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Abstract—Magnetic molecularly imprinted microspheres (MMIS) were successfully prepared by suspension polymer-
ization, and then as-prepared MMIS were used as adsorbents for selective recognition of 2,4,6-trichlorophenol (2,4,6-
TCP) from aqueous solutions. The results composites were characterized by Fourier transform infrared (FT-IR), X-ray
diffraction (XRD), thermo gravimetric analysis (TGA), scanning electron microscope (SEM) and vibrating sample
magnetometer (VSM). The results demonstrated that MMIS possesses porous spherical morphology, and exhibits good
thermal stability and magnetic property (Ms=10.14emu g '). Then batch mode of binding experiments was used to
determine the equilibrium, kinetics and selectivity recognition. The Langmuir isotherm model fitted the equilibrium
data better than did the Freundlich model, and the maximum adsorption capacity on MMIS was about 1.7 times higher
than that of MNIS. Kinetics behaviors of MMIS were well described by the pseudo-second-order model. MMIS pos-
sessed outstanding selectivity recognition for 2,4,6-TCP in the presence of other competitive phenols (such as sesamol,
3-CP, thymol, 2,4-DCP). Furthermore, the reusability performance of MMIS showed about 17.53% loss after five re-
peated cycles. Finally, the MMIS were successfully applied to the selective extraction of 2,4,6-TCP from the vegetable
samples.
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INTRODUCTION

Chlorophenols and derivatives, such as 24,6-trichlorophenol
(2/4,6-TCP), are extensively used as chemical raw materials, such
as petroleum refineries, chemicals, plastic, rubber, tanning, steel
plants, pharmaceuticals, disinfectant, wood, paper photographic
and dye [1]. As the main ingredient of pesticides and herbicides,
chlorophenols are widely used in industrial and agricultural pro-
duction. At the same time, they have been listed as priority pollut-
ants by the Environmental Protection Agency (EPA) due to their
high toxicity and strong smell [2]. Chlorophenols remain in the
environment and do long-term damage to environment and biol-
ogy. The wastewater containing chlorophenols compounds has been
suspected of carcinogenic and mutagenic effects on the living [3].
The reported level of chlorophenol concentration in wastewater is
0.1 mg L™ according to the EPA and 0.001 mg L™ in potable water
according to the World Health Organization (WHO), respectively
[4]. Chlorophenols cause a series of environmental and ecological
problem as pollutants. Thus, it is crucial to develop more efficient
technology to remove them from aqueous solutions.

At present, several chemical, physical and biological techniques,
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such as photocatalytic degradation [4], adsorption [5], chemical oxi-
dation [6] and biological degradation [7], have been proposed for
dealing with the chlorophenol-containing wastewater. Of all the
methods, adsorption has been proved to be efficient and attrac-
tive in wastewater treatment [8]. In view of the traditional adsorp-
tion technology, it is hard to realize selective recognition of target
molecule from environmental wastewater. Thus, aiming at efficient
selective adsorption, it is highly desired to explore adsorbents that
possess the properties of molecular recognition.

Molecular imprinting is an attractive technique for the prepara-
tion of three-dimensional polymeric materials with specific molec-
ular recognition properties, namely molecular imprinting micro-
spheres (MIS) [9]. MIS were obtained by polymerizing functional
monomer and cross-linking monomer in the presence of the par-
ticular template molecular, which results in obtaining highly cross-
linked microspheres matrix. After polymerization, the template
molecular was removed from the polymeric matrix, leaving behind
specific recognition site in MIS complementary to the template
molecule in chemical functionality, size and geometry [10]. Due to
properties such as high selectivity and affinity to the template mol-
ecule, MIS have been applied in many fields such as solid phase
extraction [11], chromatography separation [12] and chemical sens-
ing [13]. However, traditional MIS is still confronted with inher-
ent limitations; they suffer the drawbacks of tedious filtration or
centrifugation in the separation process.
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Fig. 1. Schematic route of magnetic molecular imprinting polymers prepared via suspension polymerization.

