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The polymer microspheres with hollow structure are of technological importance in the removal of pol-
lutants because of the large specific surface area and low mass transfer resistance. In this work, we
employ the Pickering emulsion polymerization stabilized with TiO2 nanoparticles to build the molecu-
larly imprinted polymers microspheres with hollow structure (H-MIPs) for the precise recognition of
dibutyl phthalate (DBP), which would influence the biological reproductive system and endocrine system
as a typical endocrine disrupting compound. The polymerization induced phase separation occurring
within Pickering emulsion droplets plays a significant role in the formation of hollow structure. The mor-
phology and structure of H-MIPs were observed via optical microscope and field emission scanning elec-
tron microscope, respectively. The results indicate that H-MIPs microspheres are of irregular spherical
form with sunken surface and perfect hollow structure. The forming process of the hollow structure
was analyzed in detail. Besides, the chemical structure and thermal stability of H-MIPs and H-NIPs were
characterized by fourier transform infrared spectroscopy and thermal gravimetric analysis, respectively.
The binding performance of H-MIPs and H-NIPs was investigated through a series of binding experi-
ments, which consist of the binding kinetics, binding isotherm, selective test and reusability experiment.
The results show that H-MIPs microspheres exhibit remarkable binding kinetics towards DBP, and the
saturated adsorption time is not more than 30 min. Apart from the fast binding rate, H-MIPs also show
considerable binding amount, accurate binding selectivity and good regenerability. The imprinting factor
could reach to 2.56, and the binding amount towards DBP remains at a relatively high level within 3
cycles. The prepared H-MIPs microspheres have broad application prospects in environmental and ana-
lytical field involved DBP, and the study also offers an alternative method for the facile building of H-MIPs
microspheres.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction cantly improve the flexibility and durability of plastic products
As a kind of plasticizers, phthalic acid esters are used widely in
plastic industry. The addition of phthalic acid esters could signifi-
(Mahajan et al., 2019). However, there are no chemical bonds
formed between plastic matrix and phthalic acid esters, so the
phthalic acid esters are easy to dissolve out from plastic products
and diffuse into the environments as time passes (Gao et al.,
2016). As endocrine disrupting compounds, the phthalic acid esters
present in the environment would influence the biological repro-
ductive system and endocrine system. Besides, the phthalic acid
esters could also cause deformity, cancer and gene mutations of
the biological body even at very low concentration because of their
easy migration and enrichment in organism (Tian et al., 2020).
Therefore, the effective separation and analysis of phthalic acid
esters in environmental samples becomes extremely important.
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However, the phthalic acid esters often coexist with other chemical
substances in very low concentration (Nguyen et al., 2019). Due to
the lack of selectivity, the traditional adsorption materials are lim-
ited to some degree in use (Jena et al., 2021; Htwe et al., 2022).
Thus, the development of new materials with high selectivity
towards phthalic acid esters is urgent. Scheme 1.

Molecular imprinting technology provides us with a powerful
tool to prepare molecularly imprinted polymers (MIPs) with speci-
fic molecular recognition sites (Wang et al., 2018). MIPs have a pre-
determined selectivity towards the target molecules because of
their participation in the preparation process. The highly cross-
linked structure of MIPs could maintain the characters of micro-
cavities when the target molecules are removed, which are com-
plementary with target molecules in both shape and chemical
functionality (He et al., 2021). Therefore, the MIPs could be used
to absorb selectively the target molecules in the separation or anal-
ysis process. Numerous studies have shown that MIPs are of excel-
lent selectivity (BelBruno et al., 2019). The MIPs are often prepared
by bulk polymerization because of its simple experimental device,
easy operation control and high universality. However, the bulk
polymerization also faces some challenges. MIPs prepared by bulk
polymerization are usually bulk materials, which need to subject
the laborious pretreatment procedure, which includes crushing,
grinding and screening before use. Besides, some imprinted sites
would be destroyed during the crushing process, which would lead
to a decrease in the utilization rate of imprinted sites. Furthermore,
the MIPs particles obtained by screening are irregular in shape and
uneven in size, which would exert negative influence on the appli-
cation (Wulff et al., 2013).

