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Abstract−We developed a simple phase inversion technique to prepare molecularly imprinted membrane (MIM) at
room temperature for membrane selective adsorption and separation of methyl p-hydroxybenzoate (M4HB). The pre-
pared SMIP-MIM was characterized by SEM, FT-IR, TGA. Compared with non-imprinted membrane (NIM1-5) adsor-
bent, SMIP-MIM1-5 adsorbent with high specific surface area and showed higher binding capacity, faster kinetic and
better selectively adsorption capacity for M4HB. The maximum isotherm adsorption capacity for M4HB of SMIP-
MIM4 was 3.519 mg·g−1, and the experimental data was well fitted to the slips model by multiple analysis. The maxi-
mum kinetic adsorption capacity and equilibrium adsorption time for SMIP-MIM4 were 1.335 mg·g−1 and 160 min,
respectively. The mechanism for dynamic adsorption of M4HB onto SMIP-MIM4 was found to follow pseudo-first-
order model and pseudo-second-order model. Additionally, the permeability separation factor of SMIP-MIM4 for
M4HB compared to a structural analogues methyl 2-hydroxybenzoate (M2HB) could reach 2.847. The adsorption
capacity of SMIP-MIM4 for M4HB and M2HB was 0.549 mg·cm−2 and 1.563 mg·cm−2, respectively. The adsorption
behavior of M4HB through SMIP-MIM4 followed the retarded permeation mechanism.
Keywords: Methyl p-Hydroxybenzoate, Molecular Imprinted Membranes, Selective Adsorption, Phase Inversion Tech-

nique

INTRODUCTION

To prevent deterioration, various additives and preservatives are
applied in medicines, food products and cosmetics. Methyl p-
hydroxybenzoate (M4HB) as a useful preservative is frequently ap-
plied in organic synthesis, cosmetics, medicine, food products and
pharmaceuticals due to its lower toxicity, no irritation and suitabil-
ity for a wide range of PH [1,2]. However, allergic reactions have
occurred when products contain methyl p-hydroxybenzoate. Besides,
it has been shown that long-term use of M4HB products can lead
to skin aging, DNA damage and disorder endocrine trigger can-
cer in current studies [3,4]. What is more, M4HB as a methyl ester
of p-hydroxybenzoic is generally applied in beverages and some
canned foods. So, it is continually discharged into the environment
through domestic wastewater and food chains for a long time [5].
Therefore, there is no doubt that it is significant and essential to
absorb M4HB and to make sure that the concentration of M4HB
in cosmetics and food is lower than the limit set by the state level.
But the challenge is that it is difficult through the traditional tech-
nologies to selectively separate M4HB due to very low content of
analysis product, such as distillation, high-performance liquid chro-
matography, liquid-phase, extraction and adsorption. Among these
processes, adsorption is an economically feasible and efficient method
for separating M4HB. However, the direct analysis of M4HB is often

disturbed because of its homologous series including methyl, ethyl,
butyl, heptyl, and benzyl p-hydroxybenzoic in the environmental
samples [2]. Absorption always cannot effectively separate M4HB
with a relative low concentration for its poor selectivity. Therefore,
it is important to develop a simple and highly effective method to
separate M4HB from complex samples.

Molecular imprinting technique (MIT) has been used worldwide
to separate the specific target molecules. Molecular imprinting tech-
nology uses the target molecule as a template; the monomers and
cross-linking agent under certain condition polymerization reac-
tion, and then the target molecular eluted, eventually form molec-
ularly imprinted polymers (MIPs) with similar spatial structure to
target molecules and specific binding sites toward analytes. MIPs
have some outstanding advantages in selectively separating, low-
cost, high thermal and chemical/mechanical stability [6-9]. We pre-
viously investigated the effect of submicrosized molecularly imprinted
polymer on silica submicroparticles for highly selective absorption
of M4HB [5]. However, it also has several drawbacks; common
MIPs are not beneficial to be separated from samples and difficult
to recycle from other situations. Furthermore, the small MIPs still
reserve in the treated water, which can cause new environmental
pollution problems [10-12]. To effectively overcome these obstacles,
it is a challenging task to develop a novel and efficient method for
the selective separation of M4HB. So far, some MIPs have been
grafted on a matrix such as polypropylene non-woven fabric or
polymer membranes [13-15].

