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ABSTRACT

This study investigated the kinetics, equilibrium, and thermodynamics of bromate adsorbed
on magnetic ion-exchange (MIEX) resin by batch experiments. The pseudo-second-order
kinetic model could well describe the adsorption process, and the film diffusion controlled
the whole adsorption rate. The Langmuir and Redlich-Peterson isotherm models fitted well
the equilibrium data. High removal efficiency of bromate was observed at neutral pH. Other
coexistent anions present in raw water affected negatively the removal of bromate signifi-
cantly. The thermodynamic studies showed the adsorption was a spontaneous thermody-
namically, endothermic, and entropy driving process. These analyses on the average free
energy, activation energy of adsorption, and quantity changes of bromate and chloride ions
in solution before and after adsorption demonstrated that the removal mechanism of
bromate adsorbed on MIEX resin was an ion-exchange reaction. Results of the findings
suggested that MIEX resin could be utilized effectively to remove bromate from emergently
polluted raw water.
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1. Introduction

Recent years, sudden accidents of water source
pollution are on the rise in China [1]. This poses a
serious threat to the security of drinking water. Thus,
emergency treatment techniques for drinking water
are urgent. Bromate (BrOj3), as an industrial chemical,

*Corresponding author.

is widely used in oxidant and drug synthesis [2].
Hence, a potential sudden pollution of bromate occurs
due to abnormal discharge of wastewater and rollover
accidents of ship or truck loaded with bromate [3].
Bromate, however, has been defined as a carcinogen
of Group 2B by the World Health Organization [4],
and limited within 10 ug L tin potable water [5]. The
tradition treatment processes for drinking water, such
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as coagulation, sedimentation, filtration, and chlorina-
tion, are still used in most waterworks (>95%) in
China [6], and aims to remove micro-suspensions, col-
loid substances, and pathogenic organisms from raw
water. But, they are expected to be hardly effective
for the removal of bromate because of its existence in
anions. Therefore, it is valuable to establish a method
for dealing with bromate from suddenly polluted raw
water.

Up to now, a series of approaches have been
probed for the removal of bromate. Majority of
attempts have focused on new materials, such as pho-
tocatalytic [7], electrodialysis [8], membrane [9], bio-
logical remediation [10], activated carbon [11], and
ferrous iron [12]. Obviously, the above methods lack
feasibility for removing bromate from suddenly pol-
luted raw water because of short duration and high
concentration of bromate [1]. Magnetic ion-exchange
(MIEX) resin is a potential candidate as an adsorbent
for removing bromate owing to its relatively small
particle size (180 pum, 2-5 times smaller than tradi-
tional ion-exchange resin), providing much greater
external surface area that allows rapid adsorptive
removal of pollutant.

MIEX resin, developed jointly by Orica Watercare,
Commonwealth Scientific Industrial Research Organi-
zation and South Australian Water Corporation [13], is
a strong-base anionic resin with chloride as the
exchangeable ion [14-17]. In addition, the iron oxide
incorporated into the polymer matrix during the prep-
aration process of MIEX resin aids agglomeration and
settlement of resin particles after adsorbing pollutants.
And these resin particles saturated with pollutants can
be effectively regenerated by chloride and can be
reused as adsorbent [15,18-20]. These differentiate
from the powdered activated carbon that is widely
used as adsorbent to remove pollutants from suddenly
polluted raw water, but is discharged directly and not
regenerated after adsorbing pollutants because of its
separation from water difficultly. MIEX resin was
mainly used as an adsorbent to eliminate dissolved
organics from water and wastewater in previous most
studies [21]. Recent years, using MIEX resin to remove
inorganic anionic pollutants, such as bromide [13] and
phosphate [22], has began to get attention. However,
there is a significant gap in knowledge on the removal
characteristics of bromate adsorbed on MIEX resin
from suddenly polluted raw water. These findings on
the adsorption equilibrium, kinetics, and thermody-
namics contribute to better understanding the removal
mechanism of bromate and designing the reactor.

Accordingly, the goal of this study was to probe
the feasibility of using MIEX resin as adsorbent to
remove bromate from suddenly polluted raw water.
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First, adsorption kinetics of bromate on MIEX resin
was investigated and the diffusion process of bromate
from bulk solution to surface of MIEX resin was ana-
lyzed. Second, equilibrium laws of bromate adsorbed
on MIEX resin at different temperatures were per-
formed, thermodynamics parameters were calculated,
and the thermodynamic feasibility of bromate
adsorbed on MIEX resin was discussed. In addition,
the effects of solution pH and other anions in solution
on the removal of bromate were also studied.

