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a b s t r a c t

The membrane method based on adaptive wettability shows great advantages in oil-water separation. At
present, researches focus on the excellent application performance of the membrane material, while the
quantitative analysis of interactions in oil-water separation is rarely recognized. Herein, we constructed
an adaptable wettability membrane with multiple polymer networks by polydopamine (PDA) and
mussel-inspired amphiphilic polymer. Based on the Owens three-probe liquid method, the surface en-
ergy of the modified membrane was verified to meet the adaptive wettability conditions, with surface
energies (gS) of 147.6 mJ m�2 (superhydrophilic/underwater superoleophobic) and 49.87 mJ m�2

(superhydrophobic/superoleophobic), respectively. The adhesion or repulsion of the membrane to the oil
phase under different conditions during the separation process was quantified by the chemical probe
AFM technique. In addition, the oil-water selective separation mechanism was further analyzed in a
simplified membrane microchannel model. The results show that the different wetting produces
capillary additional pressure in opposite directions, resulting in different energies to be overcome when
the oil or water passes through the microchannels, thus achieving selective separation.
© 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

With the development of interface science and bio-
nanotechnology in recent years, special wettable materials have
been developed by modulating the chemical functional groups and
micro-nano roughness of solid surfaces (Ge et al., 2016; Lin et al.,
2013; Zhu et al., 2013). The potential in oil-water separation ap-
plications is enormous. At present, according to their surface wet-
ting properties, superhydrophilic/underwater superoleophobic
materials with an “oil-removing” function and superhydrophobic/
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superoleophilic materials with a “water-removing” function have
been developed (Wang and Chen, 2017; Wang et al., 2012). In
addition, intelligent responsive separation materials have emerged
that can reversibly change their surface wettability in response to
external stimuli, and selective oil/water separation based on this
property is achieved (Feng et al., 2004; Wang et al., 2007). Adapt-
able wettability is a unique stimulus-responsive material that does
not require any continuous external stimuli (e.g., pH (Li et al., 2016),
light (Caputo et al., 2009), temperature (Lei et al., 2017), etc.). Ma-
terials with adaptable wettability require only simple pre-wetting
to enable reversible switching between underwater super-
oleophobic (water pre-wetting) and underoil superhydrophobic
(oil pre-wetting). Our group (Li et al., 2020) prepared a mussel-
inspired membrane with adaptable wettability for oil/water sepa-
ration, in which the polymer network was constructed on the
surface of a stainless-steel membrane by crosslinking polydop-
amine with a synthetic amphiphilic polymer to each other. The
polymer network exhibits amphiphilicity in the air. When pre-
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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wetted bywater, the polymer network is filled with water to form a
hydrogel layer, exhibiting superhydrophilic/underwater super-
oleophobic. When pre-wetted by oil, the polymer network is filled
with oil to form an organic gel film, exhibiting superhydrophobic/
superoleophilic.

Special wettability mainly refers to the extreme wetting of a
solid surface (Zhu and Guo, 2016). In general, if only the influence of
surface chemical functional groups is considered, liquids tend to
wet on solid surfaces with higher surface tension.When the surface
tension of a solid is lower than that of a liquid, a lyophobic surface
can be formed. Additionally, the roughness of the solid surface can
promote and amplify the wettability of the solid surface, making
droplet contact angles greater than 150� to reach super-lyophobic
(Lin, 2005). At present, the methods for the construction of spe-
cial wettable surfaces have been well established, materials with
special wettability are prepared by spraying (Baldelli et al., 2020;
Qiu et al., 2021), etching (Lian et al., 2018; Lu et al., 2020; Togonal
et al., 2014), electrostatic spinning (Shami et al., 2019; Yan et al.,
2021), sol-gel (Yabu et al., 2020; Zhu et al., 2020), self-assembly
(Dai et al., 2020; Gao et al., 2011; Van et al., 2013), etc. are
emerging. All types of membranes are modified to show special
wettability, which is the key to achieving selective oil/water sepa-
ration. Essentially the modification process results in a change in
the surface energy of the membrane. However, most previous re-
ports only describe the special wettability of surfaces by macro-
scopic contact angle measurements in different air or liquid
environments, there are few studies on the change of surface en-
ergy before and after modification. Apart from the above, the cur-
rent researches on oil-water separation membrane methods have
focused on the hydrophilic or oleophilic properties resulting from
physical/chemical modifications of the surface. The selective
removal of oil or water is described only by differences in surface
wettability. However, current researches lack quantitative analysis
of the interaction between the membrane and the liquid
throughout the oil/water separation process, limiting the basic and
deeper understanding of the oil/water selective removal by the
membrane.

