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A B S T R A C T   

Hydrophobic pervaporation membranes such as polydimethylsiloxane (PDMS) have shown great potential for 
biofuels recovery from fermentation process, which however face the challenge of biofouling issue. In this work, 
a new kind of anti-biofouling PDMS membrane was developed by creating an ultra-low energy surface via a facile 
crosslinking reaction between fluorosilane and PDMS. The chemical properties and wettability of the membrane 
surface were characterized by IR, XPS and contact angle measurements, in which the effect of chemical groups on 
the surface free energy was studied. The performance of PDMS membranes were evaluated in a typical acetone- 
butanol-ethanol (ABE) fermentation-pervaporation coupled process. The results demonstrated that the intro-
duction of fluoroalkyl groups highly reduced the surface energy of PDMS membrane, thereby achieving excellent 
hydrophobicity and lipophobicity at the same time, and successfully alleviating microbial adhesion onto the 
membrane. As a result, the fluorinated PDMS membrane exhibited excellent anti-biofouling property, as well as 
much higher stabilized total flux (0.74 vs 0.36 kg/m2h) and ABE separation factor (21.8 vs 7.1) than the pristine 
PDMS membrane as coupling fed-batch fermentation for 140 h. In addition, a significant enhancement in ABE 
productivity (e.g., 51% higher than batch fermentation) was obtained in the fluorinated PDMS membrane 
coupled fed-batch fermentation process.   

1. Introduction 

Biobutanol is recognized as an important solvent and renewable fuel 
additive that can be manufactured by microbial fermentation of the low- 
cost feedstocks [1]. With the consumption of energy resources and the 
advancement of separation technology, ABE (i.e., acetone, butanol and 
ethanol) fermentation became the second biotechnological and produce 
process [2,3]. To overcome the inhibition of solvents on cell growth, 
fermentation integrated with pervaporation separation process has 
attracted general interests [4]. Many kinds of membranes have been 
studied for separation of butanol/water mixtures, ABE/water mixtures 
and ABE fermentation broth [5,6]. A few of them such as poly-
dimethylsiloxane (PDMS) [7–11], poly[1-(trimethylsilyl)-1-propyne] 
(PTMSP) [12] have been coupled with ABE fermentation for in-situ 
butanol recovery. Among these membranes, PDMS membrane is the 
most widely studied owing to its high performance for butanol/water 
separation and easy fabrication. 

Fouling commonly occurs in membrane separation process, leading 
to deterioration of membrane properties either temporarily or perma-
nently, and thus shortening membrane life eventually [13–16]. During 
the fermentation-pervaporation integration process, once the bacteria 
are deposited, they grow, multiply, and contribute to biofilm formation 
on membrane surface [17–20]. The biofouling is a great challenge for 
membrane towards long-term operation process [21]. Yeon et al. 
considered that the biofouling layer on the membrane surface consists of 
both deposited microbial flocs (e.g., mixed liquor suspended solid) and 
growing microorganisms on the membrane surface (e.g., biofilm) [22]. 
In our previous work, during the ABE fermentation-pervaporation 
coupled process, the growth of microbes on the PDMS membrane sur-
face dramatically declined the biobutanol recovery performance [23]. 
Fadeev et al. focused on the application of ABE fermentation with 
PTMSP-based pervaporation integrated process [24]. They attributed 
the decrease of membrane performance to the lipid absorption in the 
free volumes of polymeric membrane. 
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It’s very important and highly desirable to develop hydrophobic 
pervaporation membrane with anti-biofouling property that could be 
much more favorable for treating fermentation broth especially for the 
application in fermentation-pervaporation coupled process. However, it 
is particularly challenging for a hydrophobic membrane to achieve anti- 
biofouling property, because the bio-foulants mainly consisting of pro-
teins are often hydrophobic which would preferentially adsorb onto the 
hydrophobic membrane surface and form a strong adhesion with 
membrane [25,26]. Conventionally, lowering the surface hydropho-
bicity is effective to improve the biofouling-resistance of membrane. 
However, this approach is not suitable for hydrophobic pervaporation 
membrane since its separation performance will be also decreased with 
the hydrophobicity. Thus, it’s critical to overcome the assumed trade-off 
between separation performance and anti-biofouling property for the 
hydrophobic membranes that are widely used for biofuels recovery from 
fermentation broth. 

It’s also interesting to notice that surfaces with both hydrophobicity 
and lipophobicity, namely amphiphobic surfaces have received 
increasing attention in recent years [27]. Compared with hydrophobic 
surface, creating lipophobic surface that resist wetting of organic liquids 
is more challenging since the much lower surface tension of organic 
liquids than water [28]. Generally, fluoro-derived compounds were 
introduced to enhance the surface hydrophobicity and lipophobicity. 
The amphiphobic membranes were also studied for membrane separa-
tion [29] mainly focused on water desalination [30] and oil/water 
separation [31]. However, it remains a challenge to develop pervapo-
ration membrane with both hydrophobicity and lipophobicity, probably 
due to the limitation in membrane materials and fabrication approaches. 