2. Materials and methods
2.1. Materials
2.1.1. Adsorbent

MIEX resin was offered by Beijing Sino-Australia
Orica Watercare Technology & Equipment Co. Ltd.
Before being used, the virgin MIEX resin was rinsed
repeatedly with ultra-pure water to wash away all
impurities, and then was stored in ultra-pure water. A
certain volume of resin wused in adsorption
experiments was obtained according to the description
in literature [23].

2.1.2. Chemicals and adsorbate

All chemicals used in this study were of GR grade,
and purchased from Sinopharm Chemical Reagent Co.
Ltd, China. Sodium bromate (NaBrOs;) was defined as
adsorbate in this study. A precise stock solution of
bromate (BrO;, 1,000 mg L™') was prepared by dis-
solving accurately weighed sample of sodium bromate
in ultra-pure water. Samples used in adsorption
experiments were obtained by diluting standard stock
solution with distilled water where needed.

2.2. Methods
2.2.1. Kinetic study

Kinetic experiments of bromate adsorbed on MIEX
resin were carried out at different bromate concentra-
tions (5, 10 mg L") and different solution tempera-
tures (283, 293, and 303 K ) by static batch adsorption,
respectively. Taking the experiment of 5 mg L™ bro-
mate adsorbed on MIEX resin as an example illus-
trated the adsorption process is as follows: First,
0.2 mL MIEX resin was added into a serious of beak-
ers containing 500 mL bromate solution with the con-
centration of 5 mg L', respectively. Then, these
beakers were sealed with aluminum foil and kept on a
set of digital display stable temperature magnetic
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stirrer. These solutions were mixed with a constant
speed of 150 rpm at 288 K. These samples were taken
down at preset time intervals and filtered rapidly
using a 0.45 pum Millipore membrane filter, respec-
tively. The bromate concentrations in filtrates were
measured by a Shimadu Ion Chromatograph. Under
those conditions of 10 mg L™' bromate concentration
and different solution temperatures (283, 293, and
303 K), the similar kinetic experiments were con-
ducted. In those experiments, the pH values of bro-
mate solutions were kept originally without any
adjustment. All experiments were carried out in
triplicate and average values were reported herein.

The amount of bromate adsorbed on MIEX resin at
time t, g, (mg, mL™Y), was calculated using mass
balance relationship [24]:

(co—c)V
qr = T 1
where Cy and C, were liquid-phase concentration of
BrO;™ (mg L") at initial and time ¢, respectively. V(L)
was the volume of solution and W (mL) represented
the volume of adsorbent used.

In order to better understand the mechanism of
adsorption, pseudo-first-order, pseudo-second-order,
and Elovich models were applied to analyze the
kinetic process of bromate adsorbed on MIEX resin,
respectively. For kinetic models above, the equations
were conveyed as follows [13]:

Pseudo-first-order model : In(g, — q;) = Ing, — kit 2

t 1 t
Pseudo-second-order model : —

=4 @3
q kg ge :

Elovich model : g; = %ln(l + Opt) 4)

where g, (mg mL™'), was the amount of bromate
adsorbed on MIEX resin at equilibrium; ¢ (min), was
adsorption time; k; (min~') and k, (mL mg™' min™")
were the rate constants of pseudo-first-order and
pseudo-second-order, respectively; ¢ (mg mL™" min™")
was the initial adsorption rate constant; and g
(mL mg™') was related to the extent of surface cover-
age and activation energy for chemisorptions.

In addition, the intra-particle diffusion model
(described by Eq. (5)) was used to investigate the par-
ticularly potential rate-controlling step and the tran-
sient behavior of adsorbing bromate process from
aqueous solution to MIEX surface, which was
explained as follows [13]:
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Intra-particle diffusion model : q; = kiLit% + ¢ 5)

where kj; (mg mL™' min /%) was the intra-particle
diffusion rate constant and ¢; was a constant.

The Boyd model (expressed by Eq. (6)) was
selected to predict the actual slow step involved in the
process of bromate adsorbed on MIEX resin.

Boyd model : Bt = —0.4977 — ln< - Zt> ©)

where B was a constant.

