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Fabrication of a novel underwater-superoleophobic/hydrophobic 
composite membrane for robust anti-oil-fouling membrane distillation by 
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A B S T R A C T   

Membrane fouling is a major obstacle for the practical application of membrane distillation (MD). Herein, for 
robust anti-oil-fouling MD, we report a facile breath figures templating (BFT) method to develop novel composite 
membranes comprising a hydrophobic polytetrafluoroethylene substrate and a hydrophilic cellulose acetate 
coating with through-pores. The effects of dosage of cellulose acetate and template agent, and exposure time in 
vacuum and humid atmosphere on membrane morphology and performance were systematically studied. It was 
found that the higher template agent concentration slowed solvent volatilization and facilitated through-pores 
formation, and that humidification also facilitated through-pores formation and promoted the emergence of a 
spongy cross-section in the coating. As cellulose acetate concentration increased, the pore size became smaller 
while the porosity and underwater oleophobicity were enhanced. The fabricated PTFE-9CA composite membrane 
was the most effective in resisting oil-fouling as the dense and rough coating rendered the surface underwater 
superoleophobicity. During MD test with a saline feed containing 1000 mg/L crude oil, the permeate flux of the 
PTFE-9CA membrane maintained at about 16.85 kg/m2h, and the salt rejection was nearly 100%. The facile 
modification strategy to develop a composite membrane has great potential to promote MD dealing with chal-
lenging wastewaters enriched with salts and hydrophobic organics.   
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1. Introduction 

There is an increasing demand for the development of efficient 
technologies for recycling various wastewaters due to the ongoing 
scarcity of water resources [1,2]. Recently, membrane-based technolo-
gies have gained popularity in saline water desalination and wastewater 
recycling owing to the simple operation, low energy consumption and 
high efficiency [3,4]. Membrane distillation (MD), a promising tech-
nology to treat the intractable concerns of high salinity wastewater, has 

some unique advantages over conventional pressure-driven membrane 
techniques including nanofiltration and reverse osmosis, such as lower 
pressure, 100% theoretical rejection of non-volatile species, the ability 
to utilize waste heat, and salt concentration insensitivity [5–8]. MD is a 
thermally-driven membrane process, and the water vapor transfer is 
driven by either a temperature- or vacuum-induced partial vapor pres-
sure difference across the MD membrane [9]. In a large quantity of 
studies, it has been reported that MD pilot systems were successfully 
carried out for the desalination of seawater [10,11]. However, MD has 
not reached a full breakthrough in practical application yet owing to the 
challenges of membrane wetting and fouling [12–14]. Generally, the 
membrane fouling will aggravate the wetting process [15]. 

Many efforts have been devoted to expand the MD practical appli-
cation, including optimizing the pretreatment process of the water inlet, 
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developing a functional membrane with particular anti-fouling perfor-
mance, designing appropriate membrane modules or optimizing the 
operating parameters in the MD system [16–18]. Among these strate-
gies, fabricating an appropriate MD membrane is an effective approach 
to solve those existing problems since the high-performance membrane 
is the core unit in the MD system [19]. Traditionally, the MD membrane 
is a pure hydrophobic membrane made from polypropylene (PP), pol-
yvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE) 
[20–23]. In recent years, scientists have further developed super-
hydrophobic membranes with low surface tension and rough surfaces 
[24–26], which possess more robust anti-wetting capacity. However, 
these hydrophobic or superhydrophobic membranes are vulnerable to 
fouling by non-polar foulants such as oil via hydrophobic-hydrophobic 
interactions [27]. Hence, further improvement of the conventional hy-
drophobic membranes is necessary. Some bioscientists found that the 
surface of underwater animals such as fishscales, sharkskin and clam-
shell had an excellent fouling resistance [28,29]. This special perfor-
mance can be attributed to a hydration layer formed on the hydrophilic 
surface, which is able to impede the non-polar foulants from touching 
the biological surface [30,31]. Following this principle, it is an available 
strategy to construct a hydrophilic surface on the hydrophobic MD 
membrane to resist the non-polar foulants. 

