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ABSTRACT

The use of magnetic ion exchange (MIEX) resin as an efficient adsorbent in the removal of tribro-
mophenol (TBP) was investigated by batch and column experiments in this study. The influences
of contact time, initial TBP concentration, pH, coexisting matters and temperature on the sorption
of TBP were determined. The adsorption mechanism was also demonstrated. The sorption kinetics
could be well fitted by the pseudo-second-order model. The removal of TBP was high at pH = 7.80,
the sorption rate increased when increasing the initial pH from 3.59 to 7.80 and sharply decreased
with the initial pH increasing from 7.80 to 10.85. The capacity of major anions to reduce TBP sorption
followed the order of SO, > HPO,> > HCO, > NO;". As for cations, Mg** > Ca* > NH,*. The results
showed that the maximum sorption capacity was 72.24 mg/g with the Langmuir model and the sorp-
tion equilibrium agreed with Freundlich isotherm. The hydrophobic interaction of the benzene ring
and hydrogen bonds might be responsible for the sorption of TBP on MIEX. The procedure of TBP
sorption was a thermodynamically spontaneous and endothermic process according to the negative
AGY, positive AH? and positive AS® values. The breakthrough curve was successfully fitted by the
Thomas and Yoon-Nelson model. After the statics and dynamics statistics, the MIEX was proven to

be a good option for the removal of TBP.

Keywords: TBP; MIEX resin; Sorption; Kinetics; Thermodynamics; Column test

1. Introduction

As a representative of flame retardants, brominated
flame retardants (BFRs) are one of the largest and the
most frequently used groups on the market, due to their
high performance and low cost [1,2]. The impacts of
BFRs on the environment and human health and the pro-
liferation of BFRs in the environment have been inves-
tigated in previous studies [3,4]. Tribromophenol (TBP)
is a relatively persistent compound among BFRs, and it
was incorporated into the list of hazardous wastes by
the Environmental Protection Agency in 1998 [5]. As a
kind of halogenated phenolic compound, TBP is gener-
ally found in consumer products, including telephones,
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refrigerators, packaging materials and so on [6]. TBP is
also used to treat timber as fungicide [3,7]. Because of
the extensive use of TBP, it can be widely found in soil,
landfill leachate and sewage sludge [8]. TBP has great
endocrine-disrupting potencies which are the causes for
growing concern in scientific communities and govern-
mental agencies. According to previous researches, TBP
has bioaccumulation in human placenta tissues, so it can
result in fetal BFRs exposure during pregnancy process
[9,10]. Unfortunately, the manufacture yield of TBP was
estimated to be approximately 9500 t/y worldwide in
2001, and TBP is commonly found in extremely high con-
centrations in the environment [11,12].

Several serviceable techniques, such as oxidation, bio-
degradation and adsorption have been explored for the
removal of TBP from water [13-21]. The uncomplicated and
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high efficiency of various adsorbents, including core-shell
nanoparticles, porous materials, sawdust and chalk, have
been investigated in previous studies [22-24]. It is reported
that anion exchange resin has great adsorption capacity to
both natural organic matters and bromides [25,26]. Recently,
magnetic ion exchange resin has been proven to be a very
promising material in water treatment to remove organic
matter such as bentazone, 2-methylisoborneol and geosmin
[27-29].

MIEX resin was developed jointly by Orica Watercare,
Commonwealth Scientific Industrial Research Organiza-
tion and South Australian Water Corporation [30]. It has
general properties of anion exchange resin, such as a poly-
acrylic matrix in the chloride form, a macroporous structure,
strong-base functional groups, and medium pore size and
porosity [30,31]. Compared with traditional anion exchange
resins, MIEX resin has two specific characteristics. Firstly, it
has magnetized iron oxide incorporated into the structure,
which aids agglomeration and settlement. Secondly, MIEX
resin has a relatively small particle size of 150-180 pm, which
is 2-5 times smaller than other traditional resins, providing
much greater external surface area [32,33]. According to pre-
vious studies, the specific surface of MIEX is 21.47 m?/g, and
the mean pore diameter is 16.96 nm. This high surface area
of MIEX resin leads to a fast ion exchange kinetics [34]. Due
to its excellent magnetic characteristic, MIEX can be easily
separated from water after adsorption [35-37]. However,
less research has reported the TBP removal characteristics
from water by MIEX. It is necessary to investigate the differ-
ent influencing factors of TBP adsorption on MIEX in batch
tests and it is also essential to evaluate the dynamic sorption
performance and characteristics by column test.