2.2.2. Isotherm study

Static equilibrium trials of bromate adsorbed on
MIEX resin were conducted at 283, 293, and 303 K.
Equilibrium adsorption at 283 K was taken as an
example to describe the experimental method. 0.2 mL
MIEX resin was added into a set of beakers containing
500 mL solutions with various bromate concentrations
(1,2,3,4,5 and 6 mg LY, respectively. These slurries
were mixed on the digital display stable temperature
stirrer with a constant agitation speed of 150 rpm for
2 h (the pre-studies showed adsorption of bromate on
MIEX resin could reach equilibrium after 90 min) at
283 K. Then, resin particles were separated using a
0.45 um Millipore membrane filter, and the bromate
concentrations in filtrates were analyzed. During these
experimental processes, pH values of bromate solu-
tions were kept originally without any adjustment.
The similar equilibrium adsorption tests at 293 and
303 K were conducted.

The amount of bromate adsorbed on MIEX resin at
equilibrium, g, (mg mL™") was calculated by the
following equation:

o= Co=CV o
where C, (mg L™") was the bromate concentration in
liquid phase at equilibrium.

Langmuir, Freundlich, and Redlich-Peterson iso-
therm models were applied to fit these equilibrium
data in this study, respectively.

The nonlinear forms of above isotherm models
were as follows [25]:

C C 1
Langmuir isotherm : — = —* + ——
e {max qmaxb

8)
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L. 1
Freundlich isotherm : logg, = glog Ce + logks )
KgrC
Redlich—Peterson isotherm : g, = %M;CE (10)

where gmax (Mg mL™!) was the theoretical maximum
monolayer adsorption capacity of adsorbent; b
(L mg_l) was the Langmuir constant; kf (mg mL ™!
(L mg_l)l/ ") was the Freundlich constant related to
the bonding energy and adsorption capacity, and 1/n
was the heterogeneity factor; Kg, ag, and b were the
constants of Redlich-Peterson isotherm model.

D-R isotherm model was described by Egs.
(11)-(13), and wused to calculate the average free
energy during the process of bromate adsorbed on
MIEX resin.

D-R isotherm model : g, = Gmax exp(—BDRCZ) 11
1
{=RTn (1 + —) 12)
Ce
[ (13)
V2Bpr

where Bpg (mol?/J?) and ¢ (k]) were the D-R model
constant and the Polanyi potential, respectively; R
(8.314 ] mol ! K') was the ideal gas constant; T (K)
was solution temperature; E (J/mol) was the average
free energy.

2.2.3. Effect of solution pH and anions on bromate
removal

Batch adsorption experiments were employed to
investigate the effects of initial solution pH on bro-
mate removal. Adsorption procedure comprised the
following steps: (a) transfer 500 mL bromate solution
with the concentration of 5 mg L™ into a set of beak-
ers, respectively, and adjust the pH values to 6, 7, 8,
and 9 (pH of raw water usually ranges 6-9) with
0.1 M HClI or 0.1 M NaOH solutions; (b) 0.2 mL MIEX
resin was added into bromate solutions above, respec-
tively, and these mixtures were agitated on the digital
display stable temperature stirrer with a constant agi-
tation speed of 150 rpm at 285 K for 2 h; (c) after
adsorption, the bromate concentrations in filtrates
were analyzed and the amounts of bromate adsorbed
on MIEX resin were calculated. All the experiments
were executed in triplicate and the average values
were given.
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Batch adsorption experiments were also conducted
to investigate the effects of different types of anions
on the removal of bromate on MIEX resin by adding
chloride, sulfate, and bicarbonate with the equivalent
concentration of 1 meq L' into bromate solutions
with the concentration of 5 mg L™, respectively. The
experimental process was similar to that of effects of
solution pH on bromate removal.

2.2.4. Thermodynamic study

Adsorption thermodynamics focused on the energy
change of adsorption process, which was significant to
obtain the thermodynamic property of adsorption
behavior. Three thermodynamic parameters, standard
Gibbs free energy change (AG®, k] mol™'), standard
enthalpy change (AH®, k] mol '), and standard
entropy change (AS®, ] mol™" k™), were calculated to
evaluate thermodynamic feasibility and spontaneous
nature of bromate adsorbed on MIEX resin in this
study.

