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ABSTRACT

Poly(styrene-divinyl benzene) (St-DVB) magnetic porous microspheres were prepared by
sulfonation for the adsorption of 2,4-dichlorophenol(2,4-DCP) and 2,4,6-trichlorophenol
(2,4,6-TCP) from aqueous solution. The as-prepared microspheres were characterized by
FT-IR, XRD, SEM, TGA, VSM, and N, adsorption—desorption techniques, showing that the
as-prepared microspheres were porous and had good magnetism (Ms = 40 emug '). The
adsorption performance of St-DVB magnetic porous microspheres were investigated by
batch mode adsorption experiments with respect to pH, temperature, initial concentration,
and contact time. The St-DVB magnetic porous microspheres were sensitive to pH. The
equilibrium data was better fitted to the Langmuir isotherm model than the Freundlich
model. The kinetics experimental data was well fitted to the pseudo-second-order model.
The thermodynamic parameters were calculated by the Gibbs free energy function, reveal-
ing that the adsorption process was spontaneous and endothermic. Furthermore, the
St-DVB magnetic porous microspheres had good recycling performance.

Keywords: ~ Suspension  polymerization; Sulfonation; Magnetic porous adsorbent;
2,4-Didichlorophenol; 2,4,6-Trichlorophenol; Adsorption

1. Introduction However, at the same time, chlorophenols are one of
the most common organic pollutants, which have been
listed as priority pollutants by Environmental Protec-
tion Agency (EPA) [3]. Wastewater containing
chlorophenols do great harm to human body and
*Corresponding authors. aquatic organisms [4]. According to EPA, permissible

Chlorophenols are important raw materials in the
synthesis of dye, pesticide, and pharmaceuticals [1,2].

1944-3994/1944-3986 © 2014 Balaban Desalination Publications. All rights reserved.


mailto:jlsdyp@126.com
mailto:pjm@126.cn
mailto:yys@ujs.edu.cn
mailto:jsdxtzj@126.com
mailto:30880142@qq.com
mailto:22043776@qq.com
http://dx.doi.org/10.1080/19443994.2014.950988

P. Yu et al. | Desalination and Water Treatment 56 (2015) 1610-1621

level of chlorophenols concentration in wastewater is
0.1 mgL™". The World Health Organization sets a limit
of chlorophenols concentration as 0.001mgL™" in
potable water [5]. In these cases, effective removal of
chlorophenols from aquatic environment is of great
importance in environmental protection.

Various techniques and methods, such as photocat-
alytic degradation [6], chemical oxidation [7], biologi-
cal degradation [8], solvent extraction [9], membrane
separation [10], and adsorption [11], have been stud-
ied and used to deal with the chlorophenol-contained
wastewater. Among these methods, adsorption is
found to be the most effective treatment method due
to its high efficiency, high selectivity, easy handling,
and easy regeneration [2]. Activated carbon is the
most common adsorbent used in the removal of chlor-
ophenols from wastewater. But the activated carbon is
of high cost due to hard regeneration [12]. It is signifi-
cant to develop an alternative adsorbent with high
adsorption capacity and easy regeneration.

In recent years, porous polymer adsorbents have
been attracted much attention due to their low cost,
low density, high porosity, simple handling, and easy
functionalization. A variety of porous polymer adsor-
bents have been synthesized and widely applied to the
removal of chlorophenols from aqueous solutions. The
porous polymer microspheres are commonly prepared
by the emulsion polymerization, bulk polymerization,
suspension polymerization, and dispersion polymeri-
zation. Among these methods, suspension polymeriza-
tion has been regarded as the most efficient and simple
method, giving highly pure products with porosity,
large adsorption capacity, and high-specific surface
area. Various types of adsorbents, such as vinyl ace-
tate/methyl methacrylate [13], glycidyl methacrylate
[14], and vinylphosphonic acid/methacrylic acid [15]
were prepared by the suspension polymerization
method. The conventional adsorbents have drawbacks
of tedious centrifugation or filtration in separation pro-
cess, which can be well addressed by magnetic adsor-
bents [16]. However, most of the magnetic adsorbent
materials suffer the drawbacks of the uneven distribu-
tion of iron oxide magnetic nanoparticles. Recently,
magnetic porous adsorbents prepared by sulfonation
were found to show well-distribution of magnetic iron
oxide [17,18]. For example, sulfonated polystyrene
divinyl benzene polymers were conducive to form a
uniform distribution of magnetic porous particles [19].

