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In this work, a novel strategy for fabricating microsphere with narrow nanopores in PVDF/PMMA/PLLA blend
has been reported. In the ternary blend, phase separation results in isolated PVDF/PMMA mixed-phase and PLLA
matrix. In the former, the crystallization of PVDF produces bi-continuous nanostructures of two phases. Upon
etching with chloroform, both PLLA matrix and continuous PMMA in islands can be removed, yielding PVDF
microspheres with narrow nanopores. According to the templates of phase separation and crystallization, the size
of microsphere and narrow nanopore can be tailored precisely and separately. Relative to the reference (compact
spheres), the porous PVDF microspheres exhibit enhanced performances. On one hand, the special wettability
caused by hierarchical roughness and extra nano-channels endow the membrane comprising porous PVDF mi
crospheres with excellent performance during the separation of water-in-chloroform emulsion. On the other
hand, the stronger capillary effect (resulted from pore shape and pore size) and the existence of interpenetrated
nanopores account for the higher capacity in the absorption of oil. Furthermore, it is facile to load nano-Fe3O4 in
the porous microspheres to achieve magnetic controllability. Our results provide a novel strategy for not only the
fabrication of microsphere with narrow nanopores, but also the improvement of separation and absorption
performances.

1. Introduction

temperature and fabrication conditions [22,23]. The complex interac
tion, interfacial tension and phase separation behavior between the
matrix and the porogen [8,10] (e.g. water, polymer, nonsolvent and
solvent) make them facile to prepare circular pores with the diameter
ranging from sub-micron to micron [24,25]. The fabrication of narrow
nanopores, however, remains as a great challenge.
On the contrary, narrow nanopores exhibit significant advantages in
separation and absorption. Firstly, based on the well-known YoungLaplace equation, capillary effect depends crucially on the size of the
pores [26–29]. In narrow nano-porous structures, both pore size and
pore shape are benefit for the improvement of capillary force, which
plays an important role in separation and absorption [30,31]. Secondly,
narrow pores correspond to enhanced overlap and connectivity in
porous materials relative to round pores, which can produce positive
influence on the improvement of absorption and separation perfor
mances. Finally, special wettability caused by hierarchical roughness
(including micro- and nanoscales) can improve the driving force for
separation and absorption [32–36]. For instance, Zhao et al. [37] has
reported that hierarchically porous structures provided higher flux

Porous polymeric materials are widely used in various fields [1–3].
In recent years, much attention has been paid to porous microspheres
due to their special shape and porous structures [4–10]. They can be
used not only to prepare separation membranes, but also to serve as
absorption agents. For instance, Yuan et al. [11] prepared super
hydrophobic microspheres which have potential applications in oil/
water separation. In general, two kinds of strategies, i.e. monomer
polymerization route and polymer solution route, have been developed
to fabricate porous microspheres [12,13]. Heterogeneous polymeriza
tion [14], including emulsion polymerization [15], suspension poly
merization [16] and precipitation polymerization [17] are well-known
as monomer polymerization route. For instance, Xu et al. [18] prepared
cage-like porous polymeric microspheres via water/oil/water (W/O/W)
emulsion polymerization methods. Double-emulsion solvent evapora
tion method is a typical example of polymer solution route [19–21]. In
both routes discussed above, the droplet size, formation and stabiliza
tion of emulsion are under the control of surfactant monomer, solvent,
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without the loss of separation efficiency. Therefore, the construction of
narrow nanopores can act as the key to improve the separation and
absorption performances of microspheres. Unfortunately, as discussion
above, it is hard to fabricate narrow nano-porous structures in micro
spheres according to traditional methods, which does limit their appli
cations in some fields.
In our previous work, a novel strategy has been developed to fabri
cate narrow nanopores based on the template of crystallization in
miscible polymer blend system [38–40]. The adjustment of phase sep
aration in immiscible blend has been successfully achieved by means of
compatibilizers and composition in polymer blends [41,42]. In this
work, therefore, PVDF/PMMA/PLLA ternary blend has been adopted to
prepare microspheres and narrow nanopores distributing on them with
the combination of phase separation and crystallization respectively
(Scheme 1). On one hand, phase separation can produce PLLA matrix
and islands of PVDF/PMMA mixed-phase. On the other hand, in PVDF/
PMMA mixed-phase, the crystallization of PVDF during cooling will
result in bi-continuous structure of PVDF and PMMA. Upon etching with
chloroform, both PLLA matrix and continuous PMMA in islands can be
removed, yielding PVDF microspheres with narrow nanopores. The ex
istence of narrow nanopores contributes to the interpenetrated nanochannels, extra volume for fluid and hierarchical roughness, account
ing for the higher flux, improved absorption capacity and enhanced
driving force for separation and absorption. It is also facile to load
functional nanoparticles (e.g. Fe3O4) for the achievement of special
function (e.g. magnetic manipulation) of porous microsphere, which
plays important roles in their applications (e.g. the removal of oil slick).

