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Removal of chlorite from aqueous solution by MIEX resin
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ABSTRACT

This research investigates the feasibility of magnetic ion exchange (MIEX) resin as the adsorbent for the
removal of chlorite through a laboratory study using batch adsorption experiments. The agitation speed
of 100 rpm is the optimum agitation intensity. The removal efficiency of chlorite increases with increas-
ing dosage of MIEX resin. The optimum pH is 5-7. The coexisting anions and natural organic matter
reduce the removal efficiency of chlorite. The kinetic process at the low chlorite concentration (1.02 mg/L)
is highly possible to be pseudo-first-order. However, the pseudo-second-order model can fit the kinetic
data quite well at higher chlorite concentrations (2.28-5.57 mg/L). At the initial stage of adsorption, the
intra-particle diffusion is the rate-limiting step, but the adsorption rate is controlled by the film diffu-
sion and the intra-particle diffusion after 10 min. The adsorption equilibrium can be approximately
attained within 40 min, and Redlich—Peterson isotherm model fits best to the equilibrium data. The
adsorption is a thermodynamically feasible, spontaneous, and endothermic ion-exchange process. The
removal of chloride on MIEX resin is an ion-exchange mechanism. Dissolved organic carbon can be
removed effectively as well as chlorite and chlorate using MIEX resin in real water. Therefore, MIEX

resin is a promising technology for the removal of chlorite from aqueous solution.
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1. Introduction

Chlorine dioxide (ClO,) is used extensively as an oxidant/
disinfectant for removing color and algae, controlling taste and
odor, and inactivating virus, bacteria, and protozoan patho-
gens [1]. Particularly, pre-oxidation with chlorine dioxide
before chlorination disinfection during drinking water treat-
ment can significantly decrease the levels of chlorinated and
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halogenated organic by-products, such as trihalomethanes
and haloacetic acids [2]. However, the undesired inorganic
by-product, chlorite (CIO,), is generated (approximately
50%—-70% of chlorine dioxide consumed by oxidation reac-
tion is converted into chlorite during the pre-oxidation) [3,4].
Toxicological tests conducted in animals demonstrate that
chlorite may cause the hematological damage [4,5]. It is also
reported that chlorite causes adverse effects on reproduc-
tion and development of tested animals, such as abnormal
pups, low brain weight, low birth weight, and retardation
in the sexual development in males and females [6-8]. Based
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on the health concerns over chlorite, the US Environmental
Protection Agency (USEPA) proposes a maximum contami-
nant level of 1.0 mg/L of chlorite in drinking water, while the
World Health Organization (WHO) Guidelines show the lim-
ited concentration of chlorite is 0.70 mg/L [9,10]. In the new
Chinese Sanitary Standards for Drinking Water (GB 5749-
2006), it has been regulated at the threshold value of 0.70 mg/L
for chlorite. However, according to the survey conducted by
Ministry of Health of People’s Republic of China in 2011, the
chlorite concentration in the finished drinking water from
19 drinking water treatment plants is more than 0.70 mg/L
among the 25 investigated drinking water treatment plants
using chlorine dioxide as pre-oxidant in a city located in south
China, and even, the maximum value of chlorite concentration
is 2.20 mg/L [11]. Therefore, finding an efficient method for the
removal of chlorite is necessary for improving the potential
use of chlorine dioxide in drinking water treatment.

Many experiments have been conducted to find efficient
methods for removing chlorite. The excess sulfur dioxide—sulfite
ion can effectively remove chlorite from aqueous solution at a
pH range of 5-7, but the free chlorine has to be used to clean the
remaining excess sulfur dioxide and sulfite ions [12]. In addi-
tion, in the presence of dissolved oxygen in aqueous solution,
sulfur dioxide can oxidize the chlorite into chlorate which has
also negative effect on health [13,14]. Ferrous ion can remove
chlorite fast and effectively by reducing chlorite to chloride
at a pH range of 5-7, but additional dosage of ferrous ions is
required because of the consumption of oxygen for ferrous ion
oxidation under the conditions of high pH (pH > 7) and high
oxygen concentration in aqueous solution [15]. Chlorite can
be removed on the surface of activated carbon by adsorption
and chemical reduction at pH < 7, but the removal efficiency
decreases rapidly below 30% with the increase in time and pH
[3,12]. Li et al. [16] investigated the removal of chlorite and chlo-
rate adsorbed on calcium carbonate, but the removal efficiency
of chlorite is only around 30%. As an anion in aqueous solution,
probably chlorite can be removed by anion-exchange resin. But,
to our knowledge, up to now, there is no related report about
the removal of chlorite with anion-exchange resins. Therefore,
magnetic ion exchange (MIEX) resin, as a novel strong-basic
anion resin, may be a potential candidate as an adsorbent for
the removal of chlorite from aqueous solution.

