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ABSTRACT

Novel strategy to synthesize palygorskite-supported surface molecularly imprinted polymer
(SMIP) for bisphenol A (BPA) template was presented. Fourier transform infrared, scanning
electron microscopy, and elemental analysis were employed for the characterization of the
resulting composites. When compared with the molecularly imprinted polymer, the SMIP
exhibited more excellent affinity and selectivity towards BPA in aqueous solution, with the
affinity constant (b) of 1.929, the Freundlich constants (KF) of 25.758, and the distribution
coefficient (Kd) of 128.390. The adsorption behaviors of the SMIP were well described by
Freundlich isotherm model and the pseudo-second-order model. Moreover, the sustainable
reusability of the SMIP without significant loss in rebinding capacity was affirmed in four
repeated cycles. These results demonstrated the potential of the prepared SMIP as an
advanced separation materials for the elimination of specific endocrine disruptor in aquatic
environment.
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1. Introduction

Bisphenol A (BPA), as an essential organic chemi-
cal, has been widely reported to occur in miscella-
neous environmental matrices, including air, indoor
dust, aquatic systems, soil, sediment, sewage sludge,
foodstuffs, paper products, as well as human colos-
trum, blood, and urine [1–7]. With the revelation of its
acute reproductive toxicity, suspected carcinogenicity
and mutagenicity [7], BPA has been identified as one
of endocrine disrupting compounds (EDCs) and the
acceptable daily inhalation dose for the general

population is presumed to be lower than 0.003 μg kg−1

bw day−1 in the case of the contribution of non-dietary
sources [5]. Since the inherently hydrophobic of most
EDCs, the operation of their removal by physical
adsorption methods are recommended actively by
U.S. Environmental Protection Agency (USEPA) and
National Primary Drinking Water Regulations [8].
However, the use of traditional activated carbon, for
the separation of EDCs at trace concentration, can be
adversely affected by concentration gradients and
competing organic pollutants, making it an unreliable
treatment option. Great attention has been focused on
the development of advanced adsorbent materials
with high performance for the EDCs treatment. For
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example, carbon nanomaterials including graphene,
single-walled carbon nanotube, and multi-walled car-
bon nanotube were reported for separation of bisphe-
nol AF, BPA, and 17α-ethinyl estradiol (EE2) [9,10].
Surface-modified mesoporous silica resulted in an
effective removal of nonylphenol in the presence of
phenol [11]. Novel functional polypropylene, prepared
by the grafting of hydrophilic and hydrophobic mono-
mer, was studied for removing different EDCs from
aqueous solution, such as BPA, dibutyl phthalate,
dimethyl phthalate, and dioctyl phthalate [12]. In
addition, molecularly imprinted polymer (MIP) has
also been utilized as separation media and support
affinity for estrogen removal purposes [8,13].

Based on biological theory of antigen–antibody
interactions, molecular imprinting is inherently an effi-
cient technique of synthesizing “tailor-made” recogni-
tion sites and cavities in the macromolecule
polymerization systems, which are complementary to
the shape, size, and functionality of the template. The
resulting polymer matrixes have been conceived to be
highly specific targeting and sensitive and can concen-
trate the target molecular even under the presence of
its structural analogs. Compared with the conven-
tional bulk polymerization method, surface molecular
imprinting explored by generating binding sites on
the surface of some matrix materials, was more favor-
able to increase accessible sites, improve the binding
rate between the template molecules and recognition
sites, and design the predeterminative imprinted poly-
mers for macromolecules template [14]. Many parti-
cles, such as chitosan–Fe3O4 nanoparticles [15], carbon
microspheres [16], silica microparticles [17,18], porous
alumina membrane [19], and quantum dots [20] have
already been reported as reliable supporting matrices
in the surface imprinting process.