The blend of PVDF/PMMA/PLLA (30/30/40, w/w/w) was melted
mixed at 200 ◦ C by a Haake Polylab QC mixer (twin screw) with a
rotation speed of 20 rpm (for 3 min) and then 50 rpm (for 10 min). The
films of blends were obtained by hot-pressed (200 ◦ C, 10 MPa, 10 min).
As shown in Scheme 1, the obtained films were melted at 200 ◦ C for 30
min to obtain round PVDF/PMMA mixed-phase and then isothermal
crystallized at specified temperature (145 ◦ C). A Soxhlet extraction
apparatus was used to selectively etch PLLA and PMMA. The selecti
ve solvent is chloroform. After that, the porous microspheres were ob
tained by freeze-drying method which was used to prevent the shrinkage
of porous structures in microspheres. The blend of PVDF/PLLA (30/70,
w/w) was also prepared for comparison.
2.2.2. Synthesis of Fe3O4
N2 was bubbled through the deionized water for 1 h. Then
FeCl2⋅4H2O and FeCl3⋅6H2O were dissolved into deionized water and
the mole ratio of Fe3+ and Fe2+ is 7/4. When the solution bathed at 60
℃, the pH of solution was adjusted to 13 by NH3⋅H2O and the seed of
nano-Fe3O4 were obtained by ultrasonic vibration at 60 ◦ C. During this
process, N2 continued to be bubbled through the solution. The solution
and seed of nano-Fe3O4 were poured into an autoclave, heated at 150 ◦ C
for 6 h and then cooled to 25 ◦ C.
2.2.3. Preparation of magnetic porous microsphere
To remove residual ions, the nanoparticles of Fe3O4 were washed
with deionized water repeatedly. After that, the nanoparticles of Fe3O4
were transferred into N, N-Dimethylformamide (DMF). PVDF and
appropriate amount of nano-Fe3O4 were mixed by solution blending
method. PVDF/Fe3O4 blend was obtained after the removal of DMF.
Then the blend of PVDF and Fe3O4 was gradually melting mixed with
PMMA and PLLA at 200 ◦ C using a Haake Polylab QC mixer. The weight
ratio of PVDF/PMMA/PLLA in quaternary blend was 30/30/40. Finally,
the quaternary blend was melted at 200 ◦ C for 30 min and then
isothermal crystallized at specified temperature (145 ◦ C). Upon etching
and freeze-drying, magnetic porous microspheres were obtained.

