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This study investigates the adsorption behaviors of chlorate and chlorite by MIEX resin, and determines the
optimal conditions for the removal rate by utilizing response surface methodology. The chemical proper-
ties of the solution, such as pH, coexistent anions and ion strength, have great influences on the adsorption
of chlorate and chlorite. The adsorption capacities of chlorate and chlorite by MIEX are 525 and 398 mg
L%, respectively. When the pH is close to neutral, the removal rate of chlorate and chlorite on MIEX is the
best. Sulfate radicals have a damaging influence on the adsorption of chlorate and chlorite on MIEX, lead-
ing to a low adsorption capacity. The initial adsorption kinetics of chlorate and chlorite adsorption on MIEX
follows the intra-particle diffusion-controlled adsorption. The Box-Behnken design method is successfully
used to establish a quadratic polynomial mode for predicting the removal efficiency of chlorate and chlo-
rite, which is composed of three variables (adsorbent dosage, reaction time and initial concentration). The
optimal removal conditions are: dosage 6.67 mL L™, reaction time 45.26 min, initial concentration 3.08 mg
L™t for chlorate; and dosage 9.62 mL L™, reaction time 46.36 min, initial concentration 3.04 mg L™ for
chlorite. According to the results, the adsorbent dosage has a strong interaction with the chlorate or chlo-
rite concentration and reaction time, which has a significant impact on the optimization of the chlorate
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and chlorite removal process using MIEX. According to FTIR spectra, the adsorption mechanism for chlo-

rsc.li/es-water rate and chlorite is anion exchange.

Water impact

The DBP of chlorine dioxide, chlorate and chlorite can cause subchronic and acute exposure to hematological reactions, leading to oxidative damage of
erythrocytes, which results in methemoglobin and hemolytic anemia. Therefore, mitigating chlorate and chlorite pollution is imminent. This study
investigated the adsorption behaviors of chlorate and chlorite by MIEX resin, and the conditions required to achieve an optimal removal rate using
response surface methodology.

1. Introduction As the DBPs of chlorine dioxide, chlorate and chlorite can
cause subchronic and acute exposure to hematological reac-
tions, leading to oxidative damage to erythrocytes, which re-
sults in methemoglobin and hemolytic anemia.® Both China
and the World Health Organization have issued guidelines
on chlorate and chlorite, each of which should be below 700
pg L' in drinking water.>'® Therefore, mitigating chlorate
and chlorite pollution is imminent.

Many efforts have been made to control the pollution of halo-
genated DBPs," ¢ including the use of adsorption, biological
treatment and chemical oxidation methods. Deeudomwongsa
et al."> removed DBP precursors by using ozonation and the
peroxone process (H,0,/0;). Ding et al. studied the adsorp-
tion performance of bromide by a magnetic ion exchange
(MIEX) resin. Zhang et al.*® used persulfate with 3D urchin-

Maintaining a healthy environment is very important for hu-
man survival. Recently, environmental pollution has attracted
the increasing attention of researchers."™ Among its various
forms, drinking water pollution greatly threatens human sur-
vival. Therefore, ensuring the safety of water is one of the
greatest public safety problems.® The process of providing
safe water to the public requires the addition of chemical dis-
infectants, which is a key step in reducing the incidence of
water-borne diseases and inhibiting biofilm formation.” How-
ever, common disinfectants may produce disinfection by-
products (DBPs), which may pose a threat to human health.

School of Environment and Architecture, University of Shanghai for Science and
Technology, Shanghai 200093, China. E-mail: fatzhxd@126.com;

Fax: +86 021 55275979; Tel: +86 15921267160
 Electronic supplementary information (ESI) available. See DOI: 10.1039/c9ew01003¢

2454 | Environ. Sci.. Water Res. Technol., 2020, 6, 2454-2464

like CoO-CuO microparticles for DBP degradation. Among
these methods, adsorption is widely used to remove DBPs in
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Table 1 Experimental design conditions and response of each experimental run