In recent years, atomic force microscopy (AFM) has been widely
used to quantitatively measure the interactions between various
substances (Xie et al., 2020). Different substances can be used as
stylus tips by modification, such as molecular chains/chemical
groups (Xie et al., 2017), colloidal particles (Liu et al., 2021), and
liquid droplets/bubbles (Cui et al., 2017). Accordingly, through
nano-force tests between the membrane and the contact liquid,
new insights can be gained into the nature of the driving and
blocking forces on the selective separation of oil and water through
the membrane. The oil/water separation process involves a variety
of interactions, including the interactions of modified layers on the
membrane surface and capillary forces within the membrane pore
channels. The developed AFM technique enables the simulation of
the oil phase through the modification of oleophilic chains.
Therefore, it allows the interaction of the modified membrane with
the oil phase to be analyzed while avoiding the influence of capil-
lary forces. The independent effects of hydrophilic/oleophilic forces
on the modified layer and capillary forces within the membrane
pore channel on oil/water separation have not been reported.

In this work, the special wettability of the modified membrane
surface is analyzed from the perspective of the solid surface free
energy. The interaction forces during the oil phase contact with the
membrane surface are further analyzed by the AFM chemical force
probe technique, to quantify the adhesion or repulsion between
modified membrane and oil phase under different environmental
conditions. The wetting difference and the transport behaviors
between oil and water phases in the membrane channel are dis-
cussed and analyzed separately by the simplified model of the
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membrane microchannel.
2. Materials and methods

2.1. Materials

Glycerol and diiodomethanewere used as probe liquids for solid
surface free energy calculations, dodecyl mercaptan and ethanol
were used for the modification of gold-plated probes. All the re-
agents were not further purified and were purchased from Aladdin
Reagent Co., Ltd. All the aqueous solutions were prepared using
deionized water. The stainless-steel membrane was purchased
from Anping Shuangpeng Co., Ltd. Hebei, China.

As shown in Fig. 1, the pristine membrane was first immersed in
the polydopamine solution to make the polydopamine uniformly
modified on the membrane surface. The mussel-inspired polymer
exhibited amphiphilic property (Li et al., 2020), containing hydro-
philic chains, hydrophobic chains, and catechol adhesion groups.
The amphiphilic polymer network would trap and bind the first
contacted liquid inside, forming a thin and stable liquefied layer on
the membrane surface. Thus, the adaptable wettability of the
membrane was achieved.
2.2. Thermodynamic analysis of surface energy

2.2.1. Surface energy with special wettability
In general, the construction of a superhydrophilic or super-

oleophilic surface requires the solid surface tension to be similar to
the liquid surface tension in contact, whereas a superhydrophobic
or superoleophobic surface requires the solid surface tension to be
less than a quarter of the solid surface tension (Tuteja et al., 2007).
The modified membrane is superamphiphilic in air, whereas
achieving selective separation requires opposite wettability to oil
andwater phases. Thus, the surface energy of themembranes in the
oil/water separation process is discussed separately.

Due to the high surface tension of water, the solid surface has
oleophilic/hydrophobic wetting characteristics, satisfying
gW >gS >gO. Thus, the solid surface with special superoleophilic/
superhydrophobic wettability can be constructed by adjusting the
surface roughness appropriately. When the solid surface is super-
hydrophilic in air, the surface tension of the solid surface is greater
than or similar to the surface tension of water (gS >gW). Thus, the
solid surface must be superoleophilic in the air (gS >gW >gO).
Accordingly, it is impossible for superhydrophilic and super-
oleophobic to exist on the same solid surface in air at the same
time. However, in an aqueous environment, the extended Young's
equation describes a liquid-liquid-solid three-phase contact angle.
The three-way relationship between the contact angle of oil
droplets on a solid surface and the surface tension of oil and water
can be described by the Eq. (1) (Koltuniewicz et al., 1995; Qu�er�e,
2008):

cos qWO ¼gO cos qO � gW cos qW
gOW

(1)

where g is the surface tension, q is the contact angle, and the
subscript W and O represents water and oil, respectively. When the
solid surface in air exhibits hydrophilic or superhydrophilic wetting
properties, at this point, the conditions of gS >gW >gO, 0

