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ABSTRACT

Using bisphenol A (BPA) as the template and the modified kaolinite as solid-support sub-
strates, a novel surface molecularly imprinted polymer (S-MIPs) was prepared by combin-
ing self-assembly molecular imprinting technology and sacrificial support process. The
resulting composites were characterized by transmission electron microscopy, thermogravi-
metric analysis, and nitrogen adsorption-desorption. The results of batch adsorption experi-
ments suggested that pH 6.0 in testing solution was the optimal adsorption condition. The
kinetic properties of S-MIPs were well described by the pseudo-second-order equation,
which indicated that chemical process could be the rate-limiting step in the adsorption pro-
cess for BPA. Equilibrium data were described by the Langmuir and Freundlich isotherm
models. Results suggested that Langmuir isotherm model was fitted to the experimental
data significantly better than the other models. Selectivity experiments showed the high
affinity of target BPA over competitive compounds than those of non-imprinted polymers.
Moreover, the reuse of S-MIPs was affirmed in five sequential cycles of adsorption/
desorption, without significant loss in adsorption capacity.
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1. Introduction

Bisphenol A (BPA) is a high production volume
chemical used in a variety of applications, including
epoxy resins that line food and beverage cans [1,2];
hard polycarbonate plastics such as water bottles, food
storage containers, medical devices, baby toys, and
thermal receipt papers and carbonless copy [3].
Besides, it is widely used in a number of products such
as building materials, adhesives, and powder paints

*Corresponding author.

[4]. Tt is well known that BPA causes not only various
diseases including cancer [5,6], but also a strong estro-
genic endocrine disrupting effect [7,8]. And BPA has
an acute toxicity in the range ~1-10mgL~" [9].
Researchers have found the BPA contamination in
industrial wastewater, surface waters, groundwater,
and even drinking water [10]. BPA has been listed in
the priority pollutants into the aquatic environment by
China and the United States Environmental Protection
Agency (USEPA) due to its stability, bioaccumulation,
and toxicity [11,12]. In regular monitoring, selective
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recognition, and removal of target bisphenol from
complex matrixes in environment is frequently
required. Thus, the great priority has been given to the
development of novel molecular recognition and selec-
tive separation techniques.

Molecule imprinting is a powerful technique for
synthesizing molecularly imprinted polymers (MIPs)
with specific molecular recognition properties [13].
Owing to the mechanical, chemical, and thermal sta-
bility, easy and cheap preparation together with high
selectivity for the template molecules, MIPs have been
applied in many fields, such as solid-phase extraction
[14], drug design [15], and sensor devices [16], water
treatment [17], and so on, where the MIPs act as a
“artificial antibodies.” Traditionally, MIPs are pre-
pared by the bulk copolymerization of functional
monomer and cross-linker in the presence of template
molecule. However, the bulk MIPs prepared by the
conventional method exhibit some disadvantages such
as low affinity binding, high diffusion barrier, poor
site accessibility, and low-rate mass transfer [18].
Recently, the surface imprinting technique has been
proposed by creating the imprinted cavities with high
affinity imprinted sites on the surface of a suitable
matrix, which provides an alternative way to improve
mass transfer and reduce permanent entrapment of
the template [19]. In previous researches, SiO, [20],
Fe;O, nanoparticles [21], polystyrene core colloids
[22], and carbon nanotubes [23] have been widely
used in the surface imprinting process.

When compared with conventional solid-support
substrates, modified kaolinite has been proved to be
efficient and promising materials. The 1:1 dioctahe-
dral layered mineral kaolinite Al,Si,Os (OH), is one
of the most ubiquitous clays on earth [24]. It has two
different basal planes: Tetrahedral siloxane surface of
Si-O-Si exposure and octahedral aluminum oxy-
hydroxyl (Al-O-OH) surface of Al-OH exposure,
both of these surfaces are theoretically electrically
neutral. The kaolinite lamellae are stacked in a polar
mode by strong hydrogen bonds, forming platy crys-
tals approximately 100nm thick [25-27]. Due to its
special structure and high surface area, kaolinite is
easy to be modified by surfactants and silane cou-
pling agent [28,29]. In contrast with other nanosized
materials, kaolinite are readily obtainable, much
cheaper. Therefore, it could be a potential solid-sup-
port material in synthesizing surface imprinting poly-
mer for its particular intensity and stable chemical
property together with low cost.

