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a  b  s  t  r  a  c  t

It  is necessary  to remove  bromide  from  raw  water  owing  to  the  fact  that  bromide  directly  leads  to  the
brominated  disinfection  byproducts  during  the  disinfection  process  for drinking  water.  The  adsorption
characteristics  of bromide  by  MIEX  resin  are  investigated  in a batch  mode.  Some  factors  such  as  ini-
tial  bromide  concentration,  contact  time,  adsorbent  dosage,  pH of  solution  and  coexistent  anions,  have
significant  effect  on  bromide  removal.  Five  isotherm  models,  namely,  Langmuir,  Freundlich,  Temkin,
Dubinin–Radushkevich  and  Redlich–Peterson,  are  used  to  fit  the equilibrium  data  of  bromide  on  MIEX
resin  at  303  K. The  results  show  that  the  adsorption  equilibrium  can  be  well  fitted  by the  Freundlich  and
Redlich–Peterson  isotherm  models.  The  pseudo  first-order  and  second-order  kinetics  models  are  used
to fit the  kinetics  process  of  bromide  adsorption  on MIEX  resin.  The  results  demonstrate  the  adsorption
kinetics  agree  with  the  pseudo  second-order  model,  indicating  the  adsorption  of  bromide  on  MIEX  is
inetics
hermodynamics

chemical  sorption.  The  intra-particle  diffusion  model  is used  to  further  analyze  the  diffusion  mechanism
of  bromide  during  the  adsorption  process.  The  results  imply  that  the  intra-particle  diffusion  is  not  the
only  rate  limiting  step.  The  negative  �G◦ values  indicate  that  the  adsorption  of bromide  on  MIEX  resin
is  thermodynamically  feasible  and  is  a  spontaneous  process.  The  negative  �H◦ and  �S◦ show  that  the
adsorption  is an  exothermic  process  in nature  and  the randomness  degree  at  the  solid/liquid  interface

n.
decreases  after  adsorptio

. Introduction

Bromide is naturally present in surface and ground water
ources due to seawater intrusion, industrial and agricultural
astewater discharge and special geological circumstance [1].  A
ationwide survey in China showed that the bromide concen-
ration in water resources was 0.01–6.0 mg  L−1, especially up to
.0 mg  L−1 in the ground water sources of coastal areas such as
iaoning and Shandong provinces, and even, much higher bro-
ide concentration in the case of sudden polluted surface water

ources [2].  Although the bromide itself is not regulated in drinking
ater standard, the presence of bromide in water sources poten-

ially endangers the security of drinking water supplies due to the

ccurrence of brominated disinfection byproducts [3].  During the
rocess of chlorination, bromide can be oxidized to HOBr which
an react with natural organic matter in water to form brominated

∗ Corresponding author at: Room 215, Mingjing Building, Key Laboratory of
angtze River Water Environment, Ministry of Education, Tongji University, 1239
iping Road, Shanghai 200092, PR China. Tel.: +86 13311875226.
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385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

organic disinfection byproducts [4].  And the brominated organic
disinfection byproducts are more harmful to human health than
conventional chlorinated organic disinfection byproducts, which
pose even more significant public health risks [5,6]. On the other
hand, ozone and/or hydroxyl radical, as promising disinfectants and
oxidants, can oxidize bromide in water to hypobromite ion which is
then further oxidized to bromate [7–9]. Even, the bromide in water
can be also oxidized to bromate during the process of chlorination
for drinking water [10,11]. Bromate, as a brominated inorganic dis-
infection byproduct, has been designated as a Group 2B substance
by the International Agency for Research on Cancer due to potential
carcinogenic and mutagenic to human organisms [12–14].  So the
presence of bromide in raw water is the direct reason leading to the
brominated disinfection byproducts. However, the conventional
treatment process for drinking water, such as flocculation, sedi-
mentation, filtration and disinfection, is little effective to remove
bromide. Thus, removing bromide (the precursor of disinfection
byproduct) from raw water, is the most effective and thorough

method to solve the brominated disinfection byproducts.

Several attempts have been made for bromide removal [15].
The bromide can be effectively removed by Ag-doped carbon aero-
gels, but the preparation of Ag-doped carbon aero gels consumes

dx.doi.org/10.1016/j.cej.2011.11.096
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:denghuiping@sina.com
dx.doi.org/10.1016/j.cej.2011.11.096


ing Jo

e
[
r
m
i
b
w
w
a
b
b
[
a
e
S
b
o
i

w
c
i
M
i
f
p
c
o
a
d
d
r
b
f
A
t
n
c
p
d
r
b
p

a
M
r
T
o
c
o
a
F
a
(
o
d
t

2

2

2

f

L. Ding et al. / Chemical Engineer

xpensive metal ion and the carbon aero-gels possibly leach
16,17]. The enhanced coagulation by aluminum chloride can
emove the bromide of 62.1–87.0% in raw water, but the bromide
ay  seep into groundwater when the sludge containing bromide

s disposed by landfill [18,19]. Also, the calcined layered dou-
le hydroxides can remove the bromide in drinking water, but
hen the saturated adsorbents are regenerated, plenty of alkaline
aste is discharged [20]. Electrochemical oxidation is an excellent

pproach to remove lower bromide by oxidation of bromide to
romine and the volatilization of bromine, but different type of
rominated disinfection products may  be produced in this process
15,21]. Membrane filtration, such as nanofiltration, ultra filtration
nd reverse osmosis, is used to reduce bromide, but is not a cost-
ffective method because of expensive membrane [22]. Boyer and
inger found the magnetic ion exchange (MIEX) resin could remove
romide from raw water to a certain extent [23], as well as dissolved
rganic compounds. Bromide removal by MIEX resin is focused on
n this study.