In the present work, an alternative method was
developed to synthesize magnetic porous polymer
microspheres. Firstly, styrene-divinyl benzene (S5t-DVB)
porous microspheres were prepared by the suspension
polymerization. Then, the as-prepared porous
microspheres were coated with sulfonic acid group by
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sulfonation with sulfuric acid as surface modification
agent. After several times of ion exchange and oxidation
process, magnetic porous microspheres were obtained.
The resulting magnetic porous polymer microspheres
were characterized by FT-IR, XRD, SEM, TGA, and N,
adsorption—desorption techniques. 2,4-Dichlorophenol
(2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) were
selected as two typical phenolic pollutants to evaluate
the adsorption capacity of the adsorbents. The adsorp-
tion properties such as equilibrium isotherm, thermo-
dynamics, and kinetics performance were investigated
through the batch mode adsorption experiments.

2. Experimental
2.1. Materials

2,4-Dichlorophenol (2,4-DCP) and 2,4,6-trichloro-
phenol (2,4,6-TCP) were purchased from the Tianda
Chemical Reagent Factory (Tianjin, China). Styrene
(St), toluene, sodium chloride, methylene dichloride,
and methyl alcohol were supplied by Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Azodii-
sobutyronitrile (AIBN), Divinyl benzene (DVB), and
cyclohexanol were obtained from Aladdin reagent Co.,
Ltd (Shanghai, China). Sulfuric acid (98%), hydrogen
peroxide, ferrous chloride tetrahydrate and hydroxide
were purchased from Shanghai Zhongshi Chemical
Reagent Co., Ltd (Yangzhou, China). Deionized ultra-
pure water was purified with a Purelab Ultra (Organo,
Tokyo, Japan). All other chemicals used were of ana-
lytical grade and obtained commercially.

2.2. Preparation of St-DVB porous microspheres

The synthesis process of St-DVB porous micro-
spheres was followed by a modified suspension poly-
merization [20]. The process steps include: first,
sodium chloride (1.5g) was dissolved into 75mL of
deionized ultrapure water. Then, hydroxyethyl cellu-
lose (0.9 g) was added to the above solvent with stir-
ring at room temperature for 15min to form aqueous
phase. The organic phase was composed of monomer
(b mL styrene and 7.5 mL divinylbenzene), initiator
(0.25 g azodiisobutyronitrile), and porogen (4.2 mL tol-
uene and 6.25mL cyclohexanol). After fully stirred, a
stable emulsion was obtained by mixing the aqueous
phase and organic phase together under ultrasonic
treatment for 30min. Then the emulsion was
transferred into a 250 mL three-necked flask equipped
with a condenser, N, inlet, and magnetically stirred
for 1.0 h under nitrogen gas protection. Thereafter, the
temperature was increased to 70°C and the reaction
was allowed to proceed with a stirring rate of
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800 rpm min~"' for 24 h. Subsequently, the obtained St-
DVB porous microspheres were washed with ethanol,
acetone, and deionized ultrapure water for three times
in order to remove water-soluble impurities. Finally,
the microspheres were extracted with methylene
dichloride in a Soxhlet extractor to remove organic
impurities, which is followed by washing with deion-
ized ultrapure water and methanol for three times; the
purified St-DVB porous microspheres were dried
under vacuum for 24 h. [21]

2.3. Preparation of St-DVB magnetic porous polymer
microspheres

The St-DVB magnetic porous microspheres were
prepared as follows:

(1) The surface modification process: Two gram of
5t-DVB porous microspheres and 25.0 g of sul-
furic acid (98%) were added into a 50 mL three-
necked flask, and the mixture was stirred at
50°C for 5.0h. The obtained yellow viscous
liquid was washed with acetone for three times.
Sulfonated polystyrene microspheres were col-
lected and dried at 80°C under vacuum; the
quality of the products obtained was 1.5 g.