The aim of this study was to synthesize surface MIPs
using BPA as a template molecule, methacrylic acid
(MAA) as a functional monomer, azodiisobutyronitrile
(AIBN) as initiator, and ethylene glycol dimethacrylate
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(EGDMA) as a cross-linker. The results showed that
S-MIPs demonstrated the higher affinity for target BPA
and excellent regeneration property when compared
with those of non-imprinted polymers (NIPs). The
prepared S-MIPs were successfully applied to the
selective solid-phase extraction and separation of BPA
from environmental samples.

2. Experimental section
2.1. Reagents and instruments

Kaolinite (KLT) was collected from Zhengzhou
Jinyangguang Chinaware Co. Ltd., Henan, China.
EGDMA, poly(vinylpyrrolidone) (PVP), dimethyl sulf-
oxide (DMSO), and HPLC-grade methanol were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). BPA, 44-biphenyl diphenol
(4,4-BIP), 2,6-dichlorophen (2,6-DCP), and AIBN were
obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China). Oleic acid (OA), MAA, anhydrous ethanol,
methanol, acetonitrile, acetone, and hydrofluoric acid
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All other chemicals were
supplied by local suppliers and used without further
purification.

The morphology of S-MIPs was observed by trans-
mission electron microscope (TEM, JEOL IEM-200CX).
Thermogravimetric analysis (TGA) of samples was
performed for powder samples (about 10 mg) using a
Diamond TG/DTA instruments (Perkin—-Elmer, USA)
under a nitrogen atmosphere up to 800°C with a heat-
ing rate of 5.0°C/min. UV-Vis spectrophotometer was
also used to analyze the samples. High-performance
liquid chromatography equipped with a UV detector
was used for the detection of BPA, 4,4-BIP, and
2,6-DCP. PHS-3c type acidity meter, Autosorb-1-c
adsorption instrument, 802 centrifugal precipitator
were also used in our work.

2.2. Experiment

2.2.1. Preparation of modified kaolinite surface
molecularly imprinted polymers (S-MIPs)

Preparation of modified kaolinite S-MIPs was
implemented by following steps mentioned in the
previous literature with a few modifications [30-32].
Typically, the 0.2283 g of BPA and 0.68 mL of MAA
were added into 30mL of DMSO in a three-necked
flask. This mixture was stirred for 30 min for prepa-
ration of the preassembly solution. The 2.0g of the
modified KLT, 2.0 mL of OA, and 6.8 mL of EGDMA
were mixed in flask; the preassembly solution was



Y. Mao et al. | Desalination and Water Treatment 57 (2016) 3947-3956

also added into the flask and stirred constantly. The
mixture was subjected to ultrasound for 30 min for
preparation of the prepolymerization solution. The
0.4g of PVP used as surfactants was dissolved into
150 mL of DMSO:water (V/V =9:1) in a three-necked
round-bottomed flask. The mixture was stirred and
purged with nitrogen gas to displace oxygen while
the temperature increased to 60°C. The prepolymer-
ization solution was added into the three-necked
flask, and then the 0.2g of AIBN was also added
into the mixture as an initiator. The reaction was
allowed to proceed at 60°C for 24h. After the
polymerization, the obtained polymers were washed
with the mixture solution of methanol/acetic acid
(V/V =82) using soxhlet extraction to remove the
template molecules, until the template molecule
could not be detected by UV-Vis spectrophotometer.
Finally, the obtained MIPs were dried at 60°C in a
vacuum oven; the dried MIPs and 50mL of HF
were poured into a Teflon plastic beaker and sealed,
after stirring for 12h, and then filtered and washed,
yielding the desired S-MIPs. In comparison, NIPs
without the template molecules (BPA) were prepared
in parallel with the MIP using the same synthetic
procedure, but synthetic products were not decom-
posed by HF.