The magnetic ion exchange (MIEX) resin is a strong-base resin
ith a macro-porous, polyacrylic matrix, and is typically used with

hloride as the exchangeable ion [24]. The iron oxide integrated
nto the matrix of resin facilitates the aggregation and settling of

IEX after adsorbing pollutants. Extensive research has shown that
t is an effective technology to remove dissolved organic matters
rom raw water and wastewater by MIEX [25–30].  And the hybrid
rocesses of MIEX and coagulation, activated carbon adsorption,
hlorine, membrane filtration, can be used to remove diversely
rganic pollutants, reduce membrane fouling and decrease oper-
ting pressure on both sides of membrane [31–35].  The MIEX was
esigned specifically to remove dissolved organic matters from raw
rinking waters, but, as an anion exchange resin, it can be used to
emove inorganic anions such as bromide. This has been verified
y some researchers [24,36]. However, the present studies mainly
ocused on low concentration bromide in surface water resources.
lso, the factors affecting efficacy of bromide removal, such as solu-

ion pH, temperature, agitation speed, MIEX dosage, anions, have
ot been elucidated systematically and thoroughly yet, which are
rucial to optimize the operating parameters of bromide removal
rocess by MIEX. In addition, the equilibrium, kinetics and thermo-
ynamics process of bromide adsorption on MIEX have not been
eported yet, which are essential to interpret the mechanism of
romide removal by MIEX and further enhance and improve the
roperties of MIEX itself.

Accordingly, the goal of this work is to systematically evalu-
te the removal characteristics of high concentration bromide by
IEX, with a view to providing a theoretical basis for bromide

emoval from ground water or sudden polluted surface water.
he specific objects of this study are to (1) investigate the effects
f different factors such as MIEX dosage, bromide concentration,
ontact time, solution pH, temperature, agitation intensity and
ther anions, on bromide removal; (2) simulate the equilibrium
dsorption data with different isotherm models such as Langmuir,
reundlich, Temkin, Dubinin–Radushkevich and Redlich–Peterson,
nd identify the equilibrium adsorption model of bromide on MIEX;
3) analyze the kinetics data and interpret the kinetics process
f bromide adsorption on MIEX resin; (4) calculate the thermo-
ynamics parameters such as �G◦, �H◦, �S◦ and elucidate the
hermodynamic process of bromide adsorption on MIEX.

. Materials and methods

.1. Materials
.1.1. Adsorbent
The MIEX resin, used as adsorbent in this study, is obtained

rom the China Agent of Orica Watercare of Victoria. The virgin
urnal 181– 182 (2012) 360– 370 361

MIEX resin is stored in water. And the average diameter of MIEX
resin particles is 180 �m.  The MIEX resin is washed repeatedly with
ultra-pure water to remove the impurities before used and then
is stored in ultra-pure water. A certain volume of resin used in
adsorption experiment is taken with a 5 mL glass centrifuge tube
whose accuracy is 0.1 mL.  Taking 1.0 mL  MIEX resin as an exam-
ple illustrates the process of taking a certain volume of resin. First,
approximately transfer 1.2 mL  MIEX resin to centrifuge tube. Then
add ultra-pure water to the scale mark of 5 mL,  and take the resin
particles still setting for 30 min. Finally, take out the excess resin
and ultra-pure water above the scale mark of 1.0 mL from the cen-
trifuge tube and the 1.0 mL  MIEX resin remaining in centrifuge tube
is obtained.

2.1.2. Chemicals and adsorbate
All chemicals used in this study are guaranteed reagent grade or

better and purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. The standard stock solutions and samples for a calibration
curve are prepared by ultra-pure water obtained from Millipore
Super-Q plus water system.

Potassium bromide (KBr) is used as an adsorbate in this study. A
standard stock solution of bromide ion (Br−) is prepared by dissolv-
ing accurately weighed sample of Potassium bromide in ultra-pure
water to give a concentration of 1000 mg  L−1. The test solutions of
bromide ion of various concentrations are obtained by diluting the
standard stock solution with distilled water when necessary.

2.2. Methods

2.2.1. Kinetic studies
The kinetic studies are conducted by the batch mode. Fixed

dosage (0.5 mL)  of MIEX resin is added into a set of 1000 mL beakers
containing 500 mL  adsorbate with the concentration of 5 mg L−1,
respectively. Then the beakers are sealed with aluminum foil and
kept on the digital display stable temperature magnetic stirrer
(78HW-1). The slurries are mixed with a constant agitation speed
of 100 rpm at 288 K. The aqueous samples are taken out at pre-
set time intervals and the solid adsorbent is separated from the
mixture by using a 0.45 �m Millipore membrane filter. The bro-
mide ion remaining in filtrate is determined. In order to compare
the kinetics process with initial bromide concentration of 5 mg L−1,
the similar kinetic experiments are carried out by varying bromide
concentration (10, 20 mg  L−1). In these experiments, the pH of the
bromide solution is kept originally without any adjustment. All the
experiments are carried out in triplicate and the average values are
reported herein.

The bromide uptake on MIEX at time t, qt (mg  mL−1), is calcu-
lated by Eq. (1):

qt = (C0 − Ct)V
W

(1)

where C0 and Ct (mg  L−1) are the liquid-phase concentrations of
bromide at initial and at time t, respectively. V (L) is the volume of
solution and W (mL) represents the volume of adsorbent.