A: dosage B: reaction C: initial Actual value Predicted value
Run (mLL™) time (min) concentration (mg L") Chlorate Chlorite Chlorate Chlorite
1 6.00 30.00 2.25 85.56 72.5 85.56 72.50
2 6.00 30.00 2.25 85.56 72.5 85.56 72.50
3 2.00 30.00 0.50 72.19 53.49 73.19 56.57
4 2.00 0.00 2.25 0.00 0.00 —0.048 -2.30
5 10.00 30.00 0.50 74.94 73.92 75.17 72.02
6 10.00 0.00 2.25 0.00 0.00 0.72 2.68
7 6.00 30.00 2.25 85.56 72.50 85.56 72.50
8 6.00 0.00 4.00 0.00 0.00 0.28 0.40
9 6.00 30.00 2.25 85.56 72.50 85.56 72.50
10 10.00 60.00 2.25 82.72 80.38 81.27 82.68
11 6.00 60.00 4.00 85.02 71.89 85.97 72.67
12 10.00 30.00 4.00 82.27 79.00 82.77 75.92
13 6.00 30.00 2.25 85.56 72.50 85.56 72.50
14 2.00 60.00 2.25 80.29 59.46 79.57 56.78
15 6.00 0.00 0.50 0.00 0.00 -0.95 -0.78
16 2.00 30.00 4.00 79.52 58.57 79.29 60.47
17 6.00 60.00 0.50 75.3 66.43 75.02 66.03
Table 2 ANOVA test for response function Y (removal rate of chlorate and chlorite)
Source Sum of squares df Mean square F-Value p-Value prob > F
Model 15556.74 9 1728.53 229.38 <0.0001
A: dosage (mL L™") 477.10 1 477.10 63.31 <0.0001
B: reaction time (min) 9671.62 1 9671.62 1283.43 <0.0001
C: initial concentration (mg L) 30.50 1 30.50 4.05 0.0841
AB 109.41 1 109.41 14.52 0.0066
AC 0.000 1 0.000 0.000 1.0000
BC 7.45 1 7.45 0.99 0.3531
A? 36.33 1 36.33 4.82 0.0641
B? 5041.40 1 5041.40 668.99 <0.0001
c? 46.34 1 46.34 6.15 0.0422
Residual 52.75 7 7.54
Lack of fit 52.75 3 17.58
Pure error 0.000 4 0.000
Cor total 15609.49 16

R? = 0.9966, adjusted R* = 0.9923, predicted R> = 0.9459.

water due to its low cost and simple set up and operation.
Many materials have been applied to adsorb DBPs, such as
Mg-Al hydrotalcite,'” activated carbon,'® MOFs'® and MIEX."*
However, these previous studies focused on bromate adsorp-
tion, with little investigation of the adsorption performances
of the other two inorganic DBPs, chlorate and chlorite. MIEX
resin has recently been developed as a promising technology
for removing hazardous substances from raw water and
wastewater.”® MIEX resin, a strong basic anion resin, has a
small particle size and large specific surface area, and ex-
hibits fast adsorption compared with traditional resin.*’ In
addition, MIEX has excellent regeneration performance in a
saturated sodium chloride solution.”” To the best of our
knowledge, there are very few reports on the adsorption per-
formance of chlorate and chlorite using MIEX. Similarly, the
factors affecting the removal rate of chlorate and chlorite by
MIEX, such as initial concentration, dosage of MIEX, bed vol-
ume, pH, coexistent anions, ion strength and organic matter,
have not yet been researched systematically and completely.

This journal is © The Royal Society of Chemistry 2020

Recently, response surface methodology (RSM) has been
used to study the interaction between independent variables
and dependent variables, to determine the optimal levels.*’
Lin et al®* optimized the method of cadmium removal by
iron oxide nanoparticles using RSM. Fang et al.>* optimized
the method of phosphate removal by lanthanum oxide nano-
rods. Generally, RSM is an ideal solution for optimizing ad-
sorption processes.

Hence, the purpose of this work was to evaluate the ad-
sorption performance of chlorate and chlorite by MIEX. The
adsorption behaviors of chlorate and chlorite and various fac-
tors (initial concentration, dosage of MIEX, bed volume, pH,
coexistent anions, ion strength and organic matter) were in-
vestigated. The Box-Behnken design method was successfully
used to optimize the operational conditions for removing
chlorate and chlorite. In addition, a quadratic polynomial
model was used to evaluate the effect of three key operating
parameters: initial concentration, reaction time and dosage
of adsorbent.
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Fig. 1 3D plots of (a and d) the interactive effect of MIEX resin dosage and reaction time, (b and e) the interactive effect of bromate initial
concentration and reaction time, and (c and f) the interactive effect of MIEX resin dosage and initial concentration, respectively.

