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Abstract

Large amount of oily wastewater discharged from domestic sources and indus-

trial has caused lots of pollution to our surrounding. Thus, searching effective

and eco-friendly ways for separation of stabilized oil/water emulsions is urgent

and highly desirable. Among various methods, membrane with special wetta-

bility is an ideal choice for the efficient treatment of oil/water emulsions owing

to its low energy consumption and cost. However, it remains a great challenge

to develop super-wettable membranes using green and inexpensive materials

to realize durability, easy fabrication and scale-up. To address this issue, a

highly flexible, durable, robust, and super-hydrophobic polydivinylbenzene

(PDVB)-wood membrane with hydrophobic-nanopores is developed by the sur-

face coating of cross-linked PDVB on the porous wood. The as-produced

PDVB-wood membrane shows excellent flexibility, durability, chemical resis-

tance and possesses above 99.98% separation efficiency for surfactant-stabilized

water-in-oil emulsions. Furthermore, the PDVB-wood membrane also per-

forms excellent recyclability with separation efficiency up to 99.98% after

20 separation cycles. The synergistic effect of the super-hydrophobicity and

nanopores contributes to the high separation performance. With its excellent

durability, easy scale up, easy fabrication, inexpensive, and green regeneration,

we envision that this functional biomass-derived membrane could be used as a

substitute for filter membrane in environmental restoration.
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1 | INTRODUCTION

Large amounts of oily wastewater discharged from our
daily life, industries, or spill accidents has caused great
harm to the environment, ecology, and even human
health.1–5 Such pollution has come up an urgent need to
treat oily wastewater properly. In general, oily wastewater
can be divided into immiscible oil/water mixtures and
emulsions.6,7 Compared to immiscible oil/water mixtures,
stabilized oil/water emulsions are more difficult to be sepa-
rated due to their ultra-small droplets size (less than 20 μm)
and stable systems.8–10 Therefore, separation of stabilized
oil/water emulsions is much more challenging in environ-
mental restoration. Traditional demulsification techniques
using chemical reagents or electro-flotation can separate
such emulsions, however, their practical application is
greatly limited due to low efficiency, cumbersome process,
high cost, and high energy.11–13 These drawbacks have put
forward to the development of more advanced methods for
the separation of oil/water emulsions.

Compared with other technologies, membrane can
maximize oil/water separation efficiency and minimize
energy output by adjusting the shape, thickness, and pore
size of the membrane according to the size of the separated
species.14,15 Artificial super-wettable surfaces of the mem-
brane synthesized via nanoengineering (e.g., chemical
modification) have drawn great interests.16–21 The special
wettability of super-wetting membrane endows them with
specific functions that could be widely used in various
fields, such as mist water collection, self-cleaning, sensing,
and anti-fouling surfaces.22–26 Another striking feature of
super-wettable membrane is super-hydrophobicity or
super-oleophobicity, which makes them selectively remove

oil or water. In brief, super-wettable membranes have the
advantages of high efficiency, operation ease, eco-friendly,
and low energy consumption, and have great application
potential in separation of stabilized oil/water emulsion.27–31

Nowadays, super-wettable membranes mainly
include metal mesh treated by physically or chemically,
polymer-base membrane, graphite-base membrane, and
so forth.32 Although these super-wettable membranes
have great promising in oil–water emulsion separation,
most of the raw materials are non-renewable, non-
degradable, and expensive, which adversely affect the
environment and practical applications.21,33 In fact, bio-
mass materials are renewable and more abundant, offer-
ing a simple and attractive alternative to membrane
substrates. Wood, as a green renewable, biodegradable,
inexpensive, and abundant resource, has great potential
for the development of sustainable functions composite
materials due to its attractive hierarchical porous struc-
ture and unique chemical composition.34–39 In addition,
by directly exploiting the unique hierarchical structure
and high porosity of wood, it has been functionalized as a
large-scale template to realize new functions for a wide
range of applications, such as transparent windows, light-
weight structural materials, oil–water separation, solar
evaporation, water processing, and so forth.36–39 There-
fore, wood is an ideal template for oil/water separation
due to its environmental friendliness and layered porous
structure. However, the mechanical properties and stabil-
ity in water of the thin wood membrane are poor after
acid–base chemical treatment. And conventional wood-
based separation materials are not effective in separating
oil–water emulsions using wood vessels with large pore
sizes (above 20 μm).

