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Abstract: The imprinted polymers were prepared to absorb
dichlorophen (DCP) by using mesoporous silica with
ordered pores and high specific surface area. Both scan-
ning electronmicroscopy and transmission electronmicro-
scopy results suggested that the mesoporous silica nano-
sphere pores had a periodic distribution. The imprinted
layer of polymers was thin and uniform. The adsorption
experiments showed that the adsorption of imprinted
polymers was obviously improved due to the presence of
mesoporous structure. The maximum adsorption capacity
of MSNs@MIPs at 318 K was 91.1mg/g, and the adsorption
process rapidly reached the equilibrium within 40min.
The adsorption isotherm was well fitted by the Freundlich
isotherm model, indicating that multimolecular layer
adsorption mechanism governs the adsorption of DCP by
the polymers. The adsorption of MSNs@MIPs complied with
pseudo-second-order kinetic model. Both selective and
regenerative experiments demonstrated that MSNs@MIPs
can be successfully applied for selective adsorption of DCP.

Keywords:molecular imprinting, surface imprinting, dichlor-
ophen, mesoporous silica nanospheres, selective recognition

1 Introduction

Chlorophenols (CPs) are a group of substances con-
taining benzene, hydroxyl, and chlorine atoms in chlori-
nated aromatic rings [1]. They are common ingredients
in a variety of high-efficiency and low-cost pesticides,
algaecides, preservatives, and herbicides [2,3] Dichloro-
phen (DCP) is one of the numerous chlorophenol sub-
stances, which exists extensively in the chemical, agri-
cultural, and pharmaceutical industries [4]. DCP is a
potential persistent organic pollutant with low residual
concentration, high toxicity, and low degradation, and
it is harmful to aquatic organisms and ecological envir-
onment [5,6]. It was reported that DCP had been found
in many places, particularly in wastewater where the
relevant concentration was 10–450 ng/L [7]. Previous
research focused on mineralization, metabolism, redox,
and biodegradation of DCP. For example, Zertal et al. [8]
studied the photochemical degradation of DCP in various
sands, the rates of which were second only to 4-chloro-2-
methylphenoxyacetic acid (MCPA). Escalada et al. [9]
examined the effective photosensitization of DCP under
the action of riboflavin in natural conditions. Due to its
lower acidity coefficient (pKa), degradation of DCP is
easily induced by excited oxygen molecules (1O). How-
ever, there are certain defects in practical applications
of enzyme catalysis or photodegradation of DCP. It is
thereby of great significance to explore new removal
methods. As a common method to remove contaminants
in water, adsorption becomes a potential alternative.

The conventional porous adsorbents for DCP, such as
activated sludge and activated carbon, have poor perfor-
mance and low efficiency in selective adsorption [10,11].
It is difficult for traditional adsorbents to perform well in
the treatment of trace pollutants despite they have strong
adsorption performance. Besides, pure pollutants can
be obtained after adsorption with selective adsorbents,
which is conducive to the recycling of pollutants. There-
fore, it is necessary to develop a new adsorbent in

Yuxuan Ma, Yuan Xu, Hui Chen, Lihui Huang: Key Laboratory of
Subsurface Hydrology and Ecological Effects in Arid Region, Ministry
of Education, Chang’an University, Xi’an, 710054, China;
Department of Environmental Science and Engineering, School of
Water and Environment, Chang’an University, Xi’an, 710054, China



* Corresponding author: Jifeng Guo, Key Laboratory of Subsurface
Hydrology and Ecological Effects in Arid Region, Ministry of Education,
Chang’an University, Xi’an, 710054, China; Department of Environmental
Science and Engineering, School of Water and Environment, Chang’an
University, Xi’an, 710054, China, e-mail: guojifeng@chd.edu.cn,
tel: +86-029-82339956, fax: +86-029-82339281
* Corresponding author: Xiao Wei, Key Laboratory of Subsurface
Hydrology and Ecological Effects in Arid Region, Ministry of Education,
Chang’an University, Xi’an, 710054, China; Department of Environmental
Science and Engineering, School of Water and Environment, Chang’an
University, Xi’an, 710054, China, e-mail: chdwx@chd.edu.cn