� > qW >
90� and 0� > qO > 90� exist. If the condition of
gO cos qO <gW cos qW is met, then, cos qWO < 0, 90� < qWO < 180�.
In addition, combined with the amplification of the wetting prop-
erties by the surface roughness structure, the superhydrophilic/
underwater superoleophobic surface is constructed.



Fig. 1. Schematic description of the preparation of polymer/PDA-coated membrane.
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2.2.2. Surface energy measurement
The surface energy of solids or liquids consists mainly of the

Lifshitz-van der Waals (gLW) and the polar Lewis-acid/base (gþ,
g�). The surface energy of solid or liquid could be calculated from
the G-Oss Eq. (2) (Oss, 2006):

g¼gLW þ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
gþg�

p
(2)

By relating G-Oss equation to the extended Young's formula
(Wenzel, 1949; Young, 1832), the relationship between the free
energy of interaction at the solid-liquid interface and the surface
energy of solid and liquid can be obtained, as the following Eq. (3)
(Owens and Wendt, 1969), where subscript S and L represent solid
and liquid, respectively.

cos qL ¼
gS � gSL

gL
(3)

gSL ¼gS þgL � 2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gLWS gLWL

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
gþS g

�
L

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
gþL g

�
S

q �
(4)

The free energy of the solid-liquid interface (gSL) can be
expressed as Eq. (4). Thus, the surface energy parameters of the
solid can be calculated by combining Eqs. (3) and (4), provided that
the contact angles of three liquids with known parameters are
measured on the surface of the solid (Zhang et al., 2017). Distilled
water, glycerol and diiodomethane are typical detection liquids for
surface energy measurement by the three-liquid method. Their
surface energy parameters are listed in Table 1.
2.3. Preparation of AFM chemical probe

The AFM chemical force probe technique is a special atomic
force probe modification technique, in which molecular chains are
modified on the tip surface by grafting, assembly and deposition
(Hu et al., 2021). Consequently, the interaction forces between the
Table 1
Surface energy parameters of the liquid used for detection.

Probing liquids gL , mJ m�2 gLWL , mJ m�2 gþL , mJ m�2 g�L , mJ m�2

Distilled water 72.8 21.8 25.5 25.5
Glycerol 64.0 34.0 3.92 57.4
Diiodomethane 50.8 50.8 0 0
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modified molecular chains and a specific surface or substance can
be measured with AFM. In this work, the probe type NPG-10 with a
coefficient of elasticity of 0.24 N/m and resonance frequency of
56 kHz was used, and the tip of the needle is gold plated. The NPG-
10 was immersed in a solution of dodecyl mercaptan/anhydrous
ethanol at a concentration of 2.02 mg/mL, removed after 12 h and
washed in anhydrous ethanol. Then dried using high-purity nitro-
gen. Dodecyl mercaptans form single molecule self-assembled
films (SAMs) on the gold-plated tip by means of high bond
strength S-Au bonds, with the alkyl chains spreading at a fixed
angle in the direction normal to the gold surface (Shinn et al., 1999).
The successful modification of dodecyl mercaptan was determined
by SEM-EDS measurements of the tip surface elements.
2.4. Force measurement of oil in contact with membrane surface

As shown in Fig. 2, the gold-plated probe with modified straight
chain alkaneswas used as an oil phase to investigate the interaction
between the oil phase and the membrane under different contact
conditions (air, salinity, acidity, alkalinity). The AFM instrument
type is MultiMode 8, from Bruker Co., Ltd. The force measurement
mode used is Peak force QNM, with an approach or retract velocity
of less than 0.2 mm/s throughout the force measurement process.
The air or hydrodynamic perturbations can be ignored (Gao et al.,
2018).
2.5. Mechanical analysis within simplified model of membrane
microchannel