2 of 14 CAI ET AL.
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Polydivinylbenzene (PDVB) is a superhydrophobic
cross-linked network with nanopores, which was first
reported by Xiao and coworkers.40 In this work, by means
of biomass instead of conventional materials as emulsion
filters, we designed a chemical cross-linked method to fab-
ricate hydrophobic nanopore and improve stability,
mechanical properties, and durability of membrane. The
nanopores and superhydrophobicity of wood membrane
coating the cross-linked polymer contribute to the highly
efficient separation of stabilized water-in-oil emulsions.
Here, wood nanotechnologies, including delignification
and surface modification, are applied to tailor the nano-
structure of cell walls. This functional PDVB-wood mem-
brane was prepared from natural balsa wood (longitudinal
section) by alkaline treatment and solvothermal method
(Figure 1). First, lignin and part of hemicellulose were
removed from natural wood via a one-step alkaline treat-
ment to obtain a nanoporous wood. Second, wood functio-
nalization is implemented through modifying PDVB,
resulting in a flexible, superhydrophobic wood membrane.
The super-hydrophobicity of the PDVB-wood membrane
are retained even after severe mechanical and chemical
testing, such as multiple sandpaper rubbing, tape sticking,
and soaking in acid, alkali and salt solutions for a long
time, demonstrating its highly durable and stable

characteristics. Moreover, the PDVB-wood membrane still
maintains high separation efficiency (above 99.98%) after
20 separation cycles. Coupling with the nano-sized poros-
ity, flexibility, durability, stability, and superhydrophobicity
of the PDVB-wood membrane, this study not only provides
a new insight in separation of stabilized water-in-oil emul-
sions, but also inspires the design and manufacture of func-
tional wood-based membranes.

2 | RESULTS AND DISCUSSION

2.1 | Microstructures and chemical
components of the PDVB-wood membrane

Natural balsa wood was selected as the raw material to
fabricate functional PDVB-wood membrane due to its
low density (93.8 mg cm�3) and high porosity (94.0%)
(Figure S1). Natural balsa is yellow due to visible light
scattering/absorption by lignin and its attached chromo-
phores (Figure 2A, left). The high content of rigid lignin
in original balsa wood leads to its friability and poor
toughness (Figure 2A, right and Movie S1). As shown in
field-emission scanning electron microscopy (FE-SEM) of
the wood cross-section (Figure 2D), the original wood is

FIGURE 1 The treating processes of flexible polydivinylbenzene (PDVB)-wood membrane and separation of stabilized water-in-oil

emulsions. (A) Schematic illustration of flexible and super-hydrophobic wood membrane for efficient separation of stabilized water/oil

emulsions. (B) Schematic illustration of the fabrication of hydrophobic nanopore by molecular cross-linking. (Scale bar: 500 nm)

CAI ET AL. 3 of 14

 25673173, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12255 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [07/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



composed of many honeycomb-like tubes with diameters
ranging from a few microns to tens of microns. The cell
wall of natural wood is dense (Figure 2D1), which is
mainly due to the cross-linked covering of hemicellulose
(17.15%) and lignin (18.56%) on the main framework
composed of cellulose (45.35%) (Table 1). As shown in
the longitudinal section, the vertically aligned wood
fibers of natural wood are very smooth and dense
(Figure 2D2,D3). After chemical treatments of NaOH and
Na2SO3, the whitish wood membrane possesses favorable
flexibility due to the removal of rigid lignin,

hemicellulose, and chromophores (Figure 2B and
Movie S1). In addition, the contents of cellulose, hemicel-
lulose and lignin in the wood membrane were greatly
changed to 64.26%, 9.47%, and 12.39% in comparison to
natural wood, respectively (Table 1). Fourier transform
infrared spectrum (FT-IR) were conducted and the
results prove that the lignin and hemicellulose have been
partly removed (Figure S2A). Compared with the original
wood, the intensities of the characteristic peaks of lignin
at 1593, 1503, and 1456 cm�1 are significantly reduced,
confirming that most of the lignin is removed. In

FIGURE 2 Structural characterization of natural balsa wood, wood membrane and polydivinylbenzene (PDVB)-wood membrane.

Photographic images of (A) natural balsa wood, (B) the wood membrane after alkaline treatment, (C) the PDVB-wood membrane with

highly flexibility. (D–D3) The SEM images of the natural balsa wood observed from the cross-section and longitudinal direction. (E–E3)

Cross-section and longitudinal direction of the wood membrane. (F–F3) The PDVB-wood membrane observed from the cross-section and

longitudinal direction

TABLE 1 The composition of different wood samples

Samples Cellulose (%)a Hemicellulose (%)a Lignin (%)a WPG (%)b

Natural wood 55.95 ± 0.25 21.16 ± 0.19 22.89 ± 0.63 -

Wood membrane 74.62 ± 0.21 10.99 ± 0.14 14.39 ± 0.51 -

PDVB-wood membrane 47.40 ± 0.32 10.95 ± 0.18 41.65 ± 0.34 20.25 ± 0.17

aThe cellulose, hemicellulose, and lignin content were the relative values and determined using the National Renewable Energy Laboratory method.41
bWPG is the weight percent gained from the coated polymer on wood membrane.