In this work, we proposed a new kind of anti-fouling hydrophobic 
membrane by introducing fluoroalkyl groups to create an ultra-low 
energy surface via a facile crosslinking reaction between fluorosilane 
and hydroxyl-terminated PDMS. Specifically, a traditional crosslinker 
for PDMS membrane, tetraethyl orthosilicate (TEOS) was replaced with 
1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES). As a result, hy-
drophobic fluoroalkyl groups [–(CH2)2–(CF2)7-CF3] with ultra-low sur-
face energy can be spontaneously formed on the PDMS membrane via 
the condensation reaction between PFDTES and PDMS during mem-
brane fabrication process (Fig. 1). Compared with the methyl groups on 

the pristine PDMS membrane surface, the fluoroalkyl groups with much 
lower polarizability on the fluorinated PDMS membrane would show 
much weaker interaction with microbes in fermentation broth, thereby 
inhibiting the biofouling formation. Meanwhile, an even higher hydro-
phobicity could be achieved in the fluorinated PDMS membrane owing 
to the superhydrophobic nature of fluoroalkyl groups introduced onto 
the membrane surface. Therefore, the fluorinated PDMS membrane with 
high reduced surface energy and enhanced hydrophobicity is expected 
to exhibit anti-biofouling properties on the premise of not scarifying the 
intrinsic biofuel separation performance in application of fermentation- 
pervaporation coupled process. The surface properties of the pristine 
and fluorinated PDMS membrane were systematically characterized and 
compared by using XPS and water contact angle test. ABE fermentation- 
pervaporation coupled process was conducted to evaluate the separation 
performance and anti-biofouling properties of the PDMS membrane. 

2. Experimental 

2.1. Materials 

PDMS (α,ω-dihydroxypolydimethylsiloxane, average molecular 
weight: 6000) was supplied by Shanghai Resin Factory, China. Tet-
raethyl orthosilicate (TEOS, 98%), dibutyltin dilaurate (DBTOL, 95%), 
n-butanol (AR) and n-heptane (AR) were supplied by Shanghai Lingfeng 
Chemical Reagent Co., Ltd, China. 1H,1H,2H,2H-perfluorodecyltrie-
thoxysilane (PFDTES) was purchased from Saen Chemical Technology 
Co., Ltd, China. Tubular ceramic substrates were homemade with 
average pore size of 200 nm and o.d./i.d. of 12/8 mm. 

2.2. Membrane preparation 

After dissolving PDMS in n-heptane, TEOS or PFDTES and DBTOL 
were added with weight ratio for PDMS/n-heptane/TEOS or PFDTES/ 
DBTOL of 1/10/0.1-0.4/0.005. The PDMS/ceramic composite mem-
brane was fabricated by following our previous study [32]. The resulting 
mixtures were stirred at 20 �C until its viscosity was suitable for 
dip-coating. The mixtures were dip-coated on the outer surface of the 
ceramic substrate for 1 min. In order to prevent PDMS casting solution 

Fig. 1. Schematic of preparation of (a) pristine PDMS membrane and (b) fluorinated PDMS membrane via the condensation reaction between silane crosslinker and 
hydroxyl-terminated PDMS. 
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from immersing on the inner surface of the tubular ceramic support, one 
end of ceramic tube was blocked by a rubber plug during the coating 
process. After drying at 20 �C overnight and subsequently heating at 
120 �C for 12 h, the PDMS composite membranes were fabricated. The 
membrane prepared by using TEOS crosslinked PDMS is named as 
pristine PDMS membrane, and the membrane prepared by using PFDTES 
crosslinked PDMS is named as fluorinated PDMS membrane. 

2.3. Membrane characterizations 

The membrane morphology was examined by field emission scan-
ning electron microscopy (FESEM, Hitachi-4800, Japan). The membrane 
after using in fermentation broth was treated with a “fixing step” 
described in our previous work [23]. Infrared spectra were recorded in 
an ATR-FT-IR spectrophotometer (AVATAR-FT-IR-360, Thermo Nicolet, 
USA) with range of 4000-400 cm� 1 32 scans and resolution of 4 cm� 1 for 
each spectrum. The chemical composition of the membrane surface was 
investigated by X-ray photoelectron spectroscopy (XPS, Thermo ESCA-
LAB 250, USA). The static contact angles of the membrane were 
measured by Sessile liquid drop method using contact angle measure-
ment system (DSA100, Krüss, Germany). Each data was based on the 
average of contact angles at three different sites with the error of ~1�. 

Owens-Wendt geometric mean method was employed to calculate 
the surface free energy of the PDMS membrane using its surface contact 
angles with two kinds of liquids [33]. Harmonic mean equation was used 
to sum the dispersive and polar contributions of the surface free energy. 
Contact angles against at least two liquids with different surface tensions 
and known values of γd and γp are measured: 

ð1þ cos θÞγlv¼ 2
� ffiffiffiffiffiffiffiffiffi

γd
lvγd

s

q

þ

ffiffiffiffiffiffiffiffiffi

γp
lvγ

p
s
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(1)  

γs¼ γp
s þ γd

s (2)  

where γ refers to surface tension (surface free energy), the subscripts l 
and s refer to liquid and solid, and the superscripts d and p refer to 
dispersive and polar components. 

2.4. Pervaporation measurement and ABE fermentation-pervaporation 
coupled process 

The membrane with an effective membrane area of 48.98 cm2 was 
installed in a tubular membrane module described previously [23]. The 
temperature of feed tank or fermenter was controlled at 37 �C, and the 
feed flow rate was kept at 15 L/h. The pressure of permeate side was 
below 300 Pa. The compositions of feed and permeate were analyzed by 
a gas chromatography (GC-2014, Shimadzu, Japan). The separation 
performance is evaluated by total flux (J) and separation factor (β): 

J¼
M
At

(3)  

β¼
yA=yB

xA=xB
(4)  

where M is weight of the permeate (g), A is the effective membrane area 
(m2), and t is the permeation time (h); y and x are the weight fractions of 
components A (acetone, butanol or ethanol) or B (water) in the 
permeation and feed, respectively. 