(2) Ion exchange process: 1.5 g sulfonated polysty-
rene microspheres and 65.0 mL ferrous chloride
tetrahydrate (1.0mmol) were added into a
three-necked flask, and then the mixture was
stirred at room temperature for 24 h to ensure
adequately ion exchange.

(3) Oxidation process: After the ion exchange, the
obtained microspheres were washed with
deionized ultrapure water and filtered with
sand core funnel to remove the organic impuri-
ties. Thereafter, the microspheres were trans-
ferred into another 250 mL three-necked flask,
and then 40 mL deionized ultrapure water and
40 mL sodium hydroxide (3.75molL™") solu-
tion were also added into the flask. The mixture
was stirred at 200 rpm min~' and the tempera-
ture was increased to 60°C. Subsequently, 20
mL of hydrogen peroxide (30 wt%) solution
was added dropwise under vigorous stirring.
After 15 min, the flask was sealed and the reac-
tion was maintained at 60°C for 1.5h. Finally,
the resultant microspheres were washed with
deionized ultrapure water in an ultrasonic
cleaning machine to neutral and then dried at
70°C under vacuum for 24 h.

In this work, in order to improve the mass fraction
of magnetic nanoparticles in the microspheres, the ion
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exchange and oxidation process were repeated for
three times. The resulting magnetic porous polymer
microspheres were obtained.

2.4. Instruments and apparatus

The shape and surface morphology of the St-DVB
magnetic porous microspheres were carried out on a
scanning electron microscope (FE-SEM, S-4800). Fou-
rier transmission Infrared spectra (4,000-400 cam™ )
were recorded on a Nicolet NEXUS-470 FT-IR appara-
tus (USA). Magnetic measurements were carried out
using a VSM (7,300, Lakeshore) under a magnetic
field. Raman spectra were recorded in the range of
200-800 cm ™' using a WITEC Spectra Pro 23001 spec-
trometer equipped with an Ar-ion laser, which pro-
vided a laser beam of 514 nm wavelength [22]. The
thermo gravimetric analysis and differential scanning
calorimetric were carried out using a DSC/DTA-TG
(STA 449C Jupiter, Netzsch, Germany) under a nitro-
gen atmosphere up to 800°C with a heating rate of
5.0°C min~'. The photographs of the magnetic separa-
tion were obtained by Canon IXUS125 HS. Elemental
analysis was carried out on an elemental analyzer
(Elementary, Hanau, Germany). The identification of
crystalline phase was performed using a Rigaku D/
max-yB X-ray diffractometer (XRD) with monochroma-
tized Cu Ko radiation over the 26 range of 20-80° at a
scanning rate of 5.0° min~'. High performance liquid
chromatography (HPLC, Shimadzu, Japan) is
equipped with a UV detector for the detection of phe-
nolic compounds (2,4-DCP and 2,4,6-TCP). The injec-
tion loop volume was 20 pL, and the mobile phase
consisted of deionized ultrapure water and methanol
with a volume ratio of 70:30 for 2,4-DCP and 72:28 for
2,4,6-TCP, respectively. The flow rate of the mobile
phase was 1.0 mL min™" [23].

2.5. Adsorption studies

The experimental environment parameters, such as
pH, temperature, initial concentration, and contact
time on the adsorptive removal of 2,4-DCP and 2,4,6-
TCP were studied by a batch mode of experiments.

To determine the effect of solution pH on the
adsorptive removal of 2,4-DCP and 24,6-TCP from
aqueous solution, 10 mg of St-DVB microspheres were
dispersed in 10mL of solution containing 100 mg L™
24-DCP or 2,4,6-TCP. The solution initial pH value
was adjusted from 2.0 to 8.0 by using 1mol L™" HCI
and NHj3-H,O solutions. The mixture solutions were
stewed in thermostatic water bath at 25°C for 12 h.

Equilibrium experiments were performed by
contacting 10 mg St-DVB microspheres with 10 mL of
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24-DCP (pH = 2.0) or 2,4,6-TCP (pH = 3.0) solutions
with various initial concentrations from 10 to
400mgL™". The mixture solutions were stewed in
thermostatic water bath at 25°C for 12 h.