The overall objective of this study was to scientifically
evaluate the removal behaviors of TBP on MIEX from aque-
ous solution. The effects of contact time, initial TBP concen-
tration, pH, coexisting anions, coexisting cations, coexisting
organic matters and temperature were investigated in batch
tests. The adsorption kinetics under various operating con-
ditions were taken into consideration. The equilibrium iso-
therm curve was fitted by the Langmuir, Freundlich and
Temkin isotherm models. In addition, the sorption kinetics
was fitted by the pseudo-first-order model and the pseu-
do-second-order model. The thermodynamics parame-
ters including the free energy, enthalpy and entropy were
also calculated and discussed. Besides, The breakthrough
curve for the dynamic adsorption of TBP on fixed-bed col-
umn with MIEX was carried out systematically, and three
models were used to fit the breakthrough curve. The results
provided an outstanding comprehension of the sorption
process of TBP on MIEX, which developed an available and
promising method for water treatment.

2. Materials and methods
2.1. Materials and reagents

The MIEX resin was purchased from the China Agent of
Orica Watercare of Victoria, which was washed three times
by Millipore deionized water (DI water) to remove impurity
substances before being used. Scanning electron microscopy
(SEM) results were obtained from a TESCAN (Vega3XMU)
to observe the surface morphology of the MIEX resin.

TBP and Methanol (HPLC grade) were obtained from
Tanso Company (Shanghai, China). All other reagents used
in this study were reagent grade and supplied by Sino-
pharm Chemical Reagent (Shanghai, China). The stock
solutions of TBP, sulfate, carbonate, phosphate, and nitrate
were prepared respectively using their sodium salts, and
the stock solutions of ammonium, calcium and magnesium
were prepared using their sulphate salts. The standard
stock solution of TBP was diluted into various concentra-
tions if necessary. All the solutions throughout the experi-
ments were prepared by DI water.

2.2. Experimental procedures
2.2.1. Batch sorption isotherm tests

For batch sorption isotherm tests, 0.05 mL MIEX and
200 mL TBP solution with selected concentrations were
dispersed in 250 mL capped glass tubes. These tubes were
transferred into an incubator and shaken at 150 rpm and
298 K. The MIEX was then magnetically separated from
the suspension and the TBP concentration was measured.
After 24 h, the solution samples were taken out and filtered
by 0.45 pm membrane before analysis. All the experiments
were carried out in triplicate.

2.2.2. Kinetic tests

For batch kinetic tests, the experiments were carried out
in 250 mL capped glass tubes containing 0.05 mL MIEX and
200 mL TBP solution with two different initial concentra-
tions (1.0 mg/L and 2.0 mg/L). In each test, the glass tubes
were transferred into an incubator as before and shaken at
150 rpm and 298 K for 24 h. Then 2 mL samples were taken
out and filtered by 0.45 pm membrane for analysis at prede-
termined time intervals.

2.2.3. Independent variable tests

Independent variable tests were carried out to inves-
tigate the effect of initial solution pH (4.0-11.0) and tem-
perature (288.0 K-308.0 K) on TBP sorption. The pH and
temperature were varied within a certain range while other
solution parameters were kept constant. Stock NaOH or
HCI solution were used to adjust the initial pH of each
solution to the predetermined pH value. The detailed
experimental procedures were similar to the batch sorption
isotherm tests.