A fed-batch ABE fermentation with 1.5L working volume was carried 
out by following our previous study [34]. As the butanol concentration 
in the broth reached 6.0 g/L, the sterilized membrane module was in-
tegrated with the fermenter to conduct in-situ ABE removal [35]. A 
UV–visible spectrophotometer (Lambda-25, Perkin-Elmer, USA) was 
used to measure the optical density with wavelength of 600 nm. Re-
sidual glucose concentration was analyzed by a 1200 series HPLC system 
(Agilent Technologies Inc.). 

3. Results and discussion 

3.1. Preparation of fluorinated PDMS membranes 

The effect of crosslinker concentration on the membrane separation 
performance was studied to optimize the fabrication of fluorinated 
PDMS membrane. The mass ratio of PDMS/fluorosilane was varied from 
100/10, 100/15, 100/20, 100/25, 100/30 to 100/40. As shown in 
Fig. 2, with increasing the crosslinker concentration, the total flux was 
decreased while the separation factor was increased firstly and then 
remained unchanged. The crosslinking density of the PDMS would be 
increased by using higher crosslinker concentration, which would 
decrease the free volumes of PDMS membrane and thus reduce the total 
flux. The reduced separation factor at lower crosslinking density indi-
cated the present of some minor non-selective defects in the PDMS 
membrane, which can be eliminated by increasing the crosslinker con-
centration to 20%. The optimized fluorinated PDMS membrane (PDMS/ 
fluorosilane: 100/20) exhibited outstanding separation performance for 
n-butanol/water separation, with total flux of 0.81 kg/m2h and sepa-
ration factor of 27.6. As a control, using the traditional crosslinker 
(TEOS) with same concentration (20 wt%), the pristine PDMS mem-
brane showed 0.89 kg/m2h for total flux and 23.5 for separation factor. 
The slight difference in total flux between pristine and fluorinated PDMS 
membranes was due to the variation in membrane thickness (see SEM 
result in Fig. 3). The higher separation factor achieved in the fluorinated 
PDMS membrane can be attributed to the fluoroalkyl-enhanced hydro-
phobicity which will be discussed in the results of contact angle 
measurement. 

3.2. Morphologies and surface properties of PDMS membranes 

SEM was used to characterize the morphologies of PDMS membrane 
coated on the outer surface of tubular ceramic support. As shown in 
Fig. 3, a dense and uniform PDMS membrane layer was closely attached 
on top of the porous ceramic support. The surface of either pristine or 
fluorinated PDMS membrane was very smooth without any visible de-
fects. During coating the outer surface of ceramic support, the PDMS 
solution penetrates into the ceramic support to form a clear transition 
layer. By further optimizing the coating conditions, a suitable separation 
layer could be obtained on the ceramic support with 10 wt% PDMS 
solution and dipping for 60s. An average membrane thickness of pristine 
PDMS and fluorinated PDMS were 6.4 μm and 7.5 μm, respectively. The 
slightly thicker membrane for the fluorinated PDMS lead to the lower 
total flux observed in Section 3.1. 

The chemical groups on the membrane surface were critical to 

Fig. 2. Separation performance of fluorinated PDMS membranes with different 
fluorosilane crosslinker concentration (feed: 1 wt% n-BuOH/H2O mixtures at 
37 �C). 

H. Zhu et al.                                                                                                                                                                                                                                     



Journal of Membrane Science 609 (2020) 118225

4

determine the interactions of separation components and foulants with 
membrane surface, which were analyzed by FT-IR and XPS for PDMS 
membranes in this work. As shown in Fig. 4, the peaks located at 1445, 
1412 and 1256 cm� 1 belonged to the deformation vibration of methyl 
groups (δ(CH3)) [36]. Meanwhile, the characteristic bands owing to 
asymmetric stretching (υas(CH3)) and rocking (ρ(CH3)) of the CH3 
groups are focused on 2962 and 783 cm� 1. In addition, PDMS has double 
peaks about 1076 and 1005 cm� 1 due to the asymmetric stretching vi-
bration of Si–O–Si group (υ(Si–O)). Two peaks at 1207 and 1150 cm� 1 

corresponding to the characteristic absorption peak of C–F bond [37] 
were observed in fluorinated PDMS membranes, confirming the suc-
cessful introduction of fluoroalkyl groups into the membrane surface. 

The XPS results of pristine and fluorinated PDMS membrane are 
depicted in Fig. 5. The main elements including Si, O and C, which are 
resulted from the main chains (Si–O–Si) and side groups (-CH3) of PDMS, 
were found in both pristine and fluorinated PDMS membranes. Clearly, 
F1s signal at a binding energy around 689.0 eV appeared in the fluori-
nated PDMS membrane, confirming the presence of fluorinated groups 
(–CF2–, –CF3) on the membrane surface [38]. Fig. 5b exhibited the C1s 

spectra of the two kinds of PDMS membranes, a single peak at 284,7 eV 
was observed, which is consistent with element C in a methyl side groups 
attached to the Si–O–Si main chains of PDMS. With introducing the 
fluoroalkyl groups [–(CH2)2–(CF2)7-CF3] via PFDTES crosslinking, the 
C1s line in the fluorinated PDMS membrane showed peak shift for –C-C- 
from 286.2 eV to 285.9 eV, as well as new peaks associated with fluo-
rinated groups as follows: (i) –CF3 at 294.6 eV, (ii) –CF2- at 292.3 eV, 
(iii) -C–CF2– at 287.0 eV [39]. FT-IR and XPS results suggested that 
fluoroalkyl groups was successfully incorporated into the PDMS network 
and present on the membrane surface, providing the chemical basis for 
tuning the molecular interactions of membrane surface with microbes 
and products in the fermentation broth. 