Recently, molecularly imprinted membrane (MIM) has become
one of the research hotspots that is attracting tremendous interest
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in the separation area [16]. MIM is an emerging technology in-
cluding both the advantages of molecular imprinting technology
and membrane separation technology. The basic mechanism behind
molecular imprinting is the interaction between the molecules bind-
ing sites of polymer matrix and the template molecule through
physicochemical and chemical methods [6]. Therefore, MIM is
capable to provide the membrane with specific selectivity for sepa-
rating template molecules by simple membrane permeation pro-
cess [17]. MIM is the result of combining MIP which bears favorable
molecular selectivity, specific separation performance, integrity, stabil-
ity, less energy consumption, remarkable mechanical properties,
fast binding kinetics and continuously separating mixtures. Besides,
MIM can be removed easily and is beneficial for the effective recy-
cling of valuable materials after treatment. Thus, we consider MIM
with selective adsorption and separation capability will be a better
alternative to MIP for separating M4HB.

Different MIMs demonstrating selectively recognition properties
have been fabricated [18]. Phase inversion is a promising method
to synthesize flexible and thin membranes with high selectivity to
the targeted molecules due to the high efficiency, simplicity and
operating at atmospheric pressure of these processes [19-23]. More
recently, poly(vinylidene fluoride) (PVDF) used as a membrane
material has been extensively applied in phase inversion because of
its excellent chemical compatibility in most used organic solvents
and its thermal stability, physical robustness and filtration perfor-
mance. These satisfactory performances have spurred interest in
numerous researches on PVDF membrane production and appli-
cations [24-26]. However, the application of pure PVDF membrane
has been limited because of the extremely hydrophobicity and low
permeation property. Therefore, developing a PVDF membrane
with excellent hydrophilic performance and high selectively recog-
nizing property is extremely significant. So far, several researches
have been devoted to improve hydrophilicity of PVDF membranes,
including using hydrophilic polymers additives such as poly(ethtyl-
ene glycol) (PEG) and polyvinylpyrrolidone (PVP), showing specific
affinity toward a target molecule. Uragami et al. [27] prepared PVDF
hollow fiber membranes with different porosity and pore size by
adding PEG to improve the PVDF membrane permeability and
hydrophilicity. Moghareh Abed et al. [28] prepared PVDF-g-POEM
membrane via atom transfer radical polymerization (ATRP) and
observed the morphology, physical properties, permeability of mem-
branes; it showed that the hydrophilicity of the membrane surface
was improved. To our knowledge, there are few researches on selec-
tive separation M4HB using submicrosized imprinted membranes
as adsorbents to improve their adsorption behavior.

Therefore, our objective here was to present a simple and envi-
ronment friendly phase-inversion process to prepare a high perfor-
mance molecularly imprinted membrane for selectively separating
M4HB. We used PVDF powder mixed with surface molecularly
imprinted microspheres (SMIP) prepared using a sol-gel process
dissolved in NMP as a casting solution. Tetraethox-ysilane (TEOS)
and aminopropyltriethoxysilane (APTES) were chosen as cross-
linker and functional monomer, respectively. Using silica submi-
croparticles as the support was because it is a simple, available and
potential imprinting material to improve imprinting effect. The
so-prepared SMIP-MIM was then characterized and successfully

applied in the practical application about adsorption of target object
(M4HB) in the aqueous solution. And the imprinting efficiency
selectivity of SMIP-MIM/NIM was also evaluated by te batch mode
experiments. The selectivity of the prepared membrane was inves-
tigated over competitive compounds, and the results showed that
the SMIP-MIM was capable to selectively adsorb M4HB.

EXPERIMENTAL

1. Instruments and Materials
1-1. Equipment and Instruments

In this study, so-applied apparatuses were as follows: Fourier
transform infrared (FTIR) spectrometer with the wave number
range of 4,000-400 cm−1 was recorded on a Nicolet NEXUS-470 FT-
IR instrument (USA). Thermal gravimetry analysis (TGA) curves
of samples were obtained by using a thermoanalysis instrument
(NETZSCH STA 449C) in 10 oC·min−1 under the condition of heat-
ing rate. The morphologies of the samples were studied by scan-
ning electron microscopy (SEM, S-4800).
1-2. Materials and Reagents