As shown in Fig. 3, the stainless-steel wire structure is simplified
to a cylindrical skeleton of microchannels. The multiple network
structure constructed by the PDA/polymer is simplified to a weak
gel layer laid flat on the surface of the cylindrical skeleton. The
diameter of the simplified microchannel model is approximated as
the average pore size of the stainless-steel substrate membrane
(3 mm). Due to the opposite wettability of the oil and water phases
in relation to the modified membrane, both phases form different
liquid surface shapes in the membrane microchannels. As a result,
the direction and magnitude of the additional capillary pressure
were different. The additional capillary pressure can be calculated
from the Jurin Eq. (5) (Jiang et al., 2016; Yuan et al., 2020), where g

is the surface tension of a liquid, q is the contact angle of the liquid
on the membrane surface, R is the radius of microchannel.



Fig. 2. Schematic diagram of force measurement of chemical-AFM: (a) air environment and (b) liquid environment.

Fig. 3. Schematic of additional capillary pressure in simplified membrane channel: (a) “oil-removal” mode and (b) “water-removal” mode.
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DP¼2g cos q
R

(5)
3. Results and discussion

3.1. Modification of PDA/polymer on membrane

The cross-knitted stainless steel metal membrane was selected
as the substrate, which has strong mechanical strength and micron
pores, and the average pore diameter is about 3 mm. Due to its high
flux and low cost, it has been widely used in oil-water separation.
Our group (Li et al., 2020) successfully prepared PDA/mussel-
inspired amphiphilic polymer modified adaptive wettability
metal membrane by two-step immersion method. The prepared
2567
modified membrane had excellent selective separation effect, with
separation efficiency higher than 99.99% and separation rate up to
50 mL/min. Especially, after 15 cycles of separation test, the oil-
water separation efficiency is still higher than 99.98%, proving
that the modified membrane has excellent stability. The above
excellent properties are mainly attributed to the rough structure of
polydopamine and the functional properties of amphiphilic poly-
mers. As shown in Fig. 4a, b, the pristine stainless steel membrane
surface was clean and smooth, and the stainless-steel wire cross-
knits constructed micron pores. Under the alkaline conditions
provided by tris buffer solution, dopamine was easily oxidized to
form polydopamine by intramolecular rearrangement and cross-
linking after “Step 1” (Li et al., 2020). At this point, a large num-
ber of polydopamine nanoparticles with an average diameter of
about 200 nmwere observed on the membrane surface (Fig. 4c, d),
which greatly increased the surface roughness. “Step 2”was used to



Fig. 4. SEM images of membranes at different processing stages: (a, b) pristine, (c, d) PDA-modified; (e, f) PDA/polymer-modified.

Z.-Z. Xu, M.-W. Zhao, Y.-N. Wu et al. Petroleum Science 20 (2023) 2564e2574
graft mussel-inspired amphiphilic polymer onto the PDA-coated
membrane (Fig. 4e, f). By comparing Fig. 4c and d, it could be
seen that the rough structure produced by PDA-coating was
retained after the mussel-inspired amphiphilic polymer coating.
The successful combination of surface roughness and functional
polymer on the membrane surface was demonstrated.

The variation of surface roughness at different modification
stages can be quantified by AFM with root mean square roughness
(RMS). As shown in Fig. 5a, b, the RMS of the unmodified stainless-
steel substrate was measured to be 15.9 nm. The RMS of the PDA-
modified membrane and PDA/polymer-modified membrane were
22.8 nm and 28.6 nm, respectively, which was consistent with the
Fig. 5. AFM two-dimensional (2D) and three-dimensional (3D) images of membranes at
modified. Dotted lines represent the specific position in the 2D image corresponding to the
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SEM results. It was further proved that the modification of polymer
does not lead to the disappearance of rough structure.
3.2. Surface energy of modified membrane