2.2.4. Effect of coexisting matter

The effect of coexisting anions on the sorption of TBP on
MIEX resin was investigated by adding a certain amount of
NO,, SO,*, HCO,  and HPO* stock solution to each test tube
to reach a preselected concentration. As for coexisting cations,
certain cation stock solutions, including NH,*, Ca*" and Mg*
were added to each test tube the same way. For the impact
of coexisting organic matter, certain amount of humic acid
(HA) was added to each tube at target concentrations ranging
from 0.0 to 30.0 mg/L. The initial concentration of TBP was
2.0mg/Lin all the experiments and the detailed experimental
procedures were similar to the batch sorption isotherm tests.
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2.2.5. Fixed-bed column tests

Fixed-bed column tests were carried out to explore the
dynamic removal of TBP from water by MIEX. An acrylic
column with 1.0 cm in diameter and 6.0 cm in height was
used in the MIEX resin-sand system. A 0.4 cm layer of MIEX
resin was put above a 0.5 cm layer of sand in the column.
The flow rate was monitored by a vacuum pump, which
was connected to the top of the column. In addition, 50 pm
membranes were placed at the inlet and outlet of the fixed-
bed column to distribute the water flow over the cross-sec-
tional area of the column. DI water was injected into the
column for 2 h after packing the column. The TBP solution
was continuously injected into the column with a flow rate
of 1.0 mL/min and the effluent samples were collected at
preselected time interval of 30 min. The concentration of
TBP in effluent was measured with liquid chromatography
and the breakthrough curve was fitted by three models.
When the effluent concentration of TBP equaled to the ini-
tial concentration, is was indicated that the fixed-bed col-
umn test was terminated.

2.3. Analytical methods

The concentration of TBP was determined by liquid
chromatography (LC-2030, Shimadzu corporation, Japan)
with a reversed phase C18 column (250 mm x 4.6 mm x
5 pm, VP-ODS). TBP was measured in a partial pressure
grade with methanol/water as mobile phase. The flow rate
of certain solution was kept at 1.0 mL/min and the injection
volume was 20 pL. The detection wavelength was 218 nm
and the temperature of the column was 308 K. The solution
pH were measured using a pH meter (Mettler Toledo). All
experiments were carried out in triplicate.

2.4. Mathematical equations and models
2.4.1. Calculations

The TBP uptake on MIEX can be calculated according
to Eq. (1).

g = GGV (1)

m

where g, (mg/g) represents the adsorbed amount of TBP at
time t, C and C, (mg/L) represent the initial liquid-phase
concentration and liquid-phase concentration at time t,
respectively. V (L) means the solution volume, and m (g)
represents the mass of MIEX.

Thermodynamics analysis will illustrate the sorption
characteristics of TBP on MIEX resin from the aspect of
energy change. The following Eqs.(2), (3) can be used to cal-
culate the thermodynamic parameters, containing standard
enthalpy change (AH, kJ/mol), standard entropy change
(AS?, J/mol K) and standard Gibbs free energy change (AG®,
kJ/mol).

AS°  AH°

R RT

InKD = )

AG" = AH’ —TAS° (3)
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where K (L/mL) is the distribution coefficient; R (8.314
J/mol K) is universal gas constant and T (K) is the tem-
perature.

Fixed-bed column tests were carried out to explore the
maximum absorbed amount of TBP on MIEX, which can be
calculated by Egs.(4)-(6).

t2
m= UJ‘C,dt (4)
0
m, =vt,C, &)
5= My ©)
w

where ¢, is the time for sorption equilibrium (h), v is the
flow rate (mL/min), m_is the mass of effluent TBP (mg), m,
is the total mass of TBTfpassed through the column (mg), S
is the saturation capacity of the dynamic sorption (mg/g),
w is the weight of the MIEX (g).

2.4.2. Kinetic models

Sorption kinetics reflects the removal efficacy of adsor-
bate on adsorbent as time elapsing. It is essential for
understanding the mechanisms of adsorption. Two kinetic
models, pseudo-first-order and pseudo-second-order
model, were used to fit the experimental data, which can be
expressed by Egs. (7), (8).

pseudo-first-ordermodel : In(q, — q,) = Ing, — k;t (7)
t 1 1

pseudo-second-ordermodel : — = — +—t (8)
9 k4" 4

where k and k, are the rate constants of the two models,
respectively, h, is the initial sorption rate, which can be
determined from the equation .

2.4.3. Isotherm models

The sorption process will reach equilibrium at a certain
temperature. The sorption isotherm is a relationship curve
that describes TBP sorption equilibrium characteristics.
The sorption isotherm is crucial and useful, it usually gives
some insights into the sorption mechanism, surface proper-
ties and affinity of adsorption. We can get lots of informa-
tion from it, such as comparing the sorption characteristics
with different adsorbents, elucidating the adsorption state
on adsorbent surface and even calculating adsorption
parameters. The isotherm experimental data was further fit-
ted by Langmuir, Freundlich and Temkin isotherm models,
including: Egs. (9)-(11).