When a hydrophilic layer is coated on a hydrophobic substrate, it 
should be imperative to pay attention to the following points: (1) in 
order to maintain high salt rejection, there should be no destruction on 
the hydrophobicity of the substrate, and (2) the extra hydrophilic layer 
preferably has no defects in mass transfer efficiency. In our previous 
study, we prepared a composite membrane by using electrospinning 
technology to construct a cellulose acetate hydrophilic layer on a hy-
drophobic substrate, which achieved an outstanding anti-oil-fouling 
performance during MD operation [32]. However, the long duration 
required for electrospinning restricted the membrane-forming efficiency 
and challenged the feasibility of large-scale applications of this method 
[33]. Herein, for the first time, breath figures templating (BFT), a novel 
and green membrane preparation technology, was employed to fabri-
cate a composite MD membrane with exceptional oil fouling resistance. 

Inspired by the common phenomenon of moisture condensing on 
cool windows, BFT is a simple and economical method that can 
dynamically control the formation and structure of membrane [34,35]. 
The casting dope contained polymer, volatile solvent, and non-volatile 
solvent, and when the casting dope was coated onto the substrate dur-
ing membrane fabrication, the template would separate out and shrink 
into a sphere on the surface of the casting dope as it was cooled by the 
evaporation of the volatile solvent [36–38]. Due to the effects of Mar-
angoni convection and the thermocapillary effect, the template formed 
highly ordered honeycomb structured arrays [39,40], meanwhile, the 
polymer molecules precipitated around the template droplets and 
induced polymer-rich phase formation. After solvent evaporating, the 
membrane with through-pores was finally developed [40,41]. As for the 
composite membrane for MD, the hydrophilic coating fabricated using 
BFT method could not only resist oil-fouling, but also maintained the 
mass transfer efficiency due to the through-pores. 

This study aims to explore a novel composite membrane for robust 
anti-oil fouling MD. The composite membrane, which displayed asym-
metric wettability, was fabricated by using the BFT method and was 
comprised of a hydrophilic coating with through-pores constructed on a 
hydrophobic PTFE membrane surface. The impacts of fabrication pa-
rameters on membrane properties were systematically investigated and 
summarized, and then the optimum conditions were selected to fabri-
cate the composite membrane with underwater superoleophobicity to 
treat saline wastewater containing a relatively high concentration of 
crude oil (1000 mg/L). Additionally, an oil-droplet adhesion force probe 
was introduced to evaluate the underwater interaction between the oil 
contaminant and the composite membrane so as to provide insight into 
membrane fouling propensity. Our study indicated that the fabricated 
novel composite membrane had great potential for use in MD to 

desalinate more challenging hypersaline wastewaters with high con-
centration of hydrophobic contaminants. 

2. Materials and methods 

2.1. Materials and chemicals 

The commercial PTFE hydrophobic membrane, with a mean pore 
diameter of about 0.25 μm, served as the substrate were procured from 
Sano Membrane Technology Engineering Co., Ltd. Chemically pure 
cellulose acetate with an acylation degree of 39.2% was purchased from 
Sinopharm Chemical Reagent Co., Ltd. Analytically pure acetone, 
ethylene glycol and sodium chloride were obtained from Sigma-Aldrich. 
The crude oil, as the fouling agent, was provided by Daqing Oil Field of 
China National Petroleum Corporation. Deionized (DI) water was pro-
duced from a Milli-Q ultrapure water purification system (Millipore, 
Billerica, MA). 

2.2. Fabrication of the composite membranes 

The casting solution of hydrophilic coating was prepared through 
dissolving a certain amount of cellulose acetate powders in the mixed 
solution, which consisted of acetone and ethylene glycol. The acetone 
was used as the solvent to dissolve the polymer powders, while the 
ethylene glycol was used as the template agent. The process required 
constant stirring at 30 ◦C to achieve a homogeneous solution. There-
after, the casting solution was kept standing to remove the air bubbles. 
The recipes of several composite membranes in our study are detailed in 
Table 1. 

The hydrophilic coating of the composite membrane was developed 
via the BFT method as illustrated in Fig. 1a. Firstly, the casting solution 
was coated on a PTFE substrate using an adjustable film applicator 
(Schwan Technol. USA). Afterwards, the nascent composite membrane 
was put in the vacuum oven at 40 ◦C for a while and then exposed in the 
humidity chamber with temperature of 40 ◦C and humidity of 36%. 
Finally, the prepared membrane was soaked in DI water for 24 h to 
remove the residual solvent and the template agent, then entirely dried 
at room temperature. The actual fabrication parameters can be found in 
Table 1, and the phase separation process during the formation of the 
through-pores of the hydrophilic coating is graphically illustrated in 
Fig. 1b. For brevity, as listed in Table 1, the prepared composite mem-
branes were denoted as PTFE-5CA-1, PTFE-5CA-2, PTFE-5CA-3, PTFE- 
5CA-4, PTFE-7CA, PTFE-8CA and PTFE-9CA, respectively. 

