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a b s t r a c t

Here, we report the construction of magnetic core-shell microparticles for oil removal with thermal
driving regeneration property. Water-in-oil-in water (W/O/W) emulsions from microfluidics are used as
templates to prepare core-shell microparticles with magnetic holed poly (ethoxylated trimethylolpro-
pane triacrylate) (PETPTA) shells each containing a thermal-sensitive poly (N-Isopropylacrylamide)
(PNIPAM) core. The microparticles could adsorb oil from water due to the special structure and be
collected with a magnetic field. Then, the oil-filled microparticles would be regenerated by thermal
stimulus, in which the inner PNIPAM microgels work as thermal-sensitive pistons to force out the
adsorbed oil. At the same time, the adsorbed oil would be recycled by distillation. Furthermore, the
adsorption capacity of the microparticles for oil keeps very stable after 1st cycle. The adsorption and
regeneration performances of the microparticles are greatly affected by the size of the holes on the outer
PETPTA shells, which could be precisely controlled by regulating the interfacial forces in W/O/W
emulsion templates. The optimized core-shell microparticles show excellent oil adsorption and thermal
driving regeneration performances nearly without secondary pollution, and would be a reliable green
adsorption material for kinds of oil.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Growing water pollution has had a significant negative influ-
ence on the environment and people, and it has sparked consid-
erable concern in nations all over the world (Qiu, 2010; Wang and
Yang, 2016). Oily wastewater discharged recklessly into rivers,
lakes, and oceans would degrade water quality and raise the pos-
sibility of sickness, death, and the extinction of species (Yu et al.,
2017; Adetunji and Olaniran, 2021; de Medeiros et al., 2022). Pe-
troleum exploitation continuously creates large amounts of
wastewater containing crude oil, tar, and petroleum products, and
they could cause serious water pollution without adequate treat-
ment (Whitehead and Dubansky, 2012; Beyer et al., 2016; Soares
and Teixeira, 2020). There are three main categories of oil
removalmethods: physical, chemical, and biological, such as booms
(Shi et al., 2017), skimmers (Broje and Keller, 2007), in-situ
), denghongbo@swpu.edu.cn
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combustion (Rojas-Alva et al., 2019), chemical dispersion (Zeinstra-
Helfrich et al., 2017), and biodegradation of oil (Omarova and
Swientoniewski, 2019), which are mainly used for the pre-
liminary treatment of oily wastewater. At present, the deep treat-
ment of oily wastewater can be divided into flocculation (Ma et al.,
2021), membrane filtration (El-Samak et al., 2020), flotation (Li
et al., 2015), and adsorption. Flocculation method is high-cost due
to the production of sludge and non-recyclable flocculants. Mem-
brane filtration method has some disadvantages such as complex
procedure and poor tolerance. Flotation method has high equip-
ment costs and maintenance costs. Due to its low cost, environ-
mental friendliness, straightforward technique and design, high
performance, great chemical and thermal durability, and high ca-
pacity, the adsorption method is the most extensively utilized
technology among them. However, the poor regenerative property
is a serious drawback of the adsorption method (Pan et al., 2016; Yu
et al., 2020).

Recently, a variety of innovative adsorption materials, including
membrane materials, modified textiles, metal-organic frameworks
(MOFs), aerogels, and sponges/foams have been developed. These
materials come in various forms and are addressed with numerous
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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different recycling methods. For example, for solvent cleaning
method, the oil adsorbed on the fibrous membrane and nanofiber/
nanonet membrane can be efficiently cleaned by organic solvents
(El-Samak et al., 2020; Doan and Vo, 2021), to achieve the recycling
of the membranes. The adsorption performance of the membranes
remains unchanged with multiple uses. However, the organic sol-
vents tend to cause secondary pollution. For pH-responsive
method, the adsorption/desorption of magnetic textile with pH-
responsive can be controlled by adjusting pH value of solutions,
resulting in regeneration of adsorbents (Yan et al., 2019). However,
utilizing substances that are acidic or alkaline can cause secondary
pollution. The photocatalytic method involves the generation of
photoelectric behavior of photo-responsive TiO2 in MS@TiO2@PPy
(Melamine Sponge-co-TiO2-co-Poly-pyrrole) monoliths or ZnO in
cotton textiles with visible light, which decomposes the adsorbed
oil to regenerate the adsorbents (Chen et al., 2015; Yang et al., 2019;
Yan and Li, 2020). In that way, this method can effectively avoid
secondary pollution and reduce the cost of wastewater treatment,
however, the adsorbed oil cannot be recycled for reuse. For distil-
lation/vacuum drying method, the regeneration of AM-rGAs
(Amylamine-modified MOF-co- reduced graphene oxide aerogel)
with saturated adsorption of various oil molecules is accomplished
by vacuum drying at the boiling temperature of the absorbed oil
substance (Sun et al., 2020). The aerogel could maintain stable
adsorption performance even after 50 cycles, however, the adsor-
bate oil cannot be recycled. Extrusion is a method for regenerating
polyurethane sponge/foam and aerogel with porous structures and
good elastic properties (Lin et al., 2019; Lv et al., 2019; Wu et al.,
2019; Le et al., 2020). The materials can be regenerated without
secondary pollution, and valuable oil can also be reused, however,
the adsorption performance of such adsorbents decreases signifi-
cantly. Therefore, a regeneration method for achieving adsorption/
desorption of adsorbents by adjusting the temperature is proposed.
In addition, the above adsorbents can only achieve high yields in
large-scale scenarios. Microparticles with smaller size and larger
specific surface area are suitable for more scenes (Gu et al., 2014;
Pan et al., 2016; Tao et al., 2017), but the regeneration methods of
microparticles are the same as that of the above adsorbents, like
solvent cleaning (Abbaspourrad et al., 2013; Dutra et al., 2017; Lu
et al., 2017; Shao et al., 2019; Theurer et al., 2020; Yu et al., 2020),
pH-responsive (Wu and Honciuc, 2018), photocatalytic (Chen et al.,
2015), distillation (Tao et al., 2017; Liu et al., 2019), vacuum drying
(Gu et al., 2014; Mi et al., 2020), ultrasonic washing (Mao et al.,
2014; Peng et al., 2018), and thermos-sensitive (Lu et al., 2020),
which would cause similar problems. Consequently, research has
focused on development of microparticles with thermal driving
regeneration property to avoid secondary pollution as well as
adsorption and recovery of oil.