Green Processing and Synthesis 2021; 10: 336–348

Open Access. © 2021 Yuxuan Ma et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/gps-2021-0030
mailto:guojifeng@chd.edu.cn
mailto:chdwx@chd.edu.cn


combination with new technology for the removal of
DCP in aqueous environment. Molecular imprinting tech-
nology can be used to prepare polymers that have better
properties than general natural recognition (enzyme and
substrate) molecules [12,13]. Hence, the use of molecular
imprinting technology to prepare imprinted adsorbent
materials has great potential for selective adsorption of
dichlorophen. Molecular imprinted polymers (MIPs) had
recognition sites and imprinted cavity distributed in a
three-dimensional network, which can mimic the recog-
nition of biological receptors.

Compared with the imprinted polymers prepared by
the traditional bulk polymerization method, the surface
imprinting polymerization method is used to make the
imprinting sites located on the outer layer of polymer
based on selected ideal carrier, which facilitates rapid
identification of target contaminants during adsorption
process [14,15]. Accordingly, MIPs with higher adsorption
capacity and faster adsorption rate can be prepared with
fewer raw materials and less time [16]. Silica nanoparti-
cles are widely used in chemical industry and environ-
mental protection because of their high specific surface
area, small sample density, and good stability [17,18].
Through the use of silica nanoparticles as a supporting
material, Masoumi and Jahanshahi [19] prepared an MIP
that had good selectivity and site accessibility for thymol.
Xie et al. [20] successfully synthesized a novel multitem-
plate MIP on the surface of mesoporous silica to detect
alkylphenol compounds in water. Dowlatshah and Saraji
[21] prepared a selective molecular imprinted solid-phase
microextraction (SPME) sorbent based on silica through
the sol-gel process. Li et al. [22] used mesoporous silica
as the carrier to prepare a magnetic MIP for atrazine. Guo
et al. [23] prepared dual-dummy-template molecularly
imprinted polymer-coated magnetic graphene oxide for
separation and enrichment of phthalate esters in water.
Our research group synthesized MIPs for dichlorophen
based on silica [24]. It is necessary to further enhance
the adsorption capacity and the rate of the MIPs. During
the adsorption process, the performance of the adsorbent
is also affected by the support material. The void struc-
ture and the shape of the support material will affect
the distribution of the imprinted layer. If the support
material has a regular shape and a large specific surface
area, it can promote the binding of target molecules to
the imprinted polymer [25]. Mesoporous silica nanosphere
(MSN) is a silicon-based inorganic porous material, which
uses silica as a skeleton. Compared with silica, mesoporous
materials have more advantages such as low density, high
specific surface area, controllable pores, strong plasticity,
and high economical and practical physicochemical proper-
ties [26]. Furthermore, the surface of MSNs has more silicon
hydroxyl groups than silica. Due to the existence of silanol,

mesoporous silica nanospheres have stronger activity
[27,28]. The mesoporous matrix used as a molecularly
imprinted polymer carrier can increase the adsorption capa-
city and the rate of imprinted polymers [29]. To alter the
physical and chemical properties of materials, 3-(methacry-
loyloxy)propyltrimethoxysilane was used to graft double
bonds on the surface of MSNs. Therefore, the modified
MSNs were used as a imprinting carrier to improve the
adsorption performance of imprinted polymers [30,31].

In this study, the molecularly imprinted polymers
based on mesoporous silica nanospheres, which used
acrylamide (AM) as the functional monomer, ethylene
glycol dimethacrylate (EGDMA) as the cross-linker agent,
and azoisobutyronitrile (AIBN) as the initiator, have been
successfully synthesized for the selective adsorption of
DCP. DCP can quickly reach the adsorption equilibrium
and have a high adsorption capacity by a two-step precipi-
tation polymerization method. Not only did chemical mod-
ification preserve the properties of mesoporous material but
also it obtained a material with stronger activity.