Adsorption kinetics experiments were studied over
an reaction time that varied from 10 to 480 min. Ten
milligram of St-DVB microspheres were added into
10mL of solution containing 100mgL™" 2,4-DCP or
2,4,6-TCP which the solution pH of 2.0 for 2,4-DCP
and 3.0 for 2,4,6-TCP, respectively. The temperature
was kept at 25°C in a thermostatic water bath.

After the desired time, St-DVB magnetic porous
microspheres were separated from the solutions by an
external magnetic field. Then the residual concentra-
tion of 2,4-DCP and 2,4,6-TCP in aqueous solutions
were determined with a UV spectrophotometer. The
maximum absorbance values were set at 282nm for
2,4-DCP and 290 nm for 2,4,6-TCP, respectively.

Moreover, the equilibrium adsorption capacity (Q,,
mg g~ ') was calculated according to Eq. (1):

_(G-C)V

Qe W

(1)

where Cp (mgL™") is the initial concentration,
C, (mgL™) is the equilibrium concentration of adsor-
bate (2,4-DCP or 2,4,6-TCP), V(L) is the solution vol-
ume, and W (g) is the weight of the adsorbent.

2.6. Regeneration

Regeneration study of the St-DVB magnetic porous
microspheres was conducted by using methanol/
acetic acid (90:10, v/v) solution as desorption eluent.
Adsorption process was first followed by the previous
steps. Then the St-DVB magnetic porous microspheres
with adsorbed 2,4-DCP and 2,4,6-TCP were separated
rapidly from the solutions by an external magnetic
field, and a UV spectrophotometer was used to ana-
lyze the remnant concentrations of 2,4-DCP and 2,4,6-
TCP. Subsequently, the adsorbents were washed with
5 mL desorption eluent, after separation and vacuum
drying for 12 h, microspheres were once again added
into 2,4-DCP and 2,4,6-TCP solutions. To investigate
the regenerability of the adsorbents, the adsorption
and desorption cycles were repeated for three times.

3. Result
3.1. Characterization of St-DVB

The FT-IR spectra of the St-DVB porous micro-
spheres and St-DVB magnetic porous microspheres
are shown in Fig. 1. The main functional groups of the
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predicted structure can be observed with correspond-
ing infrared adsorption peaks [11]. As shown in
Fig. 1(a), the adsorption peaks appearing at 3,080 and
3022cm™ ! were attributed to the asymmetric and
symmetric stretching vibration of C-H bond of the
benzene ring in polystyrene. The adsorption peak at
2,925cm™" could be attributed to the asymmetric and
symmetric stretching vibration of CH,. The adsorption
peaks at 1,939, 1,871, and 1,804 cm™ ! were due to the
frequency doubling peak of the benzene ring. The
strong peaks around 1,600 and 1,450 cm” ! were attrib-
uted to the asymmetric and symmetric stretching
vibration of C-C=C. As shown in Fig. 1(b), the adsorp-
tion peaks which appeared at 1,175 and 1,130 cm™’
were attributed to the asymmetric and symmetric
stretching vibration of S=O group. As compared to
Fig. 1(a), the characteristic adsorption peak of the
polystyrene originally appearing at 1,015cm™' was
divided into two peaks at 1,035 and 1,005 cm
respectively, and the adsorption peaks at 1,950 and
1,700cm™" disappeared when the polystyrene was
added after sulfonation. The results revealed that the
sulfonic group was successfully introduced into the
molecular chain of polystyrene [24].

The X-ray diffraction (XRD) patterns of Fe;O, and
St-DVB magnetic porous microspheres are shown in
Fig. 2. Six XRD diffraction peaks appearing at
20 = 30.08, 35.49, 42.97, 53.21, 56.90, and 62.54 were
indexed to 220),(311),(400),422),(511), and
(4 4 0) planes of Fe;O4 (JCPDS 39-1346) [25]. The XRD
diffraction pattern of St-DVB magnetic porous micro-
spheres was similar to that of Fe;O4. The strength of
XRD diffraction peaks of St-DVB magnetic porous
microspheres was slightly lower than that of Fe;O,,
which could be attributed to the cover of polymer.
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Fig. 1. FT-IR spectra of St-DVB porous microspheres (a)
and St-DVB magnetic porous microspheres (b).
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Fig. 2. XRD patterns of Fe;O, (a) and St-DVB magnetic
porous microspheres (b).