Due to the limitations of bulk polymerization, the preparing
methods of MIPs with preordered form have been developed,
which include suspension polymerization (Liu et al., 2019), precip-
itation polymerization (Min et al., 2021), emulsion polymerization
(Wang et al., 2018), swelling polymerization (Kubo et al., 2021),
sol–gel method (Luo et al., 2022) and so on. These methods could
prepare spherical MIPs microspheres. Therefore, the laborious pre-
treatment procedure, such as crushing, grinding and screening,
could be omitted before use. Even so, the embedding of imprinting
sites still exists for these MIPs microspheres, which have no essen-
tial difference with the products prepared by bulk polymerization
apart from the product form. The limitations of products prepared
by bulk polymerization, such as poor sites accessibility, template
leakage, slow binding kinetics and low binding amount, still have
not been solved effectively (Bayramoglu et al., 2016).

Based on the above problems, the surface molecular imprinting
technology is proposed, which could solve effectively the embed-
ding of imprinted sites. A thin MIPs layer could be grafted or coated
on the surface of the substrate material by surface molecular
imprinting technology, which makes the imprinted sites accessible
(Karsten et al., 2020). MIPs prepared by surface molecular imprint-
ing technology are referred to as surface MIPs (S-MIPs). Compared
with traditional MIPs, S-MIPs have many advantages. Firstly, the
removal and rebinding of template molecules become much easier
because of the presence of thin MIPs layer. Secondly, the appear-
Scheme 1. Schematic illustration for the fabrication of H-MI
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ance of S-MIPs depends on the used substrate material, so it could
be designed as needed (Guo et al., 2018). Although S-MIPs have
remarkable advantages in improving the utilization of imprinting
sites, they still face some limitations. Firstly, the binding amount
would be influenced to some extent because of the presence of
substrate material, on which the imprinted sites are absent.
Besides, the surface of substrate material often needs tedious treat-
ment before the coating or grafting of MIPs layer (Zhang et al.,
2020).

In recent years, the design and preparation of hollow micro-
spheres have gained wide attention because of their lower density
and larger cavity volume. The hollow microspheres have potential
application prospect in controlled drug release, separation of envi-
ronmental pollutants and catalytic reactors (Pan et al., 2014). For
MIPs microspheres, the introduction of hollow structure could
increase their binding amount and accelerate binding rate because
of the large surface area and absence of support materials, which
are both beneficial to for mass transfer (Zhang et al., 2019). The
hollow MIPs (H-MIPs) microspheres are usually prepared by sur-
face imprinting technology combined with the following calcina-
tion or dissolution, which could remove the substrate material
effectively (Xu et al., 2011). In the preparation process, the sub-
strate material is essential, which usually serve as sacrificial cores
and need to be removed in the post-treatment procedure. The
extra post-treatment is laborious. Besides, the high temperature
required for calcination and the use of organic solvents in etching
are both environmentally unfriendly and would inevitably lead to
higher cost (Mokhtari et al., 2019). Therefore, the facile methods
for preparing H-MIPs are urgently needed. However, the relevant
reports are still scarce.

Pickering emulsions are usually stabilized by colloid solid parti-
cles rather than surfactants (Pickering 1907). In many cases, the
stability of Pickering emulsions is much higher than conventional
emulsions stabilized by surfactants. Besides, the colloidal solid par-
ticles are much more environmentally friendly compared with the
surfactants. Recently, Pickering emulsion polymerization has
attracted great enthusiasm as a powerful technique for the fabrica-
tion of functional materials with well-designed structures. Numer-
ous researches indicate that Pickering emulsions could provide an
alternative platform for the fabrication of complex micro- and
nanostructures (Shen et al., 2011). Moreover, it has been widely
accepted that the well-designed structure could endow the mate-
rial with fascinating features (Zhang et al., 2014). Up to now,
numerous solid particles, such as silica, laponite clay, magnetite,
zinc oxide and graphene oxide, have been successfully used as
the Pickering stabilizer to prepare hybrid microspheres or
nanoparticles. Except for the inorganic particles, the cross-linked
polymer particles could also be employed as stabilizers to generate
Pickering emulsions (Schrade et al., 2013).