2.2.2. The single factor effect on adsorption behavior of
BPA

In batch adsorption experiments, a certain amount
of adsorbent and a certain concentration of BPA solu-
tion were added into a 25mL colorimetric cylinder,
the effect of adsorbent dosage (0.005-0.15g), solution
pH (2.0-10.0), temperatures (25, 35, and 45°C), and
concentration (20-500 mg L") were studied by batch
mode experiment. After the reaction, the mixed liquid
was kept for 12 h. The supernatant was got after cen-
trifugation, and BPA concentration in the supernatant
was measured by using the HPLC, the equilibrium
adsorption capacity was calculated according to the
formula (1)

(Co—C)V

W (1

Q=

where Cp (mgL™") and C, (mgL™") are the initial and
at any time t concentration of BPA, respectively. V (L)
and W (g) are the solution volume and the mass of
adsorbent, respectively.
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2.2.3. Competitive adsorption

From the two compounds (4,4-BJP and 2,6-DCP),
the structure which is similar to BPA was chosen.
Three kinds of molecular structural formula were
shown in Fig. 1. The solutions of BPA, 4,4-BIP, and
2,6-DCP were prepared. All the concentrations were
100 mg L™". Ten milliliter of three element mixed solu-
tion and 0.02g of S-MIPs or NIPs were added into a
25mL of colorimetric tube, and kept for 12h, target
and competition component concentration of the
supernatant was analyzed by HPLC. The main operat-
ing conditions of HPLC were as follows: 278 nm (ana-
lytical wavelength), mixture of 65% methanol and 35%
deionized water (mobile phase), and 1.0mL min !
(flow rate).

3. Results and discussion
3.1. Characterization
3.1.1. Transmission electron microscope

The morphology of MIPs and S-MIPs was
observed by TEM was shown in Fig. 2(a) and (b).
When compared with this two pictures, it can be
clearly seen that the middle part shown in Fig. 2(a)
which represented the coarser structure of the MIPs is
black and it could be thought as kaolinite wrapped in
the middle of MIPs layer. Interestingly, it was
observed that the color of S-MIPs particles was light
as shown in Fig. 2(b) when the part of kaolinite sub-
strate material was decomposed by HF.

3.1.2. BET analysis

Autosorb-1-c nitrogen adsorption instrument was
used in the experiment. Typically, the sample was pre-
desorption for 12h at 150°C and measured fully by

0 OH
O O ci @,Cl

BPA 4,4-BIP 2,6-DCP

Fig. 1. Chemical structure of BPA, 4,4’-BIP and 2,6-DCP.
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Fig. 2. TEM micrographs of (a) MIPs and S-MIPs (b).

the nitrogen adsorption/desorption method. And then
the BET of the sample was calculated according to
BET equation. As seen in Table 1, the difference of
specific surface area, pore volume and pore size of the
MIPs and NIPs was small; the larger specific surface
area and pore volume of the S-MIPs was favorable for
adsorption of BPA from aqueous solution.

3.13. TGA

The TGA of MIPs and S-MIPs were shown in
Fig. 3. Weight loss of the MIPs and S-MIPs was
assigned to the water quality between 25 and 200°C,
which was 11.39 and 5.42%, respectively. For MIPs,
the polymer which was wrapped on the surface
kaolinite was all burnt off at the temperature of
200-800°C, the quality of remaining kaolinite was
32.42%. For S-MIPs, while the quality of remaining
was only 5.58%, this should be attributed to partial
kaolinite which could not be completely decomposi-
tion by HF, and the quality of the kaolinite decom-
posed by HF was 26.84%.

3.2. Adsorption experiments
3.2.1. Effect of adsorbent dosage
To study the effect of adsorbent dosage on the

removal of BPA from aqueous solutions, the different

Table 1
Results of nitrogen biosorption measurements
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Fig. 3. TGA of modified MIPs (a) and S-MIPs (b).

dosage of the adsorbent ranging from 0.005 to 0.15¢g
was dispersed in 50 mL colorimetric cylinder contain-
ing 25mL of 250 mgL™" of BPA solution (pH 6.0) at
25°C for 12 h, respectively. As seen in Fig. 4, the equi-
librium adsorption capacity of BPA increased rapidly
at first, and occurred a slower phase, and then
declined. When the S-MIPs dosage was doubled, the
equilibrium adsorption capacity of BPA increased
from 123.45 to 249.26 mgg ', which was due to the
specific adsorption sites of the adsorbent and the more