MIEX resin, manufactured by Orica Watercare, is a mag-
netically enhanced, macro-porous anion-exchange resin with
quaternary ammonium functional groups and chloride ion as
an exchangeable ion [17,18]. The theoretical exchange capacity
of MIEX resin is 0.52 mmol/mL [19]. Compared with traditional
anion-exchange resins [20], the iron oxide (y-Fe,O,) incorpo-
rated into the polyacrylic matrix during the preparation of resin
facilitates the rapid aggregation and settling of MIEX resin after
adsorption, allowing the resin beads to be smaller [21]. The
average size of MIEX resin is 180 um in diameter (2-5 times
smaller than traditional ion-exchange resin), which makes
MIEX resin possess larger specific surface area that allow a fast
adsorption rate [22]. Owing to the smaller size, MIEX resin can
be used in a slurry form, and mixed well with adsorbate by
mechanical stirring with a low agitation intensity, thus decreas-
ing the resistance of solid-liquid phase mass transfer [23]. The
saturated resins can be regenerated effectively using brine. For
MIEX resin, most researches were focused on the pre-treatment
stage before conventional drinking water treatment processes

for NOM removal [24], micro-pollutants removal [25,26],
decreasing the dosage of coagulant and ozone [22,27], and
controlling membrane fouling [28]. During the pre-treatment
of raw water from different water sources, many researchers
found that MIEX resin can remove inorganic anions such as
bromide, sulfate, nitrate, and perchlorate [29-32]. However, as
far as we know, until now, there is no report with respect to
the removal of chlorite by MIEX resin. Particularly, MIEX resin
has not yet been used to remove chlorite after sedimentation
and before filtration processes in the drinking water treatment
plants where chlorine dioxide is used as an oxidant to pre-
oxidize raw water. Doing so enhances the security of chlorine
dioxide use in drinking water treatment.

Accordingly, the objective of this study was to evaluate
the potential of MIEX resin as an adsorbent for the removal
of chlorite from aqueous solution through a laboratory study
using batch adsorption experiments. Factors affecting the
removal of chlorite were investigated. Adsorption equilib-
rium and kinetics equations were established to quantita-
tively describe the adsorption behavior. The thermodynamic
parameters were calculated. The removal mechanism of chlo-
rite was confirmed. Finally, three real water samples were
used to evaluate the removal efficacy of chlorite MIEX resin.

2. Materials and methods
2.1. Materials

MIEX resin, supplied by Beijing Sino-Australia Orica
Watercare Technology & Equipment Co. Ltd. (Beijing,
China) was used as adsorbent in this study. For the surface
characterization of MIEX resin such as specific surface area,
pore structure, and functional groups, we cannot give any
information because these properties are not allowed as a
patented product. Before used, the resin was rinsed repeat-
edly with ultra-pure water to remove fines and impurities
and then stored in the ultra-pure water. A certain volume
resin used in adsorption can be taken out from the washed
resin according to the description in literature [33].

2.2. Chemicals and adsorbate

All chemicals except sodium chlorite were guaranteed
reagent grade. Sodium chlorite was used as an adsorbate and the
standard stock solution of chlorite (1,000 mg/L) was purchased
from ANPEL Scientific Instrument Co., Ltd, Shanghai. Other
chemicals were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. The samples for a calibration curve were pre-
pared by diluting standard stock solution with ultra-pure water
obtained from Millipore Super-Q plus water system. Tested
samples in adsorption experiments were prepared by dissolv-
ing weighed amount of sodium chlorite (about 82% purity) in
desired concentrations with ultra-pure water, and the accurate
concentration of chlorite was given by the determination.