2 Materials and methods

2.1 Materials

Dichlorophen (98%), acrylamide (Am), ethylene glycol
dimethacrylate (EGDMA), 2,2′-azobis(2-methyl-propioni-
trile) (AIBN, ≥98%), 2,4-dichlorophenol (2,4-DCP, >98%),
and 2,6-dichlorophenol (2,6-DCP, 99%) were all analy-
tical reagents and purchased from Aladdin Reagent Co.
Ltd. [32]. Chlorophene (CP, >97.0%) was purchased from
Bailingwei Technology Co., Ltd. Tetraethyl orthosilicate
(TEOS) was purchased from Tianjin Fuchen Chemical
Reagent. 3-(Methacryloyloxy)propyltrimethoxysilane (KH570)
was purchased from Shandong Yousuo Chemical Technology
Co., Ltd. Ethanol, deionized water, acetonitrile, methanol, and
acetic acid were all analytical reagents and purchased from
Guangzhou Jinhuada Chemical Reagent Co. Ltd. Cetyltri-
methylammonium bromide (CTAB) and sodium hydroxide
(NaOH) were all analytical reagents and purchased from
Tianjin Damao Chemical Reagent Factory.

2.2 Methods

2.2.1 Preparation of mesoporous SiO2 (MSNs)

In this study, tetraethyl orthosilicate was used as inor-
ganic silicon source, and CTAB was used as template-
directing agent to synthesize mesoporous silica in the
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alkaline condition [33]. The synthesis procedure was as
follows: (1) 0.50 g of CTAB was dissolved into 240mL
water, then 1.5 mL of NaOH (2.0 M) was added; (2) after
heated to 80°C with constant stirring, 2.5 mL of TEOS was
added quickly to the mixture, and the white precipitate
was gradually generated; (3) the mixture was stirred at
the same temperature for 2 h, and precipitates were col-
lected by hot filtration; (4) the precipitates were washed
several times with DI water and ethanol and was then
dried in vacuum at 60°C for 12 h. The dried product was
calcined in a muffle furnace at 550°C for 6 h to obtain SiO2

with a mesoporous structure.

2.2.2 Modification of mesoporous SiO2 (KH570-MSNs)

A total of 0.5 g MSNs and 50mL ethanol were added into
a 100mL flask. The mixture was ultrasonically dispersed
for 15–20min, and then 2.0 mL KH-570 was added. After
heating to 55°C and holding for 12 h, the mixture was
centrifuged to obtain the MSNs modified by KH-570.
The precipitates were washed several times with ethanol
and then dried in a vacuum oven for 12 h.

2.2.3 Preparation of mesoporous silica nanospheres
molecularly imprinted polymer (MSNs@MIPs)

The synthetic route is shown in Figure 1. 60 mL acetoni-
trile was added into a 100mL flask, followed by addition
of 0.1 mmol DCP, 0.4 mmol Am, and 0.1 g MSNs modified
by KH-570, 1.6 mmol EDGMA, and 0.01 g AIBN. After
sonication for 15–20min and oxygen removal, the sealed
flask was placed in a water bath shaker at 50°C. The final

product was obtained by two-step polymerization: the
first step was prepolymerization at 50°C for 6 h, and the
second step was polymerization at 60°C for 24 h. After
the completion of two-step polymerization, the product was
washed several times with ethanol to remove unreacted
substance before it was dried in a vacuum oven at 60°C
for 12 h. Soxhlet extraction with a mixture of methanol:
acetic acid (9:1; v-v)was undertaken for several times until
the template molecules were completely removed. The
product was subsequently dried under vacuum at room
temperature to obtain molecularly imprinted polymers
(MSNs@MIPs). At the same time, the nonimprinted poly-
mers (MSNs@NIPs) was prepared. Unlike the imprinted
polymers, the targetmolecule dichlorophenwas not added
during the nonimprinted polymers preparation process.