2.3. Membrane characterization 

A field emission scanning electron microscope (FESEM) (Hitachi SU- 

Table 1 
Composition of the coating dope and fabrication conditions for composite 
membranes.  

Membrane Composition of the coating dope Exposure time 

Cellulose 
acetate (wt 
%) 

Acetone 
(g) 

Ethylene 
glycol (g) 

In 
vacuum 
oven 
(min) 

In humidity 
chamber 
(min) 

PTFE-5CA- 
1 

5 15 5 5 5 

PTFE-5CA- 
2 

5 15 6 5 5 

PTFE-5CA- 
3 

5 15 7 5 5 

PTFE-5CA- 
4 

5 15 7 10 0 

PTFE-7CA 7 15 7 5 5 
PTFE-8CA 8 15 7 5 5 
PTFE-9CA 9 15 7 5 5  
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8020, Japan) was used to observe the surface and cross-sectional mor-
phologies of the composite membranes. To acquire the cross-sectional 
morphology, the membrane sample should be freeze-fractured in 
liquid nitrogen in advance and then pasted onto a SEM platform with 
conducting resin. All the membrane samples were sputtered with gold 
using a HITACHI E-1010 Ion Sputtering device for SEM observation. 

The membrane surface roughness was characterized via an atomic 
force microscope (AFM) (NanoScope IIIa, Digital Instruments, USA), and 
all the membrane samples were scanned in an area of 10 × 10 μm by a 
same tip and using the tapping mode. 

To check the functional groups of the prepared composite mem-
branes, attenuated total reflection using infrared fourier transform 
infrared spectroscopy (ATR-FTIR) analyses were conducted by using a 
PerkinElmer Spectrum One FTIR Spectrometer (PerkinElmer, USA) 
equipped with a PerkinElmer Universal ATR Sampling Accessory. 

The pore size and pore size distribution of the prepared membranes 
were measured via capillary flow porometer (Porolux 1000, IB-FT 
GmbH, Germany). The membrane thickness was evaluated through 
the thickness gauge (Exploit, China). The membrane porosity was 
determined via gravimetric method by measuring the weights of the dry 
membrane sample and the wet membrane sample wetted by a wetting 
agent (Porefil, IB-GT GmbH, Germany). The membrane porosity ε can be 
calculated by the following equation: 

ε=mW − mD

ρ⋅A⋅l
(1)  

where, mW, mD are the weight of wet and dry membrane samples, 
respectively. A is the area of membrane sample, l is the thickness of the 
membrane, ρ is the density of the wetting agent (1.87 g/mL). 

The liquid entry pressure of water (LEPW) of the membrane was 
obtained by using the method described by Smolders and Franken [44], 
and the test equipment (Fig. S1) was adapted for flat-sheet membrane by 
connecting an ultrafiltration cup to the capillary flow porometer. 

To evaluate membrane wettability, the OCA20 Video-Based contact 
angle meter (DataPhysics Instruments, Germany) was applied to mea-
sure the in-air water contact angle (WCA) and underwater oil contact 
angle (OCA) of the membrane surface. 

2.4. Anti-oil-fouling test 

The anti-oil-fouling performance of the composite membranes was 

tested in a lab-scale direct contact MD (DCMD) device with the emulsion 
containing 1000 mg/L crude oil and 35 g/L NaCl as the feed. The 
schematic diagram of the DCMD set-up was presented in Fig. S2. The 
membrane with an effective area of 7.47 × 10-3 m2 was tightly clamped 
between the two chambers storing the feed and permeate solution, 
respectively. Before testing, the synthesized feed solution was stirred 
with a laboratory high-shear dispersible mulser (AE500S–H, Angni In-
struments, China) at 40,000 rpm for 30 min to render the emulsion 
homodisperse. The feed and permeate solutions were cycled in the 
system by gear pumps (MP-215R, Seisun Bumps, China) with flow rate 
of 70 L/h. The feed and permeate inlet temperatures were controlled by 
water bath and maintained at 53 ◦C and 20 ◦C, respectively. The 
permeate flux and salt rejection were calculated by the changes of the 
weight and conductivity which were recorded automatically at set in-
tervals with a computer software system. The permeate flux J (kg/m2h) 
was calculated by the following equation: 

J =
ΔW
A⋅Δt

(2)  

where ΔW was the mass of the permeate (kg), A was the effective area of 
the used membrane (m2), Δt was the time interval (h). 