2. Materials and methods
2.1. Materials

The MIEX resin was provided by Orica Watercare of Victoria.
Chlorate (NaClOz;, 99%, Shanghai China) and chlorite
(NaClO,, 99%, Shanghai China) were used as the target pol-
lutants. In this study, all the other reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd., China.

2.2. Characterization of MIEX resin

The morphology of MIEX resin beads was measured using
scanning electron microscopy (SEM, VEGA3 TESCAN). Fourier
transform infrared spectroscopy (FTIR, Nicolet/iS10) was used
to test the functional groups.

2.3. Batch experiments

To research the adsorption behaviors of chlorate and chlorite
on MIEX resin, batch experiments investigating the effect of
pH (3-11), organic matter (1-8 mg L"), adsorbent dose (2-10
ml L"), ion strength (0.02-0.1 mmol L™ as Na), coexistent
anions (1 meq L"), initial solution pH (3-11), initial adsor-
bate (chlorate or chlorite) concentration (0.5-4 mg L™') and
adsorption time (0-60 min) were implemented. MIEX resin (8
mL L) was added to 1000 mL chlorate or chlorite solution
(2 mg L) and then the mixed solution was put into an agita-
tor at room temperature for 60 min with a stirring rate of 250
rpm. 1 M NaOH and HCI solutions were used to adjust the
initial pH value of the chlorate and chlorite solutions.
Na,S0O,, NaCl, Na,CO; and NaHCO; were added into the chlo-
rate and chlorite solutions to investigate the effect of coexis-
tent anions.
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2.4. Bed volume

10 mL MIEX resin was put into each of five beakers
containing 1000 mL chlorate or chlorite solution (2 mg L)
at a stirring intensity of 250 rpm for 15 min. Then, 375,
187.5, 125, 94 and 75 ml samples of supernatant were placed
into five new beakers (named 200, 400, 600, 800, 1000). Next,
the remaining supernatant was removed and the 10 mL sam-
ples of MIEX resin were again placed into five beakers with
1000 mL chlorate or chlorite solution (2 mg L™") at the stir-
ring intensity of 250 rpm for 15 min. This was repeated until
the solution volume reached 750 mL, which meant that the
MIEX resin had been used 2, 4, 6, 8, 10 times.

2.5. Isotherm adsorption

The adsorption experiments were performed using chlorate
and chlorite (0.5-4 mg L") interacting with 6 mL L™ MIEX
resin in centrifugal tubes. The experiments were conducted
at 298 K for 60 min at a stirring intensity of 200 rpm in the
shaker. After adsorption, the mixed solutions were
centrifuged to obtain the supernatant, which was used to
measure the concentration of chlorate and chlorite.

The adsorption amount of chlorate or chlorite onto the MIEX
resin at equilibrium is calculated by the following equation:

g =\ OGN )

m

where g. (mg L™) is the amount of chlorite or chlorate adsorbed
on the MIEX resin at equilibrium, C, (mg L™) is the initial con-
centration of chlorite or chlorate, C. (mg L™) is the equilibrium
concentration of chlorate or chlorite, V (L) is the volume of the
mixed solutions, and m (L) is the volume of MIEX resin in this
adsorption system.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Effect of agitation intensity on bromate adsorption (conditions: 8.0 mL L™ adsorbent, agitation speed 250 rpm). (b) Effect of initial pH on
the adsorption of bromate onto MIEX resin (conditions: 8.0 mL L™ adsorbent, agitation speed 250 rpm). (c) Effect of co-existing anions on the bro-
mate adsorption (conditions: 8.0 mL L™* adsorbent, agitation speed 250 rpm). (d) Effect of the natural organic matter (HA) on the bromate adsorp-
tion (conditions: 8.0 mL L™ adsorbent, agitation speed 250 rpm). (e) Effect of ion strength on bromate adsorption (conditions: 8.0 mL L™ adsor-
bent, agitation speed 250 rpm). (f) Effect of bed volume on bromate adsorption (conditions: 8.0 mL L™ adsorbent, agitation speed 250 rpm).

The equilibrium data of isothermal adsorption were fitted
to the Langmuir,®® Freundlich** and Temkin®* isotherm
models. The Langmuir model is based on the assumption
that the reaction process is monolayered and occurs at a spe-
cific uniform position on the adsorbent surface. The equa-
tion of the Langmuir model is the following:

= ImKiCe. )
1+ K;.Ce
where ¢, (mg L") is the adsorption capacity for chlorite or
chlorate, and K (L mg™") is the constant of the Langmuir
model.