The drawbacks can be reduced by adopting a combination of
conventional MIS and iron oxide magnetic nanoparticles. Mag-
netic molecularly imprinted microspheres (MMIS) not only have
the advantage of magnetic response characters, but also have highly
selective recognition characteristics to the template molecule. Re-
cently, MMIS have received much more attention and have been
applied in various fields [14,15]. A variety of MMIS have been pre-
pared, including fast and selective determination of sulfonamides
in honey based on MMIS [16], and selective enrichment of ago-
nists in pork and pig liver samples based on MMIS [17]. The MMIS
can use polymer-coated layer for selective recognition template
molecule, and use magnetic materials to achieve rapid separation,
instead of tedious filtration or centrifugation. In general, the syn-
thesis methods of MMIS include bulk polymerization, precipitation
polymerization, emulsion polymerization and suspension polym-
erization. Of all the methods, suspension polymerization has been
confirmed to be the most efficient and powerful. Compared with
the other methods, suspension polymerization exhibited good char-
acteristics, such as the suspension polymerization system uses water
as the continuous phase, the reaction temperature is easy to con-
trol, the cost is inexpensive and the purity of the products is quite
high. It is concluded that MMIS synthesis by suspension polymer-
ization could be the promising multifunctional adsorbent for the
selective recognition target molecular.

Based on the above-mentioned work, our main purpose was to
synthesize MMIS based on suspension polymerization, and then
the MMIS was used for selective recognition of 2,4,6-TCP from
aqueous solutions. The Fe;O, nanoparticles synthesized by hydro-
thermal method were modified by oleic acid to improve hydro-
phobicity. Then the obtained acid-Fe;O, nanoparticles were used
as magnetic comonomer. The MMIS were synthesized by using
2,4,6-TCP as template molecule, methacrylic acid (MAA) as func-
tional monomer, ethylene glycol dimethacrylate (EGDMA) as cross-
linking, azodiisobutyronitrile (AIBN) as initiator, toluene as sol-
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vent, sodium dodecyl sulfate (SDS) as surfactant. The preparation
of MMIS via suspension polymerization is illustrated in Fig. 1. The
obtained MMIS were characterized by FT-IR, XRD, TGA, SEM
and VSM. Adsorption equilibrium, kinetics and selectivity of the
MMIS were investigated in detail. The MMIS were also used as ad-
sorbents for the extraction of 2,4,6-TCP from the vegetable samples.

EXPERIMENTAL

1. Materials

Ferric trichloride (FeCl;-6H,0), ethylene glycol, sodium acetate
(NaAc), Azodiisobutyronitrile (AIBN) and Sodium dodecyl sul-
fate (SDS) were obtained from Aladdin Reagent Co., Ltd. (Shang-
hai, China). 2,4-dichlorophenol (2,4-DCP), 2,6-dichlorophenol (2,6-
DCP), sesame phenol, thymol and 2,4,6-trichlorophenol (2,4,6-TCP)
were purchased from Tianda Chemical Reagent Factory (Tianjin,
China). Polyvinyl alcohol (PVA), methacrylic acid (MAA), oleic
acid, acetic acid, dichloromethane, toluene, acetonitrile, ethanol and
HPLC-grade methanol were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Ethyl glycol dimethacrylate
(EGDMA) was obtained from Shanghai Xingtu Chemical Co., Ltd.
(Shanghai, China). AIBN was recrystallized from methanol prior
to use. Distilled water used in all experiments was purified with a
Purelab Ultra (Organo, Tokyo, Japan). All other chemicals used
were of analytical grade and obtained commercially.
2. Instruments and Apparatus

Infrared spectra (4,000-500 cm™') were recorded on a Nicolet
NEXUS-470 FT-IR apparatus (USA). The morphology of the MMIS
was observed by a scanning electron microscope (SEM, JEOL, JSM-
7001F). Magnetic measurements were carried out using a vibrat-
ing sample magnetometer (VSM, 7300, Lakeshore) under a mag-
netic field up to 10 koe. Thermogravimetric analysis (TGA) was
performed using a DSC/DTA-TG (STA 449C Jupiter, Netzsch, Ger-
many) under a nitrogen atmosphere up to 800 °C with a heating
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rate of 10°C min . The photographs of the magnetic separation
were obtained by Canon IXUS125 HS. X-ray diffractometer (XRD)
was carried out using a Rigaku D/max-yB over the 26 range of
20-70° at a scanning rate of 7.0° min~". UV-vis adsorption spectra
were obtained with a Unic-2602 UV-vis spectrophotometer (Unic
Company, Shanghai, China), Other apparatus applied in this study
are listed as follows: PHS-2 acidimeter (The Second Analytical Instru-
ment Factory of Shanghai, China), Agilent1200 HPLC equipped
with a UV-vis detector (Palo Alto, CA, USA), TG16-WS high-speed
centrifuge (Changsha Xiangyi Centrifuge Factory, Province Jiangsu,
China).
3. Preparation of Oleic Acid-modified Fe;O, Magnetic Fluid