Measurements of liquid-solid contact angles are commonly used to 
evaluate surface free energy and wettability of a material. As a liquid 
deposited on a solid substrate, the wetting tendency is larger, the smaller 
the contact angle or the surface free energy is [40,41]. In this work, 
water was used as a kind of polar liquid and diiodomethane was selected 
as a kind of nonpolar liquid for the contact angle test. As shown Fig. 6, 
both pristine and fluorinated PDMS membranes exhibit water contact 

Fig. 3. SEM images of (a–b) pristine PDMS membrane and (c–d) fluorinated PDMS coated on the ceramic support. (a) and (c) cross-section, (b) and (d) surface.  

Fig. 4. FT-IR spectra of pristine and fluorinated PDMS membranes. (a) full wavenumber range; (b) selected wavenumber range to highlight the difference between 
the two membranes. 
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angles much higher than 90�, suggesting a hydrophobic nature as ex-
pected for PDMS pervaporation membranes [42]. The hydrophobicity of 
PDMS membranes can be attributed to the methyl groups on the surface, 
which was further enhanced by introducing the fluoroalkyl groups 
[–(CH2)2–(CF2)7-CF3], as evidenced by the water contact angle 
increasing from 113.5� to 125.5�. Moreover, the diiodomethane contact 
angle of 102� on the fluorinated PDMS membrane suggested both hy-
drophobic and lipophobic surface property, which could not be achieved 
for the pristine PDMS membrane (diiodomethane contact angle of 
77.5�). 

To further understand the distinct wettability observed in pristine 
and fluorinated PDMS membranes, the surface free energy was calcu-
lated using the Owens-Wendt’s two-liquid geometric mean method [33]. 
The calculation results are summarized in Table 1. As expected of 
nonpolar, non-hydrogen-bonding surfaces such as PDMS membrane, the 

dispersion contribution was largely dominant, with the polar contribu-
tion being minimal. Compared with the pristine PDMS membrane, the 
fluorinated PDMS membrane possessed a much lower surface energy 
because of the both substantial hydrophobicity and lipophobicity 
resulting from the introduced surface fluoroalkyl groups [43]. 

Overall, the introduction of fluoroalkyl groups into the membrane by 
using fluorosilane to crosslink PDMS successfully created a desirable 
surface that is hydrophobic and lipophobic at the same time. The 

Fig. 5. XPS spectra of pristine and fluorinated PDMS membranes. (a) full scan; (b) C1s scan.  

Fig. 6. Static contact angle on the surface of PDMS membranes: Image of contact angle for (a) water on pristine PDMS. (b) water on fluorinated PDMS. (c) diio-
domethane on pristine PDMS and (d) diiodomethane on fluorinated PDMS. 

Table 1 
Surface free energy (surface tension) of PDMS membranes.  

Membrane γs (mJ/m2)  γp
s (mJ/m2)  γd

s (mJ/m2)  

Pristine PDMS 19.36 0.037 19.32 
Fluorinated PDMS 5.31 0.084 5.23  
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hydrophobicity is favorable for efficient removal of solvents from water 
during the pervaporation process [36,44,45]. More importantly, the 
lipophobicity, which is the unique feature of fluorinated PDMS mem-
brane, would benefit the reduction of molecular interaction between the 
membrane surface and the microbes in the fermentation broth to sup-
press the biofouling [46]. 

3.3. Performance of fermentation-pervaporation coupled process 

Pervaporation process can be integrated with fermentation process 
to in-situ remove the produced solvents to relief the solvent inhibition on 
the microbial growth in order to realize continuous fermentation with 
higher productivity. Apparently, the separation performance and anti- 
biofouling properties of the pervaporation membranes are the key pa-
rameters to well establish this fermentation-pervaporation coupled 
process [47]. 

In this work, we applied the as-prepared PDMS membranes in the 
ABE (acetone-butanol-ethanol) fermentation-pervaporation coupled 
process. The membrane separation performance during the coupled 
process was shown in Fig. 7. The pristine PDMS membrane separation 
performance was declined obviously (Fig. 7a). The total flux and ABE 
separation factor were decreased from 0.80 kg/m2h and 20.6 to 0.36 kg/ 
m2h and 7.1, namely in the stable state were 55% and 66% lower than 
that of in the initial state (Fig. 7c–d), respectively. This result is 
consistent with our previous work [23,48], suggesting the occurrence of 
organic bio-foulants (e.g. extra-cellular polymeric substances (EPSs), 
proteins and microbial flocs) to the membrane [49,50]. The bio-fouling 
can be clearly observed in the digital photo of the used pristine PDMS 
membrane (Fig. 8a), which was further confirmed by SEM character-
izations. As shown in Fig. 8c, the fouled membrane surface was covered 

with a fouling layer, in which the microbial cells aggregated with each 
other and absorbed on the membrane surface probably with the linkage 
of EPSs. It is confirmed that adhesion is a manifestation of the common 
attractive force between the pristine PDMS surface and organic 
bio-foulants from fermentation broth [51]. Compared with the fresh 
pristine membrane, the performance of the bio-fouled pristine PDMS 
membrane was almost reversible after water washed. The total flux and 
ABE separation factor were restored from 0.38 kg/m2h and 7.1 to 0.78 
kg/m2h and 20.7 that is close its original performance (0.80 kg/m2h and 
20.6). This result is consistent with our previous work [23]. 