4 of 14 CAI ET AL.
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addition, the peaks at 1735 and 1235 cm�1 of hemicellu-
lose disappear after the alkaline treatment, indicating the
hemicellulose is successfully removed. As a result, the
extraction of the rigid components ultimately results in
the reduction of density of the wood membrane
(67.7 mg cm�3) with a 95.7% porosity (Figure S1).

The chemical treatment also causes significant changes
in microstructure of the wood membrane. Although, after
the delignification process, the honeycomb-like structure
is basically preserved (Figure 2E), the cross-sectional cell
wall nanostructures have changed a lot. As shown in
Figures 2E1 and S3, compared with the original wood, the
dense of cell wall reduces with a highly loose cellulose
nanofiber, and a large number of nanopores are generated
on the cell wall. Furthermore, the cellulose nanofibrillar
network was exposed along the wall skeleton as seen from
the longitudinal section (Figure 2E2,E3). On this basis, the
wood membrane was further chemically modified with
cross-linked hydrophobic PDVB polymers to obtain a
functional flexible PDVB-wood membrane. The macro-
structure of PDVB-wood membrane is similar to the
unmodified wood membrane (Figure 2C). As shown in
the right Figure 2C and Movie S1, the PDVB-wood mem-
brane can be arbitrarily folded, bent or rolled without
breakage, which facilitates its use in various situations.
Cross-linked PDVB (ca. 21.2 wt%, Table 1) was covered on
the cell wall surface of the wood membrane. Compared
with the wood membrane, the density of the PDVB cross-
linked one is slightly increased (81.1 mg cm�3) and its
porosity is slightly decreased (94.8%) (Figure S1). It is
worth noting that the content of lignin is greatly increased

(36.59%), which is probably caused by the benzene ring
existing in PDVB (Table 1).

The microstructure of the PDVB-wood membrane is
similar to the wood membrane, which contains tubes
with pore sizes ranging from a few microns to tens of
microns (Figure 2F). In addition, the cross-linked nano-
particles on the fiber surface can be clearly observed from
the longitudinal section of the PDVB-wood membrane
(Figures 2F2,F3 and S4), which can not only improve the
flexibility and mechanical properties, but also increase
the roughness of the membrane surface. Actually, the
cross-linked polymer network can be subjected to the
force when the PDVB-wood membrane is pulled or bent,
thereby consequently enlarging the application range of
the PDVB-wood membrane. Besides, PDVB grating was
further confirmed by the FT-IR, the characteristic peaks
at 709, 896, and 835 cm�1 are meta- and para-substituted
aromatic rings and vinyl groups, respectively.42 The
broad peak at 1600 cm�1 is the strong C C stretching
vibration of PDVB (Figure S2A).43,44 Moreover, the
Raman spectrum was also carried out, compared with
natural wood and wood membrane, PDVB-wood mem-
brane displays two new peaks at 1000 and 1600 cm�1,
ascribing to the benzene ring of PDVB (Figure S2B).

The element content of the natural wood, wood mem-
brane, and PDVB-wood membrane were carried out by X-
ray photoelectron spectroscopy (XPS) (Figure 3A). XPS
spectrum reveals that C and O are the main elements and
they occur at 284 and 532 eV, respectively. As shown in
the data presented in Table S1, compared to natural wood,
the C percentage of the delignified wood membrane was

FIGURE 3 X-ray photoelectron

spectroscopy (XPS) spectrum of natural

wood, wood membrane, and

polydivinylbenzene (PDVB)-wood

membrane. (A) XPS full spectra. C1s

XPS spectra of (B) natural wood,

(C) wood membrane and (D) PDVB-

wood membrane
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reduced, while the O percentage was increased. This is
due to the remove of part lignin and hemicellulose caused
by the alkaline treatment process. On the contrary, the ele-
mental composition of the PDVB-wood membrane
changes most significantly, where the percentage of C ele-
ment is more than 95%, while the percentage of oxygen
element is only about 4%, ascribing to a covered layer of
PDVB on the surface of the wood membrane.

High-resolution XPS spectra of C1s peak is also pre-
sented in natural wood, wood membrane, and PDVB-
wood membrane (Figure 3B–D). The four deconvoluted
peaks of the C1s spectra of lignocellulosic material are
denoted as C1 C4.