Recently, TiO2 nanoparticles have been used continually in both
photochemical and photocatalytic fields (Monllorsatoca et al.,
2021; Jia et al., 2021; Eidsvg et al., 2021). As a kind of inorganic
material, TiO2 nanoparticles are one of the most promising photo-
catalyst for their advantageous properties such as nontoxic, low-
Ps microspheres by Pickering emulsion polymerization.
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cost, chemical inertness and photostability (Dharma et al., 2022;
Sun et al., 2020). TiO2 nanoparticles are often used as the photocat-
alytic component for the fabrication of various functional materials
(Roberto et al., 2019; Zarhri et al., 2020; Ziat et al., 2022;
Belkhanchi et al., 2021; Belkhanchi et al., 2020). However, the pho-
tocatalytic oxidation of TiO2 nanoparticles is not a selective pro-
cess, which is driven by the formation of hydroxyl radicals.
Therefore, the organic compounds present in the environment at
high concentration could be efficiently degraded, whereas the
organic compounds at low concentration are hard to remove. It is
well known that the molecular imprinting is a fascinating and
innovative technique to obtain an efficient and selective material
in the elimination of recalcitrant pollutants. Therefore, we intend
to use TiO2 nanoparticles as Pickering emulsion stabilizer for the
fabrication of H-MIPs microspheres, which would be of rebinding
selectivity and photocatalytic activity simultaneously.

In this contribution, we described the building of H-MIPs micro-
spheres via Pickering emulsion polymerization. The polymeriza-
tion induced phase separation plays an important role in the
fabrication of hollow structure. The whole building process of H-
MIPs microspheres is shown in Scheme 1. In the preparation pro-
cess, TiO2 nanoparticles were used as Pickering emulsion stabilizer
because of their suitable hydrophilicity. Dibutyl phthalate (DBP),
one of the extensively used phthalic acid esters, was selected as
template molecules. Methacrylic acid (MAA) was chosen to serve
as the functional monomer, and ethylene glycol dimethacrylate
(EGDMA) was used for cross-linker. In addition, the hexadecane,
a nonreactive solvent, was also added to the component, which
served as phase separation agent of polymerization reaction. The
H-MIPs microspheres were observed by optical microscope and
field emission scanning electron microscope, respectively. The
results indicate that the obtained H-MIPs microspheres are of per-
fect hollow structure, and their diameter vary from 19 to 100 lm.
The forming process of hollow structure was discussed. The chem-
ical structure and thermal stability of H-MIPs microspheres were
characterized by fourier transform infrared spectroscopy and ther-
mal gravimetric analysis, respectively. The binding properties of H-
MIPs microspheres were investigated systematically, which
included the binding kinetics, binding isotherm, selective tests
and the reusability. The results indicate that H-MIPs microspheres
exhibit remarkable binding kinetics, desirable binding amount and
selectivity towards DBP. The excellent specificity provides a bright
application prospect for H-MIPs microspheres.
2. Experimental

2.1. Materials

Diamyl phthalate (DAP), Dioctyl phthalate (DOP), Dimethyl
phthalate (DMP) and DBP were all purchased from Energy Chemi-
cal Company. The initiator azobisisobutyronitrile (AIBN) was
obtained from Sinopharm Chemical Reagent Company. The func-
tional monomer MAA was ordered from Aladdin Reagent Com-
pany. Hexadecane (HD) and EGDMA were provided by J&K
Scientific. TiO2 nanoparticles were purchased from Degussa
(China) Company Limited. Acetic acid and Methanol were both
supplied by Oubokai Agent Factory. The water used was ultrapure
water.
2.2. Characterization

The morphology and size of Pickering emulsion droplets stabi-
lized with TiO2 nanoparticles were observed by optical microscope
(OLYMPUSDSX500). The morphology of TiO2 nanoparticles was
characterized by field emission scanning electron microscope
3