These parameters can be obtained from the follow-
ing equations [26]:

Cad e

K, = (14)
q Ce
AS°  AH°
In Keq = T — RT (15)
AG® = AH® — TAS® (16)

where K, (L mL™Y) was the distribution coefficient
and C,;, (mg mL™") was the equilibrium adsorption
capacity of bromate on MIEX resin at different tem-
peratures.

The adsorption activation energy during the pro-
cess of bromate adsorbed on MIEX resin was calcu-

lated by the Arrhenius equation described as follows
[26]:

Ink; =InA — E

RT (17)

where A was the Arrhenius factor and E, (kJ/mol)
was the activation energy of adsorption.

2.2.5. Determination of bromate

Bromate was measured using suppressed conduc-
tivity detection on a Shimadu Ion Chromatograph
(Shimadu, Japan) with an IC SI-52G guard column
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(4.6 mm x 10mm, Shodex, Japan) and an IC SI-52 4E
analytical column. (4.0 mm x 250 mm, Shodex, Japan).
The 3.6 mM sodium carbonate (Na,CO3) was used as
a solvent and the flow rate of the solvent was
0.8 mL min~' with a sample injection volume of 20
pL. The temperature of the column and detector
compartment was set to 45°C.

3. Results and discussion
3.1. Adsorption kinetics

3.1.1. Effect of adsorption time and initial bromate
concentration

With the target to capture the equilibrium time for
maximum uptake, bromate adsorbed on MIEX resin
was researched as a function of adsorption time with
different bromate concentrations. And the results were
shown in Fig. 1.

At the initial stage of adsorption, before 20 min,
the uptake of bromate adsorbed on MIEX resin mush-
roomed with increasing adsorption time. This was
because generous unused active adsorption sites on
MIEX resin surface swiftly adsorbed bromate from
aqueous solutions. During the subsequent period of
20-40 min, it showed a slow rise in uptake of bromate.
This was attributed to the fact that it was difficult for
those vacant adsorption sites to be occupied by bro-
mate in bulk solution due to the repulsion of bromate
between in bulk solution and on the resin surface [23].
After adsorption of 40 min, the uptake of bromate kept
a constant approximately with increasing adsorption
time. This implied that the adsorption of bromate on
MIEX resin reached an equilibrium at 40 min.
Compared to the conventional adsorbents used to

25
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./
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0 20 40 60 80 100

Fig. 1. Effects of adsorption time and initial bromate con-
centration on the removal of bromate on MIEX resin.

t (min)
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remove bromate, such as granular activated carbons and
powdered activated carbons (the time required to reach
adsorption equilibrium was from 4 to 20 h [27-29]),
MIEX resin adsorbing bromate from aqueous solution
was a fast kinetic process. Based on the fact, MIEX
resin can be used as a candidate adsorbent to remove
bromate from emergently polluted raw water.

In addition, as shown in Fig. 1, for an identical
adsorption time ¢, the uptake of bromate adsorbed on
MIEX resin increased with increasing the initial bro-
mate concentration from 5 to 10 mg L™'. This was
explained that when bromate concentration was
higher, the greater concentration gradient enabled bro-
mate settle into the internal pores of resin, and those
active adsorption sites were made use of fully [12]. This
was similar to the result of Bhatnagar using granular
ferric hydroxide to remove bromate from water [30].

3.1.2. Kinetic model of bromate adsorbed on MIEX
resin

Pseudo-first-order, pseudo-second-order, and Elo-
vich models were used to fit the experimental data at
different initial bromate concentrations, respectively.
The results were provided in Table 1. The fitted
curves were given in Fig. 2 with experimental results.

From Table 1, compared to the pseudo-first-order
and Elovich models, the correlation coefficients (R?) of
pseudo-second-order model are the biggest, and the
standard errors (SE) were the smallest. In addition,
Fig. 2 showed that these curves fitted by the pseudo-
second-order model were perfectly close to the experi-
mental results. Accordingly, the pseudo-second-order
model was the most suitable to describe the kinetic
process of bromate adsorbed on MIEX resin. This sug-
gested the kinetic process was mainly controlled by
the chemisorptions which involved chemical bonding
between bromate ion and MIEX resin [31].