Polyvinylidene fluoride (PVDF Mn¼110,000 g·mol−1, Solef 6010)
was provided by Solvay Solexis (Changshu, China). N-methyl pyr-
rolidone (NMP) was purchased from Sinopharm Chemical Reagent
(Shanghai, China). Methyl 2-hydroxybenzoate (M2HB), methyl p-
hydroxybenzoate (M4HB), Tetraethoxysilane (TEOS), Ammonium
Hydroxide (NH3·H2O, 25-28%) and aminopropyltriethoxysilane
(APTES) were all bought from Aladdin Chemistry (Shanghai,
China). All other reagents used in this experiment were analytical
and purchased by commercial channels. Ultrapure water used
throughout the experiments was obtained from an in-house labo-
ratory purification system.
2. Synthesis and Characterizations of SMIP-MIM
2-1. Preparation of the Silica Microspheres

2.0mL of NH3·H2O, 5.0mL distilled water and 14mL anhydrous
ethanol absolute were initially mixed to obtain solution A, then 1.0
mL of TEOS and 25 mL anhydrous ethanol absolute were mixed
to obtain solution B. Under magnetic stirring conditions, solution
B was slowly poured into solution A for 1.0 min, then the stirring
speed variable was adjusted to 300 rpm, with continuous stirring
for 4.0 h to form white silica colloidal suspension; finally through
centrifugal separation of the suspension and the product was pre-
cipitated in anhydrous ethanol and washed for three times with
ultrapure water. The so-obtained product was centrifuged and dried
to obtain silica microspheres.
2-2. Preparation of the Surface Molecularly Imprinted Submicro-
particles

The surface molecularly imprinted submicroparticles were pre-
pared using a sol-gel process according to the report by Meng [29]
et al. In a typical experiment, 1.87 mL of APTES (8.0 mmol) and
0.304 g of M4HB (2.0 mmol) were added into 400 mg silica sub-
microparticles which were dissolved in 20 mL of methanol for 2.0 h
under ultrasonic vibration conditions to obtain the absolutely self-
assembled composites with M4HB. Then, 1.0 mL of HAc (1.0 mol·
L−1) and 3.0 mL of TEOS (7.56 mmol) were added into the above
suspension under magnetic stirring at 300 rpm for 18 h to form
particles with a high precise cross-linking structure. The obtained



602 Y. Cui et al.

March, 2017

polymer was then washed with 100 mL of a mixture of methanol
and 6 mol·L−1 HCl (1 : 1, V/V) for three times and neutralized with
ultrapure water to remove M4HB. Finally, the polymer was dried
at 60 oC for 12 h to obtain the surface molecularly imprinted mi-
crospheres.
2-3. Fabrication of SMIP-MIM

The molecularly imprinted membranes were prepared using
phase inversion technique according to the report by Zhang [30]
et al. 0.05 g (or 0.10 g, 0.15 g, 0.20 g, 0.25 g) of SMIP were added
into 0.5 g of PVDF powders, which were dissolved into 9.5 mL of
NMP under stirring at 300 rpm; then 0.2 mL of ammonia solution
was added into the above solution under continuous stirring for
6 h to obtain transparent solution. After stewing to exhaust the air
bubbles, the casting solutions were transferred on a smooth and
clean glass plate under room temperature, then 30 s later the glass
plate was promptly immersed into the deionized water bath to
perform phase inversion to obtain the PVDF membrane (SMIP-
MIM1 or SMIP-MIM2, SMIP-MIM3, SMIP-MIM4, SMIP-MIM5),
and the process began between the distilled water and the poly-
mers. Finally, the membrane sheets were washed by deionized
water for three times to totally remove the residual NMP. Before
tests the imprinted membranes were stored in deionized water.

The corresponding nonimprinted membrane (NIM1-5) prepara-
tion and treatment method is the same as above but without tem-
plate M4HB.
2-4. Static Adsorption Experiments

The adsorption static experiments were carried out to study the
effect of the content of SMIP in SMIP-MIMs for the adsorption
capacity of SMIP-MIMs. 0.02 g of SMIP-MIM1-5 was added into
the numbers of 10 mL of M4HB solutions that the solvent was
methanol/water (3/7, V/V) [31,32] with concentrations 20 mg·L−1,
respectively. These compounds were shaken on a constant tem-
perature shaker at 25 oC, and after 4 h the residual concentrations
of M4HB in the supernatants were determined with UV spectro-
photometry at the wavelength of 256 nm, respectively. The adsorp-
tion amounts (Qe, mg·g−1) [33] were calculated by the following:

(1)

where C0 (mg·L−1) and Ce (mg·L−1) are the initial and equilibrium
concentrations of M4HB, respectively. V (mL) and m (g) are the vol-
ume of the solution and the weight of the membrane, respectively.
2-5. Kinetics Adsorption Experiments

In the adsorption kinetics experiments, 0.02 g of SMIP-MIM1-5

were accurately taken into a 10.0 mL centrifuge tube and then 20.0
mL of M4HB water solutions (200mg·L−1) were added. These mix-
tures were shaken on a constant temperature shaker. After an in-
terval of time, the residual concentrations of M4HB in mixed solu-
tions were obtained and determined using UV at a wavelength of
256 nm, respectively. The binding amounts (Qt, mg·g−1) [34] were
determined by the following Qt, and the time of adsorption equi-
librium was obtained.