(FESEM, SU8200, HITACHI). The morphology and size of H-MIPs
and H-NIPs microspheres were assessed using OLYMPUSDSX500
and FESEM (SU8200, HITACHI), respectively. The size distribution
frequency of H-MIPs and H-NIPs microspheres was analyzed by
the software of Nano Measurer 1.2. Fourier transform infrared
(FTIR) spectra of H-MIPs and H-NIPs microspheres were obtained
by infrared spectrometer (FTIR-650, Tianjin Gangdong). Thermal
gravimetric analysis (TGA) of H-MIPs and H-NIPs microspheres
was conducted using an instrument (TGA, 4000, PerkinElmer) with
a heating rate of 10 K/min under nitrogen atmosphere between
room temperature and 800 �C. The concentration of DBP, DAP,
DMP and DOP in solutions was all determined by ultraviolet–visi-
ble spectrophotometer (UV–vis, T6NEW CENTURY, PGENERAL).

2.3. Fabrication of H-MIPs microspheres

In this study, Pickering emulsion polymerization with TiO2

nanoparticles as the stabilizer was employed for the building of
H-MIPs microspheres. Briefly, 20 mg of TiO2 nanoparticles and
5.0 mL of ultrapure water were added to the standard vessel suc-
cessively. Then, the standard vessel loaded with TiO2 nanoparticles
and ultrapure water was transferred to the ultrasonic cleaner and
subjected to the ultrasonic treatment for 5 min. The obtained sus-
pension liquid was called as water phase. MAA (0.136 mL), EGDMA
(0.905 mL), DBP (0.105 mL), HD (1.000 mL) and AIBN (20.0 mg)
were mixed and subjected to the magnetic stirring to obtain the
homogeneous solution, which was labeled as an oil phase. The
Pickering emulsion was obtained by violent shaking for 5 min after
the oil phase was mixed with the water phase. The nitrogen gas
was pumped into the vessel for 15 min to expel oxygen. After that,
the vessel was sealed up and heated through water bath to poly-
merize for 16 h at 70 �C. The microspheres were collected by filtra-
tion when the temperature dropped to room temperature. In order
to remove DBP, the microspheres were extracted repeatedly by
methanol/acetic acid (90:10, v/v) until DBP could not be detected
from the washing solvent by UV–vis. After drying to constant
weight, the H-MIPs microspheres were obtained. As a contrast,
the hollow non-imprinted polymers (H-NIPs) microspheres were
also prepared synchronously using the same procedure, except
that no template molecule of DBP was added.

2.4. Binding experiments

The binding experiments consist of the binding kinetics exper-
iment, binding isothermal experiment and binding selectivity
experiment. The binding kinetics experiment was performed
firstly. Briefly, 20 mg of H-MIPs or H-NIPs were mixed with
10.0 mL of DBP ethanol solution with the concentration of
1.0 mmol/L. The mixtures were incubated for different time at
room temperature. H-MIPs or H-NIPs microspheres were separated
by means of filtration when the desired time arrived. The residual
DBP amount in the solution was monitored by UV–vis. The binding
amount of H-MIPs or H-NIPs at the desired time was obtained by
the concentration difference of DBP according to the following
equation:

Bt ¼ C0 � Ctð Þv=m ð1Þ
where C0 and Ct are the initial concentration of DBP and the residual
concentration at desired time, respectively. v stands for the volume
of the DBP ethanol solution, m is the mass of H-MIPs or H-NIPs
microspheres, and Bt is the binding amount of H-MIPs or H-NIPs
microspheres at desired time.