Palygorskite is a kind of hydrated magnesium alu-
minum silicate mineral with fibrous rod-like
microstructure. Owing to its excellent structural
properties and physicochemical characters (e.g. high
surface area, chemical stability, moderate cation
exchange capacity and plentiful activated silanol
groups), palygorskites have great potential as inexpen-
sive and efficient adsorbents and carriers for current
sewage purification [21,22]. To the best of our knowl-
edge, so far rare research regards the study of natural
clay as a support matrix for surface molecularly
imprinted polymer (SMIP), especially palygorskite. In
this research, a novel imprinted polymer on the surface
of palygorskite using BPA as the template molecule
was first synthesized by precipitation polymerization
method. The structural characteristics, adsorption
behaviors, and the regeneration ability of the resulting
polymers were investigated and discussed in detail.

2. Experimental

2.1. Materials

Natural palygorskite clay, supplied by Golden
Stone Palygorskite Research and Development Center
(Jiangsu, China) was manually ground and sieved
through a 100-mesh (150 micron) screen. Glyci-
doxypropyltrimethoxysilane (KH-560) (Sinopharm
Chemical Reagent Co., Ltd. China) was selected as the
surface-treating agent for palygorskite. The functional
monomer of 4-vinyl pyridine (4-VP), the cross-linker
of trimethylolpropane trimethacrylate (TRIM), and the
initiator, azobisisobutyronitrile (AIBN) were supplied
from Aladdin-reagent Inc. (Shanghai, China). Prior to
use, TRIM and 4-VP were purified to remove the poly-
merization inhibitor and AIBN was recrystallized from
methanol and then dried at room temperature. Ace-
tonitrile, used as a reaction solvent in the polymeriza-
tion reaction, was purchased from Sinopharm
Chemical Reagent Co., Ltd. China. BPA and its struc-
tural analogs, p-tert-butylphenol (4-TBP), and hydro-
quinone (HQ), supplied by Guangfu Fine Chemical
Research Institute (Tianjin, China), were used as com-
petitive target compounds to be removed in this
study. The individual stock standard solutions of the
target compounds were prepared by dissolving 1 g of
the target compound in 1,000 mL distilled water.
Working standard solutions were prepared by appro-
priate dilution of the stock standard solutions. Other
reagents used were all of analytical grade and distilled
water was employed throughout the experiments.

2.2. Preparation of SMIP

Acid-activated palygorskite was prepared as
described by Frini-Srasra and Srasra [23]. Then, acid-
treated palygorskite (10 g) was dispersed in 200 mL
distilled water and conditioned to pH 4–6 with
hydrochloric acid. Afterward, KH-560 (2 g) was added
into above solution. The mixture was stirred at 80˚C
for 5 h. Finally, the silylated palygorskite was filtered,
washed, and dried before screening.

In the next step, silylated palygorskite (10 g) was
added to 100 mL of 0.05 mol L−1 HCl by refluxing at
50˚C for 3 h under nitrogen atmosphere, then filtered,
washed, and dried. The resulting palygorskite (2 g)
was transferred to 40 mL toluene and followed by the
addition of 2 mL acryloyl chloride and 3.5 mL triethy-
lamine in a nitrogen atmosphere. The reaction was
initiated at room temperature and maintained for 24 h
under magnetic stirring. Next, the product were
washed with toluene, acetone, ether, and methanol
repeatedly and dried at 50˚C, yielding the desired
modified palygorskite.
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The preparation of SMIP at surface of the modified
palygorskite was as follows. BPA (0.1 mmol), 4-VP
(0.4 mmol) and modified palygorskite (500 mg) were
added into 25 mL acetonitrile. The mixture was mag-
netically stirred for 2 h, and degassed by sonication
for 20 min. To this were added TRIM (2 mmol) and
AIBN (30 mg) successively. The above mixed solution
was then purged with nitrogen for 5 min and stirred
at 60˚C for 24 h. The final products were treated with
formic acid–acetic acid (9:1, v/v) and ethanol repeat-
edly, and then dried at 50˚C. For comparison, MIP
was prepared under the same procedure only without
adding palygorskite.

2.3. Characterization

The morphologies of all samples were examined
using S-3400 N II (Hitachi) scanning electron
microscopy (SEM). Fourier transform infrared (FT-IR)
spectra (4,000–400 cm−1) using KBr were recorded on
a NEXUS870 (Nicolet) spectrometer. The carbon and
hydrogen contents were determined by a CHN–O–
Rapid (Heraeus) elemental analyzer.