2.2.2. Independent variable studies
The procedure of independent variable experiments is similar

to that of kinetic studies. However, the slurries are mixed contin-
uously for 90 min. Thereafter, the bromide in filtrate is analyzed.
Effects of different parameters on bromide removal are employed
by varying MIEX dosage, agitation speed, initial pH of solution and
temperature. When investigating the impact of one variable on bro-

mide removal, only this variable is changed, while other variables
remain unchanged. The initial pH values of bromide solutions are
adjusted by adding 0.1 M HCl or 0.1 M NaOH solutions when nec-
essary. All the experiments are carried out in triplicate and the



3 ring Journal 181– 182 (2012) 360– 370

a
u
r
c

2

d
a
i
t
t
f
t
m
i

q

w
a
w

2

L
d
I
u
c
d
a
s
a
c
d
p

3

3

c
t
c
t
o
w
i
F
a
r
t
b
c
o
t
t
r
o
b
r
s
a

140120100806040200
0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

q t/(m
g 

m
L-1

)

time/(min)

time/(min)

 5mg L-1

 10 mg L-1

 20 mg L-1

(a)

120100806040200

0

20

40

60

80

100

E
/(%

)

 5mg L-1

 10mg L-1

 20mg L-1

(b)
62 L. Ding et al. / Chemical Enginee

verage values are reported herein. After 90 min  adsorption, the
ptake of bromide on MIEX resin is calculated by Eq. (1) and the
emoval rate (E) of bromide is calculated by bromide concentration
hange in solution before and after adsorption.

.2.3. Adsorption equilibrium studies
Batch equilibrium adsorption tests of bromide on MIEX are con-

ucted at 303 K. Fixed dosage (0.5 mL)  of MIEX resin is added into
 set of 1000 mL  beakers containing 500 mL  adsorbate with various
nitial bromide concentrations (1–10 mg  L−1), respectively. Then
he suspensions are mixed on the digital display stable tempera-
ure magnetic stirrer with a constant agitation speed of 100 rpm
or 2 h. The similar operation to the kinetic experiments is applied
o separate the solid adsorbent from the suspension. And the bro-

ide in filtrate is determined. The equilibrium adsorption capacity
s calculated by Eq. (2):

e = (C0 − Ce)V
W

(2)

here qe (mg  mL−1) and Ce (mg  L−1) are the bromide amount
dsorbed by MIEX and bromide concentration in aqueous solution
hen equilibrium is achieved, respectively.

.2.4. Analysis methods and instruments
The pH of solution is measured using a pH meter (pHS-3C model,

eici, China). Prior to each use, the pH meter is calibrated. Bromide is
etermined using suppressed conductivity detection on a Shimadu

on Chromatograph (Shimadu, Japan) with an IC SI-52G guard col-
mn  (4.6 mm × 10 mm,  Shodex, Japan) and an IC SI-52 4E analytical
olumn (4.0 mm × 250 mm,  Shodex, Japan) according to the stan-
ard method [37]. The 3.6 mM sodium carbonate (Na2CO3) is used
s solvent and the flow rate of the solvent is 0.8 mL  min−1 with a
ample injection volume of 20 �L. The temperature of the column
nd detector compartment is set to 45 ◦C. The correlation coeffi-
ient of calibration curve (R2) is 0.9999. Each sample is analyzed in
uplicate and averaged. The precision is checked by calculating the
ercent difference within 15% between duplicate samples.

. Results and discussion

.1. Effect of contact time and initial bromide concentration

The effects of contact time and various initial bromide con-
entrations on bromide removal are shown in Fig. 1. The similar
rend of bromide removal can be seen in Fig. 1a when the bromide
oncentration varies from 5 to 20 mg  L−1. Each plot of qt versus con-
act time can be divided into three stages. The uptake of bromide
n MIEX dramatically increases with an increase in contact time
ithin initial 30 min  (the first stage). Thereafter, the uptake slowly

ncreases as time elapses from 30 to 60 min  (the second stage).
inally (the third stage), there is no significant change in uptake
fter 60 min, which means that the adsorption of bromide on MIEX
esin reaches equilibrium. In initial stage, for the virgin MIEX resin,
he accessible adsorption sites are vacant, leading to the uptake of
romide on MIEX resin increasing sharply. Also, the greater con-
entration gradient between the bromide solution and the surface
f MIEX resin accelerates the diffusion process of bromide from
he liquid-phase to solid, causing the fast increase of uptake in ini-
ial stage [38]. As the adsorption continues (the second stage), the
eduction of available adsorption sites, the slower diffusion because
f the smaller concentration gradient and the repulsive forces of

romide ions between adsorbed on MIEX resin and in solution,
esult in the decrease in adsorption rate. After 60 min  (the third
tage), the uptake maintains constant approximately because the
dsorption equilibrium is reached.
Fig. 1. Effect of initial bromide concentration and contact time on bromide removal
(adsorbent dosage = 1.0 mL  L−1; agitation speed = 100 rpm; pH without any adjust-
ment; temperature = 285 K).

Also, it is clear from Fig. 1a that there are apparent differences
in the uptake of bromide on MIEX resin for various initial bromide
concentrations, and the uptake increases with increasing the ini-
tial bromide concentration from 5 to 20 mg  L−1. For example, after
60 min  adsorption, the amounts of bromide adsorbed are 4.40, 8.47
and 14.62 mg  mL−1 for various initial bromide concentrations of
5, 10 and 20 mg  L−1, respectively. This phenomenon may  be inter-
preted by the following facts: (1) the probabilities of interaction
between the adsorption sites and bromide are greater for higher
initial bromide, which is crucial to adsorption occurrence; (2) the
greater concentration gradient in a high bromide concentration
solution makes the bromide adsorbed on surfaces of MIEX into the
pores, which may  give some available sites to adsorb other bromide
again [39].