Impressively, the fluorinated PDMS membrane exhibited high and 
stable separation performance during the continuous solvent removal in 
the fermentation-pervaporation coupled process. As shown in Fig. 7b, no 
significant variation in overall separation performance of the fluorinated 
PDMS membrane was observed in the over 130 h integration process. 
The total flux and ABE separation factor were stabilized from the initial 
0.80 kg/m2h and 24.5 to 0.73 kg/m2h and 21.1, respectively. The 
average total flux and separation factor of fluorinated PDMS membrane 
were increased by 37% and 104% compared with that of the pristine 
PDMS membrane. As shown clearly in Fig. 8b and d, after being used in 
the long coupling process, the fluorinated PDMS membrane was almost 
not attached by the complex components of fermentation broth, espe-
cially the microbes were invisible on the membrane surface. Such 
excellent separation performance and anti-fouling property should be 
attributed to the hydrophobic and lipophobic fluorinated PDMS mem-
brane with ultra-low surface energy, thereby minimizing the adhesion of 
the adsorbents onto the membrane surface and further delaying the 
membrane fouling [4,46]. That is, the fluorinated membrane showed 
distinct advantages over the pristine PDMS membrane for the in-situ 
removal of bio-products in the fermentation-pervaporation coupled 

Fig. 7. Separation performance of PDMS membranes in ABE fermentation-pervaporation coupled process: total flux and separation factor for (a) pristine PDMS 
membrane, and (b) fluorinated PDMS membrane; comparison of initial, average and stable (c) total flux and (d) separation factor. 
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process. 
The performance of the ABE fermentation after integrating with 

pervaporation process are shown in Figs. 9–10. Firstly, it should be 
noted that the fed-batch fermentation process with 11 times successive 
addition of glucose and ~145 h in total was realized by the integration 
of PDMS membrane to in-situ remove the produced solvents from the 
broth. Otherwise, batch fermentation with only single addition of 
glucose is often used in the conventional ABE fermentation process 

because the microbial growth was inhibited by the accumulated solvents 
in the broth. 

Fig. 9a–b showed two key indicators of the fermentation process, 
glucose concentration and optical density (OD), which reflect the ac-
tivity and growth rate of the microbes in the broth. Compared with 
pristine PDMS membrane, a lower glucose concentration and higher OD 
by coupling with the fluorinated PDMS membrane owing to the higher 
separation performance and anti-fouling property. The removal of the 

Fig. 8. Digital photos and surface SEM images of used pristine PDMS membrane (a, c) and fluorinated PDMS membrane surface (b, d) after the ABE fermentation- 
pervaporation coupled process, respectively. 

Fig. 9. Concentration of glucose and optical density (OD), and solvents in the ABE fermentation broth of fermentation process integrated with (a, c) pristine PDMS 
membrane or (b, d) fluorinated PDMS membrane, respectively. 
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produced solvents from the fermentation broth was also accelerated as 
replacing the pristine PDMS membrane with the fluorinated PDMS 
membrane. As evidenced in Fig. 9c–d, the main product, butanol started 
to accumulate after fermentation of 60 h although the pristine PDMS 
membrane was integrated, while the butanol concentration in the 
fermentation broth kept decreasing after coupling with the fluorinated 
PDMS membrane. In the fermentation process, ABE concentration was 
increased with successive addition of glucose. Compared with pristine 
PDMS membrane, a lower glucose concentration and higher OD by 
coupling with the fluorinated PDMS membrane owing to the higher 
separation performance and anti-fouling property. The removal of the 
produced solvents from the fermentation broth was also accelerated as 
replacing the pristine PDMS membrane with the fluorinated PDMS 
membrane. 

Fig. 10 compares the ABE concentration in the final fermentation 
broth and ABE productivity of three fermentation processes: 1) batch 
fermentation without coupling membrane, 2) fed-batch fermentation 
coupled with pristine PDMS membrane and 3) fed-batch fermentation 
coupled with fluorinated PDMS membrane. In the batch fermentation 
without membrane process, ABE concentration finally reached 18.5 g/L, 
and ABE productivity was only 0.257 g/L/h due to the inhibition of ABE 
on the microbial growth. By integrating with PDMS membrane for in-situ 
solvent removal, the ABE concentration in the broth was significantly 
reduced as low as 6.0 g/L, thereby leading to the enhancement of ABE 
productivity as high as 51%. In comparison with the pristine PDMS 
membrane, the fluorinated PDMS membrane with higher and more 
stable separation performance extracted much more ABE products from 
the fermentation process, resulting in a more thorough alleviation of 
product inhibition and thus higher ABE productivity. Therefore, a more 
energy-efficient and productive bio-butanol production process can be 
expected by integrating the fluorinated PDMS membrane. 

4. Conclusions 

A new kind of anti-biofouling PDMS membrane was fabricated by 
introducing fluoroalkyl groups to create an ultra-low energy surface. 
The facile crosslinking reaction between fluorosilane and hydroxyl- 
terminated PDMS realized a simultaneous achievement of hydropho-
bicity and lipophobicity in the PDMS membrane. During the application 
of fermentation-pervaporation coupled process, the fluorinated PDMS 
membrane exhibited excellent anti-biofouling property, as well as 
higher and much stable separation performance than the pristine PDMS 
membrane. The low energy surface built by the fluoroalkyl groups 

successfully alleviated microbial adhesion onto the membrane and delay 
the membrane bio-fouling. In the 140 h fed-batch fermentation coupling 
process, the stabilized total flux and ABE separation factor were 
enhanced from 0.36 kg/m2h and 7.1 for the pristine PDMS membrane to 
0.74 kg/m2h and 21.8 for the fluorinated PDMS membrane, leading to 
the enhancement of ABE productivity as high as 51% compared with 
batch fermentation process. The proposed fluorinated PDMS membrane 
with both anti-biofouling and hydrophobic properties show great po-
tential in application of biofuels production. 