2. Experimental section
2.1. Materials
Poly(vinylidene fluoride) (PVDF, KF850, ρ = 1.8*103 kg/m3, Mw =
209000 g/mol, PDI = 2.0) was purchased from Scientific Polymer
Products Inc. Poly(methyl methacrylate) (PMMA, Mw = 15000 g/mol)
and poly(L-lactic acid) (PLLA, 3001D, Mn = 89300 g/mol, PDI = 1.77)
were supplied by Aldrich and Nature Works respectively. The compa
tibilizer (P(MMA-co-GMA), 8 wt% of GMA monomeric unit, SZ-01, Mn
= 40000 g/mol, PDI = 2.0 ± 0.24) was supplied by ECONM (Hangzhou,
China). FeCl3⋅6H2O (98%) and FeCl2⋅4H2O (98%) were purchased from
Sinopharm Group Co. Ltd and Alfa Aesar, respectively. Hexadecane was
purchased from Shanghai zhanyun chemical Co. Ltd.

2.3. Characterizations
The morphologies of porous microsphere were observed using a
field-emission scanning electron microscope (Hitachi S-4800) operated
at 5.0 kV. Drop Shape Analysis (DSA-100) was used to measure the
contact angles of surface made up of porous microspheres and reference
(compact PVDF microspheres and compact PVDF film). The morphol
ogies of porous microsphere were observed using a transmission elec
tron microscopy (Hitachi HT-7700) operated at 80 kV. Before
observation, the porous microspheres were embedded with epoxy resin
and thin section (~100 nm in thickness) was prepared for observation.

2.2. Sample preparation
2.2.1. Preparation of porous microsphere
Before processing, all materials were vacuum-dried (80 ◦ C for 12 h).

Scheme 1. The formation mechanism of PVDF microspheres with narrow nanopores from ternary blend.
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2.4. Separation performance of porous microsphere

phase, respectively (Fig. 1a). Due to Laplace pressure, the islands tend to
be round. In nano-scale, PMMA has been expelled out to the inter
lamellar or interfibrillar regions in islands during the crystallization of
PVDF, leading to the continuous PMMA and continuous PVDF phases in
islands. The formation of bi-continuous nanostructures resulted from
crystallization template and the consequent fabrication of narrow pores
have been discussed in our previous publications [43]. It is well known
that, in the adopted ternary blend, PLLA and PMMA can be dissolved by
chloroform while PVDF remains stable during the etching process. So,
soxhelt extraction was employed to remove PLLA and PMMA simulta
neously [43]. For one thing, the removal of PLLA matrix results in the
microspheres with diameter of several microns. For another thing, the
disappearance of continuous PMMA phase in islands yields narrow
nanopores in microspheres. Then, porous PVDF microspheres with the
diameter of several microns can be obtained (Fig. 1b). In SEM images
with higher magnifications (Fig. 1c), narrow nanopores resulted from bicontinues structures of PMMA in island phase distribute on the surface of
PVDF microspheres. Both pore shape and pore size can be further vali
dated by means of TEM. As shown in Fig. 1d, there are connectednarrow-pores with size of tens of nanometers. These pores contribute
to interpenetrated channels through microspheres, which is important
in separation and absorption. During the preparation of porous micro
spheres, the successful removal of PMMA and PLLA has been validated
with the help of thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). Before etching, there are glass transition
and melting behaviors of PLLA in DSC curves, locating at ~ 60 ◦ C and
152 ◦ C respectively. Upon etching, both of them disappear, suggesting
the removal of PLLA (Fig. S1a). In thermogravimetric analysis, there is
only one weight loss peak in the attained porous microspheres
(Fig. S1b), corresponding to the degradation of PVDF, indicating that
PMMA has been etched by chloroform completely. According to the
discussion above, in this ternary blend, the templates of phase separa
tion and crystallization account for the round-islands in microns and the
bi-continues structures of PVDF/PMMA in nanometers, respectively.
Upon etching with chloroform, PVDF microspheres with narrow nano
pores can be obtained. Furthermore, the size of microspheres (i.e. the
size of round-island) and narrow nanopores can be tailored by the
templates of phase separation and crystallization precisely and sepa
rately (Figs. S2 and S3).
The porous microspheres can be transferred onto a support (glass
sheet, here) and fixed with double-side adhesive tape to fabricate a
membrane for the measurement of wettability. (Fig. 2a and b). The
porous PVDF microspheres here were prepared from the blend with the
weight ratio of 30/30/40. For comparison, the compact PVDF film and