Langmuir'&— C. + 1 9)
e qmax qﬁl[l)(b
Freundlich:logq, = -5 + logk ’ (10)
n
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Temkin: g, = BInC, + BInA (11)
where g, (mg/g) is TBP adsorption capacity at equilibrium
concentration, C,(mg/L), and g, (mg/g) is the maximum
adsorption capacity, b is the Langmuir model constant,
while n and k,are the Freundlich model constants. A and B
are the Temkin model constants. Correlation coefficient (R?)
was used to assess the validity of each isotherm models.

2.4.4. Breakthrough curve models

Three breakthrough curve models, the Thomas model,
the Yoon-Nelson model and the Clark model, were used to
fit the breakthrough curve, which can be expressed by Egs.
(12)—(16). The Thomas model, which follows the Langmuir
kinetics of adsorption-desorption, is one of the most gen-
erally used models in describing column performance and
predicting breakthrough curves. It assumes that the axial
dispersion in the column adsorption is negligible, since the
rate driving force obeys the second-order reversible kinet-
ics [38,39]. The Yoon-Nelson model is based on the suppose
that the decrease rate which is in the possibility of each
adsorbate molecule, is proportional to the possibility of
adsorbate adsorption and the adsorbate breakthrough [40,
41]. The Clark model assumes that the sorption behaviour
of adsorbates follows the Freundlich adsorption isotherm,
and the external mass transfer step determines the sorption
rate [42].

F

Thomas: Z, = ln(& -1) (12)
KaNO CB
C kTH OM
(= -1)=—1——k,,Ct 13
n( C ) 0 TH'-0 (13)
1 C,
Yoon-Nelson: t =T + —In( ) (14)
kKT "C,-C,
K=K"T (15)
Clark: ln[(%)”’1 —1]=InA—-rt (16)

where Z is the critical bed depth, where a plot of In[C,/C,
— 1] against ¢ gives a straight line from which the values of
k., and g, are determined from the intercept and the slope.
K'is the proportionality constant, where a plot of In[C,/C,
— 1] against t gives a straight line from which the values of
K" and T are determined from the intercept and the slope.
A and r are determined from the slope and the intercept of
plots of In((C,/C)*'~1) versus t.

3. Results and discussion
3.1. Sorption kinetic studies

3.1.1. Effect of contact time and initial TBP concentration

The sorption of TBP on MIEX was investigated as a
function of contact time at two different initial TBP con-

centrations (1.0 and 2.0 mg/L). The water samples were
taken at preconcerted time intervals of 5, 10, 30, 60, 90, 120,
180, 240, 300, 600, 900, 1200 and 1440 min. A smooth curve
leading to the adsorption equilibrium of TBP is shown in
Fig. 1. According to Fig. 1, the TBP removal increased with
the contact time increasing. The uptake of TBP on MIEX
dramatically increased within initial 300 min, then the
uptake slowly increased as time elapsed from 300 to 600
min and there was no significant change after 600 min. It is
clear to say that the sorption process of TBP on MIEX resin
reached equilibrium within 600 min in this study. There
are several causes for this phenomenon. Firstly, the num-
ber of accessible vacant surface exchange sites is enough
for TBP at the beginning of sorption, and the possibilities
of interaction between the sorption sites and TBP mole-
cule are greater in higher initial concentration, which is
necessary to adsorption occurrence. As sorption process
continues, these sorption sites are occupied by TBP and
it is more difficult for the occupation of remaining sites
due to the repulsive forces between the TBP molecules and
MIEX [43]. Secondly, high TBP concentration solution has
greater concentration gradient which results in the TBP
adsorbed on the surface of MIEX migrating into the pores.
It may provide additional sites for adsorption of more
TBP. As for the sorption of other pollutants onto MIEX, the
trend was similar [44].