2.3 Batch binding experiments

Static adsorption experiments were conducted to study
the effects of initial DCP concentration and temperature
on adsorption behavior. DCP solutions of different con-
centrations were used as simulated wastewater in the
experiments. First, 2.0 mg ZIF-8@MIPs or ZIF-8@NIPs
was added into a 10mL centrifuge tube containing DCP
solution, the concentration of which ranged from 10 to
100mg/L. The mixtures were placed in a water bath at
298, 308, and 318 K for 12 h, respectively. After the com-
pletion of reaction, the mixtures were centrifuged, and
the supernatants were measured, so as to calculate the
adsorption capacity Qe (mg/g) at the equilibrium state. Qe

is calculated as shown in Eq. 1 [34]:

=

( − )Q C C V
W

,e
0 e (1)

where Qe (mg/g) is the equilibrium adsorption capacity of
MSNs@MIPs (or MSNs@NIPs), C0 (mg/L) is the initial
concentration of DCP in the solution, Ce (mg/L) is the
concentration of DCP in the solution after adsorption
equilibrium, V (mL) is the volume of solution, and W
(mg) is the mass of MSNs@MIPs (or MSNs@NIPs).

In kinetic adsorption experiment, 2.0mg adsorbent
(ZIF-8@MIPs or ZIF-8@NIPs) was added into 10mL a
50mg/L DCP solution. The mixtures were placed in 298,
308, and 318 K water bath for a given interval (5, 10, 20,
30, 60, 90, 120, 180, 240, and 300min), respectively. The
remaining DCP concentrations in the supernatants were
analyzed by ultraviolet spectroscopy. The mass of adsor-
bent Qt (mg/g) at each contact time interval is calculated
with Eq. 2 [35]:Figure 1: Synthetic route for molecularly imprinted nanoadsorbents.
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=

( − )Q C C V
W

,t
t0 (2)

where C0 (mg/L) is the initial concentration of DCP in
the solution, Ct (mg/L) is the concentration of DCP in
the solution with different contact times, V (mL) is the
volume of solution, and W (mg) is the mass of the
MSNs@MIPs (or MSNs@NIPs).

2.4 Experimental study on selective
adsorption and MSNs@MIPs
regeneration in a single system

To characterize the selective adsorption performance of
mesoporous imprinted polymers that were prepared in
this study, 50mg/L DCP, CP, 2,4-DCP, and 2,6-DCP solu-
tion were disposed in 10mL centrifuge tube, respectively.
2.0 mg MSNs@MIP (or MSNs@NIP) was added into the
mixture. The mixture was placed in 298 K water bath for
12 h. Then, the mixture was centrifuged, and the concen-
trations of DCP, CP, 2,4-DCP, and 2,6-DCP that were
remained in supernatants were measured by ultraviolet
spectroscopy. The adsorption amount was calculated. To
study the stability of MSNs@MIPs, 2.0 mg of MSNs@MIPs
was added into 50mg/L DCP solution at 298 K for 0.5 h.
The concentration of residual DCP in the solution was
determined, and the amount of adsorption was calculated.
The samples were washed with a methanol-acetic acid to
remove the residual DCP and were then used to recombine
the DCP. The aforementioned steps were repeated six
times to verify the reproducibility of MSNs@MIPs.

2.5 Real sample experiments

For further evaluating the practical application value
of the MSNs@MIPs, the real water samples, which was

pretreated and spiked with DCP at three concentration
levels (5, 10, and 20 mg/L). MSNs@MIP and MSNs@NIP
were added to the spiked water sample for enrichment
detection and separation of DCP at 318 K.

3 Results and discussion

3.1 Characterization of MSNs@MIPs

The morphologies of MSNs and MSNs@MIPs, which were
prepared in this study, were analyzed by SEM (Figure 2a
and b). As shown in the figures, MSNs are spherical nano-
particles with a particle size ranging from 50 to 100 nm.
These particles were relatively uniform in dispersion.
The surface of MSNs@MIPs was smooth, and the size
was slightly larger, indicating that a polymer layer was
attached to the surface of mesoporous SiO2.