Here, we report the construction of microparticles with mag-
netic holed shells each containing a thermal-sensitive core for oil
removal with thermal driving regeneration property (Fig. 1).
Monodispersed water-in-oil-in-water (W/O/W) emulsions, con-
taining N-Isopropylacrylamide (NIPAM) in the aqueous cores and
ethoxylated trimethylolpropane triacrylate (ETPTA), magnetic
Fe3O4 nanoparticles in the middle oil layer, are prepared in a two-
staged capillary microfluidic device (Fig. 1a). TheW/O/Wemulsions
could be controlled evolved to different structures by adjusting the
interfacial tension in the emulsions (Fig. 1b1, b2 and b4). After UV
induced polymerization, the evolved emulsions will convert to
microparticles with magnetic holed poly (ethoxylated trimethy-
lolpropane triacrylate) (PETPTA) shells each containing a thermal-
sensitive poly (N-Isopropylacrylamide) (PNIPAM) core with varied
structures (Fig. 1b3 and b5). When the ambient temperature is
higher than the volume phase transition temperature (VPTT) of
PNIPAM, the inner cores will shrink and the oil around
2532
microparticles will be adsorbed into the holed shells due to the
special structure (Fig. 1c1 and c2). Then, the microparticles with
adsorbed oil could be transferred to water with a magnet (Fig. 1c3).
When the ambient temperature is lower than the VPTT of PNIPAM,
the thermal-sensitive core will swell to force out adsorbed oil from
the microparticle like a piston and the core-shell microparticle is
regenerated. (Fig. 1c4). At the same time, the released oil could be
recycled. In the regeneration process of the core-shell microparti-
cles, no organic solvents are involved. The adsorption and regen-
eration performances of the core-shell microparticles are
optimized by regulating the structure of the evolved emulsions. In
the cyclic adsorption/regeneration process, the oil removal ability
of the core-shell microparticles is also stable. This research offers a
novel way to construct environmentally friendly oil absorbent.

2. Experimental section

2.1. Materials

N-Isopropylacrylamide (NIPAM) was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), which was purified and
recrystallized by dissolving it in n-hexane/acetone mixture (50/50,
V/V). N, N'-methylenebis(acrylamide) (MBA) and 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (V-50) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China), and used as a cross-linker and a water-soluble UV initiator
respectively. Pluronic F-127 (F-127) as a water-soluble surfactant
was obtained from Sigma-Aldrich (Saint Louis, Missouri, America).
Ethoxylated trimethylolpropane triacrylate (ETPTA) and glycerol
were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). 2-hydroxy-2-methylpropiophenone
(HMPP) was obtained from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China) as an oil-soluble UV initiator.
Benzyl benzoate (BB) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Hydroxyethyl cellulose (HEC)
was purchased from Kelon Chemical (Chengdu, China). Iron(II)
chloride tetrahydrate and ferric chloride hexahydrate were pur-
chased from Shanghai Maclean's Biochemical Technology Co., Ltd
(Shanghai, China) and Damao Chemical Reagent Factory (Tianjin,
China) respectively, and were used to synthesize Fe3O4 nano-
particles and oil-based magnetic fluids according to the literature
(Yu et al., 2020). Other solvents and chemicals are analytical grades.

2.2. Microfluidic device

Based on the previously reported method (Wang and Zhang,
2013), the microfluidic device was a coaxial microchannel struc-
ture composed of two square capillary tubes and three cylindrical
glass capillary tubes (Fig. 1a). Here, the inner diameters of the in-
jection tube, transition tube, and collection tube were 550 mm,
220 mm, and 400 mm respectively, and the outer diameters of the
capillary tubes were 960 mm. The injection tube and transition tube
were tailored by a micropuller (PN-30, Narishige, Tokyo, Japan) and
a microforge (MF-830, Narishige, Tokyo, Japan); the outer diameter
of the outlet of the transition tube was approximately 80 mm and
the inner diameter of the outlet of injection tube was approxi-
mately 120 mm. And the inner diameters of the square capillary
tubes were 1 mm, which matched the outer diameter of the cy-
lindrical glass capillary to form a good coaxial geometry. Finally, the
tubes were connected and sealed with epoxy resin.