For pseudo-second-order model, the initial adsorp-
tion rate, h (mg mL™' min~"), was expressed by the
following equation:

h = kaog? (18)

Table 1 demonstrated that these values of h
increased from 0.082 to 0.152 with increasing bromate
concentration from 5 to 10 mg L™". This showed that
initial rate of bromate adsorbed on MIEX resin
increased obviously at higher bromate concentration.
It agreed with the results of Fig. 1 demonstrating it
was likely due to the fact that high bromate concentra-
tion accelerated the diffusion process of bromate from
bulk solution to solid phase [13].
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Table 1
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Kinetic parameters of bromate adsorbed on MIEX resin at different bromate concentrations

Pseudo-first-order

Co(mg L™ g, (exp) (mg mL™) ge (cal) (mg mL™")  k; (min™") R? SSE SE
5 12 11.64 0.0716 0.9832 2.5641 0.5338
10 21.56 20.75 0.1174 0.977 10.9691 1.104
Pseudo-second-order
ComgL™  g.(exp) mgmL™)  g.(cal) (mgmL™)  ky (mgmL ' min™") & R? SSE SE
5 12 13.89 0.0059 0.082 0.9926 1.1335 0.3549
10 21.56 23.74 0.0064 0.152 0.9933 3.1864 0.595
Elovich model
ComgL™) A@mgmL'min") g (@mLmg") R? SSE SE
5 1.88 0.31 0.9837 2.4905 0.526
10 8.27 0.21 0.9728 12.965 1.2002
25
12 s ;
10 A 20 - b
~ 8t
< ; — 15
€ |
o 6l m  experiment point(initial concentration=5mg L'W) €
3 pseudo-first-order model =2} () r/!’/!
& pseudo-second-order model E 10} °
4l .'i:‘ —— Elovich model o
= 5mg/L
5| e . 1g1rgg/L
2 H
0 Il Il Il Il 0 1 Il Il Il 1
0 20 40 60 80 100 0 2 4 6 8 10
t (min) t2 (min/2)
25

20

®  experiment point(initial concentration=10mg L")
10 i pseudo-first-order model

i - pseudo-second-order model
—— Elovich model

-1
g (mgmL )

t (min)

Fig. 2. The fitted curves of adsorption kinetics of bromate
on MIEX resin.

3.1.3. Diffusion mechanism of bromate

The intra-particle diffusion model was used to
analyze the diffusion mechanism of bromate from
bulk solution to surface of MIEX resin at different
initial bromate concentration. Fig. 3 expressed the

Fig. 3. Plots of intra-particle diffusion model for the
adsorption of bromate on MIEX resin at different initial
bromate concentrations.

relationship of g, vs. t'/? at different initial bromate
concentrations. Table 2 involved linear regression
parameters (k;4, ¢;) and correlation coefficients (R?).
Fig. 3 conveyed that it was not a linear relationship
of g; vs. t'/? within the whole adsorption time. This
implied the adsorption process of bromate on MIEX
resin did not agree with the intra-particle model
within whole adsorption time. For the different initial
bromate concentrations, however, each plot could be
divided into two segments. And Table 2 showed that
each segment was linear with high correlation coeffi-
cients (R*> > 0.95), indicating intra-particle diffusion
occurred within corresponding adsorption time range.
However, the values of C; (i = 1 or 2 given in Table 2)
were beyond 0. This showed each segment that did
not pass through the origin implied that intra-particle
diffusion was not the only rate-limiting step, probably
involving other processes, such as film diffusion [23].
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Constants and correlation coefficients of intra-particle diffusion model for bromate adsorption on MIEX resin

Intra-particle diffusion model

Co (mg L™ Kig1 (mg mL™! min""?) C Kz (mg mL ™! min~"/?) C, R?
5 1.885 0.108 0.9907 0.277 9.382 0.9932
10 3414 2.239 0.9815 0.215 19.549 0.9550

Boyd model was used to further fit the kinetic data
at different initial bromate concentrations in order to
predict the actual low step during the process of bro-
mate adsorbed on MIEX resin [32]. The values of Bt
were calculated by Eq. (6), and Fig. 4 reflected the
Boyd plots of Bt vs. t.

It was observed from Fig. 4 that Boyd plots gave
well-linear forms at different initial bromate concen-
trations, but they did not pass through the origin. This
implied that the adsorption process of bromate on
MIEX resin was controlled by liquid-film diffusion
[32].

The values of B were obtained from the slopes of
linear of Bt against t at different initial bromate con-
centrations. With bromate concentration increasing
from 5 to 10 mg L', the values of B increased from
0.055 to 0.072. These values of B were far less than 1,
further verifying the fact that the adsorption of bro-
mate on MIEX was controlled by the film diffusion
[33].