The morphology and the particle size of MSNs@MIPs
were characterized by transmission electron microscopy.
Figure 3a shows the mesoporous structure of SiO2 clearly.
It can be seen that the prepared imprinted polymers have
significant core-shell structure characteristics as well as
regular pores in Figure 3b. The samples had good disper-
sibility, and their average particle size was about 150 nm,
which is basically consistent with SEM images. Mean-
while, it is found that the surface of mesoporous SiO2

had a layer, the thickness of which was about 20 nm.
Figure 4 shows the FT-IR spectra of MSNs (a), KH570

modified MSNs (b), and MSNs@MIPs (c). The peaks
at 1631.7 and 1,695 cm−1 in the graphs of MSNs (a) and
modified MSNs (b) are the stretching vibration of C]C.
The absorption peak at 1075.8 cm−1 is the asymmetric
stretching vibration of Si–O–Si, the absorption peak
at 460.1 cm−1 is the bending vibration of Si–O bond,
and the corresponding Si–O symmetric stretching vibra-
tion absorption of SiO2 is at 795.8 cm

−1 [36]. It shows that

Figure 2: SEM images of (a) mesoporous SiO2 and (b) MSNs@MIPs.
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mesoporous silica has been successfully synthesized, as
the SEM and TEM image shows. The 3,433 cm−1 peak is
due to the stretching vibration absorption of –OH. It can

be seen from the map (c) that MSNs@MIPs contain all the
characteristic peaks of modified SiO2. Several additional
absorption peaks are present near 1,710 cm−1. They are
C–H stretching vibration and C]O stretching vibration,
both of which appear from the cross-linking agent EGDMA
in the molecularly imprinted polymerization system [37].
Based on the aforementioned analysis, it was revealed
that the chemical modification on the surface of meso-
porous silica and the preparation of mesoporous silica poly-
mers were successful.

The thermal stability of the materials was characte-
rized using thermogravimetric curves. Figures 5a and b
show the thermogravimetric curves ofMSNs andMSNs@MIPs,
respectively. The weight loss of MSNs below 150°C was
mainly due to the evaporation of water on the material
surface. When the temperature was above 150°C, the
weight of MSNs did not significantly change with the
increasing temperature. When the temperature increased
up to 700°C, the total mass loss was 12.4%. Thus,
the mesoporous silica had good thermal stability. In con-
trast, the maximum mass loss of MSNs@MIPs occurred

Figure 3: TEM images of (a) MSNs and (b and c) MSNs@MIPs.

Figure 4: FT-IR spectra of (a) MSNs, (b) KH570-MSNs, and
(c) MSNs@MIPs.
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between 100°C and 450°C with weight loss about 55.7%.
Such loss was mainly due to the decomposition of func-
tional monomers and crosslinkers on the carrier surface
[38]. This finding also suggested that the mesoporous
silica surface imprinting was successful.

3.2 Adsorption equilibrium study

The isotherms of DCP adsorbed by MSNs@MIPs and
MSNs@NIPs at different temperatures were characterized
in this study. The results are shown in Figure 6.

It can be seen that the adsorption amount ofMSNs@MIPs
increases rapidly at the beginning with the increasing
initial concentration and finally reached dynamic equilibrium.

In themeantime, higher temperature increased the adsorption
amount, and the adsorption capacities of MSNs@MIPs
at 298, 308, and 318 K were 68.6, 72.6, and 91.1 mg/g,
respectively, whereas the counterparts of MSNs@NIPs
were 50.9, 60.2, and 71.3 mg/g. Obviously, the presence
of imprinting site on the polymer noticeably strengthened
the adsorption capacity of adsorbent on the target mole-
cule in the solution. Given the large specific surface
area and the pore structure of mesoporous material, the
adsorption capacities of MSNs@MIPs and MSNs@NIPs
were significantly higher than other common adsorbents.

3.3 Adsorption isotherm

The experimental data were fitted by Langmuir equation
and Freundlich isotherm adsorption equation, so as to
investigate the adsorption behavior of DCP on imprinted
polymers.