Fe;O, nanoparticles were obtained according to our previous
work [18]. First, 1.35g of FeCl-6H,0 and 7.2 g sodium acetate
were dispersed into the solution of ethylene glycol (40 mL) in a three-
necked round-bottomed flask (100 mL) under nitrogen gas pro-
tection; with the purpose of obtaining a stable suspension, the mix-
ture was stirred under nitrogen gas protection at 160 °C for 1.0 h.
Then, the mixture was transferred into a 50-mL reaction flask and
heated to 200 °C for 10.0h, after the suspension was cooled to room
temperature, washed with ethyl alcohol for three times and dried
under vacuum at 60 °C, the Fe;O, nanoparticles were obtained. Finally;
4 mL oleic acid was added to 0.1 g of Fe;O, nanoparticles, the solu-
tion continued to be kept under stirring for another 1.0h to obtain
the magnetic fluid.
4. Synthetic of Magnetic Molecularly Imprinted Microspheres

Magnetic molecularly imprinted microspheres (MMIS) were syn-
thetic by using a suspension polymerization method with few modi-
fications [19]. As follows: First, 2,4,6-TCP (0.197 g) was dissolved
in 5mL of toluene, and 0.34 mL of MAA was dispersed into the
mixture, which was stirred at room temperature for 30 min to obtain
solution-1. AIBN (0.15 g), oleic acid-modified magnetic fluid (4 mL)
was dissolved in a mixture of toluene (2 mL) and EGDMA (3.8 mL)
to form solution-2. PVA (3.0 g) and distilled water (130 mL) was
mixed together at 85 °C for 10 min, and then cooled to room tem-
perature to form solution-3; SDS (1.0 g) was dispersed into distilled
water (20 mL) to form solution-4. Then, solution-1 was combined
with solution-2 while solution-3 and solution-4 were mixed together.
The two mixtures were stirred separately for 2.0 h and then mixed
together in a three-necked round-bottomed flask, purged with nitro-
gen for 10 min, and stirred at 600 rpm min™" at room temperature
for 1.0 h, and then the reaction was carried out with a stirring rate
of 600 rpm min " at 60 °C for 24 h. Finally; the obtained microspheres
were washed with ethanol and distilled water five times; the tem-
plate molecules were washed with the mixture solution of metha-
nol/acetic acid (90: 10, v/v) using soxhlet extraction for 14 days.
The prepared MMIS were washed with excess of distilled water
until the pH of the solution equaled that of the distilled water. In
comparison, the magnetic non-imprinted microspheres (MNIS)
were also prepared with the same preparation method but with-
out the addition of 2,4,6-TCP.
5. Batch Mode Binding Studies

The influences such as pH value, initial 2,4,6-TCP concentra-
tion, temperature, equilibration time and kinetics on the adsorp-
tion of 2,4,6-TCP from aqueous solutions were studied by a batch
mode of experiments.

In study of pH value, 10 mL of solution containing 100 mg L™
24,6-TCP was reacted with the 10 mg of MMIS or MNIS. The solu-
tion initial pH value was adjusted from 2.0 to 8.0 by using 1 mol
L' HCl and NH,-H,O solutions. Then the solutions were stirred
at constant temperature of 298 K for 12 h.

In the study of adsorption equilibrium, 10 mL of different ini-
tial concentration (from 10 to 400 mg L) of 2,4,6-TCP solutions
(pH=5) was contracted with 10 mg MMIS or MNIS. Then the mix-
ture solutions were stirred at constant temperature of 298 K until
the equilibrium was established.

In study of adsorption kinetics, 10 mL of solutions with differ-
ent initial 2,4,6-TCP concentration (100mg L™ or 150 mg L™) (pH=
5) were mixed with 10 mg of MMIS or MNIS at different tempera-
ture (298 K or 308 K). Then the solutions were stirred for the desired
time (10-480 min).