The binding isothermal experiment was carried out as follows.
20 mg of H-MIPs or H-NIPs microspheres was separately added
to 10.0 mL of DBP ethanol solution with different initial concentra-
tions (0.5–3.0 mmol/L). The mixtures were incubated for 12 h at



Fig. 1. Digital photographs of the Pickering emulsion stabilized with TiO2

nanoparticles before (A) and after (B) violent shaking.
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room temperature. After reaching equilibrium, the H-MIPs or H-
NIPs microspheres were separated by means of filtration. The
residual DBP amount in the solution was monitored by UV–vis.
The equilibrium binding amount of H-MIPs or H-NIPs was obtained
by the concentration difference of DBP using the following
equation:

B ¼ ðC0 � FÞv=m ð2Þ
where C0 and F are the initial and equilibrium concentrations of
DBP, respectively. v stands for the volume of DBP ethanol solution,
m is the mass of H-MIPs or H-NIPs microspheres, and B is the equi-
librium binding amount of H-MIPs or H-NIPs microspheres.

The binding selectivity of H-MIPs or H-NIPs microspheres was
evaluated using DBP and its three structural analogs (DAP, DMP
and DOP). Briefly, 20 mg of H-MIPs or H-NIPs microspheres was
added to the screw bottles, which contained 10.0 mL of ethanol
solutions with 1.0 mmol/L of DBP, DAP, DMP and DOP, respectively.
The mixtures were incubated for 12 h at room temperature. At the
desired time, the H-MIPs or H-NIPs microspheres were separated
by means of filtration. The residual amounts of DBP, DAP, DMP
and DOP were monitored by UV–vis. The binding amounts of H-
MIPs or H-NIPs towards DBP, DAP, DMP and DOP were obtained
by the concentration difference using equation (2).

2.5. Reusability experiment

To characterize the stability of H-MIPs and H-NIPs micro-
spheres, the reusability experiment was conducted. Briefly,
20 mg of H-MIPs or H-NIPs microspheres was added to 10.0 mL
of DBP ethanol solution with the concentration of 1.0 mmol/L.
Then, the mixtures were incubated for 12 h at room temperature.
At the desired time, the H-MIPs or H-NIPs microspheres were col-
lected by means of filtration using nylon 66 microporous filter
membrane. The UV–vis was used to monitor the residual DBP con-
centration in the solution. To remove DBP completely, the
adsorbed H-MIPs and H-NIPs microspheres were washed thor-
oughly with the mixed solvent of methanol/acetic acid (90:10, v/
v). The regenerative H-MIPs and H-NIPs microspheres were used
for the next sorption–desorption cycle. The sorption–desorption
cycle was carried out repeatedly for 5 times.
3. Results and discussion

3.1. Characterization of Pickering emulsion

TiO2 nanoparticles are of suitable hydrophilicity and could be
used as the stabilizer of oil-in-water emulsion. Fig. 1A and B pre-
sents the digital photographs of the Pickering emulsion stabilized
with TiO2 nanoparticles before and after violent shaking. It could
be clearly found that the transparent oil phase, which consists of
MAA, EGDMA, DBP, HD and AIBN, is located at the top of the tube
reactor, while the aqueous dispersion of TiO2 nanoparticles is
located at the bottom of tube reactor before violent shaking
because of density difference. After violent shaking, the TiO2

nanoparticles are attached to the droplet surface and a milk-like
emulsion is obtained as shown in Fig. 1B. It is worth mentioning
that the obtained Pickering emulsion is enough stable without
the rising or sinking of emulsion droplets during the observation
period.

In order to observe the morphology and size of Pickering emul-
sion droplets stabilized with TiO2 nanoparticles, the optical micro-
scope characterization was performed, and the photographs are
shown in Fig. 2. It is displayed clearly that the Pickering emulsion
droplets of H-MIPs and H-NIPs both appear broad size distribution,
and there is no marked difference in shape and size, which indi-
4

cates that the addition of DBP has no remarkable influence on
the morphology of Pickering emulsion droplets. The two types of
emulsion droplets both show a regular spherical morphology with
different sizes of emulsion droplets coexisting simultaneously. The
diameters of emulsion droplets vary from 20 to 100 lm.
3.2. Characterization of H-MIPs microspheres