Declaration of competing interest 

The authors declare no competing financial interest. 

CRediT authorship contribution statement 

Haipeng Zhu: Investigation, Formal analysis, Writing - original 
draft, Writing - review & editing. Xinran Li: Investigation. Yang Pan: 
Investigation. Gongping Liu: Conceptualization, Writing - original 
draft, Writing - review & editing, Supervision. Hao Wu: Investigation. 
Min Jiang: Writing - review & editing. Wanqin Jin: Conceptualization, 
Writing - original draft, Writing - review & editing, Funding acquisition, 
Supervision. 

Acknowledgement 

This work was financially supported by the National Natural Science 
Foundation of China (Nos. 91934303, 21922805,21921006), the Inno-
vative Research Team Program by the Ministry of Education of China 
(No. IRT_17R54) and the Topnotch Academic Programs Project of 
Jiangsu Higher Education Institutions (TAPP). 

References 

[1] Y. Li, W. Tang, Y. Chen, J. Liu, C.-f.F. Lee, Potential of acetone-butanol-ethanol 
(ABE) as a biofuel, Fuel 242 (2019) 673–686. 

[2] G. Liu, W. Wei, W. Jin, Pervaporation membranes for biobutanol production, ACS 
Sustain. Chem. Eng. 2 (2013) 546–560. 

[3] W. Van Hecke, G. Kaur, H. De Wever, Advances in in-situ product recovery (ISPR) 
in whole cell biotechnology during the last decade, Biotechnol. Adv. 32 (2014) 
1245–1255. 

[4] L.M. Vane, Separation technologies for the recovery and dehydration of alcohols 
from fermentation broths, Biofuel. Bioprod. Bior. 2 (2008) 553–588. 

[5] N. Qureshi, H. Blaschek, Fouling studies of a pervaporation membrane with 
commercial fermentation media and fermentation broth of hyper-butanol- 

Fig. 10. Comparison of (a) ABE concentration in the final fermentation broth and (b) ABE productivity of the fermentation process without coupling membrane, or 
with coupling pristine PDMS membrane or with coupling fluorinated PDMS membrane. 

H. Zhu et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0376-7388(20)30803-6/sref1
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref1
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref2
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref2
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref3
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref3
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref3
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref4
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref4
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref5
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref5


Journal of Membrane Science 609 (2020) 118225

9

producing Clostridium beijerinckii BA101, Separ. Purif. Technol. 34 (1999) 
2803–2815. 

[6] D. Cai, S. Hu, P. Qin, T. Tan, Separation of butanol, acetone, and ethanol, Emerging 
Areas in Bioeng. 1 (2018) 255–285. 

[7] Z. Si, D. Cai, S. Li, C. Zhang, P. Qin, T. Tan, Carbonized ZIF-8 incorporated mixed 
matrix membrane for stable ABE recovery from fermentation broth, J. Membr. Sci. 
579 (2019) 309–317. 

[8] Z. Cao, C. Xia, W. Jia, W. Qing, W. Zhang, Enhancing bioethanol productivity by a 
yeast-immobilized catalytically active membrane in a fermentation-pervaporation 
coupling process, J. Membr. Sci. 595 (2020) 117485. 

[9] W. Vane Hecke, P. Vandezand, S. Claes, S. Vangeel, H. Beckers, L. Diels, H. De 
Wever, Integrated bioprocess for long-term continuous cultivation of Clostridium 
acetobutylicum coupled to pervaporation with PDMS composite membranes, 
Bioresour. Technol. 111 (2012) 368–377. 

[10] C. Zhu, L. Chen, C. Xue, F. Bai, A novel close-circulating vapor stripping-vapor 
permeation technique for boosting biobutanol production and recovery, 
Biotechnol. Biofuels 11 (2018) 128. 

[11] Z. Dong, G. Liu, S. Liu, Z. Liu, W. Jin, High performance ceramic hollow fiber 
supported PDMS composite pervaporation membrane for bio-butanol recovery, 
J. Membr. Sci. 450 (2014) 38–47. 

[12] A.G. Fadeev, Y.A. Selinskaya, S.S. Kelley, Extraction of butanol from aqueous 
solutions by pervaporation through poly (1-trimethylsilyl-1-propyne), J. Membr. 
Sci. 186 (2001) 205–217. 

[13] Q. Li, M. Elimelech, Organic fouling and chemical cleaning of nanofiltration 
membranes measurements and mechanism, Environ. Sci. Technol. 38 (2004) 
4683–4693. 

[14] M. Herzberg, S. Kang, M. Elimelech, Role of extracellular polymeric substances 
(EPS) in biofouling of reverse osmosis membranes, Environ. Sci. Technol. 43 
(2009) 4393–4398. 

[15] A. Drews, Membrane fouling in membrane bioreactors-Characterisation, 
contradictions, cause and cures, J. Membr. Sci. 363 (2010) 1–28. 

[16] D. Rana, T. Matsuura, Surface modifications for antifouling membranes, Chem. 
Rev. 110 (2010) 2448–2471. 

[17] S. Lee, M. Elinmelech, Relating organic fouling of teverse osmosis membranes to 
intermolecular adhesion forces, Environ. Sci. Technol. 40 (2006) 980–987. 

[18] A. Subramani, E.M.V. Hoek, Biofilm formation, cleaning, re-formation on 
polyamide composite membranes, Desalination 257 (2010) 73–79. 