The Freundlich model is an empirical equation, which as-
sumes that the reaction process is multi-layered and occurs
on a heterogeneous surface. The equation of the Freundlich
model is the following:

This journal is © The Royal Society of Chemistry 2020

g = KeCer 3)

where K (mg"™ " LY" ¢!} is a constant of the Freundlich
model, and 1/n is a constant of the reaction intensity of the
Freundlich model.

The Tempkin model is also an empirical equation as-
sumption. The equation of the Tempkin model is the
following:

ge =BlnA+BInC, (4)

2.6. Kinetic adsorption

The chlorate and chlorite kinetic adsorption experiments
start with the addition of 1000 ml chlorate or chlorite

Environ. Sci.: Water Res. Technol., 2020, 6, 2454-2464 | 2457
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Fig. 3 Langmuir, Freundlich and Temkin isotherm for the adsorption

of bromate onto MIEX resin (conditions: 1 L of adsorbate solution,
adsorption time 60 min, agitation speed 250 rpm, temperature 298 K).

solution (0.5, 1, 2, 3, 4 mg L") into 8 ml MIEX resin at a stir-
ring intensity of 200 rpm and a temperature of 298 K. 5 ml of
supernatant was taken in a syringe and filtrated through a
0.22 um membrane filter at reaction times of 0, 1, 3, 5, 10,
20, 30, 45 and 60 min.

The intra-particle diffusion model, the pseudo-second-
order (PSO) rate model and the pseudo-first-order (PFO)**
rate model were used to fit the kinetic adsorption data. The

three equations of these models are the following:

dq,

t

= kl (qe - qt)

®)

=Tk (g.-q,) (6)
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g =kt*> +C (7)

where ¢, (mg mL™") is the amount of the chlorate or chlorite
adsorbed at the time, k; (min™") is the constant of the PFO
model, &, (mg mL™ min™") is the constant of the PSO model;
k; is the diffusion rate constant (mg g* h™*"), and C (mg
mL ") is the constant related to the thickness of the boundary
layer. If the rate limiting step is intra-particle diffusion, the
graph of ¢, and the square root of time should be a straight
line and pass through the origin (C = 0). The deviation be-
tween the graph and the linearity shows that the rate limiting
step should be boundary layer (film) diffusion.

2.7. Response surface methodology

Design Expert software (version, 8.0.6) and Box-Behnken de-
sign (BBD) were used for designing and analyzing the response
surface methodology experiments and results. The BBD ap-
proach with three levels (-1, 0, +1) can offer valid reports re-
lated to the interaction between three important parameters in-
cluding the dosage of MIEX resin (4), the reaction time (B) and
the initial concentration (C), which are given in Table S1:
According to the BBD, the 17 experiments are composed of the
interaction of the three independent parameters, and the pre-
dicted responses to chlorate removal rate are given in Table 1.
The following quadratic polynomial model expresses the math-
ematical relationship of the interaction of three independent
parameters and the predicted responses:*”"*®

k ko k k
Y=o+ BXit Y Y PyXiXj+ Y BuXi e (8)
i—1 =1

=1 i=1

where Y is the value of the computational response, f, is
the constant coefficient, f; f; and f; are the coefficients of
the linear, quadratic and interactive terms individually for

Table 3 Isotherm parameters for chlorate and chlorite adsorption onto MIEX resin at 298 K
Langmuir Freundlich Temkin
Adsorbate Ky, Im R? K n R? A B R?
Chlorate 0.24 1792.1 0.998 349.9 1.16 0.996 169.7 8.11 0.947
Chlorite 0.48 931.6 0.929 290.9 1.34 0.903 169.9 6.33 0.947
Table 4 Kinetic parameters for chlorate and chlorite adsorption on MIEX resin
Initial Pseudo-first-order
concentration kinetic model Pseudo-second-order kinetic model
Adsorbate (mg L™ ky e R* k> e R?
Chlorate 0.5 7.08 47.60 0.774 0.022 54.39 0.975
1 66.07 116.47 0.797 0.009 133.00 0.994
2 127.01 238.63 0.781 0.004 274.74 0.995
3 3.34 288.19 0.484 0.001 380.56 0.943
4 247.11 470.54 0.777 0.002 543.13 0.996
Chlorite 0.5 0.30 49.73 0.816 0.008 60.25 0.993
1 1.56 100.62 0.659 0.006 121.09 0.984
2 2.60 107.28 0.537 0.002 257.77 0.993
3 19.50 296.10 0.504 0.002 368.77 0.984
4 53.15 357.25 0.750 0.003 405.91 0.990
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Fig. 4 The plots of pseudo-second-order model for (a) chlorate and

(b) chlorite. (c) Intra-particle diffusion model for chlorate and chlorite
adsorption on MIEX resin.

the parameter X;, which have great effect on the predicted
response. The correlation coefficient (R*) is used to judge
the match degree of the quadratic polynomial and the
value of F is used for the statistical significance of the
model.