2.5. Measurement of underwater oil-membrane adhesion force 

A high sensitivity force tensiometer (DCAT11, DataPhysics In-
struments, Germany) was used to measure the underwater oil- 
membrane adhesion force. The required force to take the oil-droplet 
away from the membrane surface can quantitatively estimate the anti- 
oil-fouling capacity of the composite membrane in an aqueous envi-
ronment. The membrane sample was firstly pasted onto the bottom of a 
beaker placed on a vertically movable platform, and then the beaker was 
filled with DI water. The force probe consisting of a platinum-iridium 
ring and a suspended oil-droplet (10 μL) was immersed in the beaker. 
The platform holding the beaker with the membrane sample moved 
upward at a constant speed of 0.01 mm/s until the suspended oil-droplet 
contacted the membrane surface. The force probe continued to move 
upward for about 2.0 mm to compress the oil-droplet on the membrane 
surface. After finishing the advancing stage, the receding stage was 
conducted by moving the platform downward at the same speed until 
the oil-droplet completely detached from the membrane surface. A 
microelectro-mechanical system in contact with the force probe 

Fig. 1. (a) The fabrication process of the composite membranes and (b) schematic illustration for the through-pores formation.  
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automatically recorded the changes of oil-membrane adhesion force 
with the membrane sample moving. The photos of measuring process of 
the oil-membrane adhesion force can be found in Fig. S3. 

3. Results and discussions 

3.1. Membrane morphologies 

The surface and cross-section morphologies of the composite mem-
branes are presented in Fig. 2. It can be observed that a large number of 
through-pores covered the surface of the composite membranes, which 
might be conducive to the feed rapidly arriving at the hydrophobic 
interface during the MD desalination process. The surface morphologies 
of the PTFE-5CA-1, PTFE-5CA-2 and PTFE-5CA-3 composite membranes 
manifested the effects of the template concentration on membrane 
morphology. As the template concentration increased, the pores of the 
coating became obviously smaller and more uniform. Meanwhile, the 
coating with higher template concentration exhibited distinct 
multistage-pores, which can be attributed to the thermocapillary effect 

and Marangoni convection [39,42]. These two effects facilitated the 
submersion of more template droplets into the polymer and the forma-
tion of the multistage-pore structure. To obtain a uniform pores distri-
bution, 7:15 was chosen as the mass ratio of template and solvent for 
further study. 

The exposure time of the nascent composite membrane in a vacuum 
oven and a humidity chamber can also affect the coating morphology. 
Comparing the cross-section images of the PTFE-5CA-3 (Fig. 2D) and 
PTFE-5CA-4 (Fig. 2E) membranes, we can find that the former showed 
looser and regularly-arranged spongy structure, which can be explained 
by the fact that the template droplets became larger with exposure to a 
high-humidity atmosphere, and the larger droplets induced the devel-
opment of the interspace among solid polymer. Meanwhile, the coating 
surface also became more porous, which was directly demonstrated by 
the SEM images of the PTFE-5CA-3 and PTFE-5CA-4 membranes as 
shown in Fig. 2C and F. To promote the growth of the interconnected 
channels of the extra coating and reduce mass transfer resistance, the 
exposure time of the nascent composite membrane in the vacuum oven 
and humidity chamber was both controlled at 5 min. 