2.3. Methods
2.3.1. Equilibrium studies

Equilibrium batch experiments were undertaken at 293,
313, and 333 K, respectively. A set of sealed glass jars contain-
ing 0.5 mL MIEX resin and 500 mL of chlorite solution with



266 L. Ding et al. / Desalination and Water Treatment 77 (2017) 264-273

various initial concentrations (1.0-7.0 mg/L) were kept on the
digital display stable temperature magnetic stirrer (Z8HW-1).
The slurries were magnetically stirred at an agitation speed
of 100 rpm for 90 min. Then the slurries were filtrated using
a filter with a 0.45 um Millipore membrane. The chlorite
remaining in filtrates was determined. Each assay was car-
ried out in triplicate under the same condition and the aver-
age values were reported herein. The equilibrium capacity of
chlorite adsorbed on MIEX resin at equilibrium, g, (mg/mL),
was calculated by Eq. (1):

-C)V
- (& vx(/: ) 1)
where C and C, are the liquid-phase concentrations of chlorite
(mg/L) at initial and equilibrium, respectively. V' (L) is the volume
of solution and W (mL) represents the volume of the MIEX resin.

2.3.2. Kinetic studies

Batch kinetic experiments were conducted at various
initial chlorite concentrations (1.02, 2.28, and 5.57 mg/L),
respectively. The procedures were approximately identical
to those of equilibrium studies. The difference was that the
water samples were taken from the magnetic stirrer at pre-
set time intervals (5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 min).
The amount of chlorite adsorbed on MIEX resin at time ¢,
g, (mg/mL), was calculated by Eq. (2):

e @

where C, is the liquid-phase concentration of chlorite at time ¢.

2.3.3. Effects of adsorption parameters

The procedures were approximately identical to those of
equilibrium studies. The adsorption time is 90 min. A series
of tests were performed to investigate the effects of agitation
speed, adsorbent dosage, and solution pH on the removal of
chlorite by varying agitation intensity from 50 to 300 rpm, vary-
ing MIEX resin dosage from 0.5 to 4.0 mL/L, and varying solu-
tion pH from 5 to 9. The pH of solution was adjusted by adding
0.10 M HCl or 0.10 M NaOH solutions when necessary. Based
on the water qualities of effluents from sedimentation tanks
in three drinking water treatment plants, the effects of other
anions and natural organic matter were explored by adding
chloride (10.0 mg/L), sulfate (10.0 mg/L), chlorate (1.0 mg/L),
bicarbonate (10.0 mg/L), and humic acid (DOC = 6.20 mg/L)
into chlorite solution with a concentration of 2.10 mg/L, respec-
tively. The removal efficiency of chlorite, E (%), was calculated
by the changes of chlorite concentration in liquid-phase.

2.3.4. Analytical measurements

The pH of solution was measured using a pH meter
(pHS-3C model, Leici, China). Chlorite was measured on a
Shimadu Ion Chromatograph (Shimadu, Japan) with a sup-
pressed conductivity detection. IC SI-52G column (4.6 mm
x 10 mm, Shodex, Japan) was used as guard column and an
IC SI-52 4E analytical column (4.0 mm x 250 mm, Shodex,

Japan) was used to determine the concentration of chlorite.
The 3.6 mM sodium carbonate (Na,CO,) was used as solvent
and the flow rate of the solvent was 0.8 mL/min with a sam-
ple injection volume of 20 pL. The temperature of the column
and detector compartment was set to 318 K.

2.3.5. Evaluation of isotherm and kinetic models

All the model parameters were evaluated by non-linear
regression using OriginPro 8.5 software (OriginLab
Corporation, USA). Correlation coefficient (R?) and the stan-
dard error (SE) were used to evaluate the validity of models.
The higher R? and smaller SE indicate a better fit to the exper-
iment data. The values of SE can be calculated by Eq. (3) [34]:

1 m
SE= |—— - 2 3
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where q,_ is the experiment data, q_, is the calculated data

obtained from the models, m is the number of the experiment
data, and p is the number of parameters in the regression model.

