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Abstract

This study evaluated the removal characteristics of tanic acid (TA) adsorbed on MIEX resin by batch

experiments. MIEX resin can effectively remove TA from raw water at pH 6-9. Chloride and sulfate

have adverse effect on the removal of TA. Conversely, bicarbonate can further the removal of TA. The

Elovich model is the most suitable for depicting the kinetic process, and liquid film diffusion dominates

the adsorption rate. The Freundlich model is reliable for describing the adsorption equilibrium. Adsorption

is an endothermic, entropy-driving, and thermodynamically spontaneous process. The energy changes

confirm the physical adsorption and dominate adsorption behavior. The sodium chloride solution (0.5%)

can effectively regenerate the MIEX resin saturated TA, and the regenerated resin can be used circularly.

Therefore, MIEX resin is a promising adsorbent for the removal of TA from raw water.
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Introduction

Tannic acid (TA) is a component of natural organic
matter (NOM) and is ubiquitously present in most surface
and groundwater due to the decomposition of plant biomass
[1-2]. Previous research has demonstrated that TA is toxic
for aquatic organisms such as algae, phytoplankton, fish,
and invertebrates, which can cause serious environment
problems [3]. Particularly, TA can react with chlorine
and form carcinogenic disinfection by-products (DBPs)
during the conventional chlorination disinfection process
of drinking water [4-5]. Therefore, it is necessary to seek
effective methods for reducing and removing TA from raw
water.

*e-mail: dingleil978@163.com

A variety of alternative technologies have been
developed to remove TA from aqueous solutions, such
as chemical oxidation [6], electrochemical process [7],
coagulation [8], biological process [9], membrane [10-
11], and adsorption processes [12]. Among these methods,
adsorption has been extensively utilized because of its
simplicity and high efficiency. Many adsorbents, such
as amino-functionalized magnetic nanoadsorbent [13],
chitosan [14], surfactant-modified zeolite [2], resin [3],
silica [15], and activated carbon [12, 16] have been
utilized to remove TA from water and wastewater. Among
different adsorbents, the anion ion-exchange resin is
considered one of the most effective methods due to
its high removal efficiency [17]. As a novel anion ion-
exchange resin, magnetic ion exchange (MIEX) resin
can be a potential candidate for TA removal with its
promising technology for NOM removal from drinking
water [18].
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MIEX resin, prepared by Orica, is a macroporus,
strong-base, anion exchange resin with quaternary amine
groups and chloride as the exchangeable ion [19]. It has
two particular advantages compared with traditional
ion-exchange resin: its smaller size and magnetism
[20]. The average diameter of MIEX resin particles is
approximately 180 pm — 2-5 times smaller than that of
traditional ion exchange resin, which makes resin particle
possess much greater external surface area and a more
rapid adsorptive rate [21]. Owing to the smaller resin
particles, MIEX resin can be used in a completely mixed
reactor by mechanical mixing with low stirring intensity.
This compensates high capital costs and limited flux in a
fixed-bed column typically filled with conventional resin
[22]. In addition, iron oxide (y-Fe,0,) is integrated into
the polyacrylic matrix during the preparation of MIEX
resin, which makes resin particles possess magnetism
[23]. The magnetic property of MIEX resins makes them
casy to separate from water after adsorption, even though
they are very small. Based on these advantages, MIEX
resin has been utilized to remove different pollutants from
raw water, such as NOM [21, 24], inorganic anion ions
[25-27], and micro-pollutants [23, 28]. With relation to
the removal of NOM from raw water using MIEX resin,
previous research has demonstrated that removal efficacy
was usually described by some comprehensive parameters
of organic matter, such as DOC and UV, [24]. T. Bond et
al. found that MIEX resin with a dosage of 10 mL/L can
remove 56-92% TA from water [29]. However, the related
information about adsorption equilibrium, Kkinetics,
thermodynamics, and desorption of TA onto MIEX resin is
lacking. Nevertheless, these characteristics are useful for
optimizing the parameters for the removal of TA by MIEX
resin. Also, they are crucial for better understanding the
removal process of TA using MIEX resin.

Accordingly, the objective of this study was to
systematically evaluate the removal characteristics of
TA adsorbed on MIEX resin so as to provide theoretical
and technical support for the TA removal from raw water
using MIEX resin. Firstly, adsorption kinetics and the
diffusion mechanism of TA adsorbed on MIEX resin at
different initial concentrations was performed. Secondly,
the equilibrium adsorption performances at three different
temperatures and the thermodynamic characteristics of the
adsorption process were explored. Thirdly, the impact of
factors such as pH and coexisting anions on the removal of
TA were studied. Desorption was also conducted in order
to evaluate the recyclability of MIEX resin.