2.3. Preparation of monodispersed W/O/W emulsions

Monodispersed W/O/W emulsions were produced within a
microfluidic device and served as templates for preparing core-



Fig. 1. Schematic illustration of the preparation procedure and the function of core-shell microparticles. (a) NIPAM contained inner aqueous fluid is infused into the injection tube,
at the same time, ETPTA and magnetic Fe3O4 particles contained middle fluid is introduced into the transition tube, to prepare monodisperse water-in-oil-in-water (W/O/W)
emulsions in a two-stage microfluidic device. (b) The W/O/W emulsions will evolve to different structure by the controlled adhesion energy (DF) (b1, b2, b4). The evolved W/O/W
emulsions are polymerized by UV irritation and will convert to core-shell microparticles each with a single-holed PETPTA shell and a thermal-sensitive PNIPAM core (b3, b5). (c)
Recyclable oil adsorption of core-shell microparticles. The inner PNIPAM cores could shrink by rising the ambient temperature and the oil will adsorbed into the PETPTA shells (c1,
c2). The oil-contained core-shell microparticles could be collected by magnet and regenerated by temperature-controlled release the captured oil (c3, c4).
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shell microparticles each possessing a single hole. In the micro-
fluidic device, three injection pumps were utilized to inject the
inner aqueous fluid, the middle oil fluid and the outer aqueous fluid
into the injection tube, the transition tube and the collection tube
respectively. The inner aqueous fluid was composed of DI water
(5 mL), NIPAM (1.13 g), MBA (0.031 g), V-50 (0.05 g) and F-127
(0.05 g); the middle oil fluid was a mixture of ETPTA (8 mL) and BB
(2 mL, 20% v/v), containing HMPP (0.1 mL) and magnetic Fe3O4
nanoparticles (0.01 g); the outer aqueous fluid was DI water
(100 mL) containing F-127 (0.5 g), HEC (0.5 g) and glycerol (5.0 g).
The HEC is added to increase the viscosity of the aqueous fluid. The
middle oil fluid is easier to shear off with aqueous fluid of higher
viscosity in microfluidic operation process. Moreover, the stability
of the emulsions is affected by the viscosity and density difference
of each fluid, which is critically important for the successful con-
version of emulsions to microparticles (Mou and He, 2012). Glyc-
erol (1.26 g/mL) could increase viscosity and density of the aqueous
fluid, which is beneficial to enhance the stability of the resulting
emulsions. The flow rates of the inner aqueous fluid, middle oil
fluid, and outer aqueous fluid were 30 mL/min, 35 mL/min, and
400 mL/min respectively. W/O emulsions were formed by emulsi-
fying the NIPAM-contained aqueous fluid as the inner phase and
the oil fluid containing ETPTA at the conical end of the injection
tube; the W/O emulsions and the aqueous fluid containing glycerol
were further emulsified at the conical end of the transition tube to
produce monodispersed W/O/W emulsion templates (Fig. 1b1).
Subsequently, the generated W/O/W emulsions were collected in a
container containing collection solution.
2.4. Preparation of core-shell microparticles

Core-shell microparticles each with a controllable single-hole
shell were fabricated by adjusting the ratio of ETPTA and BB in
the middle oil phase of emulsions under ultraviolet (UV) irradia-
tion. We demonstrate the fabrication of core-shell microparticles
that the collected emulsions were placed under UV light for 5 min
to initiate the polymerizations of the internal aqueous phase con-
taining NIPAM and photoinitiator V-50 and the oil phase containing
ETPTA and photoinitiator HMPP. Then, the monodispersed W/O/W
emulsions convert to core-shell microparticles each with a mag-
netic single-holed PETPTA shell and a thermo-sensitive PNIPAM
core. Due to the volume contraction triggered by the rapid poly-
merization of the oil phase, and the interaction force of the inner
and middle phases, the single-holes are formed (Guzowski et al.,
2012; Wang and Zhang, 2013). The microparticles were washed
with DI water and ethanol to remove residual components.
2.5. Monodispersity of W/O/W emulsions and core-shell
microparticles

The morphologies of the W/O/W emulsions and the core-shell
microparticles were observed using a CCD camera installed on an
optical microscope (IX31, Olympus, Japan). The diameters of the
inner and outer phases of the W/O/W emulsions and the core-shell
microparticles were measured by commercial size-analysis soft-
ware (JIFEI, Nanjing Yifei Science and Technology Ltd., Nanjing,
China). The size distribution of emulsions and microparticles was
analyzed with Microsoft office excel. The coefficient of variation
(CV) is defined as the ratio of the standard deviation to the average
diameter and is used to estimate the size monodispersity of the
samples. More than 100 droplets/microparticles were counted to
guarantee statistical representation. The CV value was obtained by
the following formula:
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2
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where Di is the diameter of microspheres, N is the total number of
microspheres counted, Dn is the arithmetic mean diameter. Ac-
cording to this formula, when the CV value is less than 5%, the
emulsions/microparticles should be monodispersed.

2.6. Influence of benzyl benzoate (BB) volume fraction of oil phase
on W/O/W emulsions and core-shell microparticles

In the W/O/W emulsions, a stable equilibrium three-phase
system consists of an inner aqueous phase containing NIPAM, a
middle oil phase containing ETPTA, and an outer aqueous phase,
where the inner and middle layers are in contact with each other
but immiscible, both immersed in the outer aqueous solution
(Guzowski et al., 2012). In equilibrium, controllable configurations
of W/O/W emulsions from complete-engulfing to partial-engulfing
are regulated by the interfacial tensions between the three-phase
solutions, which is associated with an equation (Wang and
Zhang, 2013): DF ¼ gIMþgMOegFilm, where gIM represents the
interfacial tension between the inner and middle phases, and gMO
represents the interfacial tension between the middle and outer
phases, and gFilm is the tension of the thin film between inner and
outer phases. For calculation of DF, gIM and gMO are measured by
the pendent-drop method using an integrated measurement sys-
tem of interface parameters (KRUSS DSA30S, Germany); gFilm is
obtained from adhesion experiments of inner-fluid and outer-fluid
drops in middle oil solution according to force balance (Poulin and
Bibette, 1998). Furthermore, precise manipulation of pore size of
the core-shell microparticles is achieved by inducing evolution of
W/O/W emulsions through adjustment of BB volume fraction. The
measurement method of pore sizes is the same as Section 2.5.