In addition, it is observed from Fig. 1b that the removal rates
of bromide are close approximately for 5 and 10 mg  L−1 bromide
concentrations, but the removal rates of bromide for 20 mg  L−1

bromide concentration are much smaller than those for 5 and
10 mg  L−1 bromide concentrations. This is attributed to the fact that
the available adsorption sites are the fixed amounts for 0.5 mL  of
MIEX resin and the adsorption sites are sufficient to remove lower
concentration bromide (<10 mg  L−1), conversely, under the exper-

imental conditions the inadequate adsorption sites for the higher
concentration bromide (>20 mg  L−1) cause the decline of bromide
removal rate although MIEX resin has a theoretical exchange capac-
ity of 0.5 meq  L−1.
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gate and settle to the bottom of breaker in the experimental process.
ion = 5 mL  L−1; agitation speed = 100 rpm; pH without any adjustment; tempera-
ure = 285 K).

.2. Effect of adsorbent dosage

The effects of different MIEX dosage on bromide removal are
valuated by varying the dosage from 0.5 to 5 mL  L−1 and the results
re presented in Fig. 2. The removal rate of bromide increases
rom 78.56% to 98.45% when the dosage of MIEX resin is increased
rom 0.5 to 5 mL  L−1. This is attributed to the increased total avail-
ble adsorption sites. Further, the removal rate of bromide rapidly
ncreases from 78.56% to 91.32% with increasing dosage from 0.5
o 1.0 mL  L−1, however, only increases from 91.32% to 98.45% with
ncreasing dosage from 1.0 mL  L−1 to 5.0 mL  L−1. MIEX resin has a
heoretical capacity of 0.5 meq  mL−1 resin. Generally the working
xchange capacity is much smaller than the theoretical capacity
ue to different working conditions. For bromide of 500 mL  with
he concentration of 5 mg  L−1, the accessible adsorption sites are
nsufficient to remove bromide when the dosage used is below

 mL  L−1. Thus, the dosage becomes the limiting factor of bromide
emoval, which induces the sharply increase in bromide removal
ith increasing dosage. Nevertheless, for the high MIEX dosage

>1.0 mL  L−1), the adsorption sites are adequate and not utilized
ffectively. This leads to the low increase in bromide removal with
ncreasing resin dosage from 1.0 mL  L−1 to 5.0 mL  L−1.

Fig. 2a also reflects that the amount of bromide adsorbed
n MIEX resin decreases from 7.86 to 0.98 mg  mL−1 with an

ncrease in MIEX dosage from 0.5 to 5.0 mL  L−1. The decrease of the
mount of bromide adsorbed on MIEX resin may  be caused by the
ower utilization of the adsorbents adsorptive capacity. Also, the
Fig. 3. Effect of agitation speed on bromide removal (bromide concentra-
tion  = 5 mL  L−1; adsorbent dosage = 1.0 mL  L−1; pH without any adjustment;
temperature = 285 K).

heterogeneous surface adsorption sites of MIEX resin may  result
in the decrease in amount of bromide adsorbed on MIEX resin.
According to the surface site heterogeneity model, the surface is
composed of sites with a spectrum of binding energies, and at
low adsorbent dose, all types of sites are entirely exposed and
the adsorption on the surface is saturated faster, showing a higher
qt value. But at higher adsorbent dose, the availability of higher
energy sites decreases with a larger fraction of lower energy sites
occupied, resulting in a lower qt value [40]. In addition, the aggre-
gation/agglomeration of adsorbent particles at higher dosage may
lead to a decrease in the surface area and an increase in the
path length of diffusion, which decreases the amount of bromide
adsorbed on MIEX resin probably [41].

The solid–liquid distribution coefficient (KD) of bromide on
MIEX resin and in solution after adsorption can be calculated by
the Eq. (3):

KD = (C0 − Ct)
Ct

× V

W
(3)

The distribution coefficient, KD, increases from 7.33 to 15.07 L mL−1

with an increase in dosage from 0.5 to 2.0 mL L−1, while declines
from 15.07 to 12.70 L mL−1 with increasing the dosage from 2.0
to 5.0 mL  L−1 (observed from Fig. 2b). The change law of KD may
be caused by the fact that the adsorptive sites are used effectively
for the dosage of 0.5–2.0 mL  L−1, whereas are not for the dosage of
2.0–5.0 mL  L−1. The similar research results were reported in the
process of bromide removal by MgAl–CO3 layered double hydrox-
ides [20]. Therefore, the dosage of 1.0 mL  L−1 is selected for the
following experiments.

3.3. Effect of agitation speed

The effects of agitation speed on bromide removal are conducted
by varying the agitation speed from 50 to 250 rpm, and the results
are shown in Fig. 3. The amount of bromide adsorbed on MIEX resin
increases from 3.23 to 4.56 mg  mL−1 with increasing the agitation
speed from 50 to 100 rpm. For the lower agitation speed (for exam-
ple 50 rpm), the MIEX resin particles are not mixed completely with
the bromide solution and it is observed that some particles aggre-
So the interaction between the bromide and adsorption sites is not
sufficient and the available sites are not used fully, resulting in the
lower uptake of bromide. The MIEX resin particles are dispersed
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Fig. 5. Effect of temperature of solution on bromide removal (bromide con-
ig. 4. Effect of pH of solution on bromide removal (bromide concentra-
ion = 5 mg  L−1; adsorbent dosage = 1.0 mL  L−1; agitation speed = 100 rpm; temper-
ture = 285 K).

venly in the bromide solution with increasing the agitation speed
o 100 rpm, causing the increase in uptake. Whereas no consider-
ble increase in uptake is observed with further increasing agitation
peed from 100 to 250 rpm. This may  be because that after being
ixed with bromide solution evenly, the accessible adsorption sites

f 0.5 mL  MIEX are constant. In addition, the external mass transfer
ecoming negligible may  also induce the approximately constant
ptake when the agitation speed is above 100 rpm [42]. The agita-
ion speed of 100 rpm is selected in the following experiments.