Table 5 The fitting parameters of intra-particle model

View Article Online
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2.8. Chlorate and chlorite detection

All the samples were handled using 0.22 pm polyether sulph-
one membranes. The chlorate and chlorite concentrations
were detected using ion chromatography (Dionex ICS-2100,
ThermoFisher, USA) with a suppressed conductivity detector.
The effluent was 20 mM KOH and the current velocity was
1.0 mL min". The injected volume of all the samples was
125 pL. The parathion column (Dionex IonPac AS19, 4.0 mm
x 250 mm, ThermoFisher, USA) was operated at the tempera-
ture of 303 K.

3. Results and discussion
3.1. Analysis of RSM

3.1.1. BBD analysis. These chlorate and chlorite adsorp-
tion experiments were implemented according to the BBD
model. The quadratic model equation predicts the relation-
ship between the response (chlorate or chlorite removal rate)
and three variables. The quadratic polynomial is as follows:

Y, = 85.56 + 0.994 + 40.42B + 3.05C + 0.61AB + 2.43BC
- 3.834% - 40.98B° - 4.50C” (9)

Y, = 72.50 + 7.72A + 34.77B + 1.95C + 5.23AB + 1.36BC
- 2.94A - 34.60B> - 3.32C (10)

where Y; and Y, (%) are the removal rates of chlorate and
chlorite, A (mL L") is the code value for the dosage of MIEX
resin, B is the code value for the reaction time, and C (mg
L") is the code value for the initial concentration.

3.1.2. ANOVA. The analysis of variance of the BBD analysis
shown in Table 2 is significant (P < 0.0001) with two model F
(3121.95 for chlorate and 229.38 for chlorite), indicating that
the model is fit to describe the chlorate and chlorite adsorp-
tion onto MIEX.?® Furthermore, the R* values of the regres-
sion equation are 0.9998 (chlorate) and 0.9966 (chlorite), re-
spectively, indicating that the parameters (dosage, reaction
time and initial concentration) explain 99.98% and 99.66% of
the results of the experiments.*® Therefore, the regression
model can be used to predict the removal of chlorate and
chlorite by MIEX. According to the model, the influence of
the three parameters on the removal of chlorate and chlorite
by MIEX follows the order: reaction time > the initial concen-
tration > dosage (chlorate) and reaction time > dosage > the
initial concentration (chlorite). The optimal removal condi-
tions are dosage 6.67 mL L', reaction time 45.26 min, initial
concentration 3.08 mg L™ for chlorate and dosage 9.62 mL

Stage 1 Stage 2 Stage 3
Adsorbate kq C R, ks C R, ks C R,
Chlorate 125.2 3.1 0.993 8.9 224.88 0.986 0.2 252.43 0.907
Chlorite 78.82 2.5 0.993 26.3 126.77 0.815 2.4 233.19 0.921

This journal is © The Royal Society of Chemistry 2020
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L', reaction time 46.36 min, initial concentration 3.04 mg
L' for chlorite. The optimal removal rate of chlorate and
chlorite are 96.65% and 89.41%, respectively.

3.1.3. Influence of interaction on the removal rate of chlo-
rite and chlorate. 3D surface plots demonstrating the interac-
tion relationship between the different factors affecting chlo-
rate and chlorite removal rate are shown in Fig. 1. According
to Fig. 1a and b, with the increase of the reaction time and
dosage of MIEX, the removal rates of chlorate and chlorite in-
crease. There are more adsorption active sites when the dos-
age of MIEX increases.”’**> As shown in Fig. 1b and e, with
the increase of the initial concentration, the removal rates in-
crease. The results are consistent with the analysis of vari-
ance. However, the 3D surface plots (Fig. 1c and f) of the
interaction between the initial concentration and dosage
show a slower slope, indicating that their interaction is not
significant, which is also consistent with the analysis of
variance.