2.7. Magnetic characterization of core-shell microparticles

Recent developments in microsized adsorbents have incorpo-
rated magnetism, offering convenience and allowing easy recovery
of adsorbents (Lu et al., 2020; Mi et al., 2020; Yu et al., 2020).
Magnetic Fe3O4 nanoparticles of the middle oil phase were
responsible for the recyclability of core-shell microparticles. Core-
shell microparticles with magnetic oil shells were generated from
stable W/O/W emulsions. Therefore, the stability of the ETPTA oil
solution precursor fluid containing magnetic particles and oil-
based magnetic fluid, respectively, were investigated. According
to Section 2.3, two ETPTA oil solutions were prepared with the
same composition, and the magnetic particles and the oil-based
magnetic fluid were added separately to the oil solutions. Subse-
quently, these solutions were dispersed homogeneously and their
stabilities were obtained with a digital camera after 12 h. The
hysteresis curves of Fe3O4 nanoparticles and core-shell micropar-
ticles with magnetic oil shells were measured by Vibrating Sample
Magnetometer (VSM). The recyclability of core-shell microparticles
was investigated by a simple method that core-shell microparticles
were moved according to a route with a magnet.

2.8. The contact angles between ETPTA oil plates and water/diesel
oil

The adsorption capacity of core-shell microparticles is influ-
enced by the lipophilicity of ETPTA oil shells that is directly re-
flected by the contact angle between ETPTA oil shells and water/
diesel. ETPTA oil solutions with BB volume fractions of 0%, 10%, 20%,
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30%, and 40% were placed in a mold and polymerized under UV
stimulation to generate ETPTA oil plates. With an integrated mea-
surement system of interface parameters (KRUSS DSA30S, Ger-
many), the contact angles between ETPTA oil plates and water/
diesel oil were measured after cleaning the oil plates with DI water
and ethanol.

2.9. Temperature-dependent equilibrium volume change of PNIPAM
microgels in core-shell microparticles

Adsorption/regeneration capacity of core-shell microparticles
was achieved by thermo-sensitive of PNIPAM microgels in core-
shell microparticles. PNIPAM microgel has been widely applied
due to its excellent thermal driving property, whose volume phase
transition temperature (VPTT) in water is 32 �C (Sun and Qing,
2011; Mou and Ju, 2014; Mou and Wang, 2018). The microparti-
cles were put in a special glass slide container on a microscope-
mounted heating and cooling stage, and the volume changes of
microparticles were recorded with an optical microscope and an
automatic analysis program. The ambient temperature of the mi-
croparticles was set in the range of 23 �C to 40 �C. Microparticles at
the predetermined temperatures have been kept for more than
30min before eachmeasurement to enable their equilibrium phase
state to be reached. The volume change rate of PNIPAM microgels
can be calculated as follows:

S¼100%�
 XN

i¼1

Vi1 =Vi0

!,
N (2)

Vi0 is the volume of the initial hydrogel when it swells. Vi1 is the
volume of the final hydrogel when contracted. N is the number of
test samples.

2.10. Adsorption and regeneration test

2.10.1. Microscopic characterization of oil adsorption/regeneration
process of core-shell microparticles

Adsorption/regeneration process of core-shell microparticles
was recorded with an optical microscope and an automatic analysis
program. Diesel oil dyed by Sudan III was placed on a special slide
containing DI water, and the microparticles were randomly sprin-
kled on the liquid surface. Then, the ambient temperature of the
microparticles was set in the range of 23 �C to 40 �C by a thermo-
static stage system. Especially, during the regeneration of the diesel
oil, the microparticles needed to be shaken to allow the shrinking
hydrogels in the cores to come into contact with water and swell by
adsorbing water.

2.10.2. Macroscopic characterization of oil adsorption/regeneration
process of core-shell microparticles

Adsorption/regeneration process of core-shell microparticles
was recorded with a digital camera. In the following three ways,
there was a significant adsorption effect of microparticles on diesel
oil. (1) The microparticles were randomly sprinkled on the liquid
surface of floating diesel oil dyed by Sudan III, and the ambient
temperature was controlled with a thermostat water bath. After
complete adsorption, the microparticles were collected with a
magnet. (2) The microparticles were placed in a glass bottle with
homogeneous dispersion of DI water and diesel oil, and the
ambient temperature was controlled with a thermostat water bath.
After complete adsorption, the microparticles were transferred to
another bottle with a magnet. Then, diesel oil was regenerated by
the microparticles in a cooling-up and shaking process. (3) The
microparticles were attracted to one side of a transparent pipe with
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a magnet. The ambient temperature was changed by using a ho-
mogeneous mixture of DI water and diesel oil heated in advance.

2.10.3. Quantitative analysis of oil adsorption/regeneration process
of core-shell microparticles

The recyclability of core-shell microparticles was achieved due
to the thermo-sensitive core and magnetic shell of the micropar-
ticles. Then, the adsorption capacity of the microparticles was
quantified in the above way (1). The total weight of the glass bottle,
deionized water, and oil was recorded as M1; and the weight of the
microparticles was recorded asM2. After an adsorption process, the
microparticles containing diesel oil were transferred by a magnet,
and the total weight of the glass bottle, deionizedwater, and oil was
recorded as M3. The weights were measured with an analytical
balance. The oil adsorption capacity is obtained according to the
following formula:

H¼ðM1 �M3Þ =M2 (3)

According to the above way, the adsorption/regeneration pro-
cess is repeated 10 times and the oil adsorption capacity of each
time is recorded. Meanwhile, the adsorption capacity of soybean oil
and ethylene glycol dimethacrylate (EGDMA) by microparticles is
studied with the same method.