(2)

 where C0 and Ct (mg·L−1) are the feed concentration at the ini-

tial time and the sampling time, respectively. V and m are the vol-
ume of the solution (mL) and weight of the prepared membrane
(g), respectively.
2-6. Isotherm Adsorption Experiments

The adsorption isotherm of M4HB was performed in 10 mL
centrifuge tubes by the addition 0.02 g of SMIP-MIM or SMIP-
NIM into 9.0 mL M4HB water solution with different concentra-
tions ranging from 20 mg·L−1 to 280 mg·L−1 at room temperature.
After 4.0 h of stewing, the residual concentration of M4HB in the
mixed solution was determined using UV absorption spectroscopy
at a wave length of 256 nm. The equilibrium binding amounts were
calculated (Qe, mg·g−1) by the following:

(3)

where C0 (mg·L−1) and Ce (mg·L−1) are the initial and equilib-
rium concentrations of M4HB, respectively. V (mL) and m (g) are
the volume of the solution and the weight of the membrane, respec-
tively.
2-7. Permeation Experiments

Permeation experiments were carried out for M4HB to investi-
gate the selective permeation of SMIP-MIM and SMIP-NIM that
was evaluated toward competitive substrates M4HB and M2HB
using the mixture solutions containing 100 mg·L−1 of M4HB and
M2HB as the feeding solution in H-model tube installation (Fig.
1). The volume of each chamber was 150 mL, while the membrane,
with an effective cross-section area of 1.5 cm2, was fixed tightly be-
tween two text chambers of a permeation cell. The mixture solu-
tion of M4HB and M2HB (100 mL) of 100 mg·L−1 in methanol/
water (3 : 7, V/V) media was placed in the left-hand side cham-
ber, while 100 mL blank methanol/water (3 : 7, V/V) was placed in
the right-hand side chamber. In both chambers, solutions were
kept homogeneous by the magnetic stirrer at 25 oC. Finally, the
concentration of both M4HB and M2HB in the permeate solu-
tion obtained from the left-hand side solution was determined by
UV system at different points of sampling time. A volume of blank
methanol/water (3 :7, V/V) was added into the left-hand side cham-
ber to maintain a constant volume. The solute permeation amounts
Qpt (mg·cm−2) [35] were calculated by the following:

(4)

Qe = 
C0 − Ce( )V

m
-------------------------

Qt = 
C0  − Ct( )V

m
------------------------

Qe = 
C0 − Ce( )V

m
-------------------------

Qpt = 
CtV

A
---------

Fig. 1. Diagram of H-shaped two-compartment cell permeation in-
stallation.



Fabrication of molecularly imprinted membrane for selective adsorption of methyl p-hydroxybenzoate 603

Korean J. Chem. Eng.(Vol. 34, No. 3)

where Ct (mg·L−1) is the concentration of permeation molecules
at any time, V (L) and A (cm2) are the volume of the solution and
the effective cross-section area of the membrane, respectively.

To evaluate the permeation special selectivity of the obtained
membranes, a separation factor (ap) was chosen as a parameter β,
which was defined as the ratio of the average permeation amount
of M4HB and M2HB. The permeation special selectivity amounts
β were calculated by the following:

(5)

where QpM2HB and QpM4HB (mg·cm−2) are the permeation amounts
of competitive substrate and template molecular, respectively, at
the final time.