3.2. Effects of various factors for adsorption

3.2.1. Effect of stirring intensity. Fig. 2a exhibits the influ-
ence of the stirring intensity on the adsorption of chlorate
and chlorite onto MIEX. With the increase of the rotation
rate from 150 to 300 rpm, the amount of chlorate and chlo-
rite adsorption increased from 60.8% to 80.4% and 67.5% to
70%, respectively. MIEX resin particles do not completely mix
with chlorate and chlorite at a low stirring intensity such as

MIEX-CIO3

Q ' y
Q WI\W
A 1 ]
5] 1 1
2 ! MIEX-CIO3 !
s '
N I
£ | MIEX |

|
5 WWV{\W
— 1 U
H 1 1

OH cCl

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Fig. 6 FTIR spectra of MIEX before and after adsorbing chlorate and
chlorite.
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150 rpm. Therefore, chlorate and chlorite are not in full con-
tact with the adsorption sites of the adsorbents, leading to a
low removal rate. However, the amount of adsorption does
not further increase when the stirring intensity is 350 rpm.
This may be because the adsorption sites of MIEX resin are
constant at specific concentration.

3.2.2. Effect of pH. pH is always an important factor in lig-
uid phase removal. The results of the influence of different
pH values on the adsorption of chlorate and chlorite by MIEX
are shown in the Fig. 2b. With the increase in pH from 3 to
7, the removal rate of chlorate and chlorite increased from
60.1% to 71.9% and from 46.5% to 62.1%, respectively. This
may be due to the presence of chloride ions in the solutions,
resulting in competitive adsorption between chloride ions
and chlorate or chlorite, when hydrochloric acid is used to
regulate pH. However, when the pH was adjusted to alkaline,
the amount of adsorption declined. This can also be
explained by the competitive adsorption of hydroxyl with
chlorate and chlorite. Ding et al.'* investigated the adsorp-
tion behavior of bromate using MIEX resin and observed a
similar result, due to the competitive adsorption of hydroxyl
and bromine on MIEX resin.

3.2.3. Effect of anion coexistence. Inorganic anions, in-
cluding chloride, sulfate and carbonate, are widely found in
natural waters. Because of the different affinities between
these inorganic anions and MIEX resin, the presence of inor-
ganic anions may inhibit the adsorption of chlorate and chlo-
rite. Therefore, investigating the effects of coexisting anions
on the removal of chlorate and chlorite by MIEX resin is very
important. The results of the effect of various anions on the
removal of chlorate and chlorite are shown in Fig. 2c. The re-
moval rates of chlorate and chlorite were found to be 88.7%
and 70.3% with no other coexisting anions. However, in the
presence of CO;*7, ClI7, SO,*” and HCO;", the removal rates of
chlorate and chlorite declined. This indicates that each anion
hinders the adsorption of chlorate and chlorite on MIEX to
some extent. The effects of each anion on the adsorption of
chlorate and chlorite by MIEX are different, and the sequence
is as follows: SO,*~ > CI” > HCO;~ > CO;>" (chlorate) and
SO,*” > CO;*>” > HCO; > CI” (chlorite). In addition, the ef-
fect may be compounded by the competitive adsorption be-
tween various different anions and chlorate or chlorite. Typi-
cally speaking, the higher valence anions have worse effects
on the adsorbate adsorption onto the adsorbent. CI" and
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HCO;™ are usually easy to combine with the surface of MIEX
to form an outer complex, which leads to ineffective competi-
tion. In a study by Li et al.,*® the presence of $0,>~ and PO,*
reduces the removal rate of vanadium more compared with
Cl', NO; and HCO; . A similar result was observed for chlo-
rite in the research. However, in this study, CO,>~ has little
effect on the adsorption of chlorate by MIEX. Tang et al.**
studied the effect of the coexistence of anions on perchlorate
removal, and found that PO,*” has little influence compared
with $O4>". This can be explained by the greater competitive
capacity of chlorate compared with CO;>".