In study of regeneration, 10 mL of solutions with initial 2,4,6-
TCP concentration 100 mg L™ (pH=5) were mixed with 10 mg of
MMIS or MNIS at constant temperature of 298 K for 12 h. After
the desired time, the microspheres were magnetically separated.
Subsequently; the mixture of methanol and acetic acid (10:90 V/V)
was used as elution solutions and the microspheres were redissolved
in 5.0 mL of elution solutions for 12 h. To investigate the regenera-
bility of the MMIS, the adsorption and desorption cycles were re-
peated for five times.

After the desired time, the MMIS or MNIS were isolated from
the solutions by Nd-Fe-B permanent magnet and the residual amount
of 2,4,6-TCP in the aqueous phase was measured by UV-vis spec-
trophotometer at 290 nm.

The adsorption capacity of MMIS or MNIS (Q,, mg g ') was
calculated by the following equation:

_(G=CIV

- 0

Qe

where C, (mg L") and C, (mg L) represent the initial and equi-
librium 2,4,6-TCP concentrations in the solution, respectively; V (mL)
is the solution volume and W (mg) is the weight of the adsorbent.
6. Adsorption Selectivity

To investigate the selective recognition of 2,4,6-Tcp, 10 mg of
MMIS or MNIS was added into 25 mL flasks, each of which con-
tained 10 mL solution with 100mg L™ of 2,4,6-TCP, 2,4-DCP, 3-
CP, sesame phenol and thymol, respectively. Moreover, the com-
petitive adsorption of MMIS and MNIS for 2,4,6-TCP at the pres-
ence of 100mg L' of 2,4-DCP, 3-CP, sesame phenol and thymol
was studied. The pH of the initial solution was adjusted to 5.0 for
both MMIS and MNIS, and the experiments were carried out on
a thermostatic water bath at constant temperature of 298 K for 12 h.
7. Sample Preparation and SPE Procedure

Vegetable sample was prepared following our previous work [20].
Briefly; the edible parts of fresh cucumbers were squeezed into homo-
genates, and then 50 mL of acetonitrile was dumped into 50 g of
scattered homogenate in an ultrasonic bath. After 6.0 h, the mix-
ture was filtered and the filtrate was extracted with 30 mL of dichloro-
methane and evaporated to dryness using a rotary evaporator. Sub-
sequently; the residue was redissolved in methanol, then appropri-
ate amounts of 2,4,6-TCP were added into the water and vegetable
samples mentioned above to form spiked samples, and the level of
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spiked samples was 50 ug L. The SPE process was according to
the following steps: First, 30 mg of MMIS (or MNIS) was put into
a beaker, then 5.0 mL of spiked samples was added into the bea-
ker and the mixture was stirred for 3.0 h at 25 °C. Then the MMIS
(or MNIS) with captured 2,4,6-TCP were separated from the solu-
tions in the action of magnetic field. Subsequently, the MMIS (or
MNIS) were washed with 4.0 mL of acetonitrile to reduce nonspe-
cific adsorption. Finally, the 2,4,6-TCP templates molecule were
eluted with 5.0 mL of methanol solution under the action of ultra-
sound and evaporated to dryness under nitrogen gas at 30 °C, then
the residues were redissolved with 1.0 mL of 20% aqueous metha-
nol for further high performance liquid chromatograph (HPLC)
analysis. The injection loop volume was 30 L, and the mobile phase
consisted of 28% methanol and 72% deionized water, and the flow
rate of the mobile phase was 1.0 mL min .

RESULTS

1. Characterization of MMIS and MNIS

FT-IR spectra of Fe;O, nanoparticles, MMIS and MNIS were
determined with KBr pellet method and shown in Fig. 2. The main
functional groups of the predicted structure can be observed with
the corresponding infrared adsorption peaks [21]. The adsorption
bonds around 569 and 633 cm™ in Fe,0, were attributed to the
Fe-O groups [22], which were also obtained for MMIS and MNIS,
Fig. 2 shows that the strength of Fe-O stretching decreased for both
MMIS and MNIS, which was due to the coated polymer layer on
the surface of the Fe;O, nanoparticles. The results confirmed that
Fe,O, nanoparticles were introduced into MMIS and MNIS. The
peaks around 1,732, 1,253 and 1,158 cm™ of MMIS and MNIS were
assigned to C=0 stretching vibration of carboxyl (MAA), C-O sym-
metric and asymmetric stretching vibrations of ester (EGDMA),
respectively [23]. The features around 2,856 and 2,927 cm™" indi-
cated CH, and CHj stretching vibration of MAA. All the above
results indicated the presence of co-polymerization of MAA and
EGDMA on the surface of polymer particles.