.4. Effect of initial pH of solution

The pH is an important parameter which affects most of
olid/liquid system. The effects of different initial pH of solution on
romide removal are employed by varying the initial pH of solu-
ion from 3 to 11, and the results are given in Fig. 4. The uptake
f bromide on MIEX increases from 2.34 to 4.53 mg  mL−1 with the
H being increased from 3 to 6. This may  be due to the fact that
he chloride ions are introduced into the bromide solution when
ydrochloric acid is used to adjust the bromide solution to low pH,
nd restrain the exchange behavior of bromide ions with chloride
ons used as exchange reaction on MIEX resin surface. However,
he uptake decreases from 4.53 to 1.56 mg  mL−1 with increasing
he initial pH of solution from 6 to 11. This may  be interpreted by
he fact that the hydroxyl competitively adsorbs on MIEX resin with
romide. The decrease in pH of solution after adsorption (shown in
able 1) further verifies some hydroxyl ions are adsorbed on MIEX
esin. In addition, the results of FTIR (Fourier Translation Infrared
pectroscopy) for the MIEX resin used at pH 11.00 show that the
ydroxyls have been exchanged on the surface of MIEX resin. The
H of nature water body generally varies in the ranges of 6–9. The
ercent removal of bromide is above 80% (not shown in Fig. 4) in
his study when the initial pH of bromide solution ranges from 4
o 9, indicating it is appropriate that the MIEX resin can be used to
emove bromide in nature water body.

.5. Effect of temperature of solution

The temperature of solution plays an important role in the

olid–liquid adsorption system. The effects of different tempera-
ure of solution are investigated by varying the temperature of
olution from 285 to 333 K and the results are shown in Fig. 5. It
an be observed that the amount of bromide adsorbed on MIEX
centration=5 mg  L−1; adsorbent dosage = 1.0 mL  L−1; agitation speed = 100 rpm; pH
without any adjustment).

resin slightly decreases from 4.62 to 4.36 mg  mL−1 with increasing
temperature of solution from 285 to 333 K. This indicates that the
adsorption of bromide on MIEX resin may  be exothermic in nature,
thus resulting in the decreased uptake with increasing the temper-
ature of solution. Thus elevating temperature of bromide solution is
adverse for the adsorption of bromide on MIEX resin. On the other
hand, the high temperature (for example, >50 ◦C) may  bring about
the decomposition of quaternary amine groups on resin surface,
also leading to a decrease in uptake [43]. The percent removal of
bromide decreases from 92.4% to 87.2% (not given in Fig. 5) with
increasing temperature of solution from 285 to 333 K. The slight
decrease in removal rate of bromide shows that the temperature of
solution has not obvious effect on bromide removal. So the MIEX
resin can be used to remove bromide from raw water not only in
summer but also in winter. The similar result of removing anions
from aqueous solution by other type resin was  reported [44].

3.6. Effect of coexistent anions

Various inorganic anions such as chloride, sulfate and carbonate,
are often found in nature water body. They may  compete for the
active adsorption sites due to the different affinities on the MIEX
resin surface. Accordingly, it is of great importance to employ the
effects of coexistent anions on bromide removal by MIEX resin. The
effects of different anions on bromide removal are conducted by
varying different type anions (Cl−, SO4

2− and CO3
2−) with constant

concentration (1 meq  L−1) and the results are depicted in Fig. 6.
The uptake of bromide on MIEX resin is 4.65 mg mL−1 when no
other anion is added into bromide solution. When chloride, car-
bonate and sulfate are added into bromide solution, the uptakes of
bromide on MIEX resin are 3.50, 2.10, and 1.05 mg mL−1, respec-
tively. This shows that each type anion causes the decrease in the
uptake of bromide on MIEX resin to a certain extent. This can be
explained by the fact that the competition between each type anion
and bromide for the adsorption active sites of MIEX resin surface
occurs [45]. But it is also observed from Fig. 6 that the impact of
each type anion on bromide removal is different and the follow-
ing sequence is given: SO4

2− > CO3
2− > Cl−. This is approximately

consistent with the affinities between anions and adsorption active

sites of strong alkali anion resin. Some research results showed also
bromide removal was  affected by the chloride, sulfate and water
alkalinity [24,46].
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Table  1
pH of solution before and after adsorption.
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Initial pH 3.02 4.00 5.01 6
pH  after adsorption 3.12 4.36 5.17 6

.7. Adsorption isotherm

Adsorption isotherm is a relationship curve that describes the
dsorbate distribution between adsorbed on adsorbent and in
olution when adsorption equilibrium is reached at a constant tem-
erature. It is significantly important for adsorption system, for

t can be used to compare the properties with different adsor-
ents quantitatively, elucidate the adsorption state of adsorbate
n adsorbent surface and calculate adsorption parameters such
s theoretical adsorption capacity, adsorption heat. So adsorption
sotherm usually provides some insight in sorption mechanism,
urface properties and affinity of adsorbent [39].