Sample BET (m?g ") Pore volume (cm®g ™) Diameter (nm)
KLT 7.62 0.029 15.04
MIPs 142.90 0.158 4.41
NIPs 150.80 0.177 4.68
S-MIPs 340.8 0.432 8.21
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Fig. 4. Effect of adsorbent dosage.

holes of MIPs after decomposition by HF. When the
adsorbent dosage increased from 1.6 to 24gL™", the
corresponding  equilibrium  adsorption  capacity
increased from 279.35 to 313.23mgg ', the increase
multiples of adsorption capacity were not consistent
with the increase in adsorbent dosage, which was
assigned to the target molecules in solution was not
increased, causing the competition effect occurred.
When adsorbent dosage increased from 3.2 to 6.0g
L™', the unit adsorption capacity showed a decline
trend, the increase in adsorbent dosage provided more
adsorption sites for BPA, resulting in a lower distribu-
tion of BPA on the unit adsorbent thus, equilibrium
adsorption capacity began to decline.

3.2.2. The effect of pH

To study the effect of pH on the removal of BPA
from aqueous solutions, 0.018 g of adsorbent was dis-
persed in 25mL colorimetric cylinder containing
10 mL of 100 mg L™ of BPA solution, respectively. The
initial pH value of the solution was adjusted from 2.0
to 10.0 using 0.1 mol L™ HCI or NaOH solutions. The
reaction was allowed to proceed at 25°C for 12h. As
illustrated in Fig. 5, the equilibrium adsorption capac-
ity of BPA increased from 67.13 to 79.98 mgg ' with
increasing pH from 2.0 to 6.0, when the pH was over
7.0 and then, decreased with increasing pH. Because
the pKa of the BPA is of 10.23 [33], the ionized anions
from BPA increased with increasing pH of the adsorp-
tion system, which resulted in a greater exclusion for
negatively charged adsorbent. The experimental
results make it clear that pH 6.0 was the optimum
pH.

3951
nr A —v—S-MIPs
o ® T +— NIPs
b (f
60 - ‘:'\\
—~ F e
- \T
Tep 501 X,
=T Y
— 5 53
E ol 7 FTTF T LS
vt \
Saot \iﬂﬂ_hi hs
I N\
20 \;
lo 1 L 1 1 1
2 4 6 8 10
pH

Fig. 5. Effect of initial solution pH on adsorption.

3.2.3. The effect of temperature

To study the effect of temperature on the removal
of BPA from aqueous solutions, 0.01g of adsorbent
was dispersed in 25 mL colorimetric cylinder contain-
ing 10mL of BPA solution (pH 6.0) of different initial
concentrations 100, 150, and 200 mg L respectively.
The reaction was allowed to proceed for 12 h and tem-
perature was maintained at 25, 35, and 45°C. Fig. 6
showed the effect of temperature on the adsorption of
BPA by S-MIPs from solutions with different initial
concentrations at different temperature. It was found
that the maximum adsorption capacities of BPA were
81.45, 145.54, and 172.79 mg gfl at 25°C, respectively.
While the equilibrium adsorption capacity of the BPA
decreased with increase in temperature, thereby con-
firming that the process was exothermic.

3.3. Adsorption kinetics

Information on the kinetics of pollutant uptake is
required for choosing optimum operating conditions
for full-scale batch process. Therefore, two kinetic
models including the pseudo- first-order model and
pseudo-second-order model were applied to analyze
the experimental data related to the adsorption of
BPA onto S-MIPs and NIPs. The pseudo-first-order
model and the pseudo-second-order model can be
expressed as follows [34,35]:

In(Qe — Q1) = n Q. — kit 2

t 1 t

_ RS 3
Qi kQ.2 +Qe ©)
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Fig. 6. Effect of temperature on adsorption of BPA onto
S-MIPs.

where Q. and Q; are the amount of adsorbate onto
adsorbent at equilibrium and at any time t (mgg "),
respectively, and k; (Imin~") and k, (gmg ' min ")
are the rate constants of pseudo-first-order model and
pseudo-second-order model, respectively.