Materials and Methods
Materials
Adsorbent
MIEX resin was supplied by the Beijing Sino-Australia

Orica Watercare Technology & Equipment Co., Ltd. Before
use, the virgin MIEX resin was rinsed repeatedly to wash

away the impurities and stored as slurry in Millipore ultra-
pure water at room temperature (20°C). Then a suitable
volume of resin used in every adsorption experiment was
taken out after being still-settled for 30 min.

Chemicals and Adsorbate

All chemicals used in this study were analytical reagent
(AR) grade, and purchased from Sinopharm Chemical
Reagent Co., Ltd., China. TA was the adsorbate in this
study. The precise stock solution of TA (1000 mg/L) was
prepared by dissolving the appropriate amount of TA
in ultra-pure water. Tested samples used in adsorption
experiments were achieved by diluting standard stock
solution with distilled water where needed.

Methods
Kinetic Studies

The kinetic studies were conducted by batch
experiments. A volume of 0.25 mL MIEX resin was
added into a set of 800 mL beakers containing 500 mL
of TA solution with varying initial TA concentrations
(10, 20, 30 mg/L), and then these solutions were stirred
on a series of digital display stable temperature mag-
netic stirrers (78HW-1) at 15°C. Then, at different
predetermined time intervals (0, 5, 15, 30, 50, 80, 120,
and 160 min), the content was filtered and the super-
natant was analyzed for the residual TA concentration
using a Shimadzu UV/Vis Spectrophotometer (model
UV-3600, Japan). All the adsorption experiments were
carried out in triplicate and the average values were
reported.

The amount of TA adsorbed onto MIEX resin at time
t, q, (mg/mL) was calculated by the following equation:

— (CO — Ct)V
’ w (1)

...where C and C, are the liquid-phase concentrations of
TA at initial and time t (mg/L), V is the solution volume
(L), and W is the volume of adsorbent (mL).

In order to recognize the kinetic model of TA adsorbed
onto MIEX resin, the kinetics data of TA adsorbed on
MIEX resin were analyzed and simulated by the pseudo
first-order, pseudo second-order, and Elovich kinetic
models. The equations of kinetics models above are given
as follows [26-27, 30]:

Pseudo first-order model:

_ —kyt
qt - Qe (1 +e ) (2)
Pseudo second-order model:

k,q,t
g, — ted.
1+k2qet (3)
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Elovich model:

q, = %ln(l + o3t) @

...where q_is the equilibrium adsorption capacity (mg/L),
k, and k, are the kinetic constants for the pseudo first-order
and the pseudo second-order (min!, mL/mg min), a is the
initial adsorption rate (mg/mL min), and f is the sorption
constant (mL/mg).

During a solid-liquid adsorption system, the removal
process of adsorbate adsorbed from liquid-to-solid phase
usually involves three consecutive steps [31]: 1) transfer
of the adsorbate molecules or ions from the bulk solution
to the solid surface, also film diffusion; 2) transfer of
adsorbate molecules or ions into the interior pores of the
adsorbent, i.e., intra-particle diffusion; and 3) adsorption
reaction at the active sites. Among these three steps, the
third step is not assumed to be the rate-determining step
because it is usually very fast [32]. Thus, film or/and intra-
particle diffusion actually control the whole adsorption
rate. In order to better understand the adsorption kinetic
process, the intra-particle and Boyd models were used
to further determine the diffusion mechanism of the
adsorption process. And the equations are expressed as
follows [12, 27]:

Intra-particle model:

1

q, = kidtz +Cq, 5)

Boyd model:

e (©)
4
 max (7)

Bt =—0.4977—In(1- )
q. (8)

...where k,, is the rate constant of the intra-particle
diffusion model, F is the fractional attainment of
equilibrium at time t, B is time constant, and q__ is
the theoretical maximum equilibrium capacity
(mg/mL).

Adsorption Equilibrium Studies

The static equilibrium experiments were performed
at different temperatures (20, 30, and 40°C). A volume
of 0.25 mL MIEX resin was added into 500 mL of a
series of TA solutions with the various concentrations (1,
2,3,4,5,6,7,8,9, and 10 mg/L) in 800 mL beakers.
These solutions were then agitated at a constant speed of
150 rpm for 150 min. After adsorption, the samples were
separated by filtration and the TA concentrations in filtrate

were determined. The equilibrium adsorption capacity, q,
(mg/mL), was calculated using the following equation:

_(Co—COV

...where C_ is the liquid-phase concentration of TA at
equilibrium (mg/L).

In order to find an appropriate model to describe
equilibrium performance of TA adsorbed on MIEX resin,
the Langmuir and Freundlich isotherm models were
applied to analyze the equilibrium data. And the models
were described as [27, 33]:

Langmuir isotherm:

g = dmaxPCe (10)
< 1+5b6C,
Freundlich isotherm:
1
qd. = k_fcen (11)

...where b is a Langmuir isotherm adsorption constant
(L/mg) and k; and n are the indicators of the adsorption
capacity and adsorption intensity (mg/mL, (L/mg)'™).