The results of adsorption equilibrium of bromide on MIEX

esin at 303 K are given in Fig. 7. The equilibrium data are
tted by five isotherm models named Langmuir, Freundlich,
ubinin–Radushkevich (D–R), Temkin and Redlich–Peterson (R–P),
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ig. 6. Effect of coexistent anions on bromide removal (bromide concen-
ration = 5 mg  L−1; adsorbent dosage = 1.0 mL  L−1; agitation speed = 100 rpm; pH
ithout any adjustment; temperature = 285 K).
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Fig. 7. Adsorption isotherm of bromide on MIEX resin at 303 K.
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respectively. These isotherm models can be expressed by Eqs.
(4)–(8) [39,47]:

Langmuir :
Ce

qe
= Ce

qmax
+ 1

qmaxb
(4)

Freundlich : log qe = log Ce

n
+ log kf (5)

D–R : ln qe = −BDRε2 + ln qmax (6)

Temkin : qe = B ln Ce + B ln A (7)

R–P : ln
(

KR
Ce

qe
− 1

)
= g ln Ce + ln aR (8)

where qmax (mg  mL−1), is the theoretical maximum bromide
uptake, and b is the Langmuir model constant. n and kf are the Fre-
undlich model constants. BDR and ε are the Dubinin–Radushkevich
model constant and the Polanyi potential, respectively.

The validity of isotherm models used in this study is assessed
by correlation coefficient (R2) and standard deviation (SD). For dif-
ferent isotherm models, a high correlation coefficient and a low
standard deviation represent a good regression. A correlation coef-
ficient can be obtained from the Origin 8.0 software and a standard
deviation can be calculated by the Eq. (9) [48]:

SD =
√∑

[(qexp − qcal)/qexp]2

n − 1
(9)

where n is the total number of experiment data, and qexp and qcal
are the experimental and calculated values, respectively.

The fitted results of all isotherm models investigated in this
study are presented in Table 2, and the predicted curves by five
isotherm models mentioned above are also depicted in Fig. 7. Com-
pared with Langmiur, Temkin, and D–R isotherm models which give
lower correlation coefficients with the values of 0.9721, 0.9659 and
0.9415 respectively, the highest regression correlation coefficients
(0.9946) is observed for Freundlich model in Table 2. Furthermore,
for Freundlich model, the standard deviation with a value of 3.73%
is the second smallest among the isotherm models used in this
study. Accordingly, the adsorption of bromide on MIEX resin can
be well described by the Freundich isotherm model. The Freundlich
isotherm model allows for several kinds of adsorption sites on the
solid surface and represents properly the adsorption data at low
and intermediate concentrations on heterogeneous surfaces [49].
In this study, the bromide concentration ranges from 1–10 mg  L−1,
being consistent with the assumption of Freundlich model. Fur-
thermore, the MIEX resin is a kind of macro-porous resin, which
indicates the surface of MIEX resin is heterogeneous. The photos
obtained from Scanning Electron Microscope also show that the
surface of MIEX resin is heterogeneous. These are the reasons why
the Freundlich model can well describe the adsorption equilibrium
data of bromide on MIEX resin. The value of n, one of Freundlich con-
stants, relates to the surface heterogeneity of adsorbent, giving an
indication of how favorable an adsorption process. When 0 < 1/n  < 1,
the adsorption is favorable; 1/n  = 1, the adsorption is homogeneous
and there is no interaction among the adsorbed species; 1/n  > 1,
the adsorption is unfavorable [50]. As can be noticed in our study,

the value of 1/n  is 0.55, and ranges from 0 to 1, showing that the
adsorption of bromide on MIEX resin is favorable.

Also, it can be seen from Table 2 that the correlation coefficient
with a value of 0.9911 for the R–P isotherm model, is very close to
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Table  2
Constants, correlation coefficients and standard deviations of Langmuir, Freundlich, Temkin, D–R and R–P isotherm models.

Model Constants R2 SD (%)

Langmuir qmax (mg  mL−1) b (L mg−1) 0.9721 7.16
Ce
qe

= Ce
qmax

+ 1
qmaxb

11.51 1.82
Freundlich kf 1/n  0.9946 3.73

log  qe = 1
n log Ce + log kf 7.4 0.55

Temkin A (L mg−1) B 0.9659 12.11
qe = B ln Ce + B ln A 19.16 2.46

Dubinin–Radushkevich qmax BDR 0.9415 11.8
ln qe = −BDRε2 + ln qmax 7.75 4 × 10−8
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79.83 

hat of Freundlich isotherm model. In addition, the standard devi-
tion with a value of 3.03% for R–P isotherm model is the smallest
mong the isotherm models used in this study. Accordingly, the R–P
sotherm model can also well describe the equilibrium adsorption
f bromide on MIEX resin. For R–P isotherm model, it is a hybrid
sotherm featuring both Langmuir and Freundlich isotherms. This

ay  be a reason why the R–P isotherm model gives a good simula-
ion.

The predicted curves by different isotherm models in Fig. 7 also
how that both Freundlich and R–P models give satisfactory fits to
he equilibrium adsorption data of bromide on MIEX resin, com-
ared to other isotherm models investigated in this study.

.8. Adsorption kinetics

Adsorption kinetics quantitatively describes the removal effi-
acy of adsorbate on adsorbent as time elapses. It is crucial for
esigning the adsorption facilities and understanding the adsorp-
ion types and mechanisms. The pseudo first-order and pseudo
econd-order models are used to fit the kinetics data of bromide
dsorption on MIEX resin at different initial bromide concentra-
ions (5, 10 and 20 mg  L−1), respectively. The intra-particle diffusion

odel is further tested to analyze the diffusion mechanism of bro-
ide in adsorption system. These kinetic models can be expressed

y Eqs. (10)–(12) [39,51]:

seudo first-order model : ln(qe − qt) = ln qe − k1t (10)

seudo second-order model :
t

qt
= 1

k2q2
e

+ 1
qe

t (11)

ntra-particle diffusion model : qt = kidt1/2 + Ci (12)

here k1 and k2 are the rate constants of pseudo first-order and
seudo second-order, respectively. And kid is the intra-particle dif-
usion rate constant.