RESULTS AND DISCUSSION

1. Preparation of SMIP-MIM
The whole fabrication procedure of molecular imprinted mem-

brane contained three steps as shown in Fig. 2. In the first step (a),
the particle size of silica microspheres was determined by the
additional amount of TEOS, and the more of TEOS that was
added, the larger the particle size of silica microspheres became.
Reducing the content of TEOS to prepare silica microspheres would
increase the difficulty of separating the particles from the solution,
which required the speed of centrifugation should be kept extremely
high and the time of centrifugation should be kept longer even,
and the product rate was also not high. The mechanical strength
of the silica microspheres was influenced by the time of mechani-
cal stirring; the shape of silica microspheres could become oval
after a slight squeeze with short time as one or two hours, while
the shape of silica microspheres could form spheres and hardly
deform after three or four hours. That was because the structure
of the microspheres was loose in the early growth of core-shell,
and with the increase of time it would become increasingly tight.
In the second step (b), APTES was not only as a medium for con-
necting silica microspheres, but also as a functional monomer
with target molecular M4HB forming self-assembling compound,

wherein the acetic acid and TEOS acted as catalyst and cross-link-
ing, respectively. The key step in the preparation was agent neu-
tralization. Only when the template molecule in the polymer was
completely removed and kept neutral can SMIP show the most
excellent adsorption performance. In the third step (c), adding
ammonium hydroxide for producing dehydrofluorination reaction
made the polymer chains cross-linked and improved the mechan-
ical properties of membranes.
2. Characterizations

FT-IR technique was used to examine the changes in chemical
structures. The FTIR spectra of (a) SMIP and (b) SMIP-MIM4 are
shown in Fig. 3. As shown in Fig. 3(a) and (b), the absorption peak
at 468 cm−1 was attributed to the bending vibration characteristic
peak of Si-O-Si. In addition, the broad band observed around
2,900 cm−1 was ascribed to the stretching vibration of N-H of the
amino, indicating that APTES was successfully grafted to the sur-
face of silica microspheres. As shown in Fig. 3(b), the absorption
band at 1,182 cm−1 was assigned to stretching vibration of C-F of
PVDF, and in (b), the absorption peaks at 468 cm−1 and 2,900 cm−1

β = 
QpM2HB
QpM4HB
-----------------------

Fig. 2. Schematic diagram of the synthesis of molecularly imprinted membrane.

Fig. 3. FTIR of SMIP (a) and SMIP-MIM4 (b).
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were attributed to the bending vibration characteristic peak of Si-
O-Si and the stretching vibration of N-H of the amino, respec-
tively, illustrating that the surface molecular imprinting microsphere
had been integrated into the PVDF membrane. The result of FTIR
indicated that the SMIP-MIM was prepared successfully.

The morphologies of the SiO2, SMIP, PVDF membrane and
SMIP-MIM4 are shown in Fig. 4. In Fig. 4(a) silica particles display
uniform shape and particle size around 300 nm with a smooth
surface. However, in Fig. 4(b), the surface of microspheres became
rough, but particle size did not obviously increase, which indi-
cated that the molecularly imprinted polymer layer was success-
fully grafted on the surface of silica microspheres. As shown in
Fig. 4(c), PVDF microspheres were connected by filaments com-
bined into a membrane. In Fig. 4(d), SMIP particles were embed-
ded between PVDF microspheres bearing certain pore. The result
of (SEM) indicated that the SMIP-MIM was prepared successfully.

TGA was used to detect thermal stability and the degradation
behavior of SMIP-MIM4, PVDF membrane and SMIP. The result-
ing TGA curves of SMIP-MIM4, PVDF membrane and SMIP are
shown in Fig. 5. As depicted in Fig. 5, it was found that with the
increasing of temperature initially, the quality of SMIP-MIM4 and
PVDF membrane slightly dropped, this was mainly on account of
the presence of an amount of the physically absorbed water mole-
cules of membranes. SMIP-MIM4 and PVDF membrane presented
slightly higher loss of about 66.37% and 58.54% with the tempera-
ture increasing and the speed of membrane quality reduced quickly,
this was mainly due to producing dehydrofluorination reaction of
the PVDF membrane which leaded to mass loss. With the tem-
perature increasing, the mass loss of SMIP-MIM4 changed more

slowly, finally maintained unchanged, the weight of the remaining
18.38% was the amount of SiO2 that posed thermal stability. In
addition, SMIP had a slight weight loss of about 23% from room
temperature to 1,000 oC, regarding the loss of absorbed water and
the floccules-like imprinting coating present on the surface of sil-
ica submicroparticles during the process of imprinting.
3. Effect of the Content of SMIP

The experiment was made with five kinds of SMIP-MIM and
the difference of which was that the amount of SMIP in each SMIP-
MIM was different; the ratio of SMIP content and the additional
amount of PVDF in SMIP-MIM1-5 was 10%, 20%, 30%, 40% and

Fig. 4. SEM of SiO2 (a), SMIP (b), PVDF membrane (c), SMIP-MIM4 (d).