3.2. Equilibrium of bromate adsorbed on MIEX resin
3.2.1. Adsorption equilibrium

Equilibrium experiments of bromate adsorbed on
MIEX resin were conducted at 283, 293, and 303 K in

0 10 20 30 40 50 60
t (min)

Fig. 4. Boyd plots of bromate adsorbed on MIEX resin.

order to evaluate the potential of using MIEX resin to
remove bromate from raw water. The results were
given in Fig. 5.

Fig. 5 showed that MIEX resin could effectively
remove bromate from aqueous solutions, and raising
temperature of solution facilitated the growth in equi-
librium capacity of bromate adsorbed on MIEX resin.
This demonstrated that bromate ions were easy to be
removed from aqueous solution at higher temperature
of solution, and implied that the adsorption might be
an endothermic process.

3.2.2. Isotherm model of bromate adsorbed on MIEX
resin

Langmuir, Freundlich, and Redlich—Peterson iso-
therm models were used to fit the equilibrium adsorp-
tion data at different solution temperatures,
respectively. Table 3 listed model constants, correla-
tion coefficients, and SE. The fitted curves were plot-
ted with experimental results in Fig. 6.

As seen in Table 3, compared to the Freundlich
model, Langmuir and Redlich—Peterson models gave
good fittings with higher correlation coefficients
(R* > 0.99) and lower values of SE. It was clear from
Fig. 6 that the curves fitted by Langmuir and

-1
g, (mgmL )

e

Il Il
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

2 I I

Ce (mgL™")

Fig. 5. Adsorption equilibrium of bromate on MIEX resin
at 283, 293, and 303 K.
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Table 3
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Constants, correlation coefficients, SEE, and SE of Langmuir, Freundlich, and Redlich—Peterson isotherm models

Langmuir model

Temperature Jmax (mg mL™) b (L mg™)
283 20.02 0.584
293 19.04 0.772
303 17.97 1.175
Freundlich model

Temperature Ky 1/n
283 7.113 0.542
293 7.904 0.491
303 9.063 0.428
Redlich—Peterson model

Temperature Kgrp Agrp
283 9.574 0.291
293 11.358 0.35
303 21.124 1.177

R? SSE SE
0.988 0.69 0.415
0.9894 0.629 0.397
0.9985 0.092 0.152
R? SSE SE
0.9501 2.862 0.846
0.93 3.769 0.971
0.9609 2.404 0.775
b R? SSE SE
1.338 0.9906 0.403 0.366
1.38 0.9981 0.085 0.169
0.999 0.998 0.092 0.175

Redlich—Peterson models were also closer to the
experimental values than those fitted by the Freund-
lich model. These showed that Langmuir and Red-
lich—Peterson isotherm models could well describe the
adsorption equilibrium of bromate on MIEX resin.
This result was coincident with usual opinion that
adsorption equilibrium of pollutants on ion-exchange
resin agreed with Langmuir isotherm model [34].

3.2.3. Comparison with other adsorbents

Adsorption performances of different adsorbents
can be evaluated by the parameter of maximum
adsorption capacity (§max) obtained from Langmuir
isotherm model. Table 4 listed gmax and time needed
to reach equilibrium using various adsorbents to
remove bromate from water [12,30,35-38]. Compared
to other adsorbents, MIEX resin had decided advanta-
ges with higher adsorption capacity (125.10 mg g ")
and shorter time needed for reaching adsorption equi-
librium. Thus, MIEX resin had a marvelous potential
for removing bromate from raw water.

3.3. Effect of initial pH of solution

The effects of initial pH of solution on bromate
removal were shown in Fig. 7. Although the uptakes
of bromate adsorbed on MIEX resin decreased slightly
with increasing initial pH of solution from 6.00 to
7.00, the higher uptakes were still kept on. The isoelec-
tric point of MIEX resin was 6.07. Therefore, the sur-
faces of resin were charged negatively at pH 7.00. The
electrostatic repulsion between surface of resin and
bromate ions made it difficult that bromate ions were

adsorbed on resin [39]. This might be a reason that the
uptake of bromate decreased slightly. With further
increasing pH to 9, the uptake of bromate declined
rapidly. This was due to the fact that the hydroxide
ions competed for adsorption sites with bromate ions
at strong alkali.