The results showed that the internal magnetic material
in the St-DVB magnetic porous microspheres was
Fe;0,4. The introduction of Fe;O, into St-DVB porous
microspheres did not change the crystal structure of
F€3O4.

Fig. 3 showed the SEM images of the as-prepared
and spent St-DVB microspheres. As shown in
Fig. 3(a), the as-prepared St-DVB particulates were
spherical microparticles with the average particle sizes
of 7um. The amplified SEM image (Fig. 3(b)) clearly
shows that the surfaces of St-DVB microspheres were
porous with a number of cavities. Fig. 3(c) shows the
morphology of the spent St-DVB microspheres after
recycle for 3 times. The surfaces of the spent St-DVB
microspheres appeared leading to a peeling phenome-
non due to the effect of eluent with acidity, but as can
be seen from Fig. 3(d), the surfaces of the
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microspheres still had many cavities, which ensured
that the spent St-DVB microspheres still had good
adsorption performance. Furthermore, the surface
energy spectrum diagram is shown in Fig. 3(e). It fur-
ther confirmed the presence of the magnetic materials
in the microspheres.

The magnetic hysteresis loop of the magnetic por-
ous microspheres was recorded by VSM at room tem-
perature. As shown in Fig. 4(a), the general shape and
trend of the curve indicated that the St-DVB micro-
spheres were super paramagnetic [26]. The magnetic
saturation value of the microspheres was 40 emug ',
showing that the microspheres had strong magnetic
responsiveness. Fig. 4(b) shows that the magnetic
properties of the microspheres and magnetic micro-
spheres hybrid solution could be effectively separated
by an external magnetic field. Fig. 4(c) shows that the
magnetic leakage of the magnetic porous microspheres
was weak. The results showed that the magnetic
microspheres were stable.

The TGA and DTA profiles of the St-DVB magnetic
porous microspheres are shown in Fig. 5. It was obvi-
ous that the TGA profile exhibited a weight loss of ca.
8%, accompanied with an endothermic peak around
100°C in the DTA profile due to the evaporation of
water molecules. An exothermic peak ranging from
450 to 500°C was shown in DTA profile, which was
accompanied with obvious weight loss in TGA profile
due to the rapid polymer decomposition. When the
temperature was higher than 800°C, no obvious
weight loss was observed. The results showed that the
magnetic content in the ST-DVB magnetic porous
microspheres was ca. 40%.

The specific surface area and porous properties of
St-DVB microspheres were investigated using the N,
adsorption—-desorption measurement. Fig. 6(a) shows

Fig. 3. SEM images of St-DVB microspheres (a), surface detail (b), microspheres after regeneration (c), surface detail (d),

and energy spectrum diagram (e).
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Fig. 5. TG/DTA curve of St-DVB microspheres.

the N, adsorption—-desorption isotherm of the St-DVB
porous magnetic microspheres. The specific surface
area of St-DVB porous magnetic microspheres was ca.
429m?g!.  According to the Brunauer-Deming-
Deming-Teller (BDDT) classification method, the
isotherm can be grouped into type II [27]. As shown
in Fig. 6(a), the isotherm possessed hysteresis loop,
and the sharp increase in the Nj-adsorbed quantity
near the relative pressure of 1 indicated the presence
of macrospores [28]. The porous size distribution is
shown in Fig. 6(b). The calculated pore diameter of
the St-DVB porous magnetic microspheres was ca.
6.6 nm.
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3.2. Effect of pH

It is well known that the pH can affect the adsorp-
tion performance, which plays a key factor in the
adsorption process. The pH of solution affects the
degree of ionization, which subsequently leads to a
change in reaction equilibrium and kinetics characteris-
tics of the adsorption process [29]. In the present inves-
tigation, the adsorption of 2,4-DCP and 2,4,6-TCP on
magnetic porous microspheres was studied at different
initial pHs between 2.0 and 8.0. In Fig. 7(a), it is
observed that the adsorption capacity for 2,4-DCP and
2,4,6-TCP was decreased with the increase of pH value
from 2.0 to 8.0. The peak of the adsorption perfor-
mance appeared at pH 2.0 and 3.0 for 2,4-DCP and
2,4,6-TCP, respectively. It can be explained that hydro-
phobic interaction is the main interaction between
adsorbate and adsorbent at low pH and dissociated
dichlorophenol molecules may decrease the adsorption
capacity at a higher pH [12]. Fig. 7(a) also illustrates
that the adsorption capacity of 2,4-DCP was quite
higher than that of 2,4,6-TCP. The reason may be that
2,4,6-TCP has one more chlorine functional group than
24-DCP, which may increase the resistance with
hydrogen bonding and subsequently form space steric
hindrance. As a result, the magnetic porous micro-
spheres showed excellent adsorption performance for
2,4-DCP in the pH range between 2.0 and 8.0.