2.4. Adsorption experiments

For the adsorption kinetics experiments, 5 mg
SMIP or MIP was dispersed in 6 mL BPA solution
with an initial concentration of 20 mg L−1 and shaken
continuously at 298 K for measuring the adsorption
capacity as a function of time. For the adsorption iso-
therms experiments, 5 mg SMIP or MIP was equili-
brated with 6 mL BPA solutions of different
concentrations at 298 and 308 K, respectively, and the
concentration of BPA in the supernatant was deter-
mined by UV spectrophotometer at 278 nm. The
adsorption amount and removal efficiency of BPA
adsorbed by SMIP or MIP were calculated according
to the following equation:

Qe ¼ C0 � Ceð ÞV
W

(1)

Removal efficiency ð%Þ ¼ C0 � Ceð Þ
C0

� 100% (2)

where, Qe (mg g−1) is the adsorption amount at equi-
librium; C0 and Ce (mg L−1) are the initial and equilib-
rium concentrations of BPA, respectively; V (mL) is
the volume of the BPA solution and W (mg) is the
mass of the adsorbent.

To measure the selective recognition for BPA, 5 mg
SMIP or MIP were added into 6 mL mixed solutions

containing 5 mg L−1 of BPA, 4-TBP, and HQ. After
shaking for 2 h at 298 K, the concentrations of BPA,
4-TBP, and HQ were determined by HPLC at the
conditions given below: the mobile phase consisted of
60% acetonitrile and 40% distilled water, at a flow rate
of 1.0 mL min−1, and the injection volume was 20 μL.
The recognition selectivity was evaluated by the
distribution coefficient (Kd, L g−1) and selectivity
coefficient (k) which were defined as follows:

Kd ¼ Qe

Ce
(3)

k ¼ Kd BPA½ �=Kd M½ � (4)

where Kd[BPA] and Kd[M] represent the distribution
coefficients of BPA and the one of the other competi-
tive target compounds, respectively.

2.5. Regeneration and reuse

Upon equilibrium, the SMIP loaded with BPA was
ultrasonically eluted by the mixed solvent of metha-
nol/acetic (9:1, v/v) and then washed with methanol.
The regenerated SMIP was reused for the subsequent
adsorption, and the consecutive adsorption/desorp-
tion cycles were repeated under the same conditions
four times as adsorption experiments.

3. Results and discussion

3.1. Preparation and characterization

The SMIP preparation procedure is illustrated in
Fig. 1, which includes acid-activation, silylation, ring
opening, acylation, and precipitation polymerization.
Compared to the natural palygorskite, acid activation
may be endowed with additional Si−OH groups,
allowing the formation of a more stable unite by react-
ing with the alkoxyls at one end of silane coupling
agent. For improving the surface activity of as-pre-
pared silylated palygorskite, a great amount of double
bonds were introduced onto the surface of silylated
palygorskite by ring opening and acylation. Mean-
while, in the presence of the initiator, these double
bonds could be readily grafted to polymerization sys-
tem by addition reactions, leading to the spontaneous
deposition of MIP around the surface of the modified
palygorskite. The BPA imprinted material was
eventually obtained after the removal of the embed-
ded template molecule.

The typical SEM examination (Fig. 2) revealed that
purified palygorskite displayed short rod-shaped
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form, and many rods intricately accumulated and
presented random orientation in some circular
aggregation. Morphologic differences between purified
palygorskite and silylated palygorskite are not signifi-
cant, but more isolated rod particles were observed
noticeably, probably due to the reduction of the
interactions between palygorskite single crystals in the
presence of the silane coupling agent. After being
grafted with MIP, the surface morphology of paly-
gorskite appeared as a smoother ellipse, with larger
size distributions ranging from 3 to 6 μm, which sug-
gested that thin imprinted polymer was formed from
the solution polymerization at the surface of paly-
gorskite, and not from the physical adsorption to the
polymer formed in solution phase.