Fig. 2. SEM images of the surface and cross-section morphologies of the prepared composite membranes.  
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The images of the surface and cross-section morphologies of the 
PTFE-7CA, PTFE-8CA as well as the PTFE-9CA composite membranes 
showed the effect of cellulose acetate concentration on membrane 
structure. As shown in Fig. 2G-L, the circular pores were more uniform 
and smaller with the cellulose acetate concentration increasing, which 
was mainly because the template droplets were not easily aggregatable 
with high cellulose acetate concentration. The cross-section images 
(Fig. 2J-L) indicated that the hydrophilic coating became denser as the 
cellulose acetate concentration increasing, and the hydrophilic layer 
was closely bonded together with the hydrophobic substrate as pre-
sented in Fig. 2L (the red dotted line indicates the boundary between the 
cellulose acetate coating and the PTFE substrate). 

The surface morphologies were further analyzed by AFM to compare 
the surface roughness of the commercial PTFE membrane and the 
fabricated composite membranes with different cellulose acetate con-
centration as shown in Fig. 3. The surface roughness can be expressed as 
average surface roughness (Ra) and root mean square surface roughness 
(Rq) values. Compared with the PTFE membrane (Ra value of 171 nm 
and Rq value of 219 nm), the Ra and Rq values of the composite mem-
branes dramatically decreased due to the smooth hydrophilic cellulose 
acetate coating on the PTFE substrate. For the PTFE-7CA, PTFE-8CA and 
PTFE-9CA composite membranes, the Ra values were 148 nm, 48.8 nm 
and 82.3 nm, respectively, and the corresponding Rq values were 190 
nm, 73.8 nm, and 109 nm, respectively. Among these three composite 
membranes, the top surface of the PTFE-8CA membrane was the 
smoothest. 

3.2. Pore size distribution and porosity 

With the cellulose acetate concentration increasing, the mean pore 
size of the cellulose acetate coating became smaller, as presented in 
Fig. 4a. This observation can be explained by Henry’s law [36,43]. The 
dope solution with high polymer concentration had a lower vapor 
pressure, which caused a higher temperature on the solution surface. 
Hence, the temperature difference between the solution surface and 
atmosphere became lower. This lower temperature difference lead to 
smaller pore size and a slower pores growth rate due to the slower sol-
vent volatilization. Vice versa, the low polymer concentration caused 
the formation of relatively large pores. 

Compared with the commercial PTFE membrane, the composite 
membranes presented a slightly decreased mean pore size as listed in 

Table 2. However, the pore size distributions of the three composite 
membranes all became narrower than the commercial PTFE membrane 
as shown in Fig. 4b. Due to the hydrophilic cellulose acetate coating, the 
size of the largest pores of the composite membranes also declined. 
Although the pore size of the cellulose acetate coatings got smaller with 
increasing cellulose acetate concentration, on the whole, the pore size of 
the composite membranes was not significantly affected by the modifi-
cation. These test results can be explained by the fact that the pores of 
the extra cellulose acetate coating fabricated via the BFT method were 
much bigger than that of the PTFE substrate and the PTFE substrate was 
the bottleneck determining the pore size of the composite membrane. 

It was gratifying that the porosity of the composite membranes was 
sharply increased compared with the pristine PTFE membrane as listed 
in Table 2. The higher porosity of the composite membrane benefited 
from the through- and multistage-pores that formed more voids and 
more vapor channels [45,46]. Generally, the membrane with high 
porosity can reduce the conductive-heat loss and mitigate the influences 
of the temperature polarization, because the thermal conductivity of the 
air and vapor was lower than that of the membrane materials. Hence, 
the membrane with higher porosity contributed to improving the 
mass-transfer efficiency in MD process [47]. Undoubtedly, the thickness 
of the composite membranes was enhanced with the hydrophilic cellu-
lose acetate coating. However, it can be expected that the extra hydro-
philic coating might be negligible to the vapor mass transfer during 
DCMD process because the higher porosity and enough through-pores 
guaranteed that the feed can easily reach to the hydrophobic interface 
[48]. 

The LEPw of the membrane was also provided in Table 2. The LEPw 
of the commercial PTFE membrane was about 3.60 bar, and the LEPw of 
the PTFE-7CA, PTFE-8CA and PTFE-9CA composite membranes 
marginally increased. This can be explained by the fact that the smaller 
pore size of the composite membranes might lead to a higher LEPw. The 
measured results indicated that the hydrophobicity of the PTFE sub-
strate remained unaffected by the hydrophilic coating in some extent. 