After thermal initiation, the free radical polymerization would
proceed within the Pickering emulsion droplets, and the H-MIPs
and H-NIPs microspheres could be obtained after a series of post-
treatment procedure. The H-MIPs and H-NIPs microspheres were
both observed by optical microscope, and the photographs are
shown in Fig. 3. It is obvious that the morphology of H-MIPs and
H-NIPs microspheres has no significant difference and both appear
irregular spherical shape with slight sunken surfaces because of
the presence of HD during the polymerization process, which is a
nonreactive solvent and does not participate in the polymerization.
The more refined surface features of H-MIPs and H-NIPs micro-
spheres could be not distinguished because of the limited resolu-
tion of the optical microscope. Thus, H-MIPs and H-NIPs
microspheres need to be characterized further by FESEM because
of its higher resolution.

TiO2 nanoparticles were observed by FESEM to obtain their
morphology and the corresponding FESEM image is shown in
Fig. 4. It could be found that the TiO2 nanoparticles are of spherical
form with narrow size distribution, and the average size of TiO2

nanoparticles is about 20 nm.
The FESEM images of H-MIPs and H-NIPs microspheres are

exhibited in Fig. 5. It is clear that the morphology of H-MIPs and
H-NIPs microspheres has no significant difference, implying that



Fig. 2. Optical microscope photographs of Pickering emulsion droplets stabilized with TiO2 nanoparticles (A: H-MIPs; B: H-NIPs).

Fig. 3. Optical microscope photographs of H-MIPs (A) and H-NIPs (B) microspheres.

Fig. 4. FESEM image of TiO nanoparticles.
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the addition of DBP has no influence on the morphology of micro-
spheres. These microspheres are of a wide size distribution and
appear irregular spherical shape with one to three sunken on the
surface. The appearance of sunken surface originates from the
shrinkage of Pickering emulsion droplets during the polymeriza-
tion with high temperature and indicates that the interior of poly-
mer microspheres is not solid but hollow (Qin et al., 2020). The
formation of hollow structure results from the polymerization
induced phase separation within the droplets of Pickering emul-
sion. It is well-known that HD is the poor solvent for the resulting
copolymer. When the polymerization is initiated, the interfacial
tension would force the copolymer phase to migrate towards the
interface to form the polymer shell and the HD remains in the cen-
ter of emulsion droplets (Chen et al., 2007; Zhang et al., 2014). Due
to the fluidity of HD, the collapse of polymer shell layer may occur
random during the polymerization process. When HD is removed
by washing, the hollow structure is formed finally. Fig. 5C presents
the FESEM image of a single H-MIPs microsphere under high mag-
nification. Two sunken surfaces could be clearly seen on the micro-
spheres, which are formed during the polymerization and imply
the presence of hollow structure. Besides, TiO2 nanoparticles
located on the surface of microsphere are also recognized, which
packed polymer microspheres tightly. Fig. 5D shows the internal
structure of a broken H-MIPs microsphere. It is shown clearly that
H-MIPs microspheres are of perfect hollow structure, which is con-
sistent with the above judgment.
5

Additionally, the size distribution of H-MIPs and H-NIPs micro-
spheres could be obtained accurately from the FESEM images
under a relative low magnification, which contain much more
microspheres in the field of view. The corresponding FESEM images
are displayed in supporting information as Fig. S1. The size distri-
bution frequency of H-MIPs and H-NIPs microspheres is obtained
2
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separately by counting 150 microspheres using Nano Measurer 1.2
software, and the results are shown in Fig. 6. It could be found that
H-MIPs microspheres appear broad size distribution, whose sizes
vary from 20 to 100 lm and the mean size is about 43 lm. The size
of H-NIPs microspheres range from 18 to 70 lm and the average
size is approximately 39 lm. The difference of size distribution fre-
quency between H-MIPs and H-NIPs derives from the region selec-
tion during FESEM characterization.