3. Results and discussion
3.1. Effect of agitation intensity

Different from the conventional resin usually filled with fix-
bed adsorption units, MIEX resin is generally used in a com-
pletely mixed reactor by mechanical agitation. Therefore, the
appropriate agitation intensity is greatly significant for dispers-
ing MIEX resin particles into aqueous solution completely and
reducing the energy consumption to the utmost extent. Fig. 1
illustrates the agitation speed of 100 rpm is the optimum agita-
tion intensity because the removal efficiency of chlorite basically
keeps constant around 80% with increasing agitation speed
from 100 to 300 rpm. Hence, the agitation speed of 100 rpm is
used in the subsequent adsorption tests. Hsu and Singer [29]
also used the agitation speed of 100 rpm in their study about the
removal of bromide and natural matter by MIEX resin.

3.2. Effect of MIEX resin dosage

For an adsorption system given initial concentration of
pollutant, adsorbent dosage is an important parameter, and
needs to be optimized because the usage of optimum dos-
age can save greatly cost as well as the efficient removal of
pollutant. The results, given in Fig. 2, show that the removal
efficiency of chlorite increases rapidly from 71.39% to 81.75%
with an increase in MIEX resin dosage from 0.50 to 1.0 mg/L,
which results from the increased surface area and more
available active sites for ion exchange [35]. However, the
removal percentage of chlorite has no obvious increase with
further increasing dosage from 1.0 to 4.0 mg/L. This may be
attributed to the aggregation of resin particles at a high dos-
age leading to decrease in available adsorption sites and an
increase in diffusion path length [36]. Similar results were
reported for the removal of bromide on MIEX resin [33].

3.3. Effect of initial pH of solution

The initial pH of solution is a pre-dominant parameter
for the adsorption system. It affects the degree of ionization
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Fig. 1. Effect of agitation speed on the removal of chlorite (the
initial chlorite concentration = 2.28 mg/L; adsorbent dosage
= 1.0 mL/L; temperature = 290 K; pH without any adjustment;
adsorption time = 90 min).
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Fig. 2. Effect of adsorbent dosage on the removal of chlorite
(the initial chlorite concentration = 2.28 mg/L; agitation speed
= 100 rpm; temperature = 290 K; pH without any adjustment;
adsorption time = 90 min).

of adsorbate and the surface charge of a solid adsorbent [37].
Owing to the pH of raw water ranging from 6 to 9, tests were
conducted to investigate the effects of pH on chlorite removal
by varying the initial pH of solution from 5 to 9. The results
are shown in Fig. 3. It is shown that the removal percentage
of chlorite is relatively high (around 80%) at a pH range of
5-7 although it decreases slightly with an increase in pH.
The point of zero charge — pH_, (measured in this study) of
MIEX resin is 6.05. The more negative charges on the surface
of MIEX resin may be a reason causing the slight decrease
in removal efficiency with increasing pH from 5 to 7 [38].
With increasing pH to 9, the removal efficiency of chlorite
decreases rapidly to 38.14%. This may be attributed to the
hydroxyl irons competing with chlorite for the adsorption
sites. The pH of solution after adsorption is found to decrease
from 9 to 7.36, further verifying some hydroxyl ions adsorbed
on MIEX resin. The similar competition adsorption was also
found for bromide removal using MIEX resin [33].

8206 7918

S 38,14
w

pH

Fig. 3. Effect of initial pH of solution on the removal of chlorite
(the initial chlorite concentration = 2.28 mg/L; adsorbent dos-
age = 1.0 mL/L; agitation speed = 100 rpm; temperature = 290 K;
adsorption time = 90 min).
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Fig. 4. Effect of coexisting anions and NOM on the removal
of chlorite on MIEX resin (the initial chlorite concentration
= 2.10 mg/L; adsorbent dosage = 1.0 mL/L; agitation speed =
100 rpm; temperature = 290 K; adsorption time = 90 min).