3.3. Membrane surface wettability 

Membrane surface wettability was tested through sessile-drop con-
tact angle measurements. As shown in Fig. 5a, the commercial PTFE 
membrane exhibited competent hydrophobic wettability with the in-air 
WCA of 141.2 ± 1.2◦, while it presented weak oleophobic wettability 

Fig. 3. AFM images of the PTFE membrane and the prepared composite membranes.  
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with the underwater OCA of 48.8 ± 1.5◦, indicating that the commercial 
PTFE membrane would not resist oil-fouling during the DCMD process. 
On the contrary, all the composite membranes exhibited excellent un-
derwater oleophobic wettability. The underwater OCAs of the PTFE- 
7CA, PTFE-8CA and PTFE-9CA composite membranes were 139.3 ±
1.5◦, 149.8 ± 0.1◦ and 158 ± 2.1◦, respectively. It can be found that the 
PTFE-9CA composite membrane was superoleophobic, demonstrating 
the enhancement of underwater oleophobic wettability of the composite 
membranes with increasing cellulose acetate concentration. 

Due to the hydrophobic-hydrophobic interaction between the oil- 
droplet and hydrophobic PTFE surface, the commercial PTFE mem-
brane was underwater oleophilic. After modification, a hydrophilic 
cellulose acetate thin layer was coated on the PTFE substrate. Upon 
comparison of the ATR-FTIR spectra of the PTFE membrane and 

composite membranes, as shown in Fig. 5b, it can be obviously observed 
that the pristine PTFE membrane surface (the peaks at 1208 cm-1 and 
1152 cm-1 were correspond to the anti-symmetric stretching vibration 
and symmetric stretching vibration of –CF2, respectively), was fully 
covered by the cellulose acetate coating. For the three composite 
membranes, the peaks at 1750 cm-1 and 1250 cm-1 were assigned to the 
stretching vibration of the C––O and C–O bonds, respectively, which 
came from the carboxyl groups of the cellulose acetate. Meanwhile, an 
increase in the peak intensity with the cellulose acetate concentration 
can also be found from the spectrogram. The underwater oleophobic 
wettability of the composite membranes was because of the strong hy-
dration of the surface cellulose acetate coatings. Underwater, the hy-
drated surface can prevent the attachment of oil and the spreading of an 
oil-droplet on membranes due to the hydration force. 

3.4. Anti-oil-fouling performance during DCMD 

To systematically evaluate the anti-oil-fouling performance of the 
composite membranes with different cellulose acetate concentration, 
the DCMD tests were carried out by using salty emulsion containing 
1000 mg/L crude oil and 35 g/L NaCl as the feed. The oil-droplets di-
ameters in the emulsion were measured by a laser granularity apparatus 
(Malvern Mastersizer 3000, Malvern Panalytical, United Kingdom). The 
photos of the feed solution and the diameter distribution of oil-droplets 
are shown in Fig. S3, and the measured average diameter of the oil- 
droplets was 5.40 ± 0.81 μm. The pore size of the cellulose acetate 
hydrophilic coating was smaller than the diameter of the oil-droplets, 
indicating that the extra coating could prevent the oil-droplets from 
fouling the hydrophobic substrate. 

Fig. 4. (a) The mean pore size of the hydrophilic cellulose acetate coating, (b) The pore size distribution of the commercial PTFE membrane and the fabricated 
composite membranes. 

Table 2 
Properties of the commercial PTFE membrane and the fabricated composite 
membranes.  

Membrane Thickness 
(μm) 

Porosity 
(%) 

Mean pore 
diameter 
(μm) 

Maximum 
pore size 
(μm) 

LEPW 

(bar) 