As seen in Fig. 7, the BPA adsorption on adsorbent
occurred in two steps, an initial fast step which lasted
for about 60 min followed by a slower second step
which continued until the end of experimental period.
The rapid step is probably due to the abundant avail-
ability of adsorption sites on the adsorbent. It was
possible that the initial concentration of BPA mole-
cules provided the necessary driving force to over-
come the resistances of mass transfer between the
aqueous phases and the solid phase.

The BPA adsorption kinetic constants and correla-
tion coefficients were fitted by using pseudo- first-
order and pseudo-second-order model, it was found
that the adsorption kinetics data of BPA adsorption
onto S-MIPs and NIPs fitted very well to a pseudo-
second-order model. The values of correlation coeffi-
cients for the pseudo second-order kinetic model were
found to be 0.9994 and 0.9989, respectively. And it
was assumed that the chemical process could be the
rate-limiting step in the adsorption process for BPA.
As shown in Fig. 7, the equilibrium adsorption capac-
ity for adsorption of BPA on S-MIPs was obviously
higher than that of NIPs, which could be attributed to
the specific adsorption sites of the MIPs and the more
holes of MIPs after being decomposed by HF.
Moreover, the adsorption of BPA on S-MIPs and NIPs
reached saturation within 180 and 240 min,
respectively.
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Fig. 7. Kinetic models of BPA adsorption onto S-MIPs and
NIPs.

3.4. Adsorption isotherm

The data of adorption equilibrium were fitted to
Langmuir and Freundlich isotherms in this work. The
linear Langmuir isotherm and Freundlich isotherm
can be expressed as follows (4) and (5) [36,37],
respectively.

C_ 1 G
Qe QmKL Qm

In Q. = 1/n(InC,) + InK¢ )

4)

where Q. is the amount of BPA uptake (mgg ') at
equilibrium, C. is the equilibrium concentration of
adsorbate (mg LY, Qm is the maximum adsorption
capacity of the adsorbent (mgg™"), and K is the Lang-
muir equilibrium constant (L mg™") and is related to
the free energy of adsorption. K¢ and n are the Freund-
lich constants related to adsorption capacity and
energy of adsorption, respectively.

The adsorption isotherms of S-MIPs and NIPs for
BPA obtained at the temperatures of 25°C were given in
Fig. 8. As shown in Fig. 8, when the equilibrium concen-
tration increased, the equilibrium adsorption capacity
for BPA first increased sharply, and then gradually
reached saturation, and finally reached to the maximum
point. Furthermore, the BPA adsorbed on S-MIPs was
much higher than that of NIPs, indicating the signifi-
cantly preferential adsorption of BPA for S-MIPs. It was
probably because S-MIPs illustrated the good specificity
for the imprinted molecule. By fitting the experimental
data with Langmuir and Freundlich isotherm model, it
was also found that the Langmuir isotherm model fitted



Y. Mao et al. | Desalination and Water Treatment 57 (2016) 3947-3956

e experimental data (5-MIPs)

400 - & experimental data (NIPs)

Langmuir

-------- Freundlich

0 50 100 150 200 250 300 350 400
-1
C, (mg 1)

Fig. 8. Isotherms of BPA adsorption onto S-MIPs and NIPs.

the equilibrium data significantly better than the
Freundlich model, the value of correlation coefficients
was 0.9984, indicating monolayer molecular adsorption
for S-MIPs. While the adsorption isotherm of BPA onto
NIPs was better described by the Freundlich model, the
correlation coefficient was 0.9967, indicating monolayer
molecular adsorption for S-MIPs and multi-molecular
layers adsorption for NIPs.

3.5. Selectivity studies of S-MIPs toward BPA

The selectivity adsorption of BPA on S-MIPs was
examined by competition adsorption. The supernatant
liquid chromatography of the ternary standard mix-
ture and the standard mixture adsorbed by NIPs and
S-MIPs were shown in Fig. 9(a)-(c), respectively.