3. Results and discussion

3.1. Morphology and structure of monodispersed W/O/W emulsions
and core-shell microparticles

Fig. 2 demonstrates microscope photographs and size distribu-
tions of monodispersed W/O/W emulsions and core-shell micro-
particles. The W/O/W emulsions were fabricated from a
microfluidic device, and were uniform in structure, as shown in
Fig. 2a. And Fig. 2b shows that the size distribution of W/O/W
emulsions, the average diameters of the W/O/W emulsions and the
inner aqueous droplets were 252.2 mm and 174.6 mm respectively
(CV of De and Di are 2.76% and 2.02% respectively). The mono-
dispersed W/O/W emulsions were gathered in the collection solu-
tion and subsequently subjected to UV light in an ice water bath.
Water-soluble photo initiator V-50 and oil-soluble photo initiator
HMPP induced the cross-linking polymerizations of NIPAM-
contained aqueous phase and ETPTA-contained oil phase, respec-
tively, under UV irradiation (Wang and Zhang, 2013). After 5 min,
the W/O/W emulsions were converted to core-shell microparticles
with single-hole shells and hydrogel cores (Fig. 2c). The average
diameters of core-shell microparticles and the inner cores were
236.0 mm and 165.8 mm respectively (CV of Ds and Dc are 2.96% and
1.75% respectively) (Fig. 2d). According to the CV and the size dis-
tributions, the W/O/W emulsions and the core-shell microparticles
were monodispersed. The result demonstrates that the size of mi-
croparticles could be precisely controlled by adjusting the genera-
tion of monodispersed W/O/W emulsions.

3.2. Influence of benzyl benzoate (BB) volume fraction of oil phase
on W/O/W emulsions and core-shell microparticles

The main purpose for adding benzyl benzoate into the middle
oil phase is regulation to the interfacial tension of the oil phase and
the neighboring aqueous phases, which will influence the structure
of the achieved microparticles (Guzowski et al., 2012; Wang and
Zhang, 2013). From Table S1, with the increase of BB volume con-
tent, the interfacial tension between the inner phase and the
middle phase changes from 2.95 mN/m to 4.56 mN/m, and the
interfacial tension between the middle phase and the outer phase



Fig. 2. Preparation of W/O/W emulsions and core-shell microparticles. (a) Optical micrograph and (b) the corresponding size distribution of W/O/W emulsions. De and Di are the
diameters of W/O/W emulsions and the inner aqueous droplets. (c) Optical micrograph of core-shell microparticles and (d) the corresponding size distribution of the diameter of the
PETPTA shells and inner PNIPAM cores in DI water at room temperature. Ds and Dc represent the outer diameter of the PETPTA shell and inner PNIPAM microgels. Scale bars are
200 mm in (a) and 100 mm in (c).
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changes from 5.35 mN/m to 7.53 mN/m, and the interfacial tension
of the film changes from 8.3mN/m to 10.87mN/m. According to the
equation: qIM ¼ arccos ððg2

Film � g2
IM � g2

MOÞ =2gIMgMOÞ, the con-
tact angle qIM between the inner drop and the middle oil phase
reaches from 0� to 53.7�, which means the W/O/W emulsions
controllable evolve from complete-engulfing to partial-engulfing
configuration and the structure of the achieved microparticles
changes from core-shell spheroidal to bowl-shaped (Fig. 3a, b and
g). Moreover, the pore size of the achieved microparticles increases
from 54 mm to 98 mm with the increase of the BB volume fraction
(Fig. 3cee and h), and the pore size distribution frequency of the
microparticles is shown in Fig. S1. Therefore, the structure of the
core-shell microparticles could be precisely controlled by manip-
ulating the BB volume fraction of the middle oil phase in the
emulsions.
3.3. Magnetic property of microparticles

The magnetism facilitates the collection of microparticles, and
the stability of the emulsions containing Fe3O4 is of great impor-
tance in the controllable achievement of the core-shell micropar-
ticles. The ETPTA oil phase containing magnetic nanoparticles was
stratified after 12 h (Fig. S2), while the ETPTA oil phase containing
oil-based magnetic fluid remained evenly dispersed. Therefore, the
2536
magnetism of the nanoparticles was achieved by oil-based mag-
netic fluid, which could maintain the stability of emulsions. Be-
sides, Fig. 4 shows that hysteresis curves of the Fe3O4 magnetic
nanoparticles (Fig. 4a) and core-shell microparticles respectively
(Fig. 4b), and their saturation magnetic moments are 1.5983 emu
and 0.1355� 10�2 emu respectively (saturation magnetizations are
65.50 emu/g and 11.22 � 10�2 emu/g respectively). Therefore, the
microparticles could be controlled with a magnetic field (Yu et al.,
2020). And there was no obvious remanence or coercivity, con-
firming the microparticles are superparamagnetic (Lu et al., 2020;
Mi et al., 2020). Furthermore, the microparticles could be precisely
moved according to a route by a magnet (Fig. 4c). Hence, the mi-
croparticles exhibit a reliable magnetic collection property.
3.4. Wettability of PETPTA oil plates

The wettability of PETPTA oil shell of the microparticles is a
crucial factor for the adsorption of the core-shell microparticles.
The contact angles between ETPTA oil plates generated from ETPTA
oil solutions with BB volume fractions of 0%, 10%, 20%, 30%, and 40%
respectively and water were 59.59�, 62.31�, 64.01�, 56.08�, and
60.65� respectively (Fig. 5a). And the contact angles between ETPTA
oil plates generated from ETPTA oil solutions with BB volume
fractions of 0%, 10%, 20%, 30%, and 40% respectively and water were