3.4. Effect of coexisting anions and NOM

After pre-oxidation with chlorine dioxide, coexisting
anions and NOM such as chloride, sulfate, bicarbonate, chlo-
rate, and humic acid are usually found as well as chlorite in
effluent from sedimentation tank. The effect of these anions
and NOM on the removal of chlorite is presented in Fig. 4.
Fig. 4 reflects that the coexisting substances have substan-
tially negative effect on the removal of chlorite except chlo-
ride. This indicates that these coexisting anions and NOM can
compete with chlorite for active sites, decreasing the removal
efficiency of chlorite. Similar adverse effects were reported
during the removal of bromide and perchlorate using MIEX
resin [30,33]. Therefore, more MIEX resin dosage should
be used in order to remove chlorite effectively when other
anions and NOM with high concentration exist in raw water.

3.5. Adsorption kinetics

Effects of contact time and initial chlorite concentration
on the removal of chlorite are shown in Fig. 5. It can be seen
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clearly from Fig. 5 that the amount of chlorite adsorbed on
MIEX resin dramatically increases with an increase in contact
time within the first 10 min. This can be interpreted by the
fact that a large number of vacant adsorption sites are avail-
able during the first 10 min, leading to the rapid adsorption
of chlorite on exterior surface of MIEX resin. For the second
stage of 10—40 min, the adsorption rate becomes much slower
because the slope of the curve is smaller compared to the first
stage. This may be due to the reduction of available adsorp-
tion sites and the slower diffusion because of the smaller
concentration gradient and the repulsive forces of chlorite
ions between adsorbed on MIEX resin and in solution [39].
For the third stage after 40 min, the adsorption reaches equi-
librium because the curves tend to be flat. Based on above
findings, the time needed to attain adsorption equilibrium is
about 40 min. This may be attributed to the smaller size of
MIEX resin particles. The fast adsorption behavior was also
observed during the adsorption of other anions and organic
matter on MIEX resin [26,30,33,40]. On increasing the initial
chlorite concentration from 1.02 to 5.57 mg/L, Fig. 5 demon-
strates that the amount of chlorite adsorbed on MIEX resin
also increases. This may be mainly because the greater con-
centration gradient of chlorite in a high initial chlorite con-
centration drives the chlorite into the internal pores of MIEX
resin, making the internal active sites be used effectively [41].

Quantitatively describing the kinetics of chlorite adsorbed
on MIEX resin contributes to the design of adsorption equip-
ment. The pseudo-first-order and pseudo-second-order
kinetic models (expressed by Eqs. (4) and (5)) [42,43] were
used to fit the kinetic data of chlorite adsorbed on MIEX at
different initial chlorite concentrations in this study, respec-
tively. And the fitted results are presented in Table 1.

9, =q.(1+e™) 4
q: = kzqft [ (1+kyq,t) 5)
where t (min) is adsorption time; k, (1/min) and k,

(mL/mg min) are the rate constant of pseudo-first-order and
pseudo-second-order kinetic models, respectively.

4L
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Fig. 5. Effect of contact time and initial chlorite concentration on the
removal of chlorite (adsorbent dosage = 1.0 mL/L; agitation speed =
100 rpm; temperature = 290 K; pH without any adjustment).

Table 1

Kinetic parameters for the removal of chlorite adsorbed on MIEX resin

Intra-particle diffusion model

k, " (mg/mL R?

min'?)

Pseudo-second-order model

Pseudo-first-order model

kic13 (mg/mL R?

min'2)

kidz (mg/mL R
min'?)

SE

k,(mL/mg R*

min)

qu,ca]

SE

RZ

qe,cal

Joenp

(mg/mL)

(mg/mL)  (1/min)

(mg/mL)

(mg/L)
1.02
2.28
5.57

0.9344
0.9854
0.9610

0.005

0.999

0.019

0.999

0.215

0.33
0.53
0.69

0.9594
0.9826
0.9873

0.2810
0.1608
0.0832

93
94
90

0.

0.13
0.68
1.05

0.9937
0.9715
0.9704

0.1573
0.1885
0.1908

0.87
1.83
3.66

0.88
1.85
3.70

0.9747  0.004
0.974

0.080
0.123

0.9959
0.9917

0.493

1.