The results fitted by pseudo first-order, second-order and intra-
article diffusion models are listed in Table 3. The method of
ccessing the validity of kinetics models is identical to that of
sotherm models.

Table 3 shows that the values (0.9995–0.9996) of correlation
oefficients (R2) for pseudo second-order model are much bet-
er than those of the pseudo first-order model, revealing clearly
he pseudo second-order model can fit the adsorption of bromide
n MIEX resin quite well. It is also observed that compared with
he pseudo first-order model, the values (4.20–4.64%) of stan-
ard deviations (SD) for pseudo second-order model are much
maller, further indicating that the adsorption process of bromide
n MIEX resin can be well described by the pseudo second-order
odel. In addition, the calculated equilibrium adsorption capaci-
ies (qe,cal) obtained from the pseudo second-order model at three
nitial bromide concentrations of 5, 10 and 20 mg  L−1 are 4.76, 9.02
nd 15.72 mg  mL−1, respectively. They are perfectly close to the
xperimental results (qe,exp). Whereas the calculated values of qe,cal
 ̌ 0.9911 3.03
0.54

obtained from the pseudo first-order model are much smaller than
the experimental values. This further verifies that the adsorption
of bromide on MIEX resin follows the pseudo second-order model
well. Accordingly, the adsorption of bromide on MIEX resin is chem-
ical adsorption process involving valence forces through exchange
or sharing of electrons between bromide ions and adsorbent [52].

The initial adsorption rate h0 (mg  mL−1 min−1) is defined as fol-
lows [51]:

h0 = k2q2
e (13)

As shown in Table 3, the initial adsorption rate h0 obtained
from the pseudo second-order model increases from 0.8142 to
4.0032 mg  mL−1 min  with increasing the initial bromide concentra-
tion from 5 to 20 mg  L−1. This is likely due to the fact that increasing
the initial bromide concentration elevates the concentration gradi-
ent between the liquid and solid phase, leading to the increase in
adsorption driving force [53].

The adsorption process of adsorbate molecules or ions from
the bulk liquid phase onto the porous solid adsorbent generally
involves three stages: (1) mass transfer of the adsorbate molecules
or ions across the external boundary layer (film diffusion); (2)
adsorbate molecules or ions diffusion within the pores of the adsor-
bent (intra-particle diffusion); (3) adsorption or exchange at a site
on the surface of adsorbent [54]. In generally, the third step is
assumed to be very fast and does not represent the rate limiting
step of the whole adsorption process [55]. So the adsorption rate
is limited by film diffusion and/or intra-particle diffusion. If the
adsorption process of bromide on MIEX resin follows the intra-
particle diffusion, the plot of qt versus t1/2 should be linear. Further,
the intra-particle diffusion is the only rate limiting process if the
plot passes through the origin. It is shown clearly in Fig. 8 that
the plots of qt versus t1/2 are not linear over whole time range
but multi-linear. Also, the multi-linear plots do not pass through
the origin. These results show that the intra-particle diffusion is
not the sole rate limiting step in the adsorption process of bro-
mide on MIEX resin, and some other steps along with intra-particle
diffusion may  be involved in the adsorption process, such as film
diffusion [56]. Fig. 8 shows that the plots can be divided into three
sections. From 0 min  to 5 min, bromide ions are transported to the
external surface of adsorbent through the boundary layer diffusion
(film diffusion) and the external surface adsorption occurs. As the
adsorption continues, the external surface adsorption sites are sat-
urated. Then the adsorption process enters the second stage (from
5 min  to 30 min). In this stage, the bromide concentration gradi-
ent decreases gradually, and the adsorption of bromide on MIEX
resin is controlled by film diffusion and intra-particle diffusion. The
final section (from 60 min  to 120 min) is the equilibrium adsorption
stage where intra-particle diffusion starts to slow down due to the

extremely low bromide concentration [38]. It is found in Table 3
that in initial stage, the rate constant, kid1, ranges from 1.0416
to 3.8882 mg  mL−1 min−1 when the initial bromide concentration
increases from 5 to 20 mg  L−1. This shows the adsorption of bromide
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Fig. 8. The intra-particle diffusion model plot for adsorption of bromide on MIEX
resin.

on MIEX resin is very fast in initial stage, which may further ver-
ify the occurrence of external surface adsorption or film diffusion.
However, the rate constants of the second and third stages are much
smaller than those of the initial stage, also showing the existence of
intra-particle diffusion. Table 3 shows the Ci value of the third stage
is much greater than that of the second stage for a constant initial
bromide concentration (for example 5 mg  L−1). It is also observed
from Table 3 that the Ci value increases with increasing the ini-
tial bromide concentration from 5 to 20 mg  L−1. An increase in Ci
value reflects the increase in the thickness of boundary layer, which
decreases the change of external mass diffusion and increases the
change of internal mass transfer [51]. Hence the intra-particle dif-
fusion may  also partly control the adsorption process of bromide
on MIEX resin as well as the film diffusion.

3.9. Adsorption thermodynamics

Thermodynamics analysis can provide some detailed informa-
tion to understand the adsorption process of bromide on MIEX resin
from the aspect of energy change. The thermodynamics parame-
ters such as standard enthalpy change (�H◦, kJ mol−1), standard
entropy change (�S◦, J mol−1 K−1) and standard Gibbs free energy
change (�G◦, kJ mol−1), can be calculated by the following equa-
tions [39]:

ln KD = �S◦

R
− �H◦

RT
(14)

�G◦ = �H◦ − T�S◦ (15)

where KD (L mL−1) is the distribution coefficient and calculated by
Eq. (3); R (8.314 J mol−1 K−1) is universal gas constant.