Fig. 3 shows the X-ray diffraction (XRD) patterns of MMIS and
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Fig. 2. FT-IR spectra of (a) Fe;O, nanoparticles, (b) MMIS and (c)
MNIS.
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MNIS. It can be seen that the XRD patterns of MMIS and MNIS
are similar; indicating both the imprinted and non-imprinted micro-
spheres have the same composition. Moreover, in the 26 range of
20-70°, six characteristic peaks that correspond to Fe;O, (26=30.12,
3547, 43.16, 53.52, 57.16, 62.69) were observed in the MMIS and
MNIS, and the peak positions could be indexed to (22 0), (3 1 1),
(400),(422),(511)and (4 40) (JCPDS card 19-0629 for Fe;0,)
[23].

The thermo-gravimetric analysis (TGA) curves of MMIS and
MNIS are shown in Fig. 4. As can be seen, with the temperature
range (<200 °C), MMIS and MNIS were difficult to be decomposed;
the weight loss for MMIS and MNIS was mainly due to the evapora-
tion of residual water. When the temperature increased to 420 °C, the
TGA curve exhibited one significant weight loss for MMIS (83.61%)
and MNIS (90.47%), respectively;; the reason was the rapid poly-
mer decomposition. The weight loss of MMIS was different from
that of MNIS, which might be attributed to the different degrees
of polymerization, or residual imprinted 2,4,6-TCP. When the tem-
perature finally rose above 450 °C, there was no weight loss and the
remaining mass for MMIS and MNIS was attributed to the ther-
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Fig. 4. TGA curves of MMIS and MNIS.
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Fig. 6. Magnetization curves at room temperature of (a) MMIS and
MNIS, (b) MMIS suspended in water (right) and separated
by an external magnet (left).

mal resistance of iron particles and/or carbon particles.

The magnetic properties of MMIS and MNIS were applied by
VSM. Fig. 6 shows the magnetic hysteresis loop of the two sam-
ples at room temperature. The similar shape of the two curves, being
symmetrical about the origin, indicates that the microspheres were
super paramagnetic [24]. The saturation magnetization (Ms) values
were 10.14emu g ' and 4.2 emu g ' for MMIS and MNIS, respec-
tively. The theoretical specific saturation magnetization of bulk mag-
netite is reported to be 92 emu g ' [25]. The decrease of magnetic

intensity was mainly due to the small particle surface effect such as
magnetically inactive layer containing spins that are not collinear
with the magnetic field [26]. The adsorbents maintained enough
magnetic to ensure the magnetic separation with the addition mag-
netic field. As can be seen from Fig. 6(b), it took about three min-
utes to attract the adsorbents from the brown dispersion with an
extrinsic magnetic field.
2. Effect of Solution pH

Fig. 7 shows the adsorption performances of MMIS and MNIS
for 2,4,6-TCP at different solution pH values. It is well known that
optimization of pH value is a very important factor for adsorption.
The pH of the solution affects the degree of ionization and that
subsequently leads to a change in reaction kinetics and equilibrium
characteristics of the adsorption process [27]. Fig. 7(a) shows that
the adsorption capacity for MMIS and MNIS was approximately
constant in the pH range of 2.0 to 6.0 and then reduced with in-
crease the pH value from 6.0 to 8.0. It was probably because the
pKa of MAA was about 5.80, when the pH>pKa values, MAA got
deprotonated and then hydrogen bonds were disrupted between
MAA and 2,4,6-TCP [28]. Moreover, the adsorption capacity achieved
a maximum value at pH 6.0; the value was 72.75mg g for MMIS
and 57.16 mg g ' for MNIS, respectively. It is obvious that the ad-
sorption capacity of MMIS was much higher than that of MNIS,
strongly verifying the effect of imprinting. Thus, pH 6.0 for the ad-
sorption medium was chosen for the following adsorption stud-
ies. Fig. 7(b) shows the effects of initial pH on final pH. There isn't
significant change in pH value during the low pH 2.0 to 5.0. But
with the increase of the pH value, the final pH was slightly lower

Korean J. Chem. Eng.(Vol. 32, No. 4)
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Fig. 7. (a) Effect of pH on adsorptive removal of 2,4,6-TCP and (b) effect of initial pH on equilibrium pH.