Adsorption Thermodynamic Studies

To evaluate the thermodynamic feasibility and
spontaneous nature of TA adsorbed on MIEX resin,
thermodynamic parameters such as standard enthalpy
change (AH®, kJ/mol), entropy change (AS®, J/mol K), and
Gibbs free energy change (AG®, kJ/mol) were calculated
using equations (12-14) [26]:

(Co _Cade)V
KD _—_  Zes
Coa. W (12)
0 0
nk, - AST _am’
R RT (13)
AG® = AH® —TAS® (14)

...where K is the distribution coefficient (L/mL), C,,
is the amount of TA adsorbed at equilibrium at different
adsorption temperatures (mg/mL), R is the universal
gas constant (J/mol K, R = 8.314), and T is the absolute
temperature (K).

Furthermore, the average free energy of adsorption
(E, kJ/mol) was useful for estimating the adsorption type.
It could be calculated from the Dubinin-Radushkevich
model [34-35] and described by the following equations
(15-17). So the Dubinin-Radushkevich model was applied
to fit the adsorption equilibrium data at different adsorption
temperatures and calculated the average free energy for
the adsorption of TA onto MIEX resin.
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D-R isotherm model:

e = Grax €XP(—Be$ ?) (15)
1
¢ = RT In(1+ —)
c. (16)
|
E =
2B (17)

...where B _ is the D-R model constant (mol*/J?), { is the
Polanyi potential (kJ), and E is the average free energy
(J/mol).

Also, the magnitude of apparent activation energy
of adsorption can give an idea about what controls the
reaction rate of adsorption. The experimental data of
kinetics at different solution temperatures (20, 30, and
40°C) were used to calculate the apparent activation
energy of TA adsorbed on MIEX resin. The apparent
activation energy was calculated by an empirical equation
(Arrhenius equation [36]):

Ea

...where k, is the rate constant obtained from the pseudo
second-order kinetic model (mL/mg min), Ea is the
apparent activation energy of adsorption (kJ/mol), and A
is the Arrhenius factor.

Effects of pH and Coexistent Anions

The experimental procedure was similar to that of
equilibrium experiments. The effect of pH on the removal
of TA was conducted by varying initial pH of solution (3,
5, 7,9, 11). The initial pH values of TA solutions were
adjusted by adding 0.1 M HCI or 0.1 M NaOH solutions
when necessary. The effect of anions on the removal of
TA was conducted by adding chloride (CI'), sulfate (SO,?),
and bicarbonate (HCO,) into a series of TA solutions with
a concentration of 10mg/L, respectively. Considering
the general concentration of anions in surface water
sources, each anion in this study was kept at a constant
concentration of 1 meq/L.

Desorption

Based on chloride as the mobile counter ion of MIEX
resin, the resin saturated with TA was regenerated by
sodium chloride solutions [37]. Batch experiments were
conducted in order to select sodium chloride solutions
with appropriate concentrations. All experiments were
conducted at ambient laboratory temperature and opened
to the atmosphere, unless noted otherwise. A fixed dosage
(5.0 mL) of MIEX resin saturated with TA was added
into a set of 800 mL beakers containing 500 mL sodium
chloride solutions with various concentrations (0.1%,
0.3%, 0.5%, 0.7%, 0.9%). Then these solutions were
agitated on magnetic stirrers at 150 rpm for 90 min for
desorption. After desorption, the resins were separated

and washed with ultra-pure water several times. Then
adsorption experiments using the regenerated MIEX resin
to remove TA in solutions with a concentration of 10 mg/L
were performed to examine desorption efficacy. High
removal of TA implied good desorption. After identifying
the appropriate sodium chloride solution for desorption,
this kind of chloride solution was used for desorption
experiments.

Results and Discussion
Kinetics of TA Adsorbed on MIEX Resin

Effect of TA Concentration and Adsorption Time
on the Removal of TA

The relationship curves of adsorption time, TA
concentration, and the amount of removed TA (Eq. 1) are
shown in Fig. 1a). The amount of TA adsorbed on MIEX
resin increases rapidly within the initial 20 min. This is
because in the beginning stage, the virgin MIEX resin
has massive vacant adsorption sites, leading to the sharp
removal of TA adsorbed on MIEX resin surface. In this
stage, the greater TA concentration gradient between bulk
solution and the surface of the MIEX resin accelerates the
diffusion process of TA from the liquid-phase to solid-
phase, which may also be a reason for the quick increase
in the removal of TA [26]. As adsorption continues
(20-80 min), the adsorption rate decreases obviously,
compared to the initial stage. This may be attributed to
the fact that the removal of TA adsorbed on MIEX resin
becomes more difficult due to the reduced available
adsorption sites, the narrower TA concentration difference
between bulk solution and the surface of resin, and the
repulsive forces of TA molecules or ions between on the
surface of MIEX resin and in solution. After 80 min,
the adsorption finally achieves the equilibrium with no
significant change in adsorption uptake. This adsorption
phenomenon of'three stages is similar to the results of using
MIEX resin to remove bromide [26], phosphate [27], and
perchlorate [38] from aqueous solutions. Compared with
conventional resins, MIEX has a much quicker adsorption
rate for the removal of TA due to the much smaller particle
diameter [3, 39].