[19] A. Subramani, E. Hoek, Direct observation of initial microbial deposition onto 
reverse osmosis and nanofiltration membranes, J. Membr. Sci. 319 (2008) 
111–125. 

[20] H. Yamamura, K. Kimura, T. Okajima, H. Tokumoto, Y. Watanabe, Affinity of 
functional groups for membrane surfaces implications for physically irreversible 
fouling, Environ. Sci. Technol. 42 (2008) 5310–5315. 

[21] W.S. Ang, S. Lee, M. Elimelech, Chemical and physical aspects of cleaning of 
organic-fouled reverse osmosis membranes, J. Membr. Sci. 272 (2006) 198–210. 

[22] K.-M. Yeon, W.-S. Cheong, H.-S. Oh, W.-N. Lee, B.-K. Hwang, C.-H. Lee, H. Beyenal, 
Z. Lewandowski, Quorum sensing: a new biofouling control paradigm in a 
membrane bioreactor for advanced wastewater treatment, Environ. Sci. Technol. 
43 (2009) 380–385. 

[23] G. Liu, W. Wei, H. Wu, X. Dong, M. Jiang, W. Jin, Pervaporation performance of 
PDMS/ceramic composite membrane in acetone butanol ethanol (ABE) 
fermentation-PV coupled process, J. Membr. Sci. 373 (2011) 121–129. 

[24] A.G. Fadeev, M.M. Meagher, S.S. Kelley, V.V. Volkov, Fouling of poly[-1- 
(trimethylsilyl)-1-propyne] membranes in pervaporative recovery of butanol from 
aqueous solutions and ABE fermentation broth, J. Membr. Sci. 173 (2000) 
133–144. 

[25] H. Wu, X.P. Chen, G.P. Liu, M. Jiang, T. Guo, W.Q. Jin, P. Wei, D.W. Zhu, Acetone- 
butanol-ethanol (ABE) fermentation using Clostridium acetobutylicum XY16 and in 
situ recovery by PDMS/ceramic composite membrane, Bioproc. Biosyst. Eng. 35 
(2012) 1057–1065. 

[26] D. Cai, S. Hu, Q. Miao, C. Chen, H. Chen, C. Zhang, P. Li, P. Qin, T. Tan, Two-stage 
pervaporation process for effective in situ removal acetone-butanol-ethanol from 
fermentation broth, Bioresour. Technol. 224 (2017) 380–388. 

[27] Z. Chu, S. Seeger, Superamphiphobic Surface. Chem. Soc. Rev. 43 (2014) 
2784–2798. 

[28] A. Tuteja, W. Choi, M. Ma, J.M. Mabry, S.A. Mazzella, G.C. Rutledge, G. 
H. McKinley, R.E. Cohen, Designing superoleophobic surfaces, Science 318 (2007) 
1618–1622. 

[29] M. Yao, L.D. Tijing, G. Naidu, S.-H. Kim, H. Matsuyama, A.G. Fane, H.K. Shon, 
A review of membrane wettability for the treatment of saline water deploying 
membrane distillation, Desalination 479 (2020) 114312. 

[30] X. Lu, Y. Peng, L. Ge, R. Lin, Z. Zhu, S. Liu, Amphiphobic PVDF composite 
membranes for anti-fouling direct contact membrane distillation, J. Membr. Sci. 
505 (2016) 61–69. 

[31] R. Zheng, Y. Chen, J. Wang, J. Song, X.-M. Li, T. He, Preparation of omniphobic 
PVDF membrane with hierarchical structure for treating saline oily wastewater 
using direct contact membrane distillation, J. Membr. Sci. 555 (2018) 197–205. 

[32] G. Liu, W. Wei, W. Jin, N. Xu, Polymer/ceramic composite membranes and their 
application in pervaporation process, Chin. J. Chem. Eng. 20 (2012) 62–70. 

[33] D.K. Owens, R.C. Wendt, Estimation of the surface free energy of polymers, J. Appl. 
Polym. Sci. 13 (1969) 1741–1747. 

[34] X. Kong, A. He, J. Zhao, H. Wu, M. Jiang, Efficient acetone-butanol-ethanol 
production (ABE) by Clostridium acetobutylicum XY16 immobilized on chemically 
modified sugarcane bagasse, Bioproc. Biosyst. Eng. 38 (2015) 1365–1372. 

[35] H. Zhu, G. Liu, J. Yuan, T. Chen, F. Xin, M. Jiang, Y. Fan, W. Jin, In-situ recovery of 
bio-butanol from glycerol fermentation using PDMS/ceramic composite 
membrane, Separ. Purif. Technol. (2019) 115811. 

[36] J. Li, S. Ji, G. Zhang, H. Guo, Surface-modification of poly(dimethylsiloxane) 
membrane with self-assembled monolayers for alcohol permselective 
pervaporation, Langmuir 29 (2013) 8093–8102. 

[37] P.-Y. Zheng, X.-Q. Li, J.-K. Wu, N.-X. Wang, J. Li, Q.-F. An, Enhanced butanol 
selectivity of pervaporation membrane with fluorinated monolayer on 
polydimethylsiloxane surface, J. Membr. Sci. 548 (2018) 215–222. 

[38] F. Zhou, H. Huang, C. Xiao, S. Zheng, X. Shi, J. Qin, Q. Fu, X. Bao, X. Feng, 
K. Müllen, Z.-S. Wu, Electrochemically scalable production of fluorine modified 
graphene for flexible and high-energy ionogel-based micro-supercapacitors, J. Am. 
Chem. Soc. 140 (2018) 8198–8205. 