The static distribution coefficient Ky, the selectivity
coefficients k and relative selectivity coefficient k” were
used to evaluate the selectivity of S-MIPs [38]. These
parameters were calculated according to the following
formula:

C
Ki=22
1= (6)
Kai
=24 )
Ko
K _ Fnie @®)
kxip

where Cp is the adsorption concentration, Cs is the
supernatant concentration. K4; and Ky, are the static
distribution coefficient of BPA and competition BPA.
Ksmip and Kynpp represent the separation factor of
S-MIPs and NIPs. The values of K" indicated adsorption
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Fig. 9. Chromatograms obtained from selective adsorp-
tion. The supernatant liquid chromatogram of the ternary
standard mixture (a), the standard mixture adsorbed by
NIPs (b), and the standard mixture adsorbed S-MIPs (c).

selectivity and affinity of NIPs for BPA compared with
S-MIPs. As seen from Fig. 9 and Table 2, the results
clearly revealed that S-MIPs had high recognition selec-
tivity and binding affinity for the template BPA.
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Fig. 10. HPLC chromatograms of chestnut and lotus with
S-MIPs or NIPs as adsorbent. HPLC chromatograms of
water chestnut extract (a) and lotus root extract (b) with
S-MIPs or NIPs as adsorbent.

3.6. Regeneration experiment

To test the regeneration of the S-MIPs, desorption of
BPA from the S-MIPs was investigated with an eluant
of methanol/acetic acid (V:V =8:2), After the superna-
tant solution was discarded, the S-MIPs were washed
with eluant under ultrasonic bath for 30 min. After five
cycles of regeneration, the equilibrium adsorption
capacity of BPA slightly decreased with increasing the
using times, yet the last equilibrium adsorption capac-
ity was 62.95mgg~', which was 77.39% of the first

Table 2
Distribution coefficient and selectivity coefficient data

K4 k
Analyte S-MIPs NIPs S-MIPs NIPs k’
BPA 1.51 0.45
4,4-BIP 0.47 0.53 3.20 0.84 3.81
2,6-DCP 0.18 0.92 8.32 0.48 17.33
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adsorption capacity. It could be concluded that S-MIPs
had a good regeneration performance.

3.7. Analysis of real samples

The aquatic plants chestnut and lotus root were
chosen as analysis samples in the experiment. Mix-
solution of the extract, spiked-treated and added solu-
tion was enriched by S-MIPs and NIPs, the eluent was
determined using high-performance liquid chromatog-
raphy with ultraviolet detector (HPLC-UVD), and
compared with the original standard solution to evalu-
ate the feasibility.

As seen in Fig. 10(a) and (b), the peaks of water
chestnut and lotus appeared in the layer B, respec-
tively. The eluent adsorbed by S-MIPs, the obvious
characteristic peak of BPA appeared in the layer D,
retention time is 5.976 and 5.884min, respectively.
Moreover, the peaks of water chestnut and lotus all
decrease to a certain extent. The eluent adsorbed by
NIPs, the characteristic peak of BPA appeared in the
layer F, but which was slightly decreased when com-
pared with layer D. The results indicated that of the
S-MIPs showed a selective recognition ability for BPA,
while the nonspecific binding sites decreased the rec-
ognition effect of the NIPs. Therefore, S-MIPs could be
suitable in the sample preparation for trace analysis of
BPA from complicated vegetable and water samples.

4. Conclusions

In this work, a novel S-MIPs was prepared by
combining self-assembly molecular imprinting tech-
nology and sacrificial support process. The prepared
S-MIPs were successfully applied to the selective
solid-phase extraction of BPA from environmental
samples. The results of batch adsorption experiments
suggested that pH 6.0 in testing solution was the opti-
mal adsorption condition. The kinetic properties of
S-MIPs were well described by the pseudo-second-
order equation, indicating chemical process could be
the rate-limiting step in the adsorption process for
BPA. Equilibrium experiments were described by the
Langmuir and Freundlich isotherm models. The Lang-
muir isotherm model was well fitted to the equilib-
rium data of the S-MIPs, and the monolayer
adsorption capacity of the S-MIPs was much higher
than that of the NIPs. The selective recognition experi-
ments demonstrated high affinity and selectivity
toward target BPA over competitive compounds than
that of NIPs. Therefore, the analytical method based
on S-MIPs extraction coupled with HPLC was success-
fully used for BPA analysis in spiked vegetable and
water samples.
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