Furthermore, Fig. 1a) also shows that the amount of
TA adsorbed on MIEX resin increases with increasing
TA concentrations — from 10 to 30 mg/L. At low initial
TA concentration, TA molecules or ions are mainly
adsorbed on the external adsorption sites of MIEX resin.
At high initial TA concentration, however, the greater TA
concentration difference between in-solution and on the
surface of MIEX makes the TA molecules or ions enter
deeply into the internal pores, which ensures that the
internal active sites of resin are fully utilized [15]. This
may be a reason for causing an increase in uptake with
increasing TA concentrations. Other researchers have seen
similar results using various adsorbents to remove TA
from aqueous solutions [15, 39].
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Fig. 1. Effect of adsorption time and initial TA concentration a)
and fitted kinetic curves b) 10 mg/L, ¢) 20 mg/L, d) 30 mg/L.

Kinetics Model of TA Adsorbed on MIEX Resin

The kinetic data are fitted by three kinetic models:
pseudo first-order (Eq. 2), pseudo second-order (Eq. 3), and
the Elovich model (Eq. 4). The fitted results are provided
in Table 1, and the fitted curves with experimental data are
shown in Fig. 1b).

It can be seen from Table 1 that, compared to the
pseudo first-order and pseudo second-order models,
the correlation coefficients (R*= 0.9864~0.9976) of the
Elovich model are the highest, and the standard errors
(SE = 0.2916~0.7131) are the lowest. Also, Fig. 1b)
demonstrates that the curves fitted by the Elovich model
at various TA concentrations approach the experimental
data. Accordingly, the Elovich model is the most suitable
for depicting the kinetic process of TA adsorbed on MIEX
resin. The Elovich model was originally suggested for
describing chemical adsorption on heterogeneous surfaces
[40]. This indicates that the adsorption process of TA
adsorbed on MIEX resin may involve chemisorption.

Diffusion Mechanism

The intra-particle model (Eq. 5) is used to fit the kinetic
data of TA adsorbed on MIEX resin. The intra-particle
diffusion plots of g, against t' are presented in Fig. 2a).
Based on the intra-particle diffusion theory, intra-particle
diffusion is the only rate-limiting step of adsorption
process if the plot of q, against t'? is a straight line and
passes through the origin. Otherwise, other steps along
with intra-particle diffusion might also be involved [41].
From Fig. 2a) we observed that the plots of q, versus t'?
are not linear within the whole adsorption time, but each
plot is divided into two segments and each segment gives
a good linear form, but they do not all pass through the
origin. These results indicate that intra-particle diffusion
is not the only rate-limiting step, and that other diffusion
processes, such as liquid film diffusion, may affect the
adsorption rate of TA adsorbed on MIEX resin. The first
linear portion means the intra-particle dominates the
adsorption rate, but the film diffusion also exists because
the intercepts are not equal to zero [42]. And the second
linear portion represents the final equilibrium stage where
intra-particle diffusion is very slow due to the extremely
low TA concentration in solution [16]. A similar type of
pattern has been reported for organic pollution adsorbed
on porous adsorbents [12, 41, 43].

To ascertain the factual rate-limiting step of the
adsorption process, the Boyd model (Egs. 6-8) was used
to further fit the kinetic data of TA adsorbed on MIEX
resin, and the results fitted by the Boyd model are given in
Fig. 2b). Based on the Boyd model theory, the process
of TA adsorbed on MIEX resin are controlled by the
intra-particle step if the plots of Bt versus t are linear
and pass through the origin; otherwise, the adsorption
rate is controlled by liquid film diffusion [44]. As clearly
shown in Fig. 2b), although Boyd plots give linear forms
at different initial TA concentrations, they both do not
pass the origin, implying that the adsorption rate of TA



1036

Table 1. Kinetic parameters of TA adsorbed on MIEX resin at different TA concentrations.
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Fig. 2. The intra-particle diffusion model plot a) and Boyd plots
b) for adsorption of TA on MIEX resin.

adsorbed on MIEX resin is dominantly controlled by
liquid film diffusion. Moreover, the values of B (0.023-
0.027) at different initial TA concentrations are much
smaller than 1, further verifying that the removal rate of
TA adsorbed onto MIEX resin is mainly affected by liquid
film diffusion [27, 45].