To further confirm the formation of imprint poly-
mer layer on the surface of palygorskite, FT-IR spectra
and elemental analysis were conducted to character-
ization purified palygorskite, silylated palygorskite,
and SMIP (Fig. 3). Specifically, in the case of purified

palygorskite, the bands at 3,615, 3,583, and 3,552 cm−1

are attributed to υ(Mg, Al)OH, υMg2OH, and υ(Fe3+,
Mg)OH, respectively. The band centered at 1,658 cm−1

corresponds to OH2 bending vibration. Several bands
observed in the area of 1,200−900 cm−1 originate from
Si−O−Si and Si−O symmetric or asymmetric stretching
vibrations [24], and the bands at around 476 cm−1 are
assigned to the bending vibrations of Si–O framework
[25]. After the assembly of silane-coupling agent onto
the surface of palygorskite, the additional peaks,
assigned to C−H stretching bands of both CH3 and
CH2 groups, were found at 2,929 and 2,855 cm−1,
despite the weak adsorption intensity. It can be
inferred that palygorskite, with less inherent silanol
groups at the external edge and basal surfaces, may
go against the occurrence of the silylation.

From Fig. 3, it can be observed that the FT-IR spec-
tra of SMIP showed many variations from that of the
sample after grafting imprint polymer. Among the
characteristic bands of the SMIP, those at 1,738 cm−1
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Fig. 1. Preparation of SMIP.
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may correspond to C=O stretching vibration of car-
bonyl groups, indicating the existence of addition
reaction between double bonds in the modified paly-
gorskite and the cross-linker, while those in the range
of 1,600–1,390 cm−1 are attributed to the stretching

vibration for C=C and C=N, confirming the polymer-
ization of functional monomer 4-VP. Apart from this,
the characteristic features of the SMIP are C–H bands
at 2,970 cm−1 and C–O bands at 1,149 cm−1. Addition-
ally, the changes in organic content were carried out
by elemental analysis of the purified palygorskite, sily-
lated palygorskite, and SMIP as well (Fig. 3). As can
be seen from Fig. 3, after silylation treatment, C/H
content ratio increased from 0.06 to 0.88, suggesting
successful introduction of silane coupling agent onto
the surface of the purified palygorskite. After poly-
merization reaction, the C/H content ratio rose to
7.06. These results provided a clear evidence for the
grafting of the MIP to the surface of palygorskite.

3.2. Kinetics studies

The adsorption kinetic processes of BPA on the
SMIP and MIP were investigated by varying the contact
time from 0 to 240 min. As shown in Fig. 4(a), the SMIP
offered a faster adsorption dynamics for BPA molecules
and more than 90% of the removal efficiency took place
within the first 2 min. This fast dynamics adsorption
might originate from the high ratio of accessible sur-
face-imprinted sites and the improved binding rate
between BPA molecules and recognition sites. There-
fore, the BPA templates can be easily enriched on the
surface of the SMIP in such a short time. To examine
the controlling mechanism of adsorption processes and
evaluate the performance of the adsorbents used for
BPA adsorption, the pseudo-second-order kinetics and
the intra-particle diffusion models were employed to

Fig. 2. SEM micrograph of (a) purified palygorskite, (b)
silylated palygorskite, and (c) SMIP.
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analyze the experimental data and their linear forms
can be expressed as follows:

t

Qt
¼ 1

k2Q2
e

þ t

Qe
(5)

Qt ¼ kpt
0:5 þ C (6)

where Qt (mg g−1) is the adsorption amount of BPA
adsorbed at time t (min); k2 (g mg−1 min−1) is the
pseudo-second-order rate constant; kp (mg g−1 min−1/
2) is the intra-particle diffusion rate constant, which is
proportional to the boundary layer thickness; and C is
a constant. Moreover, for the pseudo-second-order
kinetic model, the initial adsorption rate, h
(mg g−1 min−1), is given by the following equation:

h ¼ k2Q
2
e (7)

The adsorption rate constants and linear regression
correlation coefficients (r2) are summarized in Table 1.
Obviously, the adsorption amount of the SMIP for
BPA was higher than the MIP. The adsorption of BPA
onto SMIP and MIP followed pseudo-second-order
kinetics according to the favorable fit between experi-
mental and calculated values of Qe (all r