45,46 C1 corresponds to C C and/or
C H, which is mainly derived from lignin and wood
extracts. The C2 and C3 components belong to the C O
and C O or/and O C O, respectively, which are
mainly derived from cellulose. C4 represents the carbon
atom attached to the O C O unit. As shown in
Figure 3B,C, compared to natural wood, the intensity of
the C1 peak is significantly weakened in wood mem-
brane, which is caused by the removal of lignin and
hemicellulose. In contrast, the strength of C2 and C3

peaks increase significantly in wood membrane, which is
caused by the increased cellulose content. As shown in
Figure 3D, a new peak appears at 291 eV corresponding
to π–π satellite,6 further proving that the PDVB has been
successfully decorated on the wood membrane. In order
to demonstrate that the cross-linked PDVB is easier to
wrap on the wood and has a stronger interaction with the
wood, linear polystyrene (PS) has been modified on the
wood by the same chemical method. Through the obser-
vation of SEM images, the PS polymer can hardly be
observed on the wood membrane (Figure S5). Moreover,
the water contact angle (CA) of the PS-wood membrane
is less than 90� (Figure S6), indicating that linear poly-
mers are not conducive to wood modification.

2.2 | The mechanical properties of the
PDVB-wood membrane

The mechanical properties of the membranes are of great
importance for practical application. In order to prove that
the strategy of cross-linked polymerization can effectively
improve the mechanical strength of wood-based compos-
ite, stress and strain of the natural wood, wood membrane
and PDVB-wood membrane in the longitudinal and trans-
verse directions have been tested. As shown in Figure 4A,
B, compared to natural wood (20.26 MPa), alkali treated
wood membrane exhibits lower tensile strength in both
the longitudinal direction (11.17 MPa) and the transverse
direction (0.86 MPa) due to the removal of the rigid lignin
and hemicellulose. However, the elongations at break of
the wood membrane (longitudinal direction: 0.042, trans-
verse direction: 0.107) are larger than those of natural
wood (0.018 and 0.067, respectively). These results indicate
that the flexibility of wood membrane is enhanced after
delignification treatment. Surprisingly, compared with
natural wood and wood membrane, the PDVB-wood
membrane obtained by wrapping cross-linked PDVB on
wood membrane has higher stress (23.13 and 1.57 MPa in
longitudinal and transverse directions) and better tensile
strain (0.110 and 0.180 mm/mm in the longitudinal and
transverse directions). The cross-linked polymer network
deforms when subjected to an external force, thereby
releasing a portion of the external force. Coupled with the
certain mechanical strength of the cross-linking polymer
network, the mechanical property and flexibility of the
PDVB-wood membrane are improved. The tensile strain
of PDVB-wood membrane in transverse section is two and
three times that of wood membrane and natural wood,
respectively. These results demonstrate the better flexibil-
ity and strength of the PDVB-wood membrane, which is
consistent with the results in Figure 2.

FIGURE 4 Stress–strain curves of

natural wood, wood membrane and

polydivinylbenzene (PDVB)-wood

membrane in the (A) longitudinal and

(B) transverse directions
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2.3 | Wettability and antifouling
performance of the PDVB-wood membrane

The wettability of the membrane surface is also an
important factor in the separation of oil/water emulsions,
which can be assessed by the CA measurement. Natural
wood shows hydrophilicity and a water droplet (3 μl) can
be completely absorbed by wood in 24 s (Figure S7A).
Compared to this natural wood membrane, the water
droplet is immediately absorbed (0.7 s) into the deligni-
fied wood sample (Figure S7B), due to the exposure of
hydrophilic cellulose molecular chains after alkaline
treatment. Interestingly, for the PDVB-wood membrane,
water-based droplets (i.e., acid, base, salt, water, cola, and
coffee) all maintain their original shapes on its surface,
while n-hexane droplet can be penetrated into the PDVB-
wood membrane (Figure 5A), indicating that the PDVB-

wood membrane possesses hydrophobicity. The oil CA of
the PDVB-wood membrane is 0� in air, demonstrating its
special oil wettability. In addition, the water CA (WCA)
is as high as above 160�. When the water is dropped at a
high-speed onto the PDVB-wood membrane surface, the
droplet will bounce (Figure 5B and Movie S2). Further
observation through the CA meter shows that the water
immediately slides off the surface of PDVB-wood mem-
brane without wetting it, indicating that the functional
membrane surface has excellent repellence to water
(Figure 5B and Movie S2). Furthermore, the prepared
PDVB-wood membrane shows ultra-low water adhesion
when the water droplet touches the surface. The water
droplet does not wet the surface and can be completely
separated from the membrane by lifting upwards
(Figure 5C and Movie S3). The water sliding angle of the
PDVB-wood membrane is also tested, and its inclination