3.1.2. Modeling of sorption kinetics

Two kinetic models were used to determine the sorp-
tion mechanism of TBP on MIEX resin at two different
initial TBP concentrations and potential rate controlling
steps. The data of the experiment were fitted by the pseu-
do-first-order model and the pseudo-second-order model
according to Egs. (7), (8) respectively, and the fitting results
are listed in Table 1. The values of correlation coefficients
for the pseudo-second-order model were higher than those
of the pseudo-first-order model, which reveals that the
pseudo-second-order model can fit the sorption of TBP on
MIEX resin well. The pseudo-second-order model is based

40.0
350 F ° ° (]
o 30.0
? 250
]
2 20.0 -
|5 G o a
@ 150 -
=9
E 100 F 0 1.0mgL TBP
L ® 20mgL TBP
50 —— Pseudo-first-order model
Pseudo-second-order model
0.0 1 . 1 . 1 . 1 .
0 300 600 | 900 1200 1500
T(min)

Fig. 1. Effect of contact time and initial concentration on TBP
sorption (MIEX = 0.25 mL/L; shake speed = 150 rpm; pH = 7.80;
temperature = 298 K).
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on the assumption that chemical sorption is the rate-lim-
iting step, containing covalent forces through sharing
or exchanging of electrons between the MIEX resin and
TBP [45-47]. Therefore, we can perorate that the sorption
process of TBP on MIEX is a chemical sorption process.
Additionally, the equilibrium sorption capacities (g,,)
calculated from the pseudo-second-order model at two
different initial TBP concentrations were 18.07 and 39.48
mg/g respectively, which were close to the experimental
results (qem). As shown in Table 1, with the initial TBP con-
centration of 1.0 and 2.0 mg/L, the initial sorption rate h,
obtained from the pseudo-second-order model increases
from 0.23 to 0.34. This phenomenon may be explained by
the fact that the concentration gradient between the lig-
uid and solid phase can be elevated in higher initial TBP
concentration, leading to the increase in sorption driving
force [48].

3.2. Effect of pH

As shown in Fig. 2a, the influence of pH on the sorp-
tion of TBP on MIEX resin was investigated with the ini-
tial pH value ranging from 3.59 to 10.85. It is indicated
that pH is an important influencing factor on the sorp-
tion of TBP on MIEX resin and the sorption capacity is
relatively high at pH = 7.80. The uptake of TBP increased
from 20.80 mg/g to 34.30 mg/g when increasing the ini-
tial pH from 3.59 to 7.80, and sharply decreased from
34.30 mg/g to 22.32 mg/g when increasing the initial

Table 1
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pH from 7.80 to 10.85. Competing adsorption of chloride
and hydroxide ions introduced by hydrochloric acid and
sodium hydroxide, which were used to adjust various
pH values of the solution, may lead to the dependence
of MIEX on pH value [49]. In the ionization of TBP, an H*
proton is released from the phenolic group: TBP — TBP-
+ H* , the TBP and TBP-distribution fraction in water are
shown in Fig. 2b [50]. TBP has a proton-binding site, car-
boxyl group with pKa value of 7.5. When the pH value
exceeds 7.5, TBP exists mainly in the form of TBP-, while
the electrostatic repulsion between the net negatively
charged MIEX and phenoxy anions results in a decrease
of sorption [51]. Furthermore, TBP can form a complex
with sodium ions when the pH value was above 10, so
there was less TBP uptake by MIEX resin in high pH [50].
In consideration of the pH value of natural water bod-
ies generally varies from 6.0 to 9.0, the high removal rate
of TBP on MIEX resin in the wide pH range proves that
the MIEX resin is appropriate to apply in removal of TBP
from natural water bodies.

3.3. Effect of coexisting anions and cations

A variety of inorganic cations and anions are generally
present in natural water bodies. In this study, the impacts of
different anions, including NO,", SO,*, HCO,  and HPO*,
different cations, including NH,*, Ca**, and Mg*", on TBP

Fitting parameters of TBP sorption on MIEX resin using the pseudo-first-order and the pseudo-second-order kinetics model

C,(mg/L) yrop (ME/8) Pseudo-first-order model Pseudo-second-order model
9o (M8/8) K, (mg/g min) R’ q,..(mg/g) K,(mg/g min) R
1.0 17.29 16.43 0.0089 0.941 18.07 7.04 10 0.980
2.0 35.82 34.89 0.0070 0.975 39.48 2.2110+ 0975
40.0 100
(@) (b)
350 - 80
0 I / \l
L]
oot — 3 o
; <
2 ] £
5250 g 40
@ s —a— TBP
E L] = —e— TBP]
200p ® 201
150 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 0 A 1
30 40 50 60 70 80 90 100 110 120 2 4 6 8 10 12
pH
pH