Equilibrium and Thermodynamics
of TA Adsorbed on MIEX Resin

Adsorption Equilibrium

Adsorption equilibrium is the most important
information for evaluating an adsorption process (Eq.
9). Fig. 3 gives the adsorption isotherms of TA adsorbed
on MIEX resin at 20, 30, and 40°C. Fig. 3 shows that the
adsorption capacity increases with an increase in initial
TA concentration. This is attributed to an outcome of the
increase in driving force because of the TA concentration
gradient build-up between the surface of resin and the
solution [32]. Also, the adsorption capacity is found
to increase with increasing temperature, which shows
that the adsorption behavior of TA on MIEX resin is an
endothermic reaction. The increase in adsorption capacity
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Fig. 3. Adsorption equilibrium of TA on MIEX resin at different
temperatures: a) Langmuir isotherm, b) Freundlich isotherm.

with temperature can be due to the increase in the rate of
intra-particle adsorbate molecules or ions into the pores
of adsorbent at higher temperature [32]. In addition, the
increased adsorption capacity may also be attributed to the
fact that the higher temperature activates the resin surface
and/or creates new active sites on adsorbent surface
[16]. Many adsorbents, such as commercial-activated
carbon [16], magnetic carbohydrate natural polymer [44],
amino-functionalized magnetic nanoadsorbent [13], and
commercial ester resin XAD-7 [1], demonstrated a similar
isotherm for the removal of TA from aqueous solutions.
The Langmuir (Eq. 10) and Freundlich (Eq. 11)
isotherm models were used to validate the equilibrium
adsorption data, and the results are presented in Table 2,
which shows that — compared to the Langmuir model — the
fit to equilibrium data with the Freundlich model is better
with higher values of correlation coefficient (R*>0.98)
and lower values of standard error (SE = 0.2431-0.5022).
Therefore, the Freundlich isotherm model is reliable
for describing the adsorption equilibrium performances
of TA on MIEX resin. The Langmuir model assumes
that the adsorption occurs at the homogeneous surface,
adsorbate is adsorbed on the surface of adsorbent in a
monolayer behavior, and no interaction exists among the
adsorbed species [46]. For a complex adsorption system,

however, it is far more difficult to satisfy these harsh
demands. This may be why the Langmuir model cannot
simulate well the equilibrium of TA adsorbed on MIEX
resin. The Freudlich model, however, was suggested
for describing heterogeneous or multilayer adsorption
behavior [13]. For MIEX resin, it has many pores on the
external and internal surface, indicating that the surface
of the adsorbent is heterogeneous. In addition, Zhao et
al. suggested that the Freudlich model could give good
simulation to the equilibrium data at low and intermediate
adsorbate concentrations [47]. In the present study, the
TA concentration ranges from 1 to 10 mg/L, which is
consistent with the assumption of the Freudlich model.
These may be the reasons that the Freudlich isotherm
model gives good simulation. The value of k; is the
Freundlich constant related to the bonding energy and
adsorption capacity, and the larger the value of k, the
greater the affinity of adsorbate to adsorbent [33, 48].
Table 2 demonstrates that the value of k, increases from
4.3051 to 7.3239 with an increase in temperature from 293
to 313 K, showing that higher temperature favors the TA
adsorbed on MIEX resin. Another Freundlich constant,
1/n, gives an indication of a favorable adsorption process;
the adsorption is called preferential adsorption if 1/n is
between 0 and 1 [26]. As can be seen from Table 2, the
values of 1/n at different temperatures range from 0 to
1, indicating that the adsorption of TA on MIEX resin is
preferred.

Adsorption Thermodynamics

Based on the equilibrium adsorption data, the
distribution coefficients (K) of the adsorption of TA
using MIEX resin are evaluated by Eq. 12. The values
of AH? and AS° (Eq. 13) can be obtained from the slope
and intercept of the plot of InK against 1000/T (Fig.
4). The Gibbs free energy change, AG’, is calculated by
Eq. 14. And all the calculated thermodynamic results are

Table 2. Constant, correlation coefficients, and SE of
Langmuir and Freundlich isotherm models

T (°C) | 20 | 30 40
Langmuir isotherm model constants
b (L/mg) 0.3927 0.6594 0.6923
q,,,, (mg/mL) 14.46 15.52 17.97
R? 0.9573 0.9683 0.9322
SE 0.5766 0.5940 0.9756

Freundlich isotherm model constants

k, 4.3051 6.1205 7.3239
I/n 0.5145 0.4618 0.4647
R? 0.9924 0.9887 0.9821
SE 0.2431 0.3542 0.5022
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summarized in Table 3.