3.4. Effect of coexistent anions

The effects of other anions (such as chloride, bicar-
bonate, and sulfate) on the removal of bromate
adsorbed on MIEX resin were plotted in Fig. 8. The
removal efficiency of bromate decreased from 85.40 to
22.33, 22.40, and 5.47% with the addition of chloride,
bicarbonate, and sulfate with an identical concentra-
tion of 1 meq L™, respectively. This showed that other
anions in raw water affected negatively the removal of
bromate because of competing for adsorption sites
with bromate ions. Compared with the chloride and
bicarbonate, the affinity of divalent sulfate to activated
sites was much more than that of the monovalent
chloride, resulting in the more serious decrease in
uptake of bromate.

3.5. Adsorption thermodynamic

3.5.1. Thermodynamic parameters of bromate adsorbed
on MIEX resin

For the equilibrium adsorption data at different
temperatures, the solid-liquid distribution coefficients
(Keq) of bromate adsorbed on MIEX resin were calcu-
lated by the Eq. (14), and these straight lines of In(K,,)
against 1,000/ T were plotted in Fig. 9. The thermody-
namic parameters, AH® and AS°, were obtained from
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Fig. 6. Comparison between experimental data and
predicted values of adsorption equilibrium of bromate on
MIEX resin at 283, 293, and 303 K.

the slopes and intercepts of these straight lines. Then
the values of AG” at different temperatures were calcu-
lated by the Eq. (16), and these results were shown in
Table 5.
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All the values of AG® were negative, indicating that
the adsorption of bromate on MIEX resin was thermo-
dynamically spontaneous. And further more, the
values of AG® became more negative with raising tem-
perature, implying the process of bromate adsorbed
on MIEX resin was easier to occur at high temperature
of solution. The positive values of AH® showed the
adsorption process was endothermic. The positive val-
ues of AS® showed that the degree of disorder on the
solid-liquid interface increased after adsorption, dem-
onstrating good affinity of MIEX resin for bromate
[30].

3.5.2. Average free energy of bromate adsorbed on
MIEX resin

Average free energy of adsorption (E, k] mol™")
obtained from Dubinin—-Radushkevich isotherm model
can be used to judge adsorption type. The Dubinin-
Radushkevich isotherm model was used to fit the
equilibrium adsorption data at 283, 293, and 303 K.
The values of Bpg at different temperatures were
listed in Table 6. The values of E were calculated by
the Egs. (11)-(13) and also listed in Table 6. It was
observed from Table 6 that the values of average free
energy of bromate adsorbed on MIEX resin at differ-
ent temperatures were all above 8 kJ mol™’, indicating
that the adsorption was a chemical sorption process
including an ion-exchange reaction [40].

3.5.3. Activation energy of bromate adsorbed on MIEX
resin

Activation energy of adsorption (E,, k] mol™") was
also used to judge adsorption type. The adsorption
kinetics of bromate on MIEX resin at 283, 293, and
303 K were conducted in order to calculate the activa-
tion energy of adsorption. The pseudo-second-order
kinetic model was used to fit the kinetic data of differ-
ent temperatures, and the results were given in
Table 7. Based on Eq. (17), the plot of In(ky) vs. 1/T
was a straight line (Fig. 10). The value of E, was
obtained from the slope. The activation energy of bro-
mate adsorbed on MIEX was 31.8 k] mol?, indicating
the adsorption was a chemical sorption process [41].
This was consistent with the conclusion obtained from
the average free energy of adsorption.

3.6. Removal mechanism of bromate on MIEX resin

For the equilibrium adsorption data at 293 K, the
quantity changes of bromate and chloride ions in solu-
tions before and after adsorption were calculated in
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Table 4
Comparison of bromate removal with various adsorbents
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Adsorption equilibrium time

Max capacity

Adsorbents t Gmax (Mg/g) Bibliography
Nanocoated quartz sand 10 min 0.05 [12]
Granular Fe(OH); 60 min 17.86 [27]
GAC 24 h 7.2 [32]
Nano AL,O, 2h 6.66 [33]
Amorphous aluminum hydroxide 24 h 5.12 [34]
PAC 24 h 99.6 [35]
MIEX resin 40 min 125.1 This study
10 26
2mg/L
9 3mg/L
781 738 241 4mglL
8 ‘f 5mg/L
r / 22} EmglL
~ 6
7 4.76 ~ 200
E s ! 3.83 ¥
E 4 / T < g8l
o
5 161
! 14}
0 6 7 8 9 330 835 340 a5 350 355
Initial pH 1000/T

Fig. 7. Effect of pH value on the bromate adsorption on
MIEX resin.
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N
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Fig. 9. Plots of In (K,;) vs. 1,000/T for the adsorption of
bromate on MIEX resin.