The Langmuir isotherm adsorption model assumes
that monolayer adsorption occurs only on adsorbent sur-
face. The nonlinear and linear equations are shown in
Eqs. 3 and 4, respectively [39]:

=

+

Q K Q C
K C1

.e
L m e

L e
(3)

= +

C
Q K Q

C
Q

1 .e

e L m

e

m
(4)

The Freundlich isotherm adsorption model assumes
that multilayer adsorption governs the process. The non-
linear and linear equations are shown in Eqs. 5 and 6,
respectively [40]:

Figure 5: Thermogravimetric curves of (a) MSNs and (b)
MSNs@MIPs.

Figure 6: Adsorption isotherm curves of (a) MSNs@MIPs and (b) MSNs@NIPs.
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n
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where Qe (mg/g) is the equilibrium adsorption amount,
Qm (mg/g) is the maximum adsorption amount, KL (mg/g)
is the Langmuir adsorption equilibrium constant, Ce (mg/L)
is the concentration of DCP after adsorption equilibrium,
and KF (mg/g) and n are the adsorption equilibrium con-
stants of Freundlich.

The linear adsorption equations of Langmuir and
Freundlich were used to fit the experimental adsorption
equilibrium data. The isotherm model parameters are
presented in Table 1. The nonlinear equations of the
Langmuir and Freundlich isotherm models were used to
fit the adsorption data at three different temperatures.
The results are shown in Figure 7.

It can be seen from Table 1 and Figure 7 that the
Freundlich isotherm adsorption model better fit the
dichlorophen adsorption data. Therefore, the adsorp-
tion of DCP by MSNs@MIPs is subject to multilayer
adsorption.

3.4 Adsorption dinetics

The adsorption capacities at 298, 308, and 318 K, were
obtained at different time intervals. The adsorption kinetic
curves of MSNs@MIPs and MSNs@NIPs are shown in
Figure 8. Since the molecularly imprinted polymer layer
was located on the support surface, the adsorption rate of
DCP on MSNs@MIPs was faster at the beginning, and the
adsorption equilibrium was reached within 40min. The
pore structure of the mesoporous material was continu-
ously distributed compared with silica. Its specific surface
area was large. As a carrier of imprint, the mass transfer
rate of substance was greatly improved during adsorption.
The adsorption capacities improved with the increasing
temperature and time. It can be seen from the figure that
the adsorption capacity of DCP by MSNs@NIPs was lower
than that of MSNs@MIPs at same temperature. It indicated
that the presence of binding sites significantly improved
the specific adsorption of polymers.

The adsorption kinetics was analyzed using both
pseudo-first-order and pseudo-second-order models (Eqs.
7 and 8) [41,42]:

Table 1: Constants of the Langmuir and Freundlich isotherm models

Samples T (K) Qe (mg/g) Langmuir Freundlich

Qm (mg/g) KL (L/mg) R2 KF [(mg/g)(L/mg)] 1/n R2

MSNs@MIPs 298 68.6 86.95 0.038 0.9791 8.628 0.47 0.9845
308 72.6 90.09 0.040 0.9633 10.120 0.44 0.9775
318 91.1 99.01 0.055 0.9397 19.985 0.32 0.9408

MSNs@NIPs 298 50.9 74.07 0.032 0.9675 4.785 0.57 0.9691
308 60.2 75.75 0.045 0.9898 9.659 0.42 0.9908
318 71.3 93.46 0.037 0.9674 11.040 0.47 0.9791

Figure 7: Langmuir and Freundlich isotherms fit curves of (a) MSNs@MIPs and (b) MSNs@NIPs.
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The aforementioned twomodelswere deformed to obtain
linear equations for pseudo-first-order (Eq. 9) and pseudo-
second-order kinetics as shown in Eq. 10, respectively:

( − ) = −Q Q Q k tln ln .te e 1 (9)

= +

t
Q k Q

t
Q

1 .
t 2 e

2
e

(10)

Qe and Qt represent the adsorption capacities at equili-
brium and time t, respectively, and k1 and k2 are the rate
constants of the pseudo-first-order and pseudo-second-
order kinetics, respectively. Qe and k1, k2 can be obtained
by the slope and intercept of ln(Qe − Qt) and t, t/Qt, and, t,
respectively.