The positive values of AH® show the endothermic
nature of TA adsorbed on MIEX resin, further confirming
the result found in the equilibrium experiments. Growth
of temperature is favorable for increasing the probability
of TA adsorbed on MIEX resin. Generally, chemical
adsorption is considered to predominate the adsorption
process if the enthalpy change is more than 40 kJ/mol;
otherwise the physical properties predominate the
adsorption process [49-50]. Table 4 demonstrates that
enthalpy changes at low TA concentrations of 1.0 and 2.0
mg/L (53.24 and 48.08 kJ/mol, respectively), showing
they are more than 40 kJ/mol. This implies that chemical
behavior predominates the adsorption process of TA
on MIEX resin at low TA concentrations. Under these
conditions, the ion-exchange sites on the surface of MIEX
resin are sufficient to exchange with the TA in solution, and
the chemical reaction (ion exchange) occurs. However,
the enthalpy changes are less than 40 kJ/mol as the TA
concentration increases from 3 to 10 mg/L, indicating
the physical adsorption accounts for the domination. The
positive values of AS® show that the degree of disorder
on the solid-liquid interface increases after adsorption,
demonstrating good affinity of MIEX resin for TA [26].
The values for standard Gibbs free energy AG®are negative
at all temperatures shown in this study, indicating that the
adsorption of TA by MIEX resin is thermodynamically
feasible and spontaneous without any induction period
[16]. Meanwhile, AG® values become more negative when
increasing the temperature of solution from 20°C to 40°C,
implying that increasing temperature has a positive effect
on the adsorption reaction of TA on MIEX resin. However,
at the identical temperature the AG° values become less
negative with an increase in TA concentration from 1 to
10 mg/L, indicating that the adsorption becomes more
difficult spontaneously. In general, the value of AG® for
physical adsorption is between -20 and 0 kJ/mol, and -400
and -80 kJ/mol for chemical adsorption [45]. The values
of AG® range from -12.08 to -1.67 kJ/mol, showing that the

Table 3. Thermodynamic parameters of TA adsorption on MIEX

resin.

1000/T (K"
3.30

3.20 3.25 3.35

3.40

m 1mg/L, R=0.9904 @ 2mg/L, R’=0.9382

A 3mg/L,R’=0.9628 4 4mglL, R’=0.8722

@ 5mg/l,R’=0.9534 B 6mgl, R=0.9396 <« 7mglL, R’=0.9191
© 8mgl, R*=0.9962 * 9mg/L, R*=0.9978 @ 10 mg/L, R’=0.9994

Fig. 4. Plots of In K versus 1/T for the adsorption of TA on
MIEX resin.

adsorption of TA onto MIEX resin is physical adsorption.
Basically, this result is consistent with that obtained from
the enthalpy changes.

Also, average free energy (E, kJ/mol) of adsorption
process can be used to estimate the adsorption type.
According to equations 15-17, the values of E of TA
adsorbed on MIEX resin can be evaluated from the
Dubinin-Radushkevich isotherm model, and the results
are presented in Table 4, which shows that the values
of average free energy of TA adsorbed onto MIEX resin
at three various temperatures are all less than 8 kJ/mol,
indicating that the adsorption involves physical sorption
[51-52]. Furthermore, the values of B, which are far less
than 1, indicate that the porous structure of MIEX resin
plays an important role in the adsorption process [53].

The apparent activation energy of the adsorption
process, Ea (kJ/mol), is useful for differentiating adsorption
types. The value of k, can be obtained by using the pseudo

C, K, AH° AS? AG® (kJ/mol)

(mg/L) 20°C 30°C 40°C kJ/mol J/mol K 20°C 30°C 40°C
1 24.9939 55.8616 | 100.8278 53.24 208.71 -7.91 -9.99 -12.08
2 6.5287 10.3267 23.1414 48.08 179.17 -4.42 -6.21 -8.00
3 42170 7.1547 9.6822 31.77 120.66 -3.58 -4.79 -6.00
4 3.5196 5.7400 6.7922 25.19 96.83 -3.18 -4.15 -5.12
5 3.2448 5.0837 6.4688 26.38 100.07 -2.94 -3.94 -4.94
6 2.7457 47043 6.1334 30.74 113.65 -2.56 -3.69 -4.83
7 24234 4.1237 5.2068 29.27 107.63 -2.26 -3.34 442
8 23207 3.4274 4.6898 26.84 98.68 -2.07 -3.06 -4.05
9 2.1152 3.0526 4.1438 25.65 93.83 -1.84 -2.78 3.72
10 1.9817 2.7881 3.7678 24.50 89.34 -1.67 -2.57 -3.46
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Table 4. Average free energy and the apparent activation energy of TA adsorption on MIEX resin at 20, 30, and 40°C.