Fig. 3. Core-shell microparticles with varied holes size on the shells. (a) Force analysis of controlled evolution process of W/O/W emulsion. (b) Influence of qIM on the structure of W/
O/W emulsions and the holes size on the resulting shells. The contact angle qIM between inner phase and outer phase can be calculated by gIM、gMO and gFilm. (cee) SEM, (c1ee1)
images and optical micrograph, (c2ee2) of core-shell microparticles with varied holes size on the shells. Scale bars are 50 mm. (f) SEM image of hole-shells and escaped cores. Scale
bar is 100 mm. (g) Inflence of benzyl benzoate content on the qIM of W/O/W emulsions. (h) The average pore size on the shells.
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26.51�, 19.46�, 24.30�, 21.74�, and 20.02� respectively (Fig. 5b),
confirming the PETPTA oil plate is hydrophilic and highly oleo-
philic. At the same time, the added benzyl benzoatewill not involve
in the polymerization reaction, which will not affect the property of
the resulting PETPTA shells. In the adsorption process, the oil of
2537
wastewater can be adsorbed on themicroparticles due to the highly
lipophilic shell. In the regeneration process, the regeneration
property of the microparticles could be assisted by a hydrophilic
PETPTA shell due to the PNIPAM core needing to adsorb water to
swell to force out adsorbed oil.



Fig. 4. Magnetic property of the core-shell microparticles. (a) The magnetic hysteresis curves of magnetic Fe3O4 particles. (b) Core-shell microparticles. (c) Collecting and moving
the core-shell microparticles along a pre-set route with a magnet.

Fig. 5. The contact angles of DI water and diesel oil on PETPTA planes. (a) The contact angles of DI water and (b) diesel oil on PETPTA planes. The volume fraction of benzyl benzoate
in the solution for PETPTA planes fabrication are 0% (a1, b1), 10% (a2, b2), 20% (a3, b3), 30% (a4, b4) and 40% (a5, b5), respectively.
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3.5. Temperature-dependent equilibrium volume change of PNIPAM
microgels in core-shell microparticles

PNIPAM microgels work as pistons in core-shell microparticles
due to their excellent thermal-sensitive property, and temperature-
dependent equilibrium volume change is a pivotal parameter for
PNIPAM microgels. The microgel in the microparticle gradually
shrinks as the temperature rises from 23 to 40 �C (Fig. 6a), and
swells as the temperature drops from 40 to 23 �C (Fig. 6b). The
equilibrium volume change of PNIPAM microgels when ambient
temperature changes from 23 to 40 �C is shown in Fig. 6c, an
obvious volume change of the PNIPAM microgels appeared at
around 32 �C. In addition, when the ambient temperature was
40 �C, the minimum, maximum and average diameters were
68.48、148.43, and 98.35 mm respectively; the minimum,
maximum, and average of reduced volume were 6.76 � 105,
41.12 � 105 and 26.12 � 105 mm3 respectively; the minimum,
maximum and average of volume change ratio were 8.71%, 87.24%,
and 25.59% respectively. According to the previous research (Mao
et al., 2014), the volume shrinkage and expansion rates of PNI-
PAM microgels and the temperature nodes at which significant
Fig. 6. Temperature-dependent equilibrium behaviors of the core-shell microparticles. Optic
and the corresponding volume-change curve (c). Scale bar is 50 mm.
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volume changes match with PNIPAM microgels, confirming the
simultaneous polymerization of NIPAM and ETPTA did not affect
the thermal-sensitive property of the hydrogels. Therefore, the
microparticles have a prominent thermal-sensitive property to
provide sufficient cavities to adsorb oil.
3.6. Adsorption/regeneration test

3.6.1. Microscopic characterization of oil adsorption/regeneration
process of core-shell microparticles

Fig. 7a and Movie S1 show that the adsorption process of diesel
oil by core-shell microparticles is recorded by an optical micro-
scope.When the ambient temperaturewas 40 �C, the PNIPAM cores
of the core-shell microparticles shrunk quickly, and diesel oil dyed
by Sudan III started to flow into the core-shell microparticles via the
hole, the microparticles were filled with the diesel oil after 5 min
(Fig. 7a). Subsequently, the microparticles adsorbing diesel oil were
transferred to DI water, diesel oil was regenerated quickly and the
PNIPAM cores of the microparticles swelled rapidly with shaking
slightly at the ambient temperature of 23 �C (Fig. 7b and Movie S2).

In the adsorption process, the microparticles were added to oily
al micrographs of core-shell microparticles in DI water at different temperatures (a, b)



Fig. 7. Controlled adsorption/releasing diesel oil by core-shell microparticles. (a) Optical micrographs of core-shell microparticles absorbing the red-dyed diesel oil when the
temperature is rose from 23 �C to 40 �C. (b) Optical micrographs of core-shell microparticles releasing the captured oil by volume expansion of inner PNIPAM core when the
temperature is decreased from 40 �C to 23 �C. Scale bar is 50 mm.
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wastewater, they quickly accumulate into clusters due to the mi-
croparticles each takes a highly lipophilic shell and thus the surface
could adsorb the oil. When the temperature increased from 23 to
40 �C or more, the core hydrogel rapidly shrunk to release water.
Due to the pressure difference between both sides of the interface,
as shown in Fig. S3, the oil would be adsorbed into the micropar-
ticles. The pressure difference between the oil-water interface is
formed due to the different interfacial tensions of the oil-water
phases, and the interface is curved. So that the substance ex-
change between the core of the microparticles and the outside can
be carried out through the pores, to achieve the adsorption of the
oil by the microparticles.