Table 2 presents the parameters of two models fitted
by the experiment data subject toMSNs@MIPs andMSNs@NIPs.
The linear equations of the pseudo-second-order kinetic
model were used to fit the adsorption behavior of the

adsorbent on DCP at three different temperatures. The
results are shown in Figure 9.

As shown in Table 2, the fitting results indicated
that the pseudo-second-order kinetic model better fitted
the data than pseudo-first-order kinetic model did. The
adsorption amounts, Qe,c, at equilibrium obtained by the
pseudo-second-order model approached the counterpart
obtained experimentally, Qe,exp, at three different tem-
peratures. It suggested that the adsorption of DCP by
MSNs@MIPs and MSNs@NIPs complied with the pseudo-
second-order kinetic model. The pseudo-second-order
kinetic model assumes that the adsorption process is con-
trolled by the chemisorption mechanism, indicating that
the selective adsorption of the target molecule DCP by
MSNs@MIPs and MSNs@NIPs is a chemisorption process
[43,44]. The hydrogen bond is the main force binding
DCP and the functional monomer. The adsorption rate
is controlled by the chemical or electrostatic interaction
between the adsorbate and the adsorbent. Meanwhile, we
made a comparison with other reported materials for
removal of DCP, as presented in Table 3.

Figure 8: Adsorption kinetics of (a) MSNs@MIPs and (b) MSNs@NIPs.

Table 2: Kinetic constants of the pseudo-first-order and pseudo-second-order kinetic models

Samples T (K) Qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

Qe,c (mg/g) k1 (1/min) R2 Qe,c (mg/g) k2 (g/mgmin) R2

MSNs@MIPs 298 41.24 19.62 0.0456 0.9044 45.45 0.00279 0.9965
308 50.03 11.20 0.0310 0.6518 52.63 0.00445 0.9978
318 60.31 23.93 0.0449 0.7693 65.36 0.00207 0.9954

MSNs@NIPs 298 35.21 17.72 0.0540 0.8563 38.61 0.00371 0.9924
308 46.90 20.25 0.0556 0.8166 50.51 0.00295 0.9974
318 48.56 18.27 0.0387 0.8037 52.36 0.00316 0.9986
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3.5 Selectivity performance

The most prominent feature of molecularly imprinted
polymers is the ability to specifically select and identify
target contaminant molecules. Selective performance is
an important indicator for evaluating their application

performance. 2,6-DCP, 2,4-DCP and CP with different che-
mical structures were selected as target pollutants. Figure 10
shows the selective adsorption capacity of MSNs@MIPs
and MSNs@NIPs for four substances under the same
condition.

As shown in Figure 10 and Table 4, MSNs@MIPs
and MSNs@NIPs had different adsorption capacities
for 2,6-DCP, 2,4-DCP, and CP. The adsorption capacity
of MSNs@MIPs for DCP was 40.12 mg/g, higher than
30.03mg/g of MSNs@NIPs. The adsorption of target con-
taminants on MSNs@MIPs is influenced by a number of
factors, which include the size of particular three-dimen-
sionally imprinted pore, the shape of imprinting sites,

Figure 9: Pseudo-second-order kinetic equation fit curve of (a) MSNs@MIPs and (b) MSNs@NIPs.

Table 3: Removal of dichlorophen by different materials

Materials Qm (removal rate) Equilibrium time Reference

Fontainebleau sand (almost pure silica) 75% 8 days [8]
Laccase-MSU-F nanomaterial Toxic significantly reduced — [38]
Core-shell magnetic molecularly imprinted polymer 56.0 mg/g 90min [39]
Core-shell spherical silica molecularly imprinted polymer 72.5 mg/g 90min [20]
MSNs@MIPs 91.1 mg/g 40min This study

Figure 10: Selective adsorption properties of MSNs@MIPs and
MSNs@NIPs for DCP.