T Dubinin-Radushkevich isotherm model E Pseudo second-order model Ea

°C B,, (mol/kJ?) iy R (KJ/mol) iy ko R (kJ/mol)

(mg/mL) (mg/mL) | (mg/mL min)

20 0.6307 12.28 0.9312 0.89 17.56 0.0010 0.9942

30 0.4711 14.42 0.9602 1.03 17.79 0.0012 0.9896 11.53

40 0.4079 16.06 0.9228 1.11 18.21 0.0014 0.9869

second-order model (Eq. 3) to fit the kinetics data of TA
adsorbed on MIEX resin at different temperatures (293,
303, and 313 K), and the results are shown in Table 4.
Then, according to Eq. 18, Ea (given in Table 4) of the
adsorption process of TA on MIEX resin can be obtained
by the slope of the plot (shown in Fig. 5) of In(k,) against
1/T. It is observed that the plot of In(k,) against 1/T gives
a good straight line. Based on the slope of straight line,
the value of Ea is 11.53 kJ/mol. Many researchers have
reported that the adsorption process followed physical
adsorption when activation energy ranged from 5 to
40 kJ/mol [54-55]. Based on the above viewpoint, the
adsorption of TA on MIEX involves physisorption. Also,
M. Hamayun reported that when the activation energy was
less than 42 kJ/mol, the diffusion process was involved
in the adsorption [32]. This is consistent with the result
(film diffusion controls the whole adsorption rate) from
the kinetic analysis.

Considered comprehensively, the results obtained
from the energy changes analysis during the adsorption
of TA adsorbed on MIEX resin, we propose that the
adsorption of TA onto MIEX resin is considered to be
the physical adsorption. However, previous researchers
have demonstrated that the removal of NOM adsorbed
on MIEX was considered to be chemical adsorption (ion
exchange) mainly dominating adsorption [24]. In the
present study we only give the finding that the adsorption
of TA on MIEX resin involves physical adsorption.
As for the interactive forces involved in the process of

y=-1386.738x-2.153
R®=0.9988

0.00320 0.00325

1
0.00330
T (K"

0.00335 0.00340

Fig. 5. The plot for calculating the apparent activation energy for
TA adsorption on MIEX resin.

physical adsorption, the removal mechanism of TA will be
elaborated upon in another paper by characterizing MIEX
resin before and after adsorption.

The Impact of Factors and Desorption of MIEX
Resin on TA Adsorption

Effect of Initial pH of Solution

The pH of a solution is an important variable that
governs the adsorption system by controlling the surface
properties of adsorbents and adsorbate form [2]. Fig. 6a)
reflects the effect of initial pH of solution on the removal

14}

q; (mg/mL)

0 " " " L
TA TA+ClI"  TA+SO] TA+HCO,

Fig. 6. Effect of pH of solution a) and coexistent anions b) on
TA removal.
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Table 5. Comparison of the maximum adsorption capacity of tannic acid onto various adsorbents.
Conditions
q
Adsorbent max Reference
(mg/g) C,(TA) (mg/L) | Adsorption time Adsorlz;l]‘i)d 0sage

Commercial resins D-201 238 5 days 2 [1]

Surfactant-modified zeolites with
loadings of cetylpyridinium bromide i 15-100 24h 0.3 2]
Activated carbon 340.8 200-1,000 2 [12]
Amino-functionalized magnetic 136.2 10-100 24h 04 [13]

nanoadsorbent
Ammo-functlonahze'd.magnetlc 5102 20-200 2t 02 [15]
mesoporous silica
Magnetic strongly basic anion
exchange resin (MAEX) 192.1 0-130 24h ! [22]
Polyaniline 84.8 10-100 24 h 0.5 [37]
Chitosan-coated attapulgite 95.2 5-200 0.25 [48]
Zr-pillared montmorillonite 66 51-510 6h 2 [49]
Zirconium pillared clay 86.5 4h 2 [50]
MIEX resin 112.3 0-10 150min 0.08 This work

of TA adsorbed on MIEX resin. The adsorption capacity
of TA on MIEX resin keeps approximately steady (about
11.60 mg/mL) by increasing the value of pH from 4 to 8.
It is of extreme significance for drinking water treatment
plants not to be unnecessary to adjust pH of raw water due
to the fact that the pH of raw water ranges usually from 6 to
9. The adsorption capacity of TA on MIEX resin decreases
from 11.80 to 10.04 mg/mL when decreasing the initial
pH from 4 to 3. At lower pH (pH = 3), the protonation of
tannic acid is close to 100%, indicating that TA exists in
its molecular form [12, 48]. Therefore, the disappearance
of electrostatic attraction between MIEX resin and TA
may be a reason for the decrease in the removal of TA.
But at pH = 3, the capacity of adsorption still keeps to a
certain level (10.04 mg/mL). The hydrogen bonding and
organic partitioning may be responsible for the removal of
TA adsorbed on MIEX at pH = 3 [2]. When the initial pH
of solution increased from 8 to 11, the adsorption capacity
of TA on MIEX resin increased rapidly from 11.34 to
14.25 mg/mL, showing that alkalinity furthers the
removal of TA adsorbed on MIEX resin. However, many
researchers have reported that the removal of TA adsorbed
on various adsorbents decreased with increasing pH when
pH is above 8 [2, 12-13, 15]. Also, the removal of anions
(such as bromide, phosphate) using MIEX resin decreased
when pH was above 8 [26-27]. The reasons causing the
obvious difference have not been determined.