FIGURE 5 Wettability of the natural wood, wood membrane and polydivinylbenzene (PDVB)-wood membrane. (A) Dyed acid, base,

salt, water, cola, coffee, and oil (n-hexane) droplets on the PDVB-wood membrane surface (left) and water and oil CAs in air (right). (B) Jet

water bounced on the surface of PDVB-wood membrane. (C) The super-hydrophobicity and ultra-low water adhesion of PDVB-wood

membrane. (D) Ultra-low water slip angle of PDVB-wood membrane. (E, F) The antifouling performance of the wood membrane and PDVB-

wood membrane
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angle is set to 3.5�. As shown in Figure 5D, the water drop-
let slides down rapidly when a droplet of water is applied
onto its surface, indicating that it has an ultra-low sliding
angle 3.5� (Movie S3). As we all known, the wettability of
materials is generally determined by surface energy and
surface roughness. The super-hydrophobicity of the
PDVB-wood membrane is due to the synergistic effect of
the low surface energy of PDVB and the micro/nano-scale
granular structure (rough surface) of the surface.6,47 More-
over, the oil CA of the PDVB-wood membrane was also
carried out, different kinds of oil droplets were all immedi-
ately absorbed, demonstrating its super-oleophilicity
(Figure S8). In a word, the above results indicate that the
prepared PDVB-wood membrane has super-hydropho-
bicity and super-oleophilicity.

The antifouling performance of the PDVB-wood mem-
brane with multi-scale micro/nano-structural surfaces has
been evaluated. The as-prepared wood membrane and
superhydrophobic PDVB-wood membrane were immersed
in the dye solution (dyed with methylene blue), as shown
in Figure 5E and Movie S4. Specifically, the wood mem-
brane was immersed into water and then moved out, the
entire membrane was wet with blue sewage. Interestingly,
nothing was left on the surface of the PDVB-wood mem-
brane when it was taken out from the dye solution
(Figure 5F and Movie S4). The result indicates that PDVB-
wood membrane has excellent antifouling performance. In

addition, the water wettability of wood membrane and
PDVB-wood membrane under oil was also investigated.
As shown in Figure S9 and Movie S5, the glass-fixed
PDVB-wood membrane and wood membrane were put
into n-hexane, then sprayed by the dyed water on their
surface, the dyed water immediately slipped off and can-
not wet the PDVB-wood membrane. On the contrary, the
dyed water adhered onto the wood membrane and wet the
membrane.

2.4 | Durability and stability of the
PDVB-wood membrane

The mechanical/chemical durability and stability of mem-
branes play a crucial role in practical applications. The
durability and stability of the PDVB-wood membrane
were examined by sandpaper rubbing, tape sticking, UV
light, and immersion in acid, alkali, and salt solutions for
long time. The wettability of the PDVB-wood membrane
is analyzed again after these treatments (Figure 6). First,
the anti-friction performance of the PDVB-wood mem-
brane is tested, that is, a 50 g weight is put on the PDVB-
wood membrane, and then rubbed on the gauze paper for
a long distance. As shown in Figure 6A, although the CA
of water gradually decreases with the increase of the abra-
sion length, the PDVB-wood membrane still maintains

FIGURE 6 Mechanical durability and chemical stability properties of the polydivinylbenzene (PDVB)-wood membrane. Water contact

angle (WCA) changes of the PDVB-wood membrane (A) after sandpaper abrasion, (B) after tape peeling, (C) after soaking in acid, alkali and

salt solutions and after UV irradiation for 3 days
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FIGURE 7 The stabilized water-in-oil emulsions separation property of the polydivinylbenzene (PDVB)-wood membrane.

(A) Separation process of water-in-toluene emulsion. (B) Separation process of water-in-toluene emulsion for the wood membrane.

(C) Photographs and optical microscopy images of water-in-toluene emulsion before and after separation. (D) Separation efficiency and flux

for different water-in-oil emulsions. (E) Cycle stability of the PDVB-wood membrane. (F) Comparison of separation performance between