Table 4: Selective adsorption related data table

Antibiotics QMIPs

(mg/g)
QNIP

(mg/g)
Imprinted
factor (α)

Selection
factor (β)

DCP 40.12 30.03 1.34 —
CP 26.36 21.14 1.24 1.09
2,4-DCP 16.15 14.69 1.10 1.22
2,6-DCP 16.74 13.43 1.25 1.07
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and the location of the functional group. Compared with
other three substances, MSNs@MIPs had higher adsorp-
tion capacity and better selectivity for DCP, indicating
that it is a potentially suitable adsorbent for DCP.

3.6 Adsorption thermodynamics

The adsorption thermodynamics also used to analyze the
process of adsorption. The parameters can be obtained
according to Eqs. 11–13 [45]:

= −G RT KΔ ln ,c (11)

= − / + /K H RT S Rln Δ Δ ,c (12)

= ( − )/S H G TΔ Δ Δ , (13)

where Kc is Qe/Ce (mg L g−1 mmol−1).

Dependent on the thermodynamic graphs and rela-
tive parameters presented in Table 5, it can draw a con-
clusion that the adsorption process belongs to a sponta-
neously endothermic reaction.

3.7 Regeneration property of MSNs@MIPs

The reuse efficiency is also an important indicator of
adsorbent material performance. After the adsorption
of imprinted polymers reached equilibrium, they were
regenerated by desorption process. The adsorption amounts
of DCP by the imprinted polymer after each cycle were
measured, and the results are shown in Figure 11. The
adsorption capacity of MSNs@MIPs was reduced after
each repeated cycle. It may be affected by various factors,
such as experimental operating conditions, control of
the adsorption environment, and binding strength of
the target to the site. As the number of experiments
increased, the capacity of adsorption decreased, but the
reduction was slight. It is indicated that the imprinted
polymers that are eluted after adsorption can be used
multiple times. They have a good regenerative perfor-
mance and a great effect on reducing the use cost in
the application.

3.8 Real sample experiments

To investigate the practical use of MSNs@MIPs, added
standard recovery text was taken. As the experiment

Table 5: Thermodynamic parameters for the adsorption DCP in MSNs

Temperature Kc (mg L g−1 mmol−1) GΔ (kJ mol−1) HΔ (kJ mol−1) SΔ (kJ mol−1 K−1)

298 8.41 −5.27 5.35 0.036
308 9.68 −5.81 0.037
318 22.76 −8.26 0.042

Table 6: Recoveries and RSD of DCP in river water using MSNs@MIPs and MSNs@NIPs

Samples Added (mg/L) MSNs@MIPs MSNs@NIPs

Measured value (mg/L) Recovery (%) RSD (%) Measured value (mg/L) Recovery (%) RSD (%)

River water 5 4.66 93.26 1.42 4.55 90.92 2.03
10 9.71 97.13 1.37 9.42 94.17 3.12
20 19.19 95.94 2.93 18.32 91.60 2.16

Figure 11: Regeneration experiments for MSNs@MIPs.
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data listed in Table 6, high recoveries of 93.26–97.13% and
the relative standard deviations (RSD) of 1.37–2.93% by
using MSNs@MIPs were superior to that of MSNs@NIPs,
which were 90.92–94.17% and 2.03–3.12%. The results
indicated that the MSNs@MIPs were potentially suitable
for effectively separation, extraction, and determination of
trace DCP in real samples.

4 Conclusion

In summary, based on mesoporous silica with ordered
pores and high specific surface, MSNs@MIPs were suc-
cessfully prepared, which not only had a higher adsorp-
tion capacity but also had a faster rate in the process of
adsorbing dichlorophen. The imprinted layer, with an
average thickness of about 20 nm uniformly, dispersed
on the surface of MSNs@MIPs nanoparticles. Kinetic
experiments showed the adsorption amount reaching
equilibrium in 40 min, and the pseudo-second-order
kinetic equation also better fit the experimental data.
The main factors that the MSNs@MIPs exhibited the
larger adsorption capacity to DCP were the thin imprinted
polymer shell and the existence of mesoporous structure.
The products we prepared are promising for the enrich-
ment and removal of DCP. Furthermore, we introduced a
novel method to remove DCP, which could be possibly
applied in wastewater treatment.
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