In the regeneration process, the oil-adsorbed microparticles
were transferred to a bottle with water, and the temperature was
changed from 40 to 23 �C. According to the literature (Tanaka and
Fillmore, 1979), the PNIPAM microgels swelled due to gel net-
works adsorbing water from surrounding when the temperature
was below 32 �C, but the microgels of microparticles were sur-
rounded by oil. Therefore, the swelling process of the hydrogels
needed to be assisted by shaking, which made shrinking hydrogel
in contact with the water, and the swelled hydrogels forced out the
oil in the core for regeneration. The result indicates that the single
hole of the microparticle plays a crucial role in the process of ma-
terial exchange inside and outside of microparticles.

3.6.2. Macroscopic characterization of oil adsorption/regeneration
process of core-shell microparticles

Fig. 8 shows the adsorption/regeneration process of diesel oil by
core-shell microparticles in three ways. (1) The diesel oil dyed by
Sudan III was smeared on the surface of the DI water in a petri dish
(Fig. 8a1), then the petri dish was placed in the thermostat water
bath; at the same time, the core-shell microparticles were scattered
randomly on the surface, Fig. 8a2 shows that the microparticles
accumulated quickly into clusters; subsequently, the diesel oil was
adsorbed completely by the core-shell microparticles (Fig. 8a3);
finally, the microparticles adsorbing diesel oil were collected by a
magnet (Fig. 8a4). (2) The core-shell microparticles were placed in
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the pipe with DI water and immobilized by a magnet (Fig. 8b1); the
homogeneous mixture of DI water and diesel oil dyed by Sudan III
at 50 �C was poured into the pipe after being heated to 50 �C
(Fig. 8b2); the microparticles change from light yellow to red
(Fig. 8b3 and b4). (3) The core-shell microparticles were placed in a
bottle with a homogeneous mixture of DI water and diesel oil dyed
by Sudan III (Fig. 8c1); themicroparticles changed from light yellow
to red and the homogeneous mixture changed from muddy to
transparent via a heating process in the thermostat water bath
(Fig. 8c2); themicroparticles faded and the solution becamemuddy
again with shaking slightly at 23 �C (Fig. 8d1); the DI water and
diesel oil in the solution were stratified for a while (Fig. 8d2). The
above results illustrate that the core-shell microparticles have a
significant adsorption performance for diesel oil in three scenarios.
The core-shell microparticles are thousands of times smaller in
volume compared to polyurethane sponges and aerogels (Le et al.,
2020; Yu et al., 2020), which can be more flexibly applied in various
scenarios.

3.6.3. Quantitative analysis of oil adsorption/regeneration of
microparticles

Highly efficient and stable separation performance is of great
importance for microparticles in long-term oily wastewater treat-
ment. Notably, the thermal driving regeneration property is a
crucial factor to keep the recycling of the microparticles and avoid
secondary pollution. Therefore, cyclic experiments were carried out
to analyze the adsorption capacity and the reusability of the mi-
croparticles in the adsorption/regeneration process. Fig. 9a shows
that the cyclic adsorption capacity of core-shell microparticles
generated from W/O/W emulsions with BB volume fractions of 0%,
10%, and 20% for diesel oil respectively, and the average adsorption
quantity of microparticles reached 3.389, 3.282 and 3.099 g/g
respectively. According to the description of section 3.2, the pore
size of the microparticles could be precisely controlled by the
different BB volume fractions in emulsions. The pore size distri-
bution frequency of microparticles generated from emulsions with
BB fractions of 0%, 10%, 20%, 30%, and 40% respectively, and their



Fig. 8. Absorption of diesel oil by core-shell microparticles. (a) Adsorption of diesel oil floating on the water surface into core-shell microparticles in a petri dish. The diesel oil will
float on the water surface due to the density difference (a1), and will be absorbed into the core-shell microparticles by controlling the temperature (a2). The core-shell micro-
particles with absorbed oil could be collected by a magnet (a3, a4). (b) The magnet fixed core-shell microparticles absorbing the emulsified diesel oil from flowing water in a pipe at
50 �C. (c) Adsorption and releasing dispersed diesel oil in a bottle. When the core-shell microparticles is placed into aqueous solution with emulsified diesel oil, the diesel oil will be
absorbed into the core-shell microparticles by rising the temperature from 23 to 40 �C (c1, c2). The core-shell microparticles could release the absorbed and be regenerated by
decreasing the temperature from 40 to 23 �C (d1, d2).
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pore sizes were mainly distributed in 54 ± 2, 64 ± 2, 76 ± 2, 92 ± 2,
and 98 ± 2 mm respectively (Fig. S1). Therefore, the increase of BB
volume fraction in emulsions could cause adsorption capacity of
the microparticles for diesel oil to decrease gradually and adsorp-
tion time of the microparticles for diesel oil to decrease from
80 min to 5 min (Fig. S4). The driving force and the resistance of oil
adsorbed into the core-shell microparticles decreases simulta-
neously while the size of the PETPTA shells increases. The interfa-
cial tension induced forces will drive the oil to be absorbed into the
core-shell microparticles (Fig. S3). According to the Laplace Eq. (4),
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the pressure difference is affected by the interfacial tension and the
surface radius at the interface.

Dp¼g

�
1
R1

þ 1
R2

�
(4)

Dp represents the pressure difference between both sides of the
interface; g represents the interfacial tension of the liquid film; R1
and R2 represent any two orthogonal radii of curvature of a point on
the interface under the action of additional pressure Dp. When the



Fig. 9. Cyclic adsorption properties of the core-shell microparticles. (a) The adsorption ability of the core-shell microparticles to diesel oil are influenced by the benzyl benzoate
content in the corresponding W/O/W emulsions templates. (b) The recovery ratio of the core-shell microparticles to diesel oil. (c) The adsorption ability of the core-shell mi-
croparticles to EGDMA and (d) soybean oil in the cycling of sorption/desorption experiment. The benzyl benzoate in the middle oil phase of W/O/W emulsions templates for core-
shell microparticles are 20% (v/v) in (b), (c) and (d).
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surface is spherical, R1 ¼ R2 ¼ R, which is proportional to the pore
size on the shells. Therefore, the driving force for adsorption is

Dp1 ¼ 2g
R0 , in Fig. S3a, which is greater than Dp2 ¼ 2g

R00 in Fig. S3b. The
smaller the pore size is, the larger the Dp is.