PDVB-wood membrane and the reported state-of-the-art membranes for water-in-oil emulsions. (G) Schematic diagram of the separation

mechanism and (H, I) wetting model of the PDVB-wood membrane
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super-hydrophobicity (above 150�) after rubbing for
2100 mm. In addition, to observe the surface micromor-
phology and structure of the PDVB-wood membrane after
long distance abrasion, SEM was carried out to confirm
the surface topographical change. Compared with the pris-
tine PDVB-wood membrane, the surface of the membrane
changed slightly after long-distance rubbing, but the gran-
ular PDVB was still wrapped on the wood, resulting in the
remained super-hydrophobicity (Figure S10). To further
evaluate the stability of PDVB wrapped on wood, the
adhesion performance of PDVB-wood membrane was
evaluated by the peel-off test of tape. More concretely, the
tapes were pressed onto the PDVB-wood membrane and
pulled out from the surface, the process was repeated
10 times. As shown in Figure 6B, the WCA decreased with
the increase of the cycle number, however, the WCA was
still 160� after 10 cycles. Similarly, the surface morphology
of PDVB-wood membrane after tape sticking was studied
through SEM. After 10 cycles, the surface morphology of
the PDVB-wood membrane changed slightly, but granular
PDVB could still be observed (Figure S11). These results
demonstrate excellent durability of the prepared PDVB-
wood membrane. In addition, the chemical stability of
PDVB-wood membrane was also examined, that is, the
membranes were immersed in acid, alkali, and salt solu-
tions for 3 days. The WCA of PDVB-wood membrane is still
larger than 150�, retaining its super-hydrophobicity after
the above-mentioned immersion (Figure 6C). Furthermore,
the anti-aging property of PDVB-wood membrane was also
tested. After UV irradiation for 3 days, the samples
remained their super-hydrophobicity with WCA above 150�

(Figure 6C). Compared to original PDVB-wood membrane,
the surface morphology of those treated by chemical and
UV approach changed little (Figure S12). These results fully
demonstrate the excellent mechanical durability and chemi-
cal stability of the PDVB-wood membrane, which greatly
enables its application in real environments.

2.5 | Separation of stabilized water-in-oil
emulsions

In the separation experiment, three representative
surfactant-stabilized water-in-oil emulsions (water-in-tolu-
ene, -kerosene, and -chloroform emulsions) were prepared.
The device applied to separate the water-in-oil emulsions
was shown in Figure 7A. In order to evaluate the separation
performance of the PDVB-wood membranes for stabilized
water-in-oil emulsions, the membrane was fixed on the
device and the water-in-oil emulsions were poured into the
glass tube under a pressure of 0.15 bar. The water-in-
toluene emulsion was first selected as the target sample.
The white water-in-toluene emulsion became a transparent

toluene solution after passing through PDVB-wood mem-
brane (Figure 7A and Movie S6). In addition, the separation
performance of the alkali treated wood membrane was also
measured as a contrast group. The milky white water-in-
toluene emulsion was poured into the separation device
containing the wood membrane, and the obtained filtrate
was still milky white, indicating that the wood membrane
could not separate the stabilize oil/water emulsion
(Figure 7B and Movie S6). Furthermore, to evaluate PDVB-
modified natural wood, PDVB was modified on the surface
of natural wood in the same way. Compared with PDVB-
wood film, the resulting PDVB-modified natural wood is
easily broken (Figure S13). For comparison, the separation
performance of PDVB-modified natural wood for water-in-
oil emulsion was also evaluated. Under pressure, the liquid
cannot pass through PDVB-modified natural wood due to
the dense cell walls of natural wood. The optical microscope
was also carried out to more clearly observe the water-in-
toluene emulsion before and after separation (Figure 7C).
The feed emulsion contains numerous micro/nano water
droplets, while no water droplets can be observed in the fil-
trate, which confirms the effective separation of the PDVB-
membrane. The optical microscope images of other emul-
sions before and after separation were also tested
(Figure S14). For water-in-kerosene and water-in-
chloroform emulsions, no water droplets can be observed in
the filtrate. These results all demonstrate the excellent sepa-
ration ability of the PDVB-wood membrane.

The separation efficiency and flux of emulsions are two
important indicators for evaluating membrane perfor-
mance. The filtrate purity after separation was measured to
examine the separation efficiency of the PDVB-wood mem-
brane, as shown in Figure 7D. The PDVB-wood membrane
shows ultra-high separation efficiency (above 99.98%) for
three representative surfactant-stabilized water-in-oil emul-
sions. In addition, the flux of the membrane for the three
water-in-oil emulsions was also measured as illustrated in
Figure 7D. The flux of membrane in water-in-toluene is
8829.4 L m�2 h�1 bar�1, which is obviously higher than
those in water-in-chloroform (4691.3 L m�2 h�1 bar�1) and
water-in-kerosene (866.6 L m�2 h�1 bar�1). That is because
the water is easier to disperse in chloroform while not in
kerosene due to its high viscosity. Besides, it was found that
the viscosity of the oil has little effect on the separation effi-
ciency, but has a huge effect on the flux.