�H◦ and �S◦ of bromide on MIEX resin can be obtained from
the slope and intercept of the plot of ln KD against 1/T  (presented in
Fig. 9). Then �G◦ can be calculated by Eq. (15). The thermodynamics
parameters calculated are tabulated in Table 4.

The values for standard Gibbs free energy changes are found to
be negative at all temperatures investigated in this study, showing
that the adsorption of bromide on MIEX resin is thermodynamically
feasible and is a spontaneous process. Meanwhile, the �G◦ value
becomes less negative with increasing the temperature of solution,
indicating that elevating temperature of solution has an adverse

effect on the adsorption of bromide on MIEX resin. But the values
of �G◦ are close to each other with an increase in temperature of
solution from 285 K to 333 K, showing the effect of temperature
of solution on bromide removal is slight and such spontaneity is
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Table  4
Thermodynamic parameters for bromide adsorption by MIEX resin.

Temperature (K) KD (L mL−1) �G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

285 12.16 −5.91 −9.30 −11.89
293 10.63 −5.82
303 9.87 −5.70
313  8.62 −5.58
333  6.81 −5.34

Table 5
Comparison of bromide sorption capacity using MIEX resin with other adsorbents.

Adsorbent qmax Conditions Reference

C0 (Br−) DOC
(mg  L−1)

[Cl−]
(mg  L−1)

Adsorption
time

Adsorbent dosage

A-Ag-15 3.01 �mol  g−1 ≈ 0.24 mg  g−1 0–0.8 mg  L−1 0 0 [16]
A-Ag-50 1.58 �mol  g−1 ≈ 0.13 mg  g−1 0 0 [16]
A-Ag-200 0.83 �mol  g−1 ≈ 0.07 mg  g−1 0 0 [16]
A-Ag-15 1.91 �mol  g−1 ≈ 0.15 mg  g−1 0 40 [16]
A-Ag-15 2.44 �mol  g−1 ≈ 0.20 mg  g−1 1.4 4 7 days 0.1 g/100 mL  = 1 g L−1 [16]
A-Ag-15 2.04 �mol  g−1 ≈ 0.16 mg  g−1 3.6 3.8 [16]
Activated carbon 0.25 �mol  g−1 ≈ 0.02 mg  g−1 0 0 [16]
MgAl–CO3 layered 362.3 mg  g−1 0–1000 mg  L−1 – – 24 h 0.05 g/50 mL  = 1 g L−1 [20]
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MIEX resin 11.51 mg  mL−1 1–10 mg L−1

ndependent on the temperature [54]. The negative value in stan-
ard enthalpy change shows that the heat is released during the
dsorption, proving the adsorption of bromide on MIEX resin is
n exothermic process. This has been found earlier from Fig. 5. In
ddition, the negative value in standard entropy change demon-
trates the decrease in randomness at the solid/liquid interface
fter adsorption. This may  be attributed to the fact that the affin-
ty of bromide ion to the active adsorption site of MIEX resin is
igher than that of chloride ion used as exchange ion, leading to a
ecrease in disorder of solid/solid interface. Furthermore, the stan-
ard entropy change is calculated to be −11.89 J mol−1 K−1 and is

ess than −10 J mol−1 K−1, implying that the adsorption of bromide
n MIEX is an associative mechanism [57].

.10. Comparison of bromide adsorption on MIEX resin with

ther adsorbents

The adsorption capacity of adsorbent is a significant parame-
er which can be used to calculate the needed adsorbent dosage
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ig. 9. The plot used to calculate the thermodynamics parameters of bromide
dsorption on MIEX resin.
– 2 h 1 ml L−1 Present study

in order to obtain a predicted removal efficacy for the given bro-
mide solution. The maximum sorption capacity (qmax) obtained
from Langmuir model is usually used for the comparison of dif-
ferent sorbents. The adsorption removal of bromide on MIEX resin
is compared with those of other adsorbents reported in some lit-
eratures [16,20]. The results are presented in Table 5. Although it
is difficult to compare MIEX resin with other adsorbents directly
because of the maximum adsorption capacities obtained under
different experimental conditions, the bromide removal by MIEX
resin is effective and the time needed to reach equilibrium is
short about 60 min. This may  be due to the smaller size of MIEX
resin particle, 2–5 times smaller than conventional resin, which
increases the specific surface area of MIEX resin sharply and accel-
erates the adsorption process. The shorter time needed to reach
equilibrium for MIEX resin is significant to diminish the size of
adsorption facilities. As to the comparison on bromide removal
by MIEX resin for different type waters, the results are given in
Table 6 (given in online supporting information). The results show
that the impurities in waters have significant effect on bromide
removal [24,30,36,46,58].

4. Conclusions

The present work shows that MIEX resin can be used as an effec-
tive adsorbent for bromide removal from aqueous solutions. The
uptake of bromide on MIEX resin increases with increasing the
initial bromide concentration. Also, the removal rate of bromide
increases with increasing adsorbent dosage. For bromide removal
by MIEX resin, the agitation speed of 100 rpm is appropriate. The
high removal efficiency of bromide is obtained at the pH range of
4–9. The uptake of bromide decreases with increasing temperature
of solution. The coexistent anions have significant effect on bromide
removal, and the following sequence is given: SO4

2− > CO3
2− > Cl−.

The equilibrium adsorption of bromide on MIEX resin at 303 K
can be well fitted by both Freundich and R–P isotherm models.

And the kinetics process of bromide on MIEX resin can be well
described by the pseudo second-order model. The diffusion simu-
lation shows the intra-particle diffusion is not the only rate limiting
step. The thermodynamics studies show that the adsorption of
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