3.2.4. Effect of organic matter. There is also a large
amount of organic matter in natural waters, which influ-
ences the adsorption of some pollutants on MIEX.>* In this
investigation, the influence of the removal rates of chlorate
and chlorite by MIEX using different concentrations of hu-
mic acid (HA) were analyzed, and the plot is exhibited in
Fig. 2d. With the increase of HA from 0 to 8 mg L', the re-
moval rate of chlorate and chlorite decreased. This may be
explained by the fact that the benzene ring of HA has a n-n
interaction with the benzene ring of MIEX, resulting in the
removal rate of chlorate and chlorite being decreased.®® Jin
et al. investigated the effect of HA on adsorption of PPCP by
resin.*® The intensity of the binding force between PPCP
and HA can promote or inhibit adsorption. The binding
forces between chlorate or chlorite and HA are too weak to
promote their adsorption by MIEX. These mechanisms lead
to the reduction of the adsorption capacity. However, when
the concentration of HA was 4-8 mg L', the reduction in
the removal rate slowed down, because the number of active
adsorption sites reaches a constant value beyond a certain
concentration.

3.2.5. Effect of solution ionic strength. In this study, so-
dium chloride was used as the background electrolyte to in-
vestigate the factor of ionic strength on the adsorption of
chlorate and chlorite. As shown in Fig. 2e, with the increase
of the sodium chloride concentration from 0.02 mmol L™ to
0.06 mmol L', the adsorption amount of chlorate and chlo-
rite by MIEX decreased. Competitive adsorption of CI~ with
chlorate and chlorite resulted in a decrease in the removal
rate of chlorite and chlorate. The removal rate of chlorite in-
creased gradually with an increase in the concentration of
NaCl in increments of 0.1 mmol L. This may be due to the
strong repulsion between Cl™ adsorbed by MIEX resin and Cl™
in aqueous solution. Cl” in solution is cannot easily bind to
MIEX resin, while chlorite or chlorate occupies the adsorp-
tion sites on MIEX resin at this time. This makes the removal
rate increase gradually.

3.2.6. Effect of bed volume. Bed volume is a key parameter
in determining the regeneration cycle of MIEX resin. Fig. 2f
shows the results of chlorate and chlorite adsorption by
MIEX in various bed volumes. There is no significant differ-
ence in removal rate among various bed volumes. Theoreti-
cally, the smaller the bed volume, the greater the removal
rates of chlorate and chlorite, but the removal rates of chlo-
rate and chlorite are over 82.1% and 78.0%, respectively, for
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all bed volumes. Therefore, taking removal rate and cost into
consideration, a larger bed volume should be selected for
practical production.

3.3. Adsorption isotherms

The adsorption isotherms of chlorate and chlorite by MIEX are
shown in Fig. 3. Due to the higher R* (Table 3), the Langmuir
model fits better than the Freundlich and Temkin models. In
addition, the adsorption of chlorate is higher than chlorite.
MIEX resin is a kind of macroporous resin, which has the abil-
ity of magnetic ion exchange. When the temperature is low, the
pores of the MIEX resin are narrowed, and it is difficult to pro-
duce new active adsorption sites.>” At this point, the MIEX
resin surface is almost smooth. In addition, the agglomeration
process is inhibited at low temperature, so the process of chlo-
rate and chlorite adsorption onto MIEX merely takes place at
limited locations on the surface of MIEX. Generally speaking,
the adsorption process of chlorate and chlorite onto MIEX can
be better explained by the Langmuir model.

3.4. Adsorption kinetics

In this research, the adsorption kinetics of chlorate and chlo-
rite at different initial concentrations of chlorate and chlorite
(0.5-4 mg L") is investigated. Simulation results of kinetics
models of chlorate and chlorite adsorption by MIEX are given
in Table 4, and the pseudo-second-order kinetic model fits
better than chemical adsorption process because of the
higher R>. The plots of the pseudo-second-order kinetic
model are exhibited in Fig. 4a and b. Chlorate and chlorite
showed rapid adsorption in the first 10 min and then slower
adsorption towards the equilibrium state. Therefore, the ad-
sorption of chlorate and chlorite by MIEX resin consists of a
chemical adsorption process involving valence forces through
exchange or sharing of electrons between chlorate or chlorite
ions and the adsorbent.*® As shown in Table 4, with the in-
crease of the initial concentration of chlorate and chlorite,
the amount of adsorption increased from 54 to 525 pg mL™"
(chlorate) and from 60 to 398 ug mL™" (chlorite). This may be
due to the fact that increasing the initial chlorate or chlorite
concentration increases the concentration gradient between
the liquid and solid phases, resulting in an increase in the
adsorption driving force.*”