However, the rate of adsorption will be further affected by the
flow resistance of the oil into the PETPTA shells, which varies with
viscosity and flow rate of adsorbed oil. The low rate of oil adsorbed
into the microparticles is hard to measure experimentally. All in all,
the driving force and the resistance of the oil adsorbed into core-
shell microparticles decrease simultaneously while the size of the
pores increases, which makes the adsorption rate of oil into the
core-shell microparticles hard to calculate theoretically. Therefore,
we compared the adsorption rate of the core-shells microparticles
with different pore sizes experimentally.

Moreover, after the first cycle, the adsorption capacity of the
microparticles for diesel oil reduced significantly for the other nine
cycles. The microparticles will quickly accumulate into clusters in
the oily wastewater because of the lipophilic shells. We regenerate
the microparticles by cooling and shaking. However, part of the oil
on the outer surface of the microparticles is hard to remove in the
regeneration process of 1st cycle, resulting in a significant decrease
in adsorption capacity. After the 1st cycle, the content of adsorbed
oil on the outer surface of the microparticles will change little.
Therefore, there is no significant change in the adsorption capacity
in the following cycles. The adsorption of oil on the outer surface
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has been further characterized, as shown in Fig. S5. The micropar-
ticles are dispersed inwater at the initial time and display a slightly
yellow color (Fig. S5a1ec1). The red-colored diesel oil is adsorbed
into the core and on the outer surface of themicroparticles after the
absorption process. The microparticles will accumulate in clusters
in water with a red color (Fig. S5a2ec2). After regeneration by
temperature varying, the adsorbed oil in the cores will be forced
out. However, some diesel oil on the surface of the microparticles
can't be removed completely after the first cycle (Fig. S5a3ec3),
whichmakes the adsorption capacity decline significantly. After the
1st cycle, the content of adsorbed oil on the outer surface of the
microparticles will change little. Therefore, there is no significant
change in the adsorption capacity in the following cycles. More
importantly, the adsorbed oil in microparticles could be recycled by
distillation while the microparticles have been regenerated with
water.

The adsorption capacity rises along with the inner core sizes of
the PETPTA shells. However, an oversized core can lead to an overly
thin shell thickness, which will reduce the mechanical strength of
the microparticles and lead to unexpected cracking of the PETPEA
shells in use. Therefore, the core-shell microparticles generated
from the oil phase containing 20 vol% BB in emulsions were used in
the next adsorption experiments. Fig. 9b shows the recovery ratio
of the microparticles for diesel oil, which is a ratio of the recovery
capacity and adsorption capacity of the microparticles. It presents
the microparticles that can be used to recycle oil from wastewater.
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MOF material AM-rGA has a high adsorption capacity (over 45 g/g)
and efficient adsorption rate (within 5 s) (Sun et al., 2020). The
adsorption capacity of PTPGDA microspheres for diesel oil could
reach 3.38 g/g in a few seconds (Yu et al., 2020). However, the
adsorbents have been regenerated by vacuum drying and organic
solvents, which will cause secondary pollution and the loss of oils.
Although the core-shell microparticles do not exhibit an advantage
in terms of adsorption volume and adsorption time, the thermal
driving regeneration property of the microparticles can replace
organic solvent regeneration to avoid secondary pollution. Besides,
another benefit of the regeneration methods is that valuable oils
can be recycled to improve economic efficiency. Fig. 9c and d shows
the cyclic adsorption capacity of the microparticles generated from
W/O/W emulsions with a BB volume fraction of 20% for soybean oil
and EGDMA. And the average adsorption quantities of the micro-
particles for EGDMA and soybean oil reach 1.962 and 2.909 g/g
respectively. Therefore, the core-shell microparticles have main-
tained stable and highly efficient adsorption performance for
various oil.

4. Conclusions

In summary, we have engineered core-shell microparticles each
with a single-holed magnetic PETPTA (poly (ethoxylated trime-
thylolpropane triacrylate)) shell and a thermal-sensitive PNIPAM
(poly (N-Isopropylacrylamide)) core by using the microfluidic
method, which could be used to remove oil from water and re-
generated by a thermal stimulus. Monodispersed W/O/W emulsion
templates from microfluidics are evolved to different structures by
adjusting the interfacial tensions in emulsions. Core-shell micro-
particles with varied structures and hole sizes on shells are pre-
pared by polymerization of the evolved W/O/W emulsions. The
resulting microparticles could adsorb oil from water due to the
pressure differential induced by the special holed structure on the
shells and the thermal-sensitive cores. The oil adsorption perfor-
mance of the microparticles is optimized by tailoring the size of the
holes on outer PETPTA shells. The core-shell microparticles show
stable adsorption capacity and high adsorption efficiency to several
types of oil in the cyclic adsorption experiment. The core-shell
microparticles could be regenerated by thermal stimulus, in
which the PNIPAM coreswill swell to force out the absorbed oil. The
core-shell microparticles provide us a chance to recycle oil from
water without secondary pollution. Therefore, the proposed core-
shell microparticles show excellent oil adsorb and thermal
driving regeneration performance, which would have application
prospects in many fields, such as petroleum industry, pollution
treatment.
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