3.3. Adsorption isotherm

The adsorption capacity of the adsorbents and
adsorption process can be well described by adsorp-
tion isotherm model. In the present investigation, the
equilibrium data of adsorption 2,4-DCP and 2,4,6-TCP
were fitted to the Langmuir and Freundlich isotherm
equation [30]. The correlation coefficient (R?) was used
to judging the applicability of the isotherm models to
the adsorption behaviors. Fig. 8 illustrates the compar-
ison of Langmuir and Freundlich isotherm models for
2,4-DCP and 2,4,6-TCP adsorption onto magnetic por-
ous microspheres. The adsorption isotherm constants
are summarized in Table 1. The Langmuir equation
can be expressed as linear and non-linear forms by
Egs. (2) and (3), respectively.

C, 1 C.
e _ 4+ 2
Qe QmKL Qm
_ KLQmCe
Q=1 + K.C @
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where C, is the equilibrium concentration of St-DVB
magnetic porous microspheres (mgL™"), Q,, (mgg ")
is the maximum adsorption capacity, Q, is the equilib-
rium adsorption capacity (mgg ~'), and K; represents
the affinity constant.

(b)7 T

Qe (mggh)

60 -
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20 4
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—— Langmuir fit .
- = - Freundlich fit S

For predicting the favorability of an adsorption
system, the Langmuir equation can also be expressed
in terms of a dimensionless separation factor R, (4)

50 100 150 200 250 300 350
Ce(mgg)

defined as follows [29].
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Table 1
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Adsorption isotherm constants for 2,4-DCP and 2,4,6-TCP onto microspheres at 298 K. Sorbent dose: 10.0 mg, solution
volume: 10.0 mL, solution pH: 2.0 for 2,4-DCP and 3.0 for 2,4,6-TCP, and contact time: 12h

Adsorption isotherm models contents 2,4-DCP 2,4,6-TCP
Langmuir rR? 0.991 0.99
equation Qe (mgg™ 45.872 64.94
K; (Lmg™) 0.012 0.015
Ry 0.2 0.147
Freundlich R? 0.975 0.931
equation Kr (mgg b 1.64 2.523
n 1.78 1.77

1 slightly higher than for 2,4-DCP. Table 1 verified the

Ri=———— (4) above conclusion. It is obvious that correlation coeffi-

1+ C,Kg

where C,, is the maximal initial concentration of the
adsorption solution. R; indicates the favorability and
the capacity of adsorption system. When 0 < Ry < 1.0,
it represents good adsorption.

The Freundlich isotherm equation can be expressed
as linear and non-linear forms by Egs. (5) and (6),
respectively.

InQ, = nKr + <%> InC, (5)

Qe = KrCell" ©)
where Kp (mg gfl) and n are the Freundlich model
constants related to the capacity and intensity of the
adsorption, respectively. The value of 1/n ranging
from 0.1 to 1.0 represents a favorable adsorption con-
dition.

Fig. 8 shows that with the increase of solution con-
centration from 10 to 400mgL™', the adsorption
capacity (Q,) for 2,4-DCP and 2,4,6-TCP onto magnetic
porous microspheres was increased sharply at first,
then increased slightly, and finally reached to equilib-
rium. The experimental data were fitted to both Lang-
muir and Freundlich isotherm equations. Compared
with Freundlich isotherm model, the experimental
data was more suitable for Langmuir isotherm model.
The Q, of 2,4-DCP and 2,4,6-TCP at 298K was 38 and
50mg g, respectively. Compared to the previous lit-
erature [11,12], the maximum adsorption capacity of
magnetic porous microspheres in our work is much
higher than other adsorbents, showing the favorable
performance of the magnetic polymer materials in our
work. Moreover, Fig. 8 also indicated that the adsorp-
tion capacity for 2,4,6-TCP on microspheres was

cient (R?) that fitted to the Langmuir isotherm was
higher than that of Freundlich isotherm model from
Table 1.