Fig. 2. (a) Effect of pH on TBP sorption (MIEX = 0.25 mL/L; T = 298 K; TBP = 2.0 mg/L). (b) The species distribution of TBP in water

among the whole pH range.
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Fig. 3. Effect of major anions and cations on TBP sorption (MIEX
=0.25mL/L; T =298 K; TBP = 2.0 mg/L; pH = 7.80).

removal were carried out at the pH value of 7.80 and the
results are shown in Fig.3. The concentrations of these
anions and cations varied from 0.0 to 30.0 mg/L, whereas
the initial concentration of TBP was 2.0 mg/L in all the
experiments. As shown in Fig. 3, the inhibitions of NO,,
HCO,  and NH,* were not significant even at very high con-
centrations (30.0 mg/L), they had little inhibition on TBP
sorption on MIEX in this study. Meanwhile, the presence
of SO,>, HPO,*, Ca* and Mg* could drastically decrease
TBP removal and SO* and Mg* had stronger inhibition.
The impacting level that different types of anions have on
TBP removal followed the sequence: SO,* > HPO,> > HCO,
> NO,". The results of cations could be represented by the
order: Mg* > Ca* > NH,*. The SO,*, HPO,*, Ca** and Mg**
ions are competing ions for the adsorption of TBP. This phe-
nomenon could be explained by the competition between
different types of anions or cations and TBP for the active
sorption sites on the MIEX surface [52,53].

3.4. Effect of natural organic matter

Natural organic matter (NOM) is generally appear-
ing in natural water body, which has a significant effect
on water quality. Humic acid (HA) is one of the repre-
sentative of naturally occurring macromolecular organic
matter, which exists in surface water and groundwater
ubiquitously, and plays an important role in the leaching,
translating and degrading of organic pollutants. Accord-
ing to the structure of HA, a large amount of quinines and
phenolic moieties exist, and the competition for oxidative
species is the main cause for the inhibition of HA [54]. In
this study, the effect of HA on TBP removal was deter-
mined by varying HA concentration from 0.0 to 30 mg/L.
In all the experiments, the initial TBP concentration was
2.0 mg/L and the initial pH was 7.80. As shown in Fig. 4,
the TBP uptake decreased from 35.75 to 15.79 mg/g while
the concentration of HA increased from 0.0 to 30.0 mg/L.
The results indicated that HA had an obvious effect on the
removal of TBP on MIEX resin. The competition of HA and
TBP for sorption sites resulted in reducing the TBP sorp-
tion on MIEX resin.

40.0

3501

5 8

(=] (=]

T T
<

TBP sorbed (mg/g)
g
<4

150 | v

1 1 1 1 1
0.0 5.0 10.0 15.0 20.0 250 30.0 350

Fig. 4. Effect of coexisting HA on TBP sorption (MIEX = 0.25
mL/L; T =298 K; TBP = 2.0 mg/L; pH = 7.80).

3.5. Sorption thermodynamics studies
3.5.1. Effect of temperature

Fig. 5 illustrates the effect of temperature on TBP
removal by the MIEX resin, which was investigated by
varying the temperature of solution from 288 to 308 K.
It can be seen from Fig. 5 that TBP sorption on MIEX
increased as the temperature increased. The maximum
amount of TBP adsorbed slightly increased from 65.16 to
69.66 mg/g with temperature increasing from 288 to 308
K. This phenomenon indicated that the temperature of
solution has certain effect on TBP removal, and the sorp-
tion of TBP on MIEX resin was an endothermic process in
nature. This indicates that MIEX can be used to remove
TBP in a certain range of temperature raw water, it can
be used not only in summer but also in winter. It is well
known that the solution viscosity decreases with tempera-
ture increasing, which permits the improved diffusion of
TBP across the external boundary layer and in the internal
pores of the MIEX resins. The sorption capacity relatively
highly increased at higher temperature, it may be partly
resulted from its greater external surface area and smaller
particle size [44,55].