The chemical structures of H-MIPs and H-NIPs microspheres
were characterized by FTIR. The spectra are displayed in Fig. 7.
The characteristic peaks at 1730 cm�1, 1253 cm�1 and
1159 cm�1 are attributed to the C = O stretching vibration, C-O
symmetric and asymmetric stretching vibrations of O = C-O
groups, respectively. Meanwhile, the peak at 3618 cm�1 could be
assigned to the stretching vibration of O–H from MAA. The appear-
ance of these characteristic peaks indicates that MAA could poly-
merize with EGDMA by Pickering emulsion polymerization
stabilized with TiO2 nanoparticles. In addition, it is clearly pre-
Fig. 5. FESEM images of H-MIPs (A) and H-NIPs (B) microspheres, single H-MIPs micros
microsphere.

Fig. 6. The size distribution frequency of H-
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sented that the spectra of H-MIPs and H-NIPs microspheres have
no significant difference, which illustrates that the template of
DBP has been removed completely from H-MIPs microspheres.

The thermal stability of H-MIPs and H-NIPs microspheres were
further analyzed using TGA and the results are shown in Fig. 8. It is
obvious that the two curves have no distinct difference. There is a
fast weight loss due to the significant decomposition of the poly-
mers when the temperature is above 230 �C. The final weight loss
of H-MIPs (93.3%) could be observed when the temperature
increases to 450 �C. There is no obvious change when the temper-
ature further increases. The remaining mass is attributed to the
TiO2 nanoparticles, which serve as Pickering emulsion stabilizer
and remain on the surface of the H-MIPs and H-NIPs microspheres.
3.3. Binding kinetics and isotherm

In order to accelerate mass transfer and improve the binding
rate, we designed and prepared the H-MIPs microspheres. The
phere under high magnification (C) and the cross-section FESEM of broken H-MIPs

MIPs (A) and H-NIPs (B) microspheres.



Fig. 7. FTIR spectra of H-MIPs and H-NIPs microspheres.

Fig. 8. TGA curves of H-MIPs and H-NIPs microspheres.

Fig. 9. Binding kinetics data and modeling for the binding of DBP on H-MIPs and H-
NIPs microspheres.
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binding kinetics experiment was carried out in 1.0 mmol/L of DBP
ethanol solution, and the result is displayed in Fig. 9. It could be
found clearly that the binding amounts of H-MIPs and H-NIPs are
closely related to time. The binding curves of H-MIPs and H-NIPs
both appear three stages during the whole binding process. Firstly,
the external binding sites quickly bind DBP because of small mass
transfer resistance. Secondly, DBP begins to combine with interior
binding sites, and the binding rate slows down with the increasing
mass transfer resistance. Thirdly, the binding reaches saturation
and the binding amounts do not change with the extension of time.
Table 1
Kinetic parameters of template binding on H-MIPs and H-NIPs via two kinetic models.

Sorbent Be,e
a(lmol/g) Pseudo-first-order equation

R2 Be,c
b (lmol/g) k1

c (min

H-MIPs 128.0 0.9921 127.8 0.1769
H-NIPs 50.05 0.9996 50.04 0.1790

a Be,e is the experimental value of Be.
b Be,c is the calculated value of Be.
c k1 is the rate constant of first-order adsorption.
d k2 is the rate constant of second-order adsorption.

7

The binding saturation of H-MIPs and H-NIPs microspheres could
be reached within 30 min, which results from the low mass trans-
fer resistance because of the presence of hollow structure. Addi-
tionally, we found that the binding amounts of H-MIPs are all
higher than that of H-NIPs at each test time point, which results
from the presence of imprinted sites with higher affinity towards
DBP and indicates that the imprinted sites have been successfully
constructed on the H-MIPs microspheres.

Besides, the binding kinetic data of H-MIPs and H-NIPs were
both fitted through pseudo-first-order and pseudo-second-order
kinetic model to elucidate the potential rate-controlling step. The
fitting curves are also shown in Fig. 9, and all calculated results
and the values of R2 are listed in Table 1. It could be found clearly
that the pseudo-first-order model fits all the binding data better
than the pseudo-second-order model, which is judged by the
higher correlation coefficients and suggests that the physical inter-
actions are possibly involved in the binding process, and the bind-
ing rate is controlled by the diffusion of template molecules within
the material.