More importantly, after 20 times separation cycles for
stabilized water-in-toluene emulsion, the separation effi-
ciency of the PDVB-wood membrane is still above
99.98%, which indicates its excellent stability (Figure 7E).
Compared with other membranes reported by previous
literatures, the PDVB-wood membrane also shows distin-
guished advantages (separation efficiency and permeance
flux) in separation of stabilized water-in-oil emulsions, as
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shown in Figure 7F and Table S2.48–55 Theoretically, sur-
face wettability and surface pore structure are two key
factors affecting the separation efficiency of the mem-
brane. In this research, the inherent hydrophobicity of
PDVB endows a lower surface energy of the PDVB-wood
membrane. The cross-linked hierarchical nanopores are
generated from PDVB wrapped on the cell wall of wood.
The inherent hydrophobicity and micro/nano structure
play the vital role in the establishment of superhydropho-
bic surfaces. When the water-in-oil emulsions contact the
surface of the PDVB-wood membrane, oil will wet mem-
brane and form a layer of oil film on the surface, thereby
avoiding direct contact between the water droplets and the
membrane and achieving the purpose of selective separa-
tion. Based on these results, it is deduced that membrane
materials (e.g., PS-modified wood) without micro/nano
rough structure on their surfaces will exhibit hydrophilicity
(WCA < 90�) under the same preparation conditions
(Figure S6), while the membranes with micro/nano rough
structure (e.g., PDVB-modified wood) show hydrophobicity
(WCA > 90�). On the other hand, the separation flux was
primarily determined by adsorption of liquid and pore
structure of the separation membrane (Figure 7H,I).
According to the Young–Laplace equation (1), the internal
pressure (rp) of the membrane determines the emulsion
separation flux. rp is defined as the maximum pressure
exerted on the surface before a given liquid penetrates
the pores, and rp could be calculated using the following
equation56,57:

rp¼�2γ cosθ
r

rp¼�2γ cosθ
r

ð1Þ

where γ, θ, and r are the liquid surface tension, the liquid
CA, and the radius of the pore, respectively. From the
Equation (1), when the liquid CA is above 90�, that is,
rp>0, the membrane had an upward repulsive force to
liquid. Liquid may be held back on the membrane. On
the contrary, when the liquid CA is below 90�, rp<0,
the membrane had a downward gravitational force to liq-
uid. Therefore, for super-hydrophobic/super-oleophilic
membranes, increasing rp can effectively accelerate the
emulsion separation process of water-in-oil emulsions.
Figure 7G shows the separation mechanism of the
PDVB-wood membrane for stabilized water-in-oil emul-
sions. Combining the super-hydrophobicity/super-
oleophilicity and nanoscale pore of the PDVB-wood
membrane, the micro/nano-scale water droplets in the
water-in-oil emulsions cannot penetrate the membrane,
while the oil could freely penetrate due to its super-oleo-
philicity, achieving the aims of the demulsification and
separation. In addition, the lower pore diameter r (nano-
scale pore) of the PDVB-wood membrane is also

conducive to increase intrinsic pressure (rp). These
results all demonstrate that PDVB-wood membrane pos-
sesses high separation efficiency and flux for stabilized
water-in-oil emulsions, also a relative low cost of the lab-
scale production (Table S3).

3 | CONCLUSION

In summary, we developed a flexible, durable, stable, and
nano-porous PDVB-wood membrane based on wood
nanotechnology using natural balsa wood as the raw
material. The partial removal of lignin and hemicellulose
by alkaline treatment results in high porosity and flexibil-
ity of wood membrane, and the following molecular cross-
linking further induces excellent mechanical stability and
super-hydrophobility of PDVB-wood membrane with
hydrophobic nanopores. The prepared PDVB-wood mem-
brane has excellent mechanical durability, which still
maintains super-hydrophobicity (WCA is above 150�) after
repeating sandpaper rubbing and tape sticking. In addi-
tion, the super-hydrophobicity of the PDVB-wood mem-
brane is maintained after long-term immersion in acid,
alkali, salt solution and long-term ultraviolet light, show-
ing excellent chemical stability and anti-aging properties.
The PDVB-wood membrane can effectively separate stabi-
lized micro/nanoscale water-in-oil emulsions with a high
efficiency of above 99.98% and high flux up to
8829.4 L m�2 h�1 bar�1. More importantly, the separation
efficiency of the PDVB-wood membrane could remain
above 99.98% after 20 separation cycles, showing good sta-
bility. Our results clearly demonstrate that the eco-
friendly, inexpensive, durable, and stable superhydropho-
bic wood membrane fabricated by simple route is a poten-
tial alternative for large-scale industrial applications.