3.5.2. Sorption isotherm

The sorption isotherm can conveniently present the
relationship between equilibrium concentration and
equilibrium adsorption capacity at certain temperature.
The sorption isotherm usually provides some insight
into the sorption mechanism, surface properties and
affinity to adsorbent. Three adsorption isotherm mod-
els, Langmuir, Freundlich and Temkin model, were
used to fit the sorption equilibrium data and the fitted
constants for the three models are listed in Table 2. The
results of the adsorption equilibrium of TBP on MIEX
resin at three temperatures are given in Fig. 5. The
Langmuir model is based on perfect adsorbent surface
and monolayer sorption on specific homogenous sites,
meanwhile, the Freundlich model represents sorption
process on heterogeneous surfaces [56,57]. The Temkin
model reflects the effects of indirect interactions among
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Table 2
Isotherm parameters for TBP sorption on MIEX resin

T(K) Langmuir Freundlich Temkin
q,(mg/g) b (L/mg) R? k, n R? A B R?
288 68.72 6.02 0.884 62.26 2.80 0992 105.31 12.68 0937
298 72.24 6.26 0.909 67.51 2.69 0.995 96.83 13.76 0.947
308 75.49 6.53 0.927 72.78 2.61 0.991 91.57 14.78 0951
Table 3
700 - L, Thermodynamic parameters of TBP sorption on MIEX resin
- =

60.0 I Thermodynamic constant T (K)
—_
§ 288 298 308
E500F AG? (KJ/mol) -13913 -14.499 -15.087
T 5 IRK AH® (K] /mol) 299

= 40.0 |- ® 298K 0
S % 38K AS° (J/mol K) 58.712
A —— Langmuir
E 00+ 27| Freundlich
| 2 - Temkin
200 _,/ 3.6. Column test
1 1

0.0 0.2 04 1.0 1.2

L 1 L 1
0,6 0.8
Ce (mg/L)
Fig. 5. Sorption isotherms of TBP on MIEX at different tempera-
tures (MIEX = 0.25 mL/L; pH = 7.80). The solid lines represent
non-linear curve fitting by Langmuir model; the dash lines

represent non-linear curve fitting by Freundlich model; the dot
lines are the curve fitting by Temkin model.

adsorbates during the sorption process [58]. As shown
in Table 2, the maximum sorption capacity is 72.24 mg/g
based on the Langmuir model. However, the sorption
isotherm of TBP could be fitted better by the Freundlich
model with the higher correlation coefficient values (R?
> 0.980).

3.5.3. Sorption thermodynamics

Egs. (2), (3) were used to calculate the values of the
Gibbs free energy change AG’, the enthalpy change AH®,
and the entropy change AS° for the sorption of TBP on
MIEX resin at different temperatures and the results are
shown in Table 3. In this study, the AG’values were neg-
ative at all temperatures, which indicated that the sorp-
tion of TBP on MIEX resin was spontaneous. Meanwhile,
with the temperature increasing from 288 K to 308 K, the
values of AG°were similar to each other, showing that the
removal of TBP on MIEX resin was independent of the
temperature. The AH" values were found to be positive,
implying that during the sorption the heat was absorbed,
which proved the sorption of TBP on MIEX resin was an
endothermic process, so the rise in temperature does favor
to the adsorption process. In addition, the positive value
of AS" demonstrated the increased in randomness at the
solid /liquid interface after sorption.

Gupta has proposed the primary sorption zone (PAZ)
concept, which could be used to analyze the breakthrough
data of TBP adsorption on MIEX resin in the fixed-bed col-
umns. The PAZ formed as a narrow band during the TBP
injected into the fixed-bed initially. With the column test
continued, the upper layers of MIEX resin became saturated
and the PAZ advanced downward through the column
until it reached the bottom of the column. At that moment,
the column began to be broken [59,60].