To further research the adsorption kinetic processes of
chlorate and chlorite by MIEX resin, the intra-particle model
is implemented, and the results are exhibited in Table 5 and
Fig. 4c. The intra-particle diffusion curves show multiple lin-
ear relationships, indicating that the adsorption kinetics are
controlled by a multistep mechanism. The adsorption pro-
cess of adsorbent molecules or ions from the bulk liquid
phase to porous solid adsorbents usually consists of three
stages: film diffusion, intra-particle diffusion, and adsorptive
attachment.*® These steps are observed in chlorate and chlo-
rite adsorption by MIEX resin, and the adsorption rate con-
stants of the three steps decrease in the following sequence:
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ky > k, > k;, indicating that adsorption becomes gradually
slower during the three steps. According to Table 5, the C
values of stage 3 are bigger than those of stage 1 and 2, and
the C values of chlorate are also bigger than those for chlo-
rite. The C value reflects the thickness of the boundary layer.
Increasing of the C value can reduce the change of internal
mass transfer and increase the change in external mass diffu-
sion.*' Therefore, the adsorption process and film diffusion
of chlorate and chlorite adsorption by MIEX can be con-
trolled by intra-particle diffusion.

3.5. SEM and FTIR analysis

Fig. 5 exhibits the SEM plot of the MIEX resin before and af-
ter adsorption of chlorate and chlorite. As shown in Fig. 5a,
the original resin beads are almost spherical, with a large
number of pores and holes, which is conducive to the diffu-
sion of chlorate and chlorite. In addition, the irregular and
loose-layered structure on the surface of the MIEX resin parti-
cles greatly increases the specific surface area. The pattern of
MIEX resin after adsorption is shown in Fig. 5b and c. For
the MIEX resin particles, the pore size and hole size de-
creased obviously. The adsorbed resin is almost spherical
with a smooth surface. This may be explained by the fact that
the pores inside the resin are filled with chlorate and chlorite
and the surface is also covered with chlorate and chlorite.

The FTIR plot is shown in Fig. 6. Generally, the adsorption
peaks of MIEX resin after adsorption of chlorate and chlorite
are weak, showing that some functional groups participate in
the adsorption process. The adsorption peaks at 3413 cm™
are assigned to O-H stretching”>** and become weakened af-
ter adsorption, owing to hydrogen bonding between MIEX
and chlorate/chlorite. The peaks at 451 cm™ are caused by
asymmetric stretching and -C-O-C- symmetric stretching,
proving the existence of polyacrylate structures. The peaks at
557 cm ! are due to C-Cl vibrations, which weaken after chlo-
rate and chlorite adsorption, indicating that the groups have
joined the adsorption process. The mechanism is ion ex-
change through the displacement of CI” by nitrate ions.**
The adsorption peaks at 1635 cm™* and 1470 cm™* are from
the C=C stretching vibration of olefin and C=C skeleton vi-
bration of benzene, individually, which represent the ben-
zene ring and olefin structure of the MIEX resin. The
stretching vibration peak of the hydrocarbon bond arises at
2939 cm . In addition, after the MIEX resin adsorbs chlorate
and chlorite, the adsorption peaks of the functional groups
show certain deviations, as shown in Fig. 6, suggesting that
the adsorption process is controlled by both chemical adsorp-
tion and physical adsorption.

Conclusions

The results of this study show that MIEX resin can be used as
an effective adsorbent for chlorate and chlorite. When the ad-
sorbent dosage is increased, the removal rates of chlorate and
chlorite increase. For chlorate and chlorite adsorption onto
MIEX resin, 250 rpm is an optimal stirring strength. When the
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pH is neutral, the highest removal efficiency of chlorate and
chlorite by MIEX can be achieved. Coexistent anions have great
effect on chlorate and chlorite removal and the sequence is
given as follows: SO,>~ > CI” > HCO,; > CO;>” (chlorate) and
SO,* > CO;>" > HCO;™ > CI (chlorite). The Langmuir model
fits the adsorption isotherm well. Furthermore, the kinetics
process of chlorate and chlorite was well represented by a
pseudo-second-order model. The pseudo-second-order model
was successfully applied to describe the kinetics adsorption of
chlorate and chlorite by MIEX. The Box-Behnken design
method was successfully used to establish a quadratic polyno-
mial mode for predicting the removal efficiency of chlorate and
chlorite, which is composed of three variables (adsorbent dos-
age, reaction time and initial concentration). According to the
results, the adsorbent dosage had a strong interaction with the
chlorate or chlorite concentration and reaction time, which has
a significant impact on the optimization of the chlorate and
chlorite removal process by MIEX.
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