3.4. Adsorption kinetics

Generally, the adsorption process involved three
steps: external mass transfer, inter particle transport,
and chemisorption [31]. In the present investigation,
the pseudo-first-order and pseudo-second-order equa-
tions were used to analyze the adsorption kinetic data
[32]. The pseudo-first-order equation can be expressed
as linear and non-linear forms by Egs. (7) and (8),
respectively.

In(Q, — Q1) =InQ, — kit @)

Qr=0Q. - Qeeik]t (®
The pseudo-second-order equation can be expressed
as linear and non-linear forms by Egs. (9) and (10),
respectively.

t 1 t
— =t 9)
Q KQ? Q.
Qi
Q= WzQet (10)

Where Q, and Q; (mgg™') are the amounts of 2,4-DCP
and 2,4,6-TCP adsorbed onto St-DVB magnetic porous
microspheres at equilibrium and at various time f
(min), respectively. K; (min~") is the equilibrium rate
constant of the pseudo-first-order model, and the
parameter k; can be obtained by plotting In (Q.—Q))
vs. t. K; (gmg 'min"") is the pseudo-second-order
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model rate constant and can be calculated from the
plot of t/Q; vs. t [33].

Fig. 9 shows the strong time dependence of the
adsorption capacities of 2,4-DCP and 2,4,6-TCP on
magnetic porous microspheres. It was observed that
the adsorption process could be divided into two
steps. In the first step, the adsorption rate was fast,
and it took about 250 min for 2,4-DCP and 130 min for
2,4,6-TCP to attain equilibrium, respectively. In the
second step, the adsorption process gradually
achieved equilibrium [34]. It can be seen from Table 2
that all R? values (R* > 0.99) of this adsorption process
on the magnetic porous microspheres by pseudo-
second-order kinetic model are higher than that by
pseudo-first-order kinetic model [35]. Compared with
other reported adsorbents [36], although the equilib-
rium time was slightly longer than that of the other
adsorbents, the adsorption capacity of magnetic por-
ous microspheres was prominent. The microspheres
have broad application in wastewater treatment.

3.5. Adsorption thermodynamics

Thermodynamic parameters, such as change in
Gibbs free energy (®G"), enthalpy (AH"), and entropy
(AS°) were calculated using the following Egs. (11)
and (12) [37].

Q.. AS° AHP

Cg) R RT (11)

In(

AG = AH® — TAS°® (12)
where R is the gas constant (8.314]J mol ' K™") and T is
the absolute temperature (K). AG is the Gibbs free
energy, AH'and AS® are represented enthalpy and
entropy, respectively. AS® and AH" are obtained from

5
(a)*
20
Ve i
e 197
E
=1 p
10 4 i = Experimental data at 298K
L - = = Pseudo-first-order rate model
— Pseudo-second-order rate model
54

T T T T T T
200 300 400 500 600 700
t (min)
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the slope and intercept of the line plotted by In(Q./C.)
vs. 1/t, respectively. The negative value of AG repre-
sents the adsorption process is spontaneous. The posi-
tive value of AH" represents the adsorption process is
endothermic.

AG < 0 indicated that the adsorption process was
spontaneous in Table 3. As 2,4-DCP and 24,6-TCP
adsorbed onto the surface of adsorbents, along with
the number of water molecules in solution decreased,
the degrees of freedom of the water molecule was
increased. The positive values of entropy change AS®
suggested increased randomness at the solid solution
interface during the adsorption 2,4-DCP and 2,4,6-TCP
onto microspheres surface [23]. The enthalpy change
AH® > 0 suggested that the adsorption process was
endothermic. As the temperature increased, the
adsorption of 2,4-DCP and 2,4,6-TCP onto magnetic
porous microspheres was gradually enhanced.