than the initial pH value. In previous studies, higher adsorption
performance of phenolic compounds at lower pH value has also
been reported by others [29,30]. The carboxyl groups and hydroxyl
groups do not dissociate at lower pH value. With the increases of
pH value, the dissociation degree of the carboxyl groups and hydroxyl
groups is enhanced, resulting in the adsorption ability decline with
the increase of pH value [31].
3. Adsorption Isotherm

The binding properties of MMIS and MNIS for 2,4,6-TCP were
studied by the static adsorption experiments and the equilibrium
data were fitted to the Langmuir [32] and Freundlich [33] adsorp-
tion isotherm models. The correlation coefficient (R?) was used to
judge the applicability of the isotherm models to the adsorption
behaviors.

The linear and non-linear forms of the Langmuir isotherm mod-
els are expressed by the following equations, respectively:

C, 1 &
Qe B QmKL " Qm (2)
_ KLQmCe

Q= 1+K,C,

®

where C, is the equilibrium concentration of adsorbate (mg L),
Q,, (mg g ') is the maximum adsorption capacity, Q, is the equi-
librium adsorption capacity (mg g ), K; represents the affinity con-
stant.

For predicting the favorability of an adsorption system, the Lang-
muir equation can also be expressed in terms of a dimensionless
separation factor R [34].

1
R =
I™1+C,K,

)

where C,, (mg L") is the maximal initial 2,4,6-TCP concentra-
tion. The R; value indicates whether the type of the isotherm is
favorable (0<R;<1), unfavorable (R;>1), linear (R;=1), or irrevers-
ible (R;=0) [35].

The linear and non-linear form of the Freundlich isotherm mod-
els are expressed by the following equations, respectively:

InQ,=1nKz+ Gl)lnce 5)
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Fig. 8. Comparison of Langmuir and Freundlich isotherm models
for 2,4,6-TCP adsorption onto MMIS and MNIS.

1/n

Qe = KFCe ()
where Ky (mg g ') and n are the adsorption constants that indi-
cate the adsorption capacity, the value of 1/n ranging from 0.1 to
1.0 represents a favorable adsorption condition.
Fig. 8 shows the regression curves of Langmuir and Freundlich
isotherm models for MMIS and MNIS, and the adsorption iso-
therm constants at 298 K are listed in Table 1. As shown in Fig. 8,

Table 1. Adsorption isotherm constants for 2,4,6-TCP adsorption

onto MMIS and MNIS
Adsorption isotherm models MMIS MNIS
Langmuir equation R’ 0.9807 0.9877
Qu.(mgg") 18182 103.11
K, (Lmg") 00169 00176
R, 0.1285 0.124
Freundlich equation R’ 0.9371 0.9064
Ky (mgg") 5.1867 3.8321
n 1.5008 1.6485




Preparation and characterization of molecularly imprinted magnetic microspheres for adsorption of ......

with increase of the initial concentration of 2,4,6-TCP from 10 mg
L™ to 400 mg L™, the adsorption capacity (Q,) for MMIS and MNIS
increased sharply, then increased slowly, and finally reached bind-
ing equilibrium, as expected. The maximum adsorption capacity
(Q,) for MMIS and MNIS at 298 K was 13829 mg g ' and 81.69
mg g, respectively. The adsorption capacity of 2,4,6-TCP on MMIS
was about 1.7 times higher than that of MMIS at the same condi-
tions. The recognition sites on the surface and in the proximity of
imprinted microspheres’ surface displayed better steric matching
with 2,4,6-TCP [36]. Moreover, these values were larger than micro-
sphere studies by Pan's group [37]. By fitting the experimental data
with Langmuir and Freundlich adsorption isotherm models, the
fitted curves and correlation coefficient (R” values above 0.98) fully
illustrated the Langmuir model fitted the experiment data better
than the Freundlich model. The values of 1/n were less than 1.0 at
298 K, indicating that 2,4,6-TCP adsorption onto both MMIS and
MNIS was favorable [38]. The results suggested the monolayer molec-
ular adsorption for MNIS and multi-molecular layers adsorption
for MMNIS [39].
4. Adsorption Kinetics

Pseudo first-order and pseudo second-order [40] models are com-
monly used in the literature to investigate the adsorption behavior
of target molecules onto molecularly imprinted microspheres. The
linear and non-linear forms of the pseudo-first-order model are
expressed as follows:

In(Q,-Q)=InQ,—k;t (7)

773

Q=Q,-Qe ®)

The linear and non-linear forms of the pseudo-second-order
model are expressed as follows:

t 1 t

t_ L 9

Q x,Q Q ©
Qi

Q= 1+k,Q,t (10)

where Q, and Q, (mg g ') are the amount adsorbed at various
time t and equilibrium time, respectively. k; (min™"), the equilib-
rium rate constant of the pseudo-first-order model can be obtained
by plotting In(Q,—Q,) versus t. k, (g mg ' min™") is the pseudo-sec-
ond-order model rate constant calculated from the plot of t/Q, ver-
sus t. On the basis of pseudo-second-order model, the initial ad-
sorption rate (h, mmol g ' min™") and half-equilibrium time (t, ,,
min) were calculated according to the following equations:

h=K,Q; (1n)

1

t1/2=1€(—2— (12)

The adsorption kinetics constants and regression values at dif-
ferent initial concentrations of 2,4,6-TCP and temperatures are sum-
marized in Table 2. The non-linear regression plots of pseudo-first-
order model and pseudo-second-order model for 2,4,6-TCP bind-
ing onto MMIS and MNIS are shown in Fig. 9. The applicability

Table 2. Kinetic constants for the pseudo-first-order model and pseudo-second-order model

Pseudo-first-order model

Pseudo-second-order model

CU T QE, exp QE, c l(1 2 Qe, c kZ 2 h t1/2
(mg LY (K (mg gfl) (mg gﬁl) (L min™) (mg gfl) (g mgﬁl min™) (mg gfl min")  (min)
100 298 73.51 26.17 0.0085 0.975 75.19 0.0008 0.999 4.52 16.62
MMIS 100 308 76.68 29.38 0.0081 0.98 78.13 0.00098 0.999 5.98 13.06
150 298 88.95 31.07 0.0068 0.988 90.09 0.00073 0.999 5.95 15.14
100 298 56.43 27.58 0.0078 0.967 58.48 0.00073 0.999 2.49 23.49
MNIS 100 308 59.89 32.27 0.0096 0.991 63.69 0.0007 0.998 2.85 22.38
150 298 66.97 28.14 0.0069 0.956 68.49 0.00078 0.999 3.68 18.6
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Fig. 9. Comparison of pseudo-first-order and pseudo-second-order kinetic models for 2,4,6-TCP adsorption onto (a) MMIS and (b) MNIS.
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of the kinetic models to the adsorption process was studied by judg-
ing the correlation coefficient (R?). Compared with the pseudo-
first-order model, the pseudo-second-order model shows better
results (R values above 0.99) between the experimental values and
theoretical values. The results suggest that the adsorption of 2,4,6-
TCP onto MMIS and MNIS followed the pseudo-second-order
model and the chemical process was the rate-limiting step in the
adsorption process [42]. Table 2 illustrates that with the increase of
temperature and initial concentration of 2,4,6-TCP, the adsorption
capacity (Q,) and the initial adsorption rate (h) increased obviously:
The reason was that the initial concentrations of 2,4,6-TCP pro-
vided the necessary driving force to overcome the resistances of
mass transfer between the solid phase and the aqueous phases [43];
and higher temperature was conducive for template molecules to
pass the external boundary layer, and produced the enlargement
of surface area [44]. Moreover, the adsorption capacity (Q,) and
initial adsorption rate (h) of the adsorption of 2,4,6-TCP onto MMIS
was more than those of MNIS, indicating the presence of specific
binding sites on the surface of MMIS.
5. Selectivity Study

To investigate the binding selectivity of the prepared MMIS for
24,6-TCP, reference phenol, such as sesamol, 3-CP, thymol and
24-DCP was selected. Fig. 10(a) shows the different molecular
structures of all these reference phenol. Competitive phenol bind-
ing adsorption experiment were carried by adding 10 mg of MMIS
and MNIS under the same condition, and the adsorbates were all
at the same concentration of 100 mg L. When it reached to the
adsorption equilibrium, HPLC was used to determine the concen-
trations of each phenol.