Effect of Coexistent Anions

Various inorganic anions such as chloride, sulfate,
and bicarbonate are typically found in natural water
bodies. They can complete for the active adsorption sites
due to the different affinities on the MIEX resin surface

[26]. Fig. 6b) gives the effects of different anions such
as CI, SO,*, and HCO; on the TA adsorbed on MIEX
resin. The amount of TA adsorbed on MIEX resin is

a) [
90 n— o
& gol
z :
“
o
@ or
©
©
3 60
£
<]
501 »
40 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Regenerant concentration (%)
b)

100 -91.03 90.72

7

84.35

®
S
T

7229 6991 ggg5 68.35

27

)
=]
T

removal rate of TA (%)
5
T

N
=]
T

0 A
0 1 2 3 4 5 6 7
Regeneration times

Fig. 7. a) Effect of regenerant concentrations on regeneration; b)
effect of multiple regeneration cycles on TA removal.
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12.95 mg/mL when no other anions are added into TA
solution. However, after chloride and sulfate are added
into TA solution, we obtained uptakes of 11.52 and
10.91 mg/mL, respectively. This indicates that chloride
and sulfate could cause a decline in the amount of TA
adsorbed on MIEX resin to a certain extent. This can be
explained by the fact that the competition between chloride
or sulfate and TA for the adsorption active sites of MIEX
resin surface occurs. Conversely, the uptake increases
from 12.95 to 13.28 mg/mL after adding bicarbonate
into TA solution, showing that bicarbonate furthers the
removal of TA. The reaction of bicarbonate with phenolic
hydroxyl groups leads to the ionization of TA molecular,
making it easy to remove TA by ion exchange action. This
may be a reason why bicarbonate promotes the removal of
TA. A similar promotion was found during the removal of
phosphate adsorbed on MIEX resin [27].

Comparison with Other Adsorbents

Table 5 gives the comparison with different adsorbents
for the removal of TA from aqueous solutions. Although
the adsorption capacity of TA adsorbed on MIEX resin is
not the highest, the time needed to reach equilibrium is far
shorter compared with other adsorbents. This is attributed
to the smaller size of MIEX resin causing fast adsorption.
The advantage of a short time reaching equilibrium is of
extreme significance for diminishing the size of adsorption
facilities.

Desorption and Recyclability

Fig. 7a) shows the relationship of the regenerant
(sodium chloride) concentration and desorption efficacy.
The removal efficiency of TA adsorbed on regenerated
MIEX resin does not obviously change after the
concentration of sodium chloride is increased to 0.5%.
Therefore, the regenerant concentration of 0.5% is used
for subsequent adsorption-desorption recyclability
experiments. Fig. 7b) reflects that after the seventh cycle
of adsorption-desorption, the removal efficiency of TA
adsorbed on regenerated MIEX resin is still close to 70%.
This shows that the regenerated MIEX resin can be used
as a promising adsorbent for the removal of TA from
raw water. In addition, the desorption efficacy decreases
with multiple cycles of adsorption-desorption, showing
that some adsorption sites saturated by TA are difficult to
regenerate by ion exchange action of sodium solution. This
may imply that other removal mechanisms of TA adsorbed
on MIEX resin may occur, such as physical interaction,
besides ion exchange.

Conclusions
In this study we investigated the removal performances

of tannic acid adsorbed on MIEX resin and came to the
following conclusions:

1) The adsorption of TA on MIEX resin is a quick process,
and the adsorption equilibrium can be reached after 80
min. The Elovich kinetic model is the most suitable
for depicting the kinetic process of TA adsorbed on
MIEX resin. And the liquid film diffusion dominates
the whole adsorption rate.

2) TheFreundlichisotherm modelisreliable for describing
adsorption equilibrium performances. Adsorption is a
thermodynamically feasible, endothermic, entropy-
driving, and spontaneous process that involves
physical adsorption.

3) MIEX resin can effectively remove TA from raw water
at pH 6-9. The presence of chloride and sulfate in
solution has an adverse effect on the removal of TA.
Conversely, bicarbonate can further the removal of
TA. A sodium chloride solution with a concentration
of 0.5% can effectively regenerate the MIEX resin
saturated by TA. The regenerated MIEX resin can be
used circularly as an adsorbent for the removal of TA
from aqueous solution.
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