Using self-made filtration setup, the chloroform flux and separation
efficiency of membranes made up of microspheres were evaluated.
Before flux and separation tests, the membranes made up of micro
spheres were wetting by chloroform. 1 mL of chloroform passes through
the filtration setup driven by gravity. Each membrane made up of mi
crospheres was tested for at least three times. The following equation (1)
was used to calculate the flux (J) of chloroform.
(J) =

V
AT

(1)

Here, V and A are chloroform volume and effective testing area,
respectively. T is testing time. Separation efficiency of membrane made
up of porous microspheres was evaluated by water-in-chloroform
emulsion separation. 5 mL of feed solution was poured into the filtra
tion setup. After separation, the emulsion and the filtrate were examined
by polarizing light microscope (PLM, Olympus BX51).
2.5. Magnetic controllability and absorption of porous microsphere
Hexadecane was chosen to evaluate the oil absorption and separation
capacity of porous microspheres loaded with nano-Fe3O4. Several
droplets of hexadecane were distributed randomly on the water. Under
the control of magnet along the certain route, the magnetic controlla
bility and separation performance of porous microsphere loaded with
nano-Fe3O4 have been evaluated. As for absorption performance,
enough hexadecane was dropped into the powders of the compact mi
crospheres and porous microspheres, respectively. After sufficient ab
sorption, excess hexadecane was sucked off completely. Then, the
microspheres which have absorbed hexadecane were evaluated by TGA
(Q500, TA) under N2 flow from 30 ◦ C to 650 ◦ C at a heating rate of
10 ◦ C/min.
3. Results and discussion
Based on the strategy shown in Scheme 1 and the density of each
component, weight ratio of 30/30/40 in PVDF/PMMA/PLLA ternary
blend has been adopted to fabricate PVDF microspheres with narrow
nanopores. In micro-scale, there are sea-island structures on the fracture
surface of the ternary blend, in which the islands are with the diameter
of several microns (Fig. 1a). In the ternary blend, PVDF exhibits good
miscibility with PMMA while PVDF/PLLA is typical immiscible system.
Therefore, the matrix and islands are PLLA and PVDF/PMMA mixed

Fig. 2. Schematic illustration of surface formed by PVDF porous microspheres
(a, b), the water (c) and chloroform (d) contact angles of surface formed by
porous microspheres.