The surface energy conditions that should be available for the
preparation of the modified membrane are as follows: ① When
gW >gS >gO is satisfied, the membrane can achieve super-
hydrophobic/superoleophilic property. ② When gS >gW >gO and
gO cos qO <gW cos qW are satisfied at the same time, the special
wettability of the membrane with superhydrophilic/underwater
superoleophobic property can be achieved. The surface energies of
different processing stages: (a, b) pristine, (c, d) PDA-modified, (e, f) PDA/polymer-
3D image.
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the modified membranes in different wetting states were deter-
mined by measuring the contact angles of purified water, glycerol
and diiodomethane on the modified membranes. As shown in
Table 2, the surface energies of the modified membrane with
superhydrophilic/underwater superoleophobic and the modified
membrane with superhydrophobic/superoleophilic were deter-
mined to be 147.6 mJ m�2 and 49.87 mJ m�2, respectively. The re-
sults showed that the surface energy of the prepared modified
membranes can meet both of these specific wettability conditions
mentioned above. It was further demonstrated that the functional
polymer and the micro-nano rough structure led to changes in the
surface energy of the membrane.
3.3. Adhesion force measurement of oil contacting with membrane
surface

3.3.1. Characterization of oleophilic AFM tip
As shown in Fig. 6 and Table 3, after modification by dodecyl

mercaptan, the signal of Au element on the tip surface was weak,
while S and C elements appeared in large numbers and uniformly
on the probe surface, proving the successful modification of
dodecyl mercaptan on the gold-plated probe surface. The relative
atomic mass ratio of element C to element S was about 5.15, which
was slightly higher than the ratio in dodecyl mercaptan (C:S ¼ 4.5),
indicating the successful modification.

Force mapping measurements of unmodified membrane and
PDA/polymer modified membrane were carried out in air using a
dodecyl mercaptan modified probe in a 500 nm range. As shown in
Fig. 7, the microscopic morphology of the unmodified metal mesh
substrate in air (Fig. 7a) showed flat and smooth. The distribution of
adhesion force (Fig. 7b) and modulus (Fig. 7c) showed that the
adhesion force of oil phase on the unmodified substrate ranges
from 300 pN to 350 pN, and the modulus distribution was 8.9 MPa
to 10.7 MPa, respectively, indicating that the surface of unmodified
metal membrane was homogeneous and oleophilic.

Under the same conditions, the force measurements between
the PDA/polymer modifiedmembrane and oil phase were tested. In
Fig. 7e, the adhesion force distribution increased to 0.5 nN~1.7 nN,
indicating that the lipophilicity of the membrane surface was
greatly enhanced after the modification. By comparing the adhe-
sion force distribution plot with the surface microscopic
morphology plot (Fig. 7d), it was found that the change in adhesion
distribution coincided with the change in morphology due to sur-
face modification. The modulus distribution (Fig. 7f) showed
modulus of the raised portion was approximately 0.9 MPa, which
was much lower than that of the unmodified membrane surface,
further demonstrating that the substantial enhancement in oleo-
philic was due to the PDA/polymer modification on the membrane
surface.

The measured adhesion histograms and fitted Gaussian distri-
butions (solid curves) of the membrane before and after modifi-
cation were shown in Fig. 8a and c, respectively. The fitted peak of
the adhesion distribution on the pristine membrane surface
showed a narrow single-peak distribution centered at 0.33 nN,
indicating that the surface properties of the membrane were ho-
mogeneous before modification. After modification, the measured
adhesion distributionwas widened. But the fitted peak still showed
Table 2
Surface energy parameters of modified membranes.

Membranes gS , mJ$m�2

Superhydrophilic/underwater superoleophobic 147.6
Superhydrophobic/superoleophili 49.87
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a single peak distribution centered at 0.75 nN, demonstrating the
enhanced oleophilic and the homogeneous modification of the
PDA/polymer. Fig. 8b and d showed the force curves for a single
point near the center of the fitted peak in Fig. 8a and c, respectively.
The force-separation relationship between the oil phase and the
unmodified membrane was shown in Fig. 8b, where only a weak
attraction of approximately 320 pN was present throughout the
force measured process, and the force applied over a relatively
short range of approximately 25 nm. In Fig. 8d, the long-range
attraction force appeared as soon as the tip approached the sur-
face at approximately 27 nm. As the separation distance decreases,
the attraction force first increased and then decreased. The repul-
sive force dominated at 12 nm, inferring that this may be due to an
exponential increase in steric hindrance or electrostatic repulsion
as the tip approached the surface. When the maximum load pres-
sure was reached, the tip started to break away from the surface.
Since the viscoelasticity and strong attraction of the PDA/polymer
on the surface, the surface had a “pulling” effect on the oil phase to
prevent it from leaving. The maximum adhesion force was calcu-
lated to be 0.75 nN for the entire force measurement process, much
greater than the attraction of the membrane itself (320 pN) to the
oil in the absence of polymer modification.
3.3.2. Force measurements in aqueous environment
In oil-water separation, oily wastewater inevitably exists in high