0.004

1.009

3.
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Table 1 shows that compared with the pseudo-second-
order model, at the low chlorite concentration (1.02 mg/L), the
value of correlation coefficient (R*= 0.9937) of pseudo-first-
order model is distinctly higher, and its SE =0.12 is also lower.
Accordingly, the kinetic process of chlorite adsorbed on
MIEX resin at the low chlorite concentration is highly possi-
ble to be pseudo-second-order. The pseudo-first-order model
is based on the film diffusion theory and it is usually suitable
to describe the rapid adsorption process [44]. At low chlo-
rite concentration, the active sites of MIEX resin are so suffi-
cient that the chlorite can be quickly adsorbed on the exterior
surface of MIEX resin. Indeed, Fig. 5 also demonstrates the
adsorption rate is very fast (approximately reaching equilib-
rium within 20 min) at the low concentration. This may be
the reason why the pseudo-second-order model gives a good
simulation. Conversely, the pseudo-second-order model can
fit the kinetic data quite well at higher chlorite concentrations
(2.28 and 5.57 mg/L) with higher R?and lower SE values.

Generally, the adsorption rate is controlled by film diffu-
sion or/and intra-particle diffusion. The rate-controlling step
was analyzed by fitting the kinetics data of chlorite adsorbed
on MIEX resin using the intra-particle diffusion model
expressed by Eq. (6) [45]:

q, =kt +C, (6)

where k,, (mg/mL min'?) is the intra-particle diffusion rate
constant, and C, is the intercept related to the boundary layer
effect.

Based on the intra-particle diffusion theory proposed
by Weber and Morris [45], the plot of g, vs. t'*will be linear
and pass through the origin if the intra-particle diffusion is
the only rate-controlling step. Otherwise, the film diffusion
may be also involved as well as the intra-particle diffusion
[41]. The plots of g, vs. t'2, shown in Fig. 6, are not linear
within the whole adsorption time but multi-linear. For the
first portion, the linear plots all approximately pass through
the origin, revealing the intra-particle diffusion is the only
rate-controlling step and controls the initial adsorption rate of
chlorite on MIEX resin. This may be due to the fact that the ini-
tial chlorite concentration is higher, making the film diffusion

40} = 1.02mg/L
e 2.28mg/L i L & i2a
35 A 557mg/L é/;/; L -
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__ 251
—
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Fig. 6. Plots of intra-particle diffusion model for the adsorption
of chlorite on MIEX resin.

(external diffusion) fast. For the second portion, the plots do
not pass through the origin and the intercepts exist, suggest-
ing that both the film diffusion and the intra-particle diffusion
control the adsorption rate. This is because the liquid film dif-
fusion becomes slow with the chlorite concentration gradient
decreasing gradually in this stage. The third portion means
the equilibrium stage where the intra-particle diffusion starts
to slow down due to the extremely low chlorite concentration.

3.6. Adsorption equilibrium

Fig. 7 gives the results of equilibrium of chlorite adsorbed
on MIEX resin at three different temperatures (293, 313, and
333 K). The adsorption capacity of chlorite onto MIEX resin
increases with the temperature of solution being raised from
293 to 333 K. The higher temperature may activate some
weak adsorption sites as well as decrease the viscosity of
solution, causing the increase in adsorption capacity of chlo-
rite adsorbed on MIEX resin with increasing temperature
[46,47]. The increase in adsorption capacity with increasing
temperature also indicates that the adsorption of chlorite on
MIEX resin is an endothermic process in nature. Elevated
temperature is beneficial to chlorite removal.

Quantitatively describing the adsorption equilibrium is
significantly important for optimizing the use of adsorbent
[48]. The equilibrium data of chlorite adsorbed on MIEX resin
at different temperatures are examined by the Langmuir,
Freundlich, and Redlich-Peterson (R-P) models, respectively.
The three models can be described by Eqgs. (7)—(9) [49,50]:

.. q..bC
L therm: g, =-ma—¢ 7
angmuir isotherm: ¢, 14 6C. 7)
1
Freundlich isotherm: g, = k G 8)
K
R-P isotherm: g, :Ric” 9)
1+a,C8
°r 1
1
i ¢
4r a ®
€L § i E
=0 L]
= 45
2 C
* L, = 203K
2L e 313K
L. A 333K
T e
0.0 I 0.5 I 1.0 I 15 I 20 I 25 I 3.0 I 35
¢, (mg/L)

Fig. 7. Adsorption equilibrium of chlorite onto MIEX resin at dif-
ferent temperatures (the initial chlorite concentration =1, 2, 3,
4,5, 6, 7 mg/L; adsorbent dosage = 1.0 mL/L; agitation speed =
100 rpm; adsorption time = 90 min; pH without any adjustment).
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where g (mg/mL) is the theoretical maximum adsorption
capacity; b is a Langmuir isotherm constant related to the
affinity of the binding; k, (mg/mL (L/mg)"") is the Freundlich
constant related to the bonding energy and adsorption capacity;
n is an empirical parameter related to the intensity of adsorp-
tion; K, (L/mL), a, (L. /mg) and g are the R-P model parameters.