The breakthrough curves and the fitted results used
three different models following Egs. (12)—(16) are shown
in Fig. 6 and Table 4. As shown in Table 4, due to the higher
correlation coefficient values, the breakthrough curve of
TBP could be fitted better by the Yoon-Nelson model and
Thomas model than the Clark model. According to the
above equations, the maximum amount of TBP adsorbed
on MIEX were 32.11 mg/g [61]. Because the adsorbent at the
bottom of the column could not play the same role as the
adsorbent at the top of the column, the dynamic sorption
saturation capacity of TBP on MIEX was less than the static
sorption capacity, 35.75 mg/g. According to the fixed-bed
column test, MIEX was still indicated to have a high sorp-
tion capacity for TBP removal, so it came to the decision
that MIEX could be an efficient and promising adsorbent in
water treatment field.

3.7. Adsorption mechanism

The FTIR spectroscopy for the characterization of MIEX
resin before and after adsorption are shown in Fig. 7. Both
types of MIEX resin exhibited similar characteristic peaks
over the spectrum ranging from 500 to 4000 cm™, which
indicates that the TBP adsorption does not change the basic
structure of the MIEX, consistent with the result of SEM
images in Fig. 8. There is no obvious visible change in the
surface of MIEX resin before and after adsorption. The main
functional groups and the corresponding infrared bands
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were shown in Table 5. The sorption peak of C=0 at 1720
cm™ became weaken after adsorption, which may result
from the formation of hydrogen bonds between C=0O and
water molecule [62-64]. The fingerprint region, sorption
peaks at 1558 cm™, appeared after the adsorption, which
represented the C=C groups in TBP benzene ring. There-
fore, the adsorption of TBP on MIEX resin mainly depended
on the hydrophobic interaction of the benzene ring and
hydrogen bonds [65,66].

3.8. Regeneration and reusability

In order to make the sorption process viable, efficient
regeneration and reuse test is necessary. For this purpose,
MIEX resin saturated with TBP was regenerated by 1 M
different regenerant solutions, including DI water, sodium
chloride, hydrogen chloride and sodium hydroxide. After
regeneration, MIEX resin was reconditioned using DI water
to remove the excess regenerants. The performance of the
regenerated resin was evaluated over three successive
cycles. Reusability efficiency of MIEX resin for TBP adsorp-
tion is shown in Fig. 9. The highest TBP removal efficiency
was near 90%, and others ranged from 80% to 90%. Each
regenerant had an excellent regeneration capacity for MIEX
resin, especially the sodium hydroxide. This demonstrated
that MIEX resin had high reusability and was a perfect sor-
bent for TBP removal from water.
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Table 4
Dynamic model fitting parameters of TBP sorption onto MIEX resin
Thomas model Yoon-Nelson model Clark model
K., (mL/ (mg min)) g, (mg/g) R? K (mg/mL) T (1/h) R? A r(1/h) R?
0.069 23.77 0.995 0.138 16.10 0.995 43865.0 0.384 0.985
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Fig. 9. Reusability efficiency of regenerated MIEX resin for three
cycles ( regenerant concentraton = 1 mol/L; T = 298 K; TBP = 2.0
mg/L; pH = 7.80; contact time = 10 h).

4. Conclusions

MIEX resin is an efficient material for TBP removal from
aqueous solutions. The removal of TBP on MIEX resin is
concentration dependent, and the uptake value increased
with increasing initial TBP concentrations. The highest
removal capacity of TBP on MIEX resin was obtained with
the pH value of 7.80. The kinetics characteristics of TBP on
MIEX resin can be well fitted by the pseudo-second-order
model. The significant effect on TBP removal of coexisting
anions kept the order: SO,>> HPO,*> HCO, > NO,". The
same order of coexisting cations was given: Mg* > Ca*" >
NH,*. The equilibrium sorption of TBP on MIEX resin at 298
K can be well described by the Freundlich isotherm model.
The uptake of TBP increased with the solution temperature
increasing from 288 to 308K, and temperature had tiny influ-
ence on the removal of TBP. The thermodynamics studies
showed that the sorption of TBP on MIEX resin was a ther-
modynamically feasible and spontaneously endothermic
process naturally. The column test indicated MIEX could
remove TBP efficiently under continuous flow with a maxi-
mum TBP adsorbed amount of 32.11 mg/g. The adsorption
of TBP on MIEX resin mainly depended on the hydrophobic
interaction of the benzene ring and hydrogen bonds. The
results in this study show that MIEX has a good potential to
be used as a sorbent for TBP removal from water.
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