salt and acidic environments, such as oilfield wastewater, industrial
wastewater. Tapping Ramp force tests on the pristine membrane
under different aqueous conditions (including water, 1 M NaCl and
1 M H2SO4, the conditions of the alkali environment were not
considered as dodecyl mercaptan and alkali cannot co-exist) are
shown in Fig. 9. The results of force measurements matched the
force data in the air (Fig. 8b), the unmodified membrane under
different aqueous solutions showed only aweak attraction to the oil
phase. The adhesion forces in water, NaCl solution and H2SO4 so-
lution were 0.80 nN, 0.15 nN and 0.30 nN, respectively. The results
demonstrated the acceptable repeatability of the force measure-
ments in the three solutions mentioned above.

The interactions of themodifiedmembranewith the oil phase in
the aqueous environment were discussed further, where the
modified membrane could have contrasting wetting conditions of
superoleophobic and superoleophilic through intelligent modula-
tion (pre-wet by water or oil, respectively). As demonstrated in
Fig. 10a, when the oleophilic tip gradually approached the mem-
brane surface in a water environment, the entire force measure-
ment process showed the repulsion between the oil phase and the
membrane throughout, indicating that the modified membrane
exhibited superhydrophilicity. Whereas in Fig. 10b, the long-range
attraction force emerged at about 55 nm as the oleophilic tip
contacted the modified membrane. The range of attraction pro-
vided by the PDA/polymer in a liquid environment was greater than
its range of action in air (27 nm), with the resulting adhesion force
increased to 3.86 nN. Meanwhile, a “jump out” phenomenon was
evident during the tip retraction process. This was due to the fact
that in the process of pulling up the probe, the attraction of the
surface to the oil phase was broken as the driving force increased.
At this point, the probe was suddenly released and bounced back to
its initial position, thereby, some of the force data were lost. The
gLWS , mJ$m�2 gþ
S , mJ$m�2 g�S , mJ$m�2

62.1 103.36 33.11
45.64 0.12 37.28



Fig. 6. SEM-EDS image of dodecyl coating probe force measurements in air environment.

Table 3
Element content of the dodecyl modified probe.

Element C S O Au

% 28.3 5.5 18.7 47.5

Fig. 7. Morphology (a), adhesive force (b) and modulus (c) of pristine membrane;
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occurrence of the “jump out” phenomenon indicated that the
interface had a significantly strong adhesion effect (Gao et al.,
2018). The Young's modulus was calculated by fitting the force
curve in Fig. 10b in Nanoscope software using the DMTmodel, with
morphology (d), adhesive force (e) and modulus (f) of modified membrane.



Fig. 8. Histograms of measured adhesion and force curves in air: (a, b) pristine membrane; (c, d) modified membrane.

Fig. 9. Force curves of pristine membrane in different aqueous environment: (a) purified water; (b) 1 M Nacl; (c) 1 M H2SO4.
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Fig. 10. Force curves of membranes with superoleophobic and superoleophilic in different aqueous environment: (a, b) purified water; (c, d) 1 M NaCl; (e, f) 1 M H2SO4.
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the polymer network modulus reduced to ~0.2 MPa in liquid
(approximately 0.9 MPa in air). The results demonstrated that the
polymer layer can bind the first liquid contacted during the oil-
water separation process, forming a weak gel layer on the mem-
brane surface, and thus repelling other liquids (Xu et al., 2022).