Fig. 10(b) shows the binding capacity of the sesamol, 3-CB, thy-
mol, 24-DCP and 2,4,6-TCP. It can be observed that MMIS exhib-
ited higher binding capacity among the five phenols, indicating high

2,4,6-TCP 3-Cp

()

| [ ——ips |
|| —ies |

binding selectivity for the template molecule (2,4,6-TCP). The rea-
son was the imprinting effect; abundant binding sites were avail-
able for selective recognition 2,4,6-TCP. Fig. 10(b) clearly shows
that the binding capacity for every phenol followed the order 2,4,6-
TCP>24-DCP>3-CP>sesamol>thymol. The results could be attri-
buted to the distinct molecular structure and functional groups of
the phenols. Of all the phenols, sesamol and thymol molecules were
too big to get into the imprinting cavities, although the molecular
structure of 2,4-DCP and 3-CP was similar to the 2,4,6-TCP; and
although the two phenols could easily get into the cavities imprinted
by 2,4,6-TCP, the binding capacity of MMIS for 2,4,-DCP was still
much lower than that of MMIS for 2,4,6-TCB, indicating the high
selective recognition ability for 2,4,6-TCP.

To further testify to the specificity adsorption of MMIS for 2,4,6-
TCP four reference phenols (sesamol, 3-CP, thymol and 2,4-DCP)
were added into 2,4,6-TCP solution, respectively, to form a binary
solution with an initial concentration of 100 mg L. 10 mg of MMIS
or MNIS was dispersed into the binary solution to reach adsorp-
tion equilibrium. As shown in Fig. 10(c), MMIS still exhibited high
adsorption capacity for 2,4,6-TCP in the presence of other com-
petitive phenols, indicating higher selectivity adsorption in binary
solution. The results confirmed the perfect imprinting effect in the
polymerization.

6. Regeneration of MMIS and Sample Analysis

To inspect the regeneration performance of the MMIS, five regen-
eration cycles were conducted with 2,4,6-TCP. After adsorption, the
mixture of acetic acid and methanol (10: 90 v/v) was used as eluent
solution. After a quick magnetic separation, MMIS were washed
with 5.0 ml of elution solution for 12 h. The results are shown in
Fig. 11; the adsorption capacities of MMIS for 2,4,6-TCP slightly
decreased with increasing the using times. The rate of adsorption
loss was calculated by the following formula:

Fig. 10. Adsorption selectivity of 2,4,6-TCP onto MMIS and MNIS: (a) molecular structures of reference phenol, (b) single solution adsorp-
tion and (c) binary solution in the presence of reference phenol.
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where C; is the adsorption capacity of the first time, and C; is
the adsorption capacity of the last time. The adsorption capacity of
MMIIS for 2,4,6-TCP was about 17.53% loss, indicating the renew-
able performance of MMIS.

To further validate the application of MMIS for the analysis of
real samples, cucumber spiked with 2,4,6-TCP at 50 ug L™ was ana-
lyzed, respectively, while MNIS were used for comparison. After
the solid phase extraction, the chromatograms of spiked samples
(a), MMIS (b) and MNIS (c) are shown in Fig. 12. From Fig. 12, it
was very clear that no template molecule was detected in the spiked
samples because the concentration of 2,4,6-TCP was quite low. But
after the separation and enrichment of MMIS or MNIS, the chro-
matograms of spiked samples extraction by MMIS and MNIS ex-
hibited peak of 2,4,6-TCP around 5.7 min, and the peak of MNIS
was quite lower than that of MMIS under the same condition. The
results illustrated that the MMIS showed a specific recognition
ability for 2,4,6-TCP. Furthermore, the recovery of 84.37% was ob-

tained for the cucumber spiked sample, Therefore, MMIS is suit-
able for trace analysis of 2,4,6-TCP in vegetable sample.

CONCLUSION

Novel magnetic molecularly imprinted microspheres were suc-
cessfully synthesis-based on suspension polymerization and applied
for selective recognition and removal of 2,4,6-TCP from aqueous
solutions. The Fe,O, nanoparticles were used as magnetic mono-
mer participating in the polymerization process. Through a variety
of characterization methods, the prepared MMIS exhibited good
characteristics such as good thermal stability, magnetic property,
excellent adsorption and specific recognition capacity. The MMIS
can use polymer coated layer to selective recognition 2,4,6-TCP,
and use Fe;O, nanoparticles to achieve rapid separation. The ad-
sorption and selective recognition ability were validated by a series
of static adsorption experiments, with the results confirming that
the prepared MMIS is capable of renewable and specificity adsorp-
tion target pollutants. We believe that MMIS is a powerful tech-
nique for environmental protection.
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