-749.

[37] H.C. Thomas, Heterogeneous ion exchange in a flowing sys-
tem, J. Am. Chem. Soc., 66 (1944) 1664-1666.

[38] Y.H. Yoon, ].H. Nelson, Application of gas adsorption kinetics
L. A theoretical model for respirator cartridge service life, Am.
Ind. Hyg. Assoc. ]., 45 (1984) 509-516.