Table 2 shows that R-P isotherm model fits best to the
equilibrium data of chlorite adsorbed on MIEX resin with the
highest values of correlation coefficient (R? = 0.9872-0.9993)
and the smallest values of SE = 0.45-2.04. Langmuir model
assumes that the adsorption process occurs on a homoge-
neous surface, a monolayer adsorption of adsorbate, and no
interaction among the adsorbed species. It is considerably
difficult to completely satisfy these assumptions owing to the
complexity of adsorption system. Hence the Langmuir model
cannot well simulate the equilibrium of chlorite adsorbed on
MIEX resin. Freundlich model mainly describes the heteroge-
neous or multi-layer adsorption behavior [51]. R-P isotherm
model is a typical hybrid of Langmuir and Freundlich mod-
els. This may be a reason why the R-P isotherm model gives
a good simulation. Although the Langmuir model does not
give a best simulation to the equilibrium data, the theoretical
maximum adsorption capacity (g, ) obtained from Langmuir
model is substantial for evaluating the performance of adsor-
bent as shown in Table 2 with q__ as 5.83 mg/mL.

3.7. Adsorption thermodynamics

Equilibrium data of chlorite adsorbed on MIEX resin at
different temperatures were used to calculate the thermody-
namics parameters. K, (L/mL), the solid-liquid distribution
coefficient at equilibrium, can be obtained by Eq. (10). Then
the standard enthalpy change (AH°, kJ/mol) and standard
entropy change (AS®, J/mol K) can be determined from the
slopes and intercepts of the plots (presented in Fig. 8) of InK |
against 1/T according to Eq. (11). And the standard Gibbs free
energy change at different temperatures (AG®, kJ/mol) can be
calculated by Eq. (12) [52].

The negative AG° and positive AH° and AS° (listed in
Table 3) show that the adsorption of chlorite on MIEX is a
thermodynamically feasible, spontaneous, and endothermic
process. Also, Table 3 demonstrates the values of AG® becom-
ing more negative with an increase in temperature, revealing
the adsorption is more spontaneous at high temperature.

3.8. Mechanism of chlorite adsorbed on MIEX resin

The kinetic data at the initial chlorite concentration of
5.57 mg/L were applied to analyze the concentration change
of chlorite and chloride in solution with increasing the
adsorption time, and the equilibrium data at 293 K were used
to calculate the change in ion numbers of chlorite adsorbed
on MIEX resin and chloride released into aqueous solution
after equilibrium. Fig. 9 demonstrates the concentration of
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Fig. 8. Plots of InK, against 1/T for chloride adsorbed on MIEX
resin.