4 | EXPERIMENTAL SECTION

4.1 | Materials

Balsa wood (Ochroma pyramidale) was purchased from
Zhuhai Dechi Technology Co. Ltd., China. The wood
samples were cut into different sizes, 40 mm � 40 mm �
1 mm (length � width � height). 2,20-Azobis(2-methylpro-
pionitrile) (AIBN), kerosene, chloroform, and toluene were
purchased from TCI, Inc. Ethyl acetate, sodium hydroxide
(NaOH), sodium sulfite (Na2SO3), sodium chloride (NaCl),
and hydrochloric acid (HCl) were purchased from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China).
Span-80 and divinylbenzene (DVB) were purchased from
Sigma-Aldrich. All the chemicals were used without fur-
ther purification.

CAI ET AL. 11 of 14
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4.2 | Preparation of wood membrane

The wood membrane was prepared by selectively remov-
ing the part of lignin and hemicellulose from natural
balsa wood via simple top-down alkaline treatment,27

then freeze-drying to obtain flexible porous wood mem-
brane. Specific steps are as follows: First, the natural
balsa wood was delignified using the aqueous solution of
NaOH (2.5 M) and Na2SO3 (0.4 M), then put in water
bath for 6 h at 80�C. The whitish natural wood was
immersed in deionized water at 80�C until the pH of the
water was neutral to remove the remaining chemicals.
Second, the treated wood samples were frozen at �50�C
for 10 h before freeze-drying at �60�C for 24 h, resulting
in a porous wood membrane with some flexibility.

4.3 | Preparation of highly flexible
superhydrophobic PDVB-wood membrane

The superhydrophobic PDVB-wood membrane was pre-
pared by coating PDVB onto wood through a facile sol-
vothermal method. The detailed steps are as follows: first,
an ethyl acetate solution contains 0.9 g DVB and 0.06 g
AIBN was prepared, and then the solution was sonicated
for 30 min, it was transferred into a 50 ml autoclave. Sec-
ond, the prepared wood membrane was immersed into
the solution and stood for 1 h. Finally, the autoclave with
wood membrane was heated at 100�C for 24 h. The
superhydrophobic PDVB-wood membrane was obtained
by washing the above wood membrane with enough
ethyl acetate and then dried at room temperature.

4.4 | Preparation of stabilized
water-in-oil emulsions

Three types of stabilized micro/nanoscale water-in-oil
emulsions with surfactant (Span-80) have been prepared.
They are water-in-toluene, water-in-kerosene, and water-
in-chloroform, respectively. For each of emulsion, water
and oil was mixed in 1:100 (vol/vol), and the amount of
Span-80 added is 2.5 mg/ml. Then, the mixture solution
was sonicated for 6 h at room temperature.

4.5 | Emulsion separation experiment of
PDVB-wood membrane

The PDVB-wood membrane was fixed in the separation
device (Figure 6A) and the water-in-oil emulsions were
poured into the membrane under a pressure of 0.15 bar.
Each sample was measured three times for one separa-
tion cycle. The separation efficiency (SE, %) and flux

(L m�2 h�1 bar�1) of the PDVB-wood membrane were
calculated using following equations:

SE¼C0�C1

C0
�100% ð2Þ

Flux¼ V
AtΔp

ð3Þ

where C0 and C1 are the water concentrations in the feed
emulsion and filtrate, respectively. V (L) is the oil vol-
ume, A (m2) is the effective area, t (h) is the time, and Δp
(bar) is external pressure.

4.6 | Porosity measurement

The porosities of wood and PDVB-wood membrane were
estimated according to the following Equation (4):

Porosity %ð Þ¼ 1�ρ1
ρ2

� �
ð4Þ

where ρ1 (kgm�3) and ρ2 (kgm
�3) are the density of the

wood samples and solid wood, respectively. ρ2 is 1570 kg
m�3, according to the reference.58

4.7 | Characterization

SEM was carried out to observe the microstructure of the
membrane via a field-emission SEM (Hitachi, Regulus 8100,
Japan) at an accelerating voltage of 15 kV. The element con-
tents of the natural balsa wood, wood membrane, and
PDVB-wood membrane were analyzed by XPS (ESCALAB
250Xi). Water and oil CAs were measured using a contact
angle meter (DSA100S). FTIR spectra were collected by a
Nicolet iS50 (United States) in the range of 4000–400 cm�1

at a resolution of 4 cm�1 for 32 scans. Photos and videos of
flexible and separation property of the PDVB-wood mem-
brane were taken by iPhone 6s Plus. The stress–strain tests
of the membrane were performed by a tension machine
(Shimadzu, AGS-X-5kN) with a 100 N load cell at a loading
speed of 10 mm min�1. The water content was determined
by a Karl Fischer moisture analyzer.
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