2 values above
0.99), which is also shown in Fig. 4(a). And it was
assumed that chemical process could be the rate-limit-
ing step in the adsorption process for BPA, which was
consistent with the formation of non-covalent bonds
between BPA template molecules and functional
monomer during the preparation of imprinted poly-
mers. Moreover, multi-linearity in the shape of the
intra-particle diffusion plot (Fig. 4(b)) indicated that
three steps were involved in the process of BPA
adsorption. The initial stage was attributed to the
diffusion of BPA through film diffusion to the outer
surface of adsorbents. The second stage described the
gradual adsorption stage, during which both film
diffusion and intra-particle diffusion were simultane-
ously operating. The last stage was the final equilib-
rium stage where the intra-particle diffusion started to
slow down due to extremely low concentration of
BPA left in solution. It was also found that the initial
adsorption rate (h) of the SMIP was more than double
that of the MIP, which may lie in the formation of sur-
face-exposed and specific recognition cavities on the
palygorskite supports during the imprinting reaction,
which benefited for BPA to diffuse into the inner cavi-
ties of the polymer. As for the MIP, the stiff polymer
network, however, prevents efficient removal of the
template from the interior of the MIP, resulting in
slow binding kinetics. In addition, it is necessary to
note that the intercept C as proposed by Eq. (6) was
not zero but a large value, indicating that intra-particle
diffusion may not be the controlling factor in deter-
mining the kinetics of the BPA adsorption process.

3.3. Adsorption isotherms

The adsorption amounts of BPA bound to the
SMIP and MIP as a function of residual BPA concen-
tration in solution are presented in Fig. 5. It was noted
that the adsorption amount of both adsorbents
increased with increasing BPA equilibrium concentra-
tion, while, the adsorption capacity of the SMIP for
BPA was superior to that of the MIP, which was
ascribable to the combination of more exposed
imprinted cavities and large surface area provided by
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palygorskite support. Furthermore, the observed
decrease in the adsorption amount with an increase of
temperature was indicative of the exothermic nature
of adsorption process. To further study the adsorption
mechanism, the Langmuir, Freundlich, and Dubinin–
Radushkevich isotherm models were applied to esti-
mate the adsorption behavior of the non-covalently
imprinting adsorbents, which can be described by Eqs.
(8)–(10), respectively:

1

Qe
¼ 1

Qm
þ 1

bQmCe
(8)

lnQe ¼ lnKF þ lnCe

n
(9)

lnQe ¼ lnQm � be2; e ¼ RT ln 1þ 1

Ce

� �
(10)

where Qm (mg g−1) represents monolayer adsorption
capacity; b (L mg−1) is the affinity constant; KF (mg g−1)
and 1/n (dimensionless) are the Freundlich constants
for the adsorption capacity and heterogeneity factor of

the adsorbent, respectively; ε is the Polanyi potential; R
(8.314 J mol K−1) is the gas constant; T (K) is the abso-
lute temperature; and β (mol2 kJ−2) is the activity
coefficient related to mean adsorption energy (E,
kJ mol−1), which was defined as the free energy change
when per molecule of the adsorbate is transferred to
the surface of the solid from infinity in solution, can be
calculated by Eq. (11):

E ¼ 2bð Þ�0:5 (11)

The corresponding isotherm parameters obtained from
the linear analysis are listed in Table 2. The correlation
coefficient (r2) revealed that the Freundlich isotherm
yielded a better fit than that of Langmuir model iso-
therm, implying adsorption took place at heteroge-
neous adsorption sites on the both absorbent surface.
This was perfectly in accordance with the non-linear-
ity (0 < 1/n < 1) of all the isotherms. Furthermore, the
affinity constant (b) and the Freundlich constants (KF)
for BPA on the SMIP were higher than those on the
MIP, indicating the stronger affinity of the SMIP for
BPA. Although the adsorption process did not con-
form to the D–R isotherm, the E value of BPA adsorp-
tion was in the range of 2.877–3.249 kJ mol−1,
suggesting the adsorption process may be mainly
dependent on hydrogen bonding formed by BPA and
functional monomer.