Fig. 1. SEM (a, b and c) and TEM (d) images of ternary blend (PVDF/PMMA/
PLLA = 30/30/40) before a and after etching (b-d).
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compact PVDF microspheres (reference, from the binary blend of PVDF/
PLLA = 30/70) have also been fabricated. As shown in Fig. S4, the water
and chloroform contact angles on PVDF film are 86◦ and 9◦ , respectively
(Figs. S4a and b). The values change to 137◦ and 3◦ in the case of
compact PVDF microspheres (Figs. S4c and d). The membrane surface of
porous PVDF microspheres exhibits the contact angles of 158◦ (Fig. 2c)
and 0◦ (Fig. 2d) respectively, indicating the superhydrophobic and
superoleophilic property of the surface formed by porous microsphere.
The surface characteristic discussed above can be ascribed to the
following reasons. On one hand, the existence of (-F) in the chains of
PVDF makes it a hydrophobic polymer since it exhibits low-free-energy
[44]. On the other hand, there are hierarchical roughness including
micro-scale (among neighboring microspheres, Fig. 1b) and nano-scale
structures (nanopores distributing on the surface of microspheres,
Fig. 1c and Fig. 2b). The combination of hydrophobic properties and
hierarchical roughness contributes to the enhanced Cassie state and
lotus effect, accounting for the superhydrophobic and superoleophilic
surface (Fig. 2c and d).
Superhydrophobic and superoleophilic surface makes it suitable to
act as filtration membranes in water/oil separation. The water-inchloroform emulsion (volume ratio of 1:10) was prepared and Span 80
was used as an emulsifier to stabilize the size of the water droplets. The
emulsion separation was tested in the self-made filtration setup shown in
Fig. 3a. Both compact and porous PVDF microspheres were adopted to
fabricate separation membranes, in which the former can serve as the
reference (Fig. 3b). Before separation, the membranes made up of mi
crospheres were wetting by chloroform. The liquid bridge between the
microspheres create a strong capillary force, resulting in the stable
configuration of membranes. During emulsion separation, the droplet/
pore size and their distribution produce significant effect on both
selectivity and permeability. In our case (Fig. 3a and b), pores among
neighboring microsphere act as the main separation channel. Based on
the simple model shown in Fig. 3c, the size of these pores can be
calculated. The average diameter of porous microsphere is about 9.3 μm,
resulting in the separation channel with the size of ~ 3.4 μm. Before
filtration, the diameters of water droplets in chloroform range from 2 to
10 μm (shown in Fig. 3d). During the separation, the chloroform
immediately flows through the membranes via channels while water
droplets are trapped. As a result, the emulsion after filtration becomes
clear. There is no obvious water droplet in filter liquor (Fig. 3e). It is
noteworthy to compare the chloroform flux between the membranes
prepared from porous and compact microspheres. The values of them
are ~ 1700 and 5700 L*m− 2*h− 1, respectively (Fig. 3f). Relative to the

reference (compact microspheres), the porous membrane prepared from
porous PVDF microspheres exhibits much higher flux. To clarify the
reason for this improvement, our attention should be focused on the
following issues. Firstly, the driving force for separation has been
enhanced since the hierarchical roughness enlarges the contact angle
difference between water and chloroform. The values of this difference
for compact PVDF film, membranes from compact and porous PVDF
microspheres are 77◦ , 134◦ and 158◦ , respectively. Secondly, there are
only one kind of micro-channels among neighboring spheres in refer
ence. In the membranes from porous PVDF microspheres, however, the
existence of connected nanopores in microspheres (shown in Fig. 1d)
provide not only extra interpenetrated nano-channels, but also the
connected channels between micro- and nano-scales for fluid, account
ing for the significant improvement of flux. Finally, relative to reference
(30% in PVDF/PLLA = 30/70), higher weight fraction of islands in
porous microspheres (60% in PVDF/PMMA/PLLA = 30/30/40) pro
duces microsphere with bigger diameter (Fig. 3c). This is the reason for
the higher magnitudes of separation channels and resultant flux.
Porous microspheres can be used in the absorption of certain liquid,
e.g. oil slick. The collection of them, however, remains as a great chal
lenge. Therefore, in this work, magnetic Fe3O4 nanoparticles were
loaded in porous microspheres. To locate nano-Fe3O4 in PVDF precisely,
the nanoparticles were blended with PVDF/PMMA firstly. In TEM im
ages (Fig. S5), the white phase and gray phase referred to the PLLA
phase and PVDF/PMMA phase, respectively. Because of the typical
preparation procedure, most of the Fe3O4 nanoparticles (black in TEM)
can be localized in PVDF/PMMA phase or on the interface of two phases.
XRD profile of nano-Fe3O4 synthesized by hydrothermal reaction has
shown in Fig. S6. The peaks at 30.1◦ , 35.5◦ and 43.1◦ correspond to
(2 2 0), (3 3 1) and (4 0 0) of Fe3O4 crystal, respectively [45]. Upon
etching with chloroform, both PLLA and PMMA were removed while the
nanoparticles stayed in PVDF, producing porous PVDF microspheres
loaded with nano-Fe3O4. Furthermore, as shown in Fig. S9, the
morphology of the magnetic porous microsphere was not affected by the
addition of nano-Fe3O4. Porous structure distributes on the surface of
PVDF microspheres. The magnetic manipulation performance of PVDF
porous microsphere loaded with nano-Fe3O4 was shown in Fig. 4a-c. The
magnetic porous microspheres have been sprinkled randomly on the
water. Because of lower density caused by pores and the high magnitude
of water contact angle, the magnetic porous microspheres floated on the
water just like many boats. Subsequently, they started to gather when a
magnet was placed in the center of the water, implying the excellent
magnetic manipulation performance. To validate the precise