Fig. 5. TGA curves of (a) SMIP-MIM4 (b) PVDF membrane and
(c) SMIP.
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50%, respectively. The adsorption capacity of the membrane was
evaluated by static adsorption experiments, and the results are shown
in Fig. 6. As one can see from the figure, the adsorption capacity
of SMIP-MIM was obviously increased with the increase of SMIP
content; however, the amount of SMIP-MIM5 adsorption was not
increased compared with SMIP-MIM4. This was due to the dis-
persion of certain recognition sites in the inner of the imprinted
membrane leading to the M4HB molecule not reaching inside. Fur-
thermore, the adsorption capacity of the nonimprinted membrane
NIM1-5 was not obviously affected because of the additional ac-
counts of the nonimprinted microspheres that were kept at the
same level and less than the amount of SMIP-MIM adsorption. It
was more confirmed that adding SMIP increased the adsorption
capacity of the membrane; on the other hand, further adding the
amount of SMIP more may reduce the overall mechanical proper-
ties of the membrane. So we concluded that the amount of SMIP
was not too much and SMIP-MIM4 looked like the experiment
objective in this work.
4. Adsorption Isotherm Experiments

The adsorption isotherm experiments were carried out to eval-
uate the binding performance of the adsorption behavior on the
membrane for M4HB. Three isotherm equations widely applied,
namely Langmuir, Freundlich and Langmuir-Freundlich (Sips),
have been adopted in this study. The Langmuir equation, which is
all the binding sites with the same energy and is efficient adsorp-
tion onto surface with a limited number of uniform sites [36], is
given by Eq. (6).

(6)

where Qe (mg·g−1) is the equilibrium capacity of adsorbed M4HB

and Qm (mg·g−1) is the maximum adsorption amount, Ce (mg·L−1)
is the equilibrium concentration of adsorbed M4HB, KL (L·mg−1)
represents the Langmuir affinity constant.

The Freundlich isothermal model assumes that the all the ad-
sorption sites have different energy and occur onto an inhomoge-
neous surface [37]. The nonlinear expression of the model is:

(7)

where KF (mg·g−1) is the adsorption isothermal constant of the
Freundlich model, 1/n expresses a degree or commutative of the
strength inhomogeneous. If the 1/n value is less than 1.0, it means
that it is beneficial for removal conditions [38].

Langmuir-Freundlich (Sips) is Freundlich power-law tables intro-
duced on the base of the Langmuir isotherm equation [39]; the
equations as follows:

(8)

where the Ks [(L·mg−1)ns] is the Sips adsorption isothermal con-
stant, representing the adsorption capacity, ns is the empirical con-
stant.

The equilibrium adsorption values with different concentrations
of imprinted membrane and nonimprinted membrane are shown
in Fig. 7. As seen, the adsorption values of SMIP-MIM4 and NIM4

on M4HB increased with the increase of concentration of M4HB,
and the adsorption capacity was roughly the same. It was differ-
ent that at the same concentration, the adsorption capacity of the
former was much higher than that of the latter and in the concen-
tration range of the experiment the maximum adsorption capac-

Qe = 
QmKLCe

1+ KLCe
-------------------

Qe = KFCe
1/n

Qe = 
QmKs Ce( )

ns

1+ Ks Ce( )
ns

---------------------------

Fig. 6. Adsorption capacity of SMIP-MIM1-5 and NIM1-5.

Fig. 7. Equilibrium experimental data and modeling fit for the ad-
sorption of M4HB onto SMIP-MIM4 and NIM4.

Table 1. Adsorption equilibrium parameters for Langmuir, Freundlich and Sips isotherm equations

Sample
membrane

Langmuir Freundlich Sips
Qm (mg·g−1) KL (L·mg−1) R2 KF (mg·g−1) 1/n R2 Qm (mg·g−1) KS [(L·mg−1)ns] ns R2

SMIP-MM4 10.77 1.9×10−3 0.974 0.038 0.818 0.960 4.575 2.8×10−4 1.674 0.989
NIM4 27.33 2.8×10−4 0.958 0.007 1.006 0.958 2.460 4.1×10−5 2.017 0.987
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ity of SMIP-MIM4 and NIM4 were 3.519 mg·g−1 and 1.897 mg·g−1,
respectively. Three kinds of models fitting the curves of the iso-
thermal experimental data are also presented in Fig. 7, the so-fit-
ted relevant parameters are shown in Table 1. From the graph, the
model of the fitting curve or through the contrast table in the cor-
relation coefficient R2 value (above 0.98) can be found that the Sips
model was a fit to the experimental data than the other two mod-
els, predicting the largest adsorption capacity for SMIP-MIM4 and
NIM4 through the model was 4.575 mg·g−1 and 2.460 mg·g−1, ap-
proaching to the adsorption amount of SMIP-MIM4 and NIM4

for M4HB. This stated that a inhomogeneous membrane surface
but had certain amount of energy of the adsorption sites.
5. Adsorption Kinetics Experiments