PTFE 201 ± 1 54.9 ±
0.2 

0.254 ±
0.116 

0.382 ±
0.105 

3.60 ±
0.05 

PTFE-7CA 214 ± 1 60.9 ±
0.5 

0.247 ±
0.085 

0.356 ±
0.113 

3.65 ±
0.12 

PTFE-8CA 232 ± 5 61.2 ±
0.4 

0.233 ±
0.152 

0.350 ±
0.065 

3.68 ±
0.08 

PTFE-9CA 248 ± 2 62.5 ±
0.3 

0.218 ±
0.107 

0.343 ±
0.082 

3.71 ±
0.13  

Fig. 5. (a) In-air WCAs and underwater OCAs, and (b) ATR-FTIR spectra of the commercial PTFE membrane and the fabricated composite membranes.  
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During the DCMD desalination process, the variation of permeate 
flux and conductivity was shown in Fig. 6. We can observe that the 
permeate flux of the commercial PTFE membrane sharply decreased in 
the first 2 h and then slowly declined to zero after running for 12 h, 
while the permeate conductivity radically rose during the whole MD 
process. The hydrophobic PTFE material was susceptible to oil-droplets 
adhesion via the strong hydrophobic-hydrophobic interaction, and the 
oil-droplets would spread out on the PTFE hydrophobic membrane and 
blocked membrane pores. The permeate flux of the fabricated PTFE-7CA 
composite membrane gradually dropped during the first 13 h and finally 
became stable at about 6.50 kg/m2h. This result can be ascribed to the 
low cellulose acetate concentration that led to the partial large pores and 
a wide pore size distribution of the hydrophilic coating. For the PTFE- 
8CA composite membrane, the anti-oil-fouling performance was 
enhanced. The permeate flux of the PTFE-8CA composite membrane 
slightly declined from 14.75 kg/m2h to 11.13 kg/m2h and the permeate 
conductivity remained at 5 μS/cm throughout the DCMD test. 

Different from the other two composite membranes and the com-
mercial PTFE membrane, the PTFE-9CA composite membrane kept 
stable permeability. The permeate flux maintained at about 16.85 kg/ 
m2/h, after running continuously for 13 h, the permeate conductivity of 
the PTFE-9CA composite membrane decreased to less than 2 μS/cm, 
indicating that the permeate produced through DCMD process was even 
purer than the pristine water in the unit. This robust anti-oil-fouling 
performance also can be explained by the pore size of the cellulose ac-
etate hydrophilic coating. As revealed in Fig. 4a and Fig. S4, the mean 
pore size of the cellulose acetate hydrophilic coating of the PTFE-9CA 
composite membrane (about 0.71 μm) was smaller than the minimum 
diameter of the oil-droplets (about 1.03 μm), indicating that the oil- 
droplets could not enter into the through-pores of the hydrophilic 
coating and reach the PTFE substrate surface. 

With the cellulose acetate concentration increasing, the anti-oil- 
fouling performance of the composite membranes became gradually 
more robust. This result was consistent with the contact angle mea-
surements. The oil-fouling resistance of the composite membranes was 
attributed to the hydration layer generated on the surface of the cellu-
lose acetate hydrophilic coating. The hydration layer, derived from the 
strong interaction between hydrophilic moieties and water molecules, 
can prevent the oil-droplets from contacting the membrane. Addition-
ally, a horizontal shear force stemmed from the flow of feed solution 
drove the oil-droplets to roll away from the membrane surface [31,49, 
50]. In other words, the hydration layer coupled with horizontal shear 
force rendered the composite membranes suitable to reject the adhesion 
of oil-droplets during the DCMD process. The PTFE-9CA composite 
membrane can maintain a higher and more stable permeate flux, which 

benefited from the extra cellulose acetate hydrophilic coating with un-
derwater superoleophobic wettability. But also, what counts was that 
the through- and multistage-pores of the cellulose acetate coating 
reduced mass transfer resistance and mitigated the negative impact of 
temperature polarization. 

3.5. Underwater oil-membrane force spectroscopy analysis 

The underwater oil-membrane force spectroscopy can quantify the 
interaction force of the membranes against oil-droplet. It can be used to 
further explain the anti-oil-fouling property of the composite mem-
branes. The microelectro-mechanical sensor connected with the oil 
probe recorded the changes of oil-droplet weight in different stage. The 
weight variation was converted into the force which represent under-
water dynamic oil-membrane interaction force. Before the membrane 
touched the oil-droplet, the value of the oil-membrane interaction force 
was set as zero. 