3.6. Regenerability

Regenerability is a key factor for an effective absor-
bent. The adsorption capacity of the magnetic porous
microspheres adsorbent for 2,4-DCP and 24,6-TCP
with three consecutive adsorption-regeneration cycles
is shown in Fig. 10. At the first adsorption step, the
adsorption capacities for 2,4-DCP and 2,4,6-TCP
reached the values of 26.2 and 35.1mgg ', respec-
tively. It was clearly seen that magnetic porous micro-
spheres could be effectively regenerated for further
use with only about 5.9 and 7.3% loss of initial bind-
ing capacity after three cycles. The rate of adsorption
loss was calculated by Eq. (13).

_ (G -G
Cr

R

(13)

= Experimental data at 298K
= Pseudo-first-order rate model

Pseudo-second-order rate model

0 100 200 300 400 3500 600 700
t (min)

Fig. 9. Comparison of pseudo-first-order and pseudo-second-order kinetic models for 2,4-DCP adsorption onto
microspheres (a) and 2,4,6-TCP adsorption onto microspheres (b).
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Table 2
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Kinetic constants for the pseudo-first-order model and pseudo-second-order model

Pseudo-first-order model

Pseudo-second-order model

Qe,exp Qe,c kl Qe,s k2
Co (mgL™) TK (mgg") (mgg") (Lmin") R? (mgg") (gmg 'min) R?
2,4-DCP 100 298 24.02 13.41 0.0038 0.8663  24.10 0.001 0.990
2,4,6-TCP 100 298 31.61 9.745 0.0039 0.8985  31.95 0.002 0.998
Table 3

Thermodynamic parameters for the adsorption of 2,4-DCP and 2,4,6-TCP onto microspheres. Sorbent dose: 10.0 mg, solu-
tion volume: 10.0 mL, solution pH: 2.0 for 2,4-DCP and 3.0 for 2,4,6-TCP, contact time: 12 h, and reaction temperature is

298, 308 and 318 K, respectively

Thermodynamic parameters

Phenol Temperature (K) AG (k] mol ™) AH (k] mol ™) AS J mol ' k)
2,4-DCP 298 -5.97 6.65 20.78
308 -6.18
318 -6.39
2,4,6-TCP 298 —6.94 4.16 24.11
308 -7.18
318 -7.42
25 .
(a) I ~dsorption (b) 351 -;_\dwrp[.iau
I Desorption B Desorption
25 30 4
25
= 154 -
[ % 20
£ -
= 104 = 131
=3 =7
104
5 2
0- 0-

1 2 3
Recycle numbers

1 2 3
Recycle numbers

Fig. 10. Recycling of the adsorption and desorption at 298 K methanol:acetic acid (V:V)=100:10 as the eluent.

where Cr is the adsorption capacity of the first time
and Cj, is the adsorption capacity of the last time. The
adsorption capacity of microspheres for 2,4-DCP was
about 18.47% loss, and 16.1% loss for 2,4,6-TCP. The
results indicated that the microspheres with renewable
performance.

4. Conclusion

In this study, Styrene-Divinyl benzene porous
microspheres were obtained based on suspension

polymerization. We adopted sulfuric acid as surface
modification agent and then the microspheres were
coated with sulfonic acid group; after several times
of ion exchange and oxidation process, the resulting
magnetic porous microspheres were successfully pre-
pared and evaluated as an adsorbent for the adsorp-
tive removal of 2,4-DCP and 2,4,6-TCP from aqueous
solution. The resulting St-DVB magnetic porous
microspheres exhibited excellently spherical morphol-
ogy, saturation magnetization, and thermal stability.
The adsorption performance of the St-DVB magnetic
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porous microspheres were manifested by batch mode
adsorption experiments. The Langmuir isotherm
model was fitted to the equilibrium data better than
the Freundlich model, The kinetic properties of
St-DVB magnetic porous microspheres were well
described by the pseudo-second-order equation, and
the equilibrium time for 2,4-DCP and 2,4,6-TCP was
250 and 130 min at 298 K, respectively. The Gibbs free
energy function showed that the adsorption process
was spontaneous and endothermic. Moreover, the
St-DVB magnetic porous microspheres could be used
at least three times without weakening the binding
capacity significantly. All the above-mentioned results
indicate the potential application of the porous
microspheres adsorbents for effective removal of
24-DCP and 24,6-TCP in water or wastewater
treatment.
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