To further determine the source of adhesion, force measure-
ments were carried out under high salt conditions (1 M NaCl),
where the high ionic concentration of the solution caused the
compression of the diffused double layer, and therefore shielded
the electrostatic forces (Lu et al., 2015). As shown in Fig. 10c, the full
repulsion process between the oil phase and the hydrophilic
membrane was still maintained. In Fig. 10d, the interaction be-
tween the oil phase and the hydrophilic membrane in the 1 M NaCl
was similar to that in the purifiedwater (Fig.10a), with an attractive
range of action of 46 nm and an adhesion force of 5.1 nN. This
indicated that the salinity had little effect and the electrostatic
forces were not predominant. Force measurements in 1 M H2SO4
2572
solution were subsequently carried out. As shown in Fig. 10e,
adhesion between the tip and the superoleophobic membrane was
observed (approximately 1.2 nN). While the adhesion between the
tip and the superoleophlilic membrane was decreased to 1.7 nN
(Fig. 10f), presumably due to the reduced stability of the oil phase in
an acidic environment.
3.4. Mechanism analysis within simplified model of membrane
microchannel

The interaction between the oil phase and the PDA/polymer
modified membrane was investigated by AFM chemical force
probing techniques. It was demonstrated that due to the amphi-
philicity of polymer, one phase of oil or water can be strongly
attracted by the modifiedmembrane while repelling another phase
to prevent its contact with the separating membrane. When oil or
water passed through the micropores of the membrane, capillary



Table 4
Calculation of additional capillary pressure for different separation modes.

Mixtures DP, kPa Hexane/water Dichloromethane/water Toluene/water

Hexane Water Dichloromethane Water Toluene Water

Water removal �22.21 97.17 �28.98 97.17 �35.43 97.17
Oil removal 23.85 �90.63 30.8 �89.4 38.44 �89.57

Fig. 11. Contact angle of polymer/PDA-coated membrane: (a) underwater oil contact angle; (b) underoil water contact angle.

Fig. 12. Mechanism diagram of demulsification of simplified membrane
microchannels.
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forces should be essential to consider. Similarly, because of the
opposite wettability of oil and water on the membrane, capillary
forces were driving forces for one phase and the barrier for the
other, as shown in Fig. 3. The additional capillary forces for different
modes were calculated using Eq. (5), and the results were shown in
Table 4, where positive values were the driving forces and negative
values were the barrier forces (contact angles are shown in Fig. 11).

When the object of separation was an oil-water emulsion, as
shown in Fig. 12, for the shell of the emulsion droplet, the capillary
mechanic's additional pressure was the driving force during the
separation process and simultaneously the multiple polymer
network attracted the external phase. For the inner phase of the
emulsion, in addition to the buoyancy or pressure caused by the
difference in density between oil and water, there was a strong
repulsive force preventing the oil droplets from approaching the
membrane surface. For the whole droplet system, when the
strength of all external forces (including the multiple attractions of
the membrane to the outer shell and the strong repulsion of the
2573
membrane to the internal phase) were greater than the cohesive
strength provided by the oil-water interface stabilized by the sur-
face activator, demulsification was generated (Hlavacek, 1995;
Zheng and Zhao, 1993).
4. Conclusions

In this work, the interactions between multi-polymer network
modified membrane with special wettability and oil phase in the
oil/water separation process were probed. The theoretical condi-
tions for the specific wettability of membranesmodified by amulti-
polymer network were analyzed from a surface energy perspective
as gW >gS >gO or gS >gW >gO, gO cos qO <gW cos qW. The surface
energy of the prepared modified membranes was verified to meet
both conditions by surface free energy thermodynamic calculations
(gS ¼ 147.6 or 49.87 mJ m�2). The interaction forces during the
contact of the oil phase with the surface were analyzed by the AFM
chemical force probe technique, quantifying the adhesion or
repulsion of the membrane to the oil phase under different con-
ditions. The mechanism of selective separation and demulsification
was further elucidated by combining the mechanical analysis
within a simplified model of membrane microchannels. The dif-
ferential wetting produced capillary additional pressure in opposite
directions, resulting in different energies to be overcome when the
oil or water passes through the microchannels, thus achieving se-
lective separation.
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