The changes in force curve for different membranes are shown in 
Fig. 7a. In the advancing stage, only the spectroscopy curve of the PTFE 
membrane steeply rose when the oil-droplet contacted with the mem-
brane. It meant that the PTFE membrane possessed an attractive force 
toward the oil-droplet underwater. In contrast, the curves of all the 
composite membranes showed the downward trend at the same stage. 
The three composite membranes held a repulsive force toward the oil- 
droplet due to the existence of a hydration layer on the surface of the 
composite membrane. As shown in Fig. S2, in the compression process, 
the oil-droplet readily spread out on the PTFE membrane, while the oil- 
droplet transformed from spherical to elliptical rather than spread out 
on the composite membrane surface. In the retracting process, the probe 
moved away from the membrane until the oil-droplet split from the 
membrane surface. For the PTFE membrane, almost the whole oil- 
droplet adhered to the membrane sample, and only a little oil was still 
suspended on the ring. In sharp contrast, there was no oil residues on the 
PTFE-9CA composite membrane, which indicated that the PTFE-9CA 
composite membrane had a very strong repulsion to the oil-droplet. 

Several characteristic values on the force curve can semi-
quantitatively evaluate the oil resistance of the tested membranes. In the 
compression process, when the membrane sample arrived at the 
maximum deformation, the maximum repulsive force was recorded. The 
maximum adhesion force was produced in the retract process when the 
oil-droplet retracted from the membrane surface. The force- 
characteristic values of the tested membranes are summarized in 
Fig. 7b. For the PTFE membrane, the value of the maximum repulsive 
force was only about 12.9 μN and the maximum adhesion force was 
319.3 μN, demonstrating that the PTFE membrane had a strong 

Fig. 6. Time trace of (a) permeate flux and (b) permeate conductivity of the commercial PTFE membrane and the fabricated composite membranes.  
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attractive force toward the oil-droplet due to the hydrophobic- 
hydrophobic interaction between the PTFE membrane and oil-droplet. 
While the three composite membranes exhibited much higher repul-
sive force toward oil-droplet. The maximum repulsive forces of the 
composite membranes were 118.3 μN, 124.4 μN and 160.7 μN for the 
PTFE-7CA, PTFE-8CA and PTFE-9CA composite membranes, respec-
tively. It can be found that the PTFE-9CA composite membrane 
possessed the most robust oil resistance via comparing the maximum 
repulsive force and the maximum adhesion force of the three composite 
membranes. Besides, to some extent, the minimum baseline shift also 
can reveal the oil resistance of the membranes. The smaller baseline shift 
meant less oil residues on the membrane samples and minor deforma-
tion of the oil-droplet, indicating the stronger oil resistance of the 
membrane. 

4. Conclusions 

In this study, a novel composite membrane with robust anti-oil- 
fouling performance was developed via a facile BFT method. This 
composite membrane had a PTFE hydrophobic substrate and an un-
derwater superoleophobic top surface with through-pores. The effects of 
the concentration of cellulose acetate polymer and template agent, and 
exposure time of the nascent composite membrane in a vacuum oven 
and a humidity chamber on membrane morphology and performance 
were systematically studied. 

The extra cellulose acetate coating completely changed the wetta-
bility of the substrate PTFE membrane in that the surface of the com-
posite membranes became in-air hydrophilic and underwater 
oleophobic. The high template agent concentration slowed solvent 
volatilization and facilitated the formation of through-pores in the 
coating. Exposing the nascent composite membrane to a humid atmo-
sphere facilitated through-pores formation and a spongy cross-section. 
As the cellulose acetate concentration increased, the pore size became 
smaller, while both the porosity and underwater oleophobicty were 
improved. Among the fabricated composite membranes, we found that 
the PTFE-9CA was the most effective in resisting oil-fouling as the dense 
and rough cellulose acetate coating rendered the surface in-air hydro-
philicity and underwater oleophobicity with an oil contact angle of 
about 160◦. 

During DCMD test with a saline feed containing 1000 mg/L crude oil 
as foulant, the permeate flux of the PTFE-9CA composite membrane 
maintained at about 16.85 kg/m2h after running continuously for 18 h, 
and the salt rejection reached nearly 100%. Meanwhile, the measure-
ment of underwater oil-membrane interaction force via force spectros-
copy confirmed a fairly low attractive force between the surface of the 
PTFE-9CA membrane and the oil-droplet. Force spectroscopy along-
side DCMD tests demonstrated the robust oil-fouling resistance of the 
fabricated composite membrane from both the perspectives of the 

typical MD metrics (permeate flux and salt rejection) and of the inter-
action between membrane and foulant. The facile but feasible surface 
modification strategy to develop a composite membrane has great po-
tential to promote MD dealing with challenging wastewaters enriched 
with salts and hydrophobic organics. 
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