In order to further evaluate the specificity, the
Scatchard model was also utilized to fit the experi-
mental data, which can be described as Eq. (12):

Qe

Ce
¼ Qmax �Qe

Kd
(12)

where Qmax (mg g−1) is the maximum binding
amount. As can be seen from Fig. 6, the Scatchard plot
for SMIP and MIP generally consist of two linear sec-
tions with different slopes, indicating that there were
two classes of binding sites in the SMIP and MIP, and
the binding site configuration in both adsorbents is
heterogeneous.

Table 1
Kinetic parameters of the pseudo-second-order and intra-particle diffusion equation for BPA adsorption onto the SMIP
and MIP

Sample

Pseudo-second-order Intra-particle diffusion

Qe (mg g−1) k2 (g mg−1 min−1) h (mg g−1 min−1) r2 kp (mg g−1 min−1/2) C r2

SMIP 23.769 0.085 48.123 0.999 0.130 22.217 0.714
MIP 23.447 0.042 23.111 0.999 0.438 18.758 0.405
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Fig. 5. Adsorption isotherm for BPA adsorption onto SMIP
and MIP.
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3.4. Adsorption selectivity

In order to evaluate the selectivity of the SMIP and
MIP, experiments studying competitive adsorption of
BPA and its structural analogs, (i.e. 4-TBP and HQ)
from their mixtures were conducted under the same
conditions. The area percentage of adsorption peak
corresponding to the competitive target compounds
are depicted in Fig. 7. It has been found that both
adsorbents exhibit a much higher adsorption amount
towards the BPA template molecules than the other
analogs, particularly for SMIP. The difference in the
selective recognition ability for BPA between SMIP
and MIP is more specifically reflected in Table 3. For
the higher values of the adsorption amount, distribu-
tion coefficient Kd of the SMIP could be attributed to
more specific binding sites in the imprinted layer on
palygorskite surface imparted by precipitation poly-
merization reaction. Meanwhile, the k values of SMIP
for 4-TBP and HQ were 2.05 and 1.41 times greater
than MIP, respectively. All of these results provided

clear evidence of the good binding selectivity of SMIP
in the presence of competitive adsorption molecules.

3.5. Regeneration and reuse

The stability and reusability of the SMIP after each
recycle was evaluated by regeneration experiments.
The spent SMIP was recovered upon treatment with
methanol/acetic acid (9/1, v/v) and methanol to elute
the adsorbed BPA, and then reused in subsequence
cycle. Fig. 8 shows the removal efficiencies of the
SMIP for BPA in four adsorption/desorption cycles. It
can be seen that the SMIP only lost about 3% of its
affinity in the process of four cycles, which is probably
caused by the loss of memory cavities during the
regeneration process. This value is smaller than that of
other MIPs based on kaolinite/Fe3O4 composites and
multi-walled carbon nanotubes [26,27], to some extent,
indicating the stable regeneration performance and
inherent reusability of the SMIP.

Table 2
Langmuir, Freundlich, and D–R isotherm parameters for BPA adsorption onto SMIP and MIP

Sample T

Langmuir Freundlich D–R

Qm

(mg g−1)
b
(L mg−1) r2

KF

(mg g−1) n r2
Qm

(mg g−1)
β
(mol2 kJ−2)

E
(kJ mol−1) r2

SMIP 298 40.306 1.929 0.989 25.758 1.730 0.995 32.450 0.047 3.249 0.870
308 42.141 1.409 0.990 23.231 1.649 0.996 31.733 0.053 3.058 0.856

MIP 298 41.545 1.312 0.990 21.762 1.664 0.993 31.099 0.060 2.877 0.849
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4. Conclusions

In summary, palygorskite-supported SMIP for BPA
template was synthesized and well characterized by
SEM, FT-IR and elemental analysis. Compared with its
corresponding MIP, the as-prepared SMIP adsorbent,
combining the advantages of palygorskite and molecu-
lar imprinting technique, possessed outstanding affin-
ity, high efficiency and excellent selectivity towards
BPA in aqueous solution. The stable regeneration
performance and inherent reusability made the syn-
thesized SMIP attractive for separation and specific
recognition. It should be pointed out that even though
the preparation process was relatively complex, the
palygorskite-supported imprinting approach provided
a feasible solution to the removal of BPA in environ-
mental water.
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