[39] H. Tang, L. Hao, J. Chen, F. Wang, H. Zhang, Y. Guo, Surface modification to 
fabricate superhydrophobic and superoleophilic alumina membranes for oil/water 
separation, Energy Fuel. 32 (2018) 3627–3636. 

[40] A.W. Adamson, A.P. Gast, Physical Chemistry of surfaces[M], Interscience 
publishers, New York, 1967, pp. 352–364. 

[41] J.A. Mielczarski, E. Mielczarski, G. Galli, A. Morelli, E. Martinelli, E. Chiellini, The 
surface-segregated nanostructure of fluorinated copolymer poly(dimethylsiloxane) 
blend films, Langmuir 26 (2010) 2871–2876. 

[42] Z. Dong, H. Zhu, Y. Hang, G. Liu, W. Jin, Polydimethylsiloxane (PDMS) composite 
membrane fabricated on the inner surface of a ceramic hollow fiber: from single- 
channel to multi-channel, Engineering 6 (2020) 89–99. 

[43] H. Zhou, H. Wang, H. Niu, A. Gestos, X. Wang, T. Lin, Fluoroalkyl silane modified 
silicone rubber/nanoparticle composite: a super durable, robust superhydrophobic 
fabric coating, Adv. Mater. 24 (2012) 2409–2412. 

[44] Z. Zhang, W. Shen, J. Ling, Y. Yan, J. Hu, Y. Cheng, The fluorination effect of 
fluoroamphiphiles in cytosolic protein delivery, Nat. Commun. 9 (2018) 1377. 

[45] G. Chen, H. Zhu, Y. Hang, Q. Liu, G. Liu, W. Jin, Simultaneously enhancing 
interfacial adhesion and pervaporation separation performance of PDMS/ceramic 
composite membrane via a facile substrate surface grafting approach, AIChE J. 65 
(2019). 

[46] B. Song, E. Zhang, X. Han, H. Zhu, Y. Shi, Z. Cao, Engineering and application 
perspectives on designing an antimicrobial surface, ACS Appl. Mater. Interfaces 12 
(2020) 21330–21341. 

[47] A. Kujawska, J. Kujawski, M. Bryjak, W. Kujawski, ABE fermentation products 
recovery methods-A review, Renew. Sustain. Energy Rev. 48 (2015) 648–661. 

[48] X. Kong, A. He, J. Zhao, H. Wu, J. Ma, C. Wei, W. Jin, M. Jiang, Efficient acetone- 
butanol-ethanol (ABE) production by a butanol-tolerant mutant of Clostridium 
beijerinckii in a fermentation-pervaporation coupled process, Biochem. Eng. J. 105 
(2016) 90–96. 

[49] Y. Shi, G. Wells, E. Morgenroth, Microbial activity balance in size fractionated 
suspended growth biomass from full-scale sidestream combined nitritation- 
anammox reactors, Bioresour. Technol. 218 (2016) 38–45. 

[50] F. Meng, S.R. Chae, A. Drews, M. Kraume, H.S. Shin, F. Yang, Recent advances in 
membrane bioreactors (MBRs): membrane fouling and membrane material, Water 
Res. 43 (2009) 1489–1512. 

[51] S. Chovau, S. Gaykawad, A.J.J. Straathof, B. Van der Bruggen, Influence of 
fermentation by-products on the purification of ethanol from water using 
pervaporation, Bioresour. Technol. 102 (2011) 1669–1674. 

H. Zhu et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0376-7388(20)30803-6/sref5
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref5
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref6
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref6
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref7
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref7
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref7
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref8
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref8
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref8
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref9
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref9
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref9
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref9
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref10
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref10
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref10
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref11
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref11
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref11
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref12
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref12
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref12
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref13
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref13
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref13
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref14
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref14
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref14
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref15
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref15
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref16
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref16
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref17
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref17
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref18
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref18
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref19
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref19
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref19
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref20
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref20
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref20
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref21
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref21
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref22
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref22
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref22
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref22
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref23
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref23
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref23
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref24
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref24
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref24
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref24
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref25
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref25
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref25
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref25
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref26
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref26
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref26
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref27
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref27
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref28
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref28
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref28
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref29
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref29
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref29
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref30
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref30
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref30
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref31
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref31
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref31
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref32
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref32
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref33
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref33
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref34
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref34
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref34
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref35
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref35
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref35
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref36
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref36
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref36
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref37
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref37
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref37
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref38
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref38
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref38
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref38
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref39
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref39
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref39
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref40
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref40
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref41
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref41
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref41
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref42
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref42
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref42
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref43
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref43
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref43
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref44
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref44
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref45
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref45
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref45
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref45
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref46
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref46
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref46
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref47
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref47
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref48
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref48
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref48
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref48
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref49
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref49
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref49
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref50
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref50
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref50
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref51
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref51
http://refhub.elsevier.com/S0376-7388(20)30803-6/sref51

	Fluorinated PDMS membrane with anti-biofouling property for in-situ biobutanol recovery from fermentation-pervaporation cou ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Membrane preparation
	2.3 Membrane characterizations
	2.4 Pervaporation measurement and ABE fermentation-pervaporation coupled process

	3 Results and discussion
	3.1 Preparation of fluorinated PDMS membranes
	3.2 Morphologies and surface properties of PDMS membranes
	3.3 Performance of fermentation-pervaporation coupled process

	4 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgement
	References