Table 5
Thermodynamic parameters of bromate adsorption on
MIEX resin

o -1
Co AH® AS® AG° (k] mol™)
mg L™ K mol' J/(molK™) 283K 293K 303K
2 13.991 67.006 -4.302 -5.642 -6.312
3 11.950  58.080 -3.906 -5.068 —5.649
4 8.742 45.489 -3.676 —4.586 —5.041
5 6.185 34.514 —3.237 -3.927 —4.272
6 5.243 29.721 —2.871 -3.465 —3.762

BrO; BrO;+HCO;  Broz+Cr

- 2-
Br03+SO4
coexist anions

Fig. 8. Effect of inorganic anions on the bromate

adsorption on MIEX resin.

order to further explore the removal mechanism of
bromate on MIEX resin. And the results were shown
in Fig. 11. Fig. 11 demonstrated that the bromate ions

which were adsorbed on MIEX resin were roughly
equivalent to the chloride ions which were released
from resin surface into aqueous solution. It was
proved that the removal mechanism of bromate
adsorbed on MIEX resin was an ion-exchange reaction,
agreeing with the conclusion obtained from the energy
analysis.
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Table 6

Mean adsorption energy of bromate on MIEX resin

T (K) Bpr E (k] mol ™) R?
283 7.06E-09 8.416 0.9729
293 6.21E-09 8.972 0.9782
303 4.58E-09 10.452 0.9499
Table 7

The results fitted by the pseudo-second-order kinetics
model at 283, 293, and 303 K

TK  Gmax mgmL™)  k (mgmL ' min™)) R?
283 10.05 0.0096 0.9906
293 9.97 0.0121 0.9879
303 9.80 0.0235 0.9777
3
n
a4l
3
£ []
5L
000330 000335 000340 000345 000350 0.00355
1T

Fig. 10. The plot of calculating the activation energy for
the bromate adsorption on MIEX resin.
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Fig. 11. Quantitative analysis of bromate ions adsorbed on
MIEX resin and chloride ions in solution at adsorption
equilibrium.
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4. Conclusion

Present studies showed that MIEX resin had a
marvelous potential to be used as adsorbent for
removing bromate from emergently polluted raw
water. The adsorption of bromate on MIEX resin was
a quick process, and the equilibrium was reached after
adsorption of 40 min. The Langmuir and Redlich-Pet-
erson isotherm models fitted well the equilibrium data
with a maximum adsorption capacity of 125.10 mg g
The pseudo-second-order kinetic model could well
describe the kinetic process, and the film diffusion
controlled the whole adsorption rate. High removal
efficiency of bromate was observed at pH 6-7. Other
coexistent anions affected negatively the removal of
bromate significantly. The adsorption was a spontane-
ous thermodynamic, endothermic and entropy-driving
process. The removal mechanism of bromate adsorbed
on MIEX resin was an ion-exchange reaction.
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List of symbols

o — liquid-phase concentration at initial (mg L")

C; — liquid-phase concentration at time t (mg L™")
C, — equilibrium concentration (mg L™
e — amount of bromate adsorbed at equilibrium
(mg mL™")
q: — amount of bromate adsorbed at time t
(mg mL™")
a — initial adsorption rate constant (mg mL™" min~")
B — relating to chemisorptions (mL mg ")
kia — intra-particle diffusion rate constant
(mg mL™" min"/?)
gmax — theoretical maximum adsorption capacity
(mg mL™")
b — langmuir adsorption constant (1 mg™")
ke — freundlich adsorption constant (mg mL™"(L
m gfl)l / n)
Kr ~ — redlich-Peterson adsorption constant
Bpr — D-R model constant (mol?/J?)
— polanyi potential (k])
— solution temperature (°C, K)
E — average free energy (J/mol)
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K, — distribution coefficient (L mL™)

A — arrhenius factor

E, — activation energy of adsorption

AG® — standard free energy change (k] mol™)
AH® — enthalpy change (k] mol ™)

AS® — entropy change (k] mol )
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