The adsorption rate is a significant characteristic and parame-
ter used to reflect the adsorption procedure. To further investigate
the effects of template molecular M4HB on the adsorption behav-
ior of SMIP-MIM and SMIP-NIM, two typical kinetic models were
applied to analyze the binding process: Lagergren pseudo-first-order
(Eq. (9)) and pseudo-second-order model (Eq. (10)) [40,41], respec-
tively.

(9)

(10)

where Qt (mg·g−1) and Qe (mg·g−1) are the adsorption capacity
for M4HB of SMIP-MIM and SMIP-NIM at special and equilib-
rium time t (min), respectively. k1 (min−1) and k2 (g·mg−1·min−1)
are pseudo-first-order and pseudo-second-order rate constant of
equilibrium adsorption, respectively. In accordance with pseudo-
second-order rate constant of equilibrium adsorption the initial
rate of adsorption h (mg·g−1·min−1) and semi-equilibrium time t1/2

(min) [42] can be calculated:

(11)

(12)

In this study, the dynamic adsorption amounts of SMIP-MIM4

and SMIP- NIM4 for the template M4HB which ranged with time
are shown in Fig. 8. As seen, the dynamic adsorption of SMIP-
MIM4 and SMIP-NIM4 for M4HB experienced two steps: adsorp-
tion quickly and saturation slowly. The adsorption amounts of SMIP-
MIM4 and SMIP- NIM4 increased quickly with the time before
160 min and then the maximal adsorption amount of SMIP-MIM4

was up to 0.3 mg·g−1 (SMIP-MIM4); nevertheless, the maximal ad-
sorption amounts of SMIP-MIM4 and SMIP-NIM4 reached 94.08%
and 90.39% during 160 min, and about 560 min later, the adsorp-
tion amounts of two membranes increased slowly and reached
equilibrium.

Fig. 8 also presents the nonlinear regression plots of two typical
kinetic models of SMIP-MIM4 and SMIP-NIM4 for M4HB; the
correlation coefficient (R2) was used to estimate the feasibility of the
kinetic models, as shown in Table 2, the correlation coefficient (R2)
(R2 values above 0.99) of the adsorption procedure by pseudo-sec-
ond-order kinetic model were higher than that by pseudo-first-
order model. In addition, the theoretical values (Qe, cal) of equilib-
rium adsorption of SMIP-MIM4 and SMIP-NIM4 calculated by
pseudo-second-order were 1.382 mg·g−1 and 0.713 mg·g−1 which
were approximately to the experimental values (Qe, exp) that were
1.335 mg·g−1 and 0.687 mg·g−1, respectively. Hence, the adsorption
behavior of M4HB on SMIP-MIM4 and SMIP-NIM4 better fol-
lowed pseudo-second-order model, and this adsorption process
was for the rate control step [43]. Furthermore, the adsorption rate
of SMIP-MIM4 was quicker than of NIM4 by contrast, showing
that the SMIP-MIM4 was easier for the binding of M4HB. It was
observed that imprinted membranes exposed more binding sites
and enhanced their adsorption capacity.
6. Permeation Performance

Permeation experiments were carried out for the template mol-
ecule (M4HB) and completing molecule (M2HB) extremely to
examine the selective permeation of SMIP-MIM and SMIP-NIM.
As shown in Fig. 9, the results suggested that the permeation ac-
counts of the template molecule (M4HB) and the completing mol-
ecule (M2HB) increased with the time, but the completing mole-
cule (M2HB) showed higher permeation rate than the template
molecule (M4HB); the gap between the permeation accounts was
directly proportional to the time, so the increase in one variable
caused a change in the other, the permeation amounts of M4HB

Qt = Qe 1− e−k1t
( )

Qt = 
k2Qe

2t
1+ k2Qet
--------------------

h = k2Qe
2

t1/2 =1/ k2Qe( )

Fig. 8. Kinetic data and modeling fit for the adsorption of M4HB
onto SMIP-MIM4 and NIM4.