Table 3
Thermodynamic parameters for chlorite adsorbed on MIEX resin

k=56, "V 1) G AH®  AS° AG® (KJ/mol)
¢ W (mg/L) (/mol) (/molK) 203K 313K 333K
° ° 2 54.657 218.259 -9.293  -13.658 -18.023
AS°  AH
InK, = R RT (11) 3 34279  143.076  -7.643 -10.504 -13.366
4 30.888 125791  -5.969 -8.484  -11.000
AG® = AH® — TAS® (12) 5 25.082  102.204  —4.864 —6.908 -8.952
6 21.738 87.006  -3.755 -5.495 -7.235
where R (8.314 J/mol K) is universal gas constant. 7 18.013 71.833 —3.034 —4471 —5.907
Table 2
Isotherm parameters for the removal of chlorite adsorbed on MIEX resin
T Langmuir model Freundlich model Redlich—Peterson model
® g b R SE  k(mgmL 1/n R SE K, a, g R SE
(mg/mL) (L/mg) (L/mg)") (L/mL)  (L/mg)
293  5.03 1177 09989 0.54 243 0246 09696 290  6.022 1.226 0978  0.9993 0.45
313 496 1.817  0.9659 3.33 292 0.500 0.9864 210 22.658 6.560 0.625 0.9872 2.04
333 583 1641 09891 193 3.44 0.528 0.9890 1.94 15.026 3.265 0715  0.9982 0.78
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chloride in solution gradually increasing to an approximate
constant value during the removal of chlorite, indicating
that the ion-exchange reaction occurs. At the same time, it
can be observed from Fig. 10 that the ion numbers of chlo-
rite adsorbed on MIEX resin are appropriately equal to the
ion numbers of chloride released into aqueous solution after
equilibrium, verifying that the removal of chloride on MIEX
resin is an ion-exchange mechanism.
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Fig. 9. Plots of chloride and chlorite ions concentration in solu-
tion vs. adsorption time.
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Fig. 10. Quantitative analysis of chlorite ions adsorbed on MIEX
resin and chloride ions released into solution after adsorption
equilibrium at 293 K.

Table 4
Water qualities before and after treatment by MIEX resin
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3.9. Removal efficacy of chlorite in real water samples

Three real water samples are obtained from the effluents
of sedimentation tanks at three different drinking water treat-
ment plants where chlorine dioxide is used to pre-oxide the
raw water. The water qualities before and after treatment by
MIEX resin are listed in Table 4. The results show that for the
tested water qualities, the MIEX dosage of 2 mg/L can reduce
chlorite below the standard of 0.70 mg/L. In addition, Table 4
also shows that the DOC can be removed effectively as well
as chlorite and chlorate. Therefore, MIEX resin is a promising
technology for the removal of chlorite from aqueous solution.

4, Conclusions

The present study demonstrates that the MIEX resin is an
effective adsorbent for the removal of chlorite from aqueous
solutions. The agitation speed of 100 rpm can mix resin parti-
cles and aqueous solution quite well. The removal efficiency of
chlorite increases with increasing dosage of MIEX resin. Under
the tested conditions, the removal efficiency of chlorite keeps
around 80% at the pH range of 5-7. The coexisting anions
and NOM have significantly adverse impact on the removal
of chlorite. The adsorption is a fast process, and equilibrium
can be approximately attained within 40 min. The kinetics
process of chlorite adsorbed on MIEX resin at the low chlo-
rite concentration (1.02 mg/L) is highly possible to be pseudo-
first-order. Conversely, the pseudo-second-order model can
fit the kinetic data quite well at higher chlorite concentra-
tions (2.28-5.57 mg/L). At the initial stage of adsorption, the
intra-particle diffusion is the rate-controlling step. The adsorp-
tion rate is controlled by the film diffusion and the intra-particle
diffusion after 10 min. The R-P isotherm model fits best to the
equilibrium data. The adsorption is a thermodynamically fea-
sible, spontaneous, and endothermic process. The removal of
chloride on MIEX resin is an ion-exchange mechanism. The
MIEX resin dosage of 2.0 mL/L can reduce chlorite in real water
samples below the limited value of 0.7 mg/L.
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Water MIEX resin T Turbidity pH Clo, clo, Cl- SO,” DOC
sample  dosage (mL/L) (K) (NTU) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 Raw water 290.5 6.43 7.78 1.58 0.36 8.46 13.28 5.36
1.0 Treated water  290.6 7.02 7.36 1.15 0.12 9.56 8.41 3.26
2.0 Treated water 290.6 7.08 7.3 0.55 0.05 10.43 3.68 2.03
2 Raw water 290.3 5.84 8.03 0.96 0.48 8.23 15.02 6.54
1.0 Treated water 290.3 6.16 7.48 0.72 0.33 9.62 8.78 4.38
2.0 Treated water 290.3 6.28 7.28 0.32 0.11 10.28 4.69 2.69
3 Raw water 290.5 7.88 7.6 1.26 0.42 9.35 10.11 5.79
1.0 Treated water 290.5 8.68 7.46 0.88 0.28 9.96 6.43 4.23
2.0 Treated water 290.5 8.47 7.32 0.47 0.08 10.37 3.65 2.37
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