Aside from the binding kinetics, the binding equilibrium exper-
iment was also performed. Fig. 10 displays the binding amounts of
DBP on the H-MIPs and H-NIPs microspheres under different initial
concentrations. It could be seen clearly that the DBP bound by H-
MIPs and H-NIPs both increases with the increasing initial DBP
concentration from 0.5 to 3.0 mmol/L. Furthermore, the H-MIPs
microspheres could bind much more DBP than H-NIPs micro-
spheres over the whole tested concentration range. The distinction
of the binding amounts between H-MIPs and H-NIPs increases with
the increasing DBP initial concentration. These results suggest that
the H-MIPs microspheres are of much higher affinity towards DBP
than H-NIPs microspheres because of the imprinting effect, verify-
ing the advantage of the building of the imprinted sites.
Pseudo-second-order equation

�1) R2 Be,c
b (lmol/g) k2

d (g lmol-1min�1)

0.9865 135.8 0.2297 � 10-2

0.9878 53.19 0.5851 � 10-2



Fig. 10. Binding isotherms of H-MIPs and H-NIPs microspheres.

Fig. 11. The binding amounts of DBP, DAP, DOP and DMP on H-MIPs and H-NIPs
microspheres.

Fig. 12. The binding amounts of H-MIPs and H-NIPs microspheres in different
rebinding cycles.

Z. Wang, Z. Li, R. Yan et al. Arabian Journal of Chemistry 16 (2023) 105304
3.4. Selectivity of H-MIPs microspheres

Selective experiment was performed to evaluate the binding
specificity of H-MIPs microspheres towards DBP. The three com-
pounds, DAP, DOP and DMP, were selected as controls in this
experiment because of their structural similarity to DBP. Fig. 11
presents the binding amounts of H-MIPs and H-NIPs towards
DBP, DAP, DOP and DMP, respectively. It could be found that the
H-MIPs microspheres exhibit higher selectivity towards DBP than
DAP, DOP and DMP. The imprinting factor could be obtained by
the ratio of the binding amounts between H-MIPs and H-NIPs.
The imprinting factors of H-MIPs towards DBP, DAP, DOP and
DMP are found to be 2.56, 1.16, 1.06 and 0.65, respectively. The
results indicate that the H-MIPs microspheres are of excellent
selectivity towards the target molecules.
3.5. Reusability of H-MIPs microspheres

To evaluate the regeneration performance of obtained H-MIPs
and H-NIPs microspheres, the sorption–desorption cycle was car-
ried out repeatedly for 5 times. The experimental results are shown
in Fig. 12. It could be found that the binding amount of H-MIPs
microspheres towards DBP remains at a high level within 3 cycles.
8

There is no significant decrease in the binding amount during the
first 3 cycles. After 3 cycles, the binding amount witnesses a down-
ward trend, but the reduced amount is limited. Therefore, the
imprinted sites of H-MIPs are of certain stability and the H-MIPs
microspheres could be reused after regeneration. In addition, it
could be found that the binding amounts of H-NIPs microspheres
show a gradually decreasing trend with the increase of test cycles.
4. Conclusions

H-MIPs microspheres towards DBP were synthesized via facile
Pickering emulsion polymerization stabilized with TiO2 nanoparti-
cles. Nonreactive HD plays a critical role during the polymerization
induced phase separation. The hollow structure was confirmed by
optical microscope and FESEM observation. The synthetic method
does not require the calcination or etching process, which are
indispensable in traditional construction of hollow structure. The
H-MIPs show excellent binding kinetics and could reach binding
equilibrium within 30 min. Additionally, H-MIPs also show accu-
rate selectivity towards DBP with the imprinting factor of 2.56,
which is larger than that of DAP, DOP and DMP. Furthermore, the
imprinted sites of H-MIPs are of certain stability and the H-MIPs
microspheres could be reused after regeneration within the limited
cycles. These results show that H-MIPs microspheres are promising
adsorbents in terms of environmental protection. Meanwhile, the
study also provides an optional method for the facile fabrication
of H-MIPs microspheres.
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