Table 2. Kinetic parameters for the pseudo-first-order and pseudo-second-order equations

Sample
membrane

Qe, exp

(mg·g−1)
Pseudo-first-order model Pseudo-second-order model

Qe, cal (mg·g−1) k1 (min−1) R2 Qe, cal (mg·g−1) K2 (g·mg−1·min−1) h (mg·g−1·min−1) T1/2 (min) R2

SMIP-MIM4 1.335 1.279 0.029 0.981 1.382 0.030 0.057 24.085 0.991
NIM4 0.687 0.654 0.025 0.987 0.713 0.049 0.025 28.662 0.992
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and M2HB reached 0.549 mg·cm−2 and 1.563 mg·cm−2, respectively,
during 360 min, and permeation isolate factor SMIP-MIM4 was
up to 2.847. Compared with SMIP-MIM4, diffusion of M4HB and
M2HB from the nonimprinted membranes though increased with
longer time; the permeation amounts of two membranes were up
to 1.451 mg·cm−2 and 1.393 mg·cm−2 at the same time, respectively,
and permeation isolate factor of NIM4 reached 0.960. The results
implied the imprinted process improved permeation and separa-
tion performance of membranes.

Two major mechanisms applied in analyzing the selective trans-
port could be regarded: (i) facilitated permeation driven by prefer-
ential sorption of the template due to affinity binding-slower trans-
port of other solutes, and (ii) retarded permeation due to affinity
binding-faster transport of other solutes, until a saturation of im-
printed sites with template was reached [44]. Apparently, the behav-
ior of M4HB and M2HB through SMIP-MIM4 followed the retarded
permeation mechanism, which indicated that the specific binding
sites on the membrane had higher adsorption for M4HB.

CONCLUSIONS

We synthesized molecularly imprinted membrane (SMIP-MIM)
with high performance for selectively separating methyl p-hydroxy-
benzoate (M4HB) by the phase inversion technique, using PVDF
powder mixed with surface molecularly imprinted microspheres
(SMIP) as matrix material. The prepared membrane was charac-
terized by SEM, FT-IR, TGA. The properties of membranes were
studied by the bath mode binding and permeation experiments.
The static adsorption demonstrated that 0.2 g of SMIP membrane
could achieve desirable properties, and compared with non-im-
printed membrane (NIM1-5) adsorbent, SMIP-MIM1-5 adsorbent
with high specific surface area and showed higher binding capacity,
faster kinetic and better selectively adsorption capacity for M4HB.
The equilibrium adsorption isotherms of M4HB on SMIP-MIM
could be well fitted by the Sips model. The mechanism for dynamic
adsorption of M4HB onto SMIP-MIM4 was found to follow pseudo-
second-order model. Dynamic binding study demonstrated that
the SMIP-MIM had good site accessibility toward M4HB mole-

cules. Additionally, the permeability experiment suggested that
SMIP-MIM4 had higher selectivity and better site accessibility for
the template M4HB than non-imprinted membrane (NIM4). The
SMIP-MIM4 in permeability experiment for M4HB can be better
adsorption and separated from the mixture. The adsorption behav-
ior of M4HB through SMIP-MIM4 followed the retarded perme-
ation mechanism. All the aforementioned results indicated the
potential application of the SMIP-MIM adsorbents for selectively
separation of M4HB in wastewater and food chains treatment.
Further, it can be predicted to be applied in the industrial produc-
tion for the adsorption and separation target analytes in the com-
plex matrix.
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NOMENCLATURE

Symbols
Q : adsorbing capacity
A : area
C : concentration
R2 : correlation coefficient
oC : degree centigrade
g : gram
h : hour
L : litre
m : mass
mg : milligram
mL : milliliter
mmol : millimole
moL : moore
Qpt : permeation capacity
β : permeation separation factor
V : volume

Abbreviations
APTES : aminopropyltriethoxysilane
FT-IR : fourier infrared spectrum
M4HB : methyl p-hydroxybenzoate
M2HB : methyl 2-hydroxybenzoate
MIM : molecularly imprinted membrane
MIPs : molecularly imprinted polymers
MIT : molecular imprinting technique
NMP : N-methyl pyrrolidone
PVDF : polyvinylidene fluoride

Fig. 9. Time-permeation curves of M4HB and M2HB through the
SMIP-MIM4 (a) and NIM4 (b).
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SEM : scanning electron microscopy
SMIP : surface molecularly imprinted microspheres
TEOS : tetraethox-ysilane
TGA : thermal gravity analysis
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