Fig. 3. Schematic illustration of filtration setup for emulsion separation (a and b) and the pore size formed by porous microspheres (c), Optical microscopy of
emulsion before and after filtration (d-e). (f) shows the chloroform flux of the reference (compact microspheres) and PMS (porous microspheres).
4

J. Wang et al.

Applied Surface Science 566 (2021) 150673

Fig. 4. The magnetic manipulation performance of porous microsphere loaded with nano-Fe3O4 (a-c) and schematic diagram of manipulating microspheres to
remove oil slick (d).

controllability, these porous PVDF microspheres were employed to
collect oil slick along certain route and direction. As shown in Fig. 4d,
several droplets of hexadecane distributed randomly on the water. Then,
the porous microspheres moved under the control of magnet along the
desired route (red dashed line). After going through the entire path, the
microspheres removed all hexadecane droplets (shown in Fig. 4d).
Furthermore, both porous microspheres and gathered oil in them can be
moved along a specific route under the control of magnet (shown in
Fig. S7). The magnetic controllability makes it possible to collect and
reuse the porous microspheres.
Drop Shape Analysis (DSA) and TGA have been employed to assess
the wettability and absorption capacity of porous PVDF microspheres
loaded with Fe3O4 nanoparticles, respectively. In Fig. S8, the water and
hexadecane contact angles of on the surface formed by PVDF porous
microsphere are 154◦ and less than 1◦ respectively, indicating that the
addition of nano-Fe3O4 does not affect the wettability of porous mi
crospheres. The absorption capacity evaluated by TGA has shown in
Fig. 5. Compared with the reference (compact microsphere) (0.1 g/g),
the porous microspheres (PMS) exhibit much higher capacity (0.57 g/g).
The improved absorption capacity can be attributed to the following
issues. Firstly, in addition to the micropores among neighboring mi
crospheres, nanopores provide extra volume for the fluid to occupy.
Secondly, according to well-known Young-Laplace equation, both pore
shape (narrow) and pore size (nanoscale) in microsphere, corresponding
to lower magnitude of the channel diameter, are benefit for the
enhanced capillary effect for oil (e.g. hexadecane, here). Finally, hier
archically roughness including micro- and nano-scales can accelerate
the absorption behaviors. Therefore, the porous PVDF microsphere
loaded with nano-Fe3O4 is an ideal candidate for the removal of oil slick
because of the magnetic controllability, high absorption capacity and
accelerated absorption behaviors.

Fig. 5. The oil absorption capacity of compact (reference) and porous micro
spheres (PMS).

in the stronger capillary effect and higher absorption capacity. The
loaded nano-Fe3O4 endows the microsphere with magnetic controlla
bility. With the combination of them, the attained porous microspheres
can serve as an excellent agent to remove oil slick. Our results open a
new avenue for fabricating porous microsphere with narrow nanopores,
which is an efficient way to enhance the separation and absorption
performances.
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4. Conclusion
Microspheres with narrow nanopores have been fabricated based on
the complicated phase behaviors in ternary blend of PVDF/PMMA/
PLLA. The size of microspheres and narrow nanopores can be tailored
according to the templates of phase separation and crystallization,
respectively. Relative to compact PVDF microspheres, the porous mi
crospheres exhibit enhanced separation and absorption performances.
On one hand, the separation membrane comprising porous microspheres
correspond to higher flux, which can be attributed to the enlarged
contact angle difference as well as the extra interpenetrated nanochannels. On the other hand, both pore geometry and pore size result
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