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• The PVDF membranes were modified
by plasma treatments with O2 and CF4
gases.

• The modified membrane have an en-
hanced flux and hydrophobicity after
the plasma treatment.

• The pore-size and porosity at the mem-
brane surface increased after the plas-
ma treatment.

• The hairy structure was formed at the
membrane surface by the HMDSO coat-
ing.

• The O2 plasma treatment with HMDSO
coating increased the receding contact
angle.
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Recently, various nanotechnologies have been utilized with regard to membrane modification due to their high
activities and the low cost of the nanomaterials involved. In order to enhance the hydrophobicity of the mem-
brane surface for membrane distillation applications by decreasing the surface energy, a radio-frequency plas-
ma-enhanced chemical vapor deposition (RF-PECVD) process is suggested with surface nanostructuring and a
subsequent hydrophobic coating step. In this research, a commercial PVDF membrane was modified by plasma
treatments with the two different gases of O2 and CF4. The water contact angles of the active layers increased
from 73 to 117 and 101° and the fluxes of the treated membranes increased to 63 and 27.9% as compared to a
virgin PVDF membrane when the feed used was D.I. water by the O2 and CF4 plasmamodifications, respectively.
Defluorination at the long exposure time (120 min) of the plasma treatment and increase of the overall hydro-
phobicity (the decrease of the contact angle hysteresis) by the HMDSO coating were the reasons of the flux var-
iations for the plasma modified membranes.

© 2016 Published by Elsevier B.V.
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1. Introduction

Membrane distillation (MD) is a thermally driven membrane pro-
cess. The main mechanism of membrane distillation is the vapor pres-
sure difference between the feed and the cooling sides. Water vapor
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evaporated from the hot feed sidemoves through a porous hydrophobic
membrane and condenses as water drops on the cold cooling side. Be-
cause only vapor is transported across the membrane, the salt rejection
rate for non-volatile ions under the operating conditions of theMD pro-
cess is theoretically 100%. In the desalination field, the MD process is
considered as a next-generation technology due to the small flux de-
crease, though the feed solution is highly saline. Recently, pilot plants
have been built worldwide in order to commercialize the MD system
in the desalination field or for other possible applications.

One of the major hurdles preventing the commercialization of MD
technology is the absence of a high-fluxmembrane. In order to develop
high-performanceMDmembranes, various approaches have been used.
Different polymeric and ceramic materials (PP, PVDF, PTFE, PE and zir-
conia) have been utilized as the active layer of MD membranes [1–3].
Flat-sheet and hollow-fiber membranes with a single layer or with a
bi-layer structure have been tested under various MD configurations
[4–6]. Novel methods also have been used to fabricate a nanofiber or a
mesh of carbon nanotubes [7–9].

Surface modification refers to a technique to enhance the required
performance of a membrane by adding a small amount of a functional
group onto the surface or by changing the surface characteristics by
means of physical or chemical methods. Due to thewidespread applica-
tion of surface modification methods, several practical technologies for
membranes have been developed. Onemethod involves the attachment
of a functional group of ions (zwitterions and hydrophilic matter) to
provide anti-fouling characteristics on the membrane surface [10,11].
Membrane characteristics such as the hydrophobicity, surface charge
and roughness have also been shown to be feasible targets in the effort
to develop a high-performance membrane [12–14]. In order to change
the surface characteristics of the membrane, various techniques have
been suggested, such as surface polymerization, layer-by-layer
methods, chemical vapor deposition (CVD), or a plasma treatment
[14–19].

In this study, a radio-frequency plasma-enhanced chemical vapor
deposition (RF-PECVD) process was selected for use to improve the hy-
drophobicity of the MD membrane. In dry etching technologies such as
RF-PECVD, the membrane sample can be immersed in various reactive
gases (O2, CF4, etc.). The membrane samples can be modified by two
major reactions (physical bombardment by ions and a chemical reac-
tion caused by radicals) in the RF-PECVD chamber. It is known that rad-
ical reactions cause greater modifications than physical ion
bombardment. The emitted ions are responsible for the physical (ener-
getic) bombarding of the surface, which influences the chemical etching
process. The generated radicals react with the surface to produce vola-
tile products (CO, CO2, etc.), which are responsible for the dry etching
and which become attached to the membrane surface by forming sites
for polymerizationwith other additives [20]. In earlier work, the plasma
polymerization of hexamethyldisiloxane (HMDSO), which has low sur-
face energy of 24.2 mN/m, was shown to increase the degree of surface
hydrophobicity [21,22].

Other researchers have also utilized a plasma treatment to modify
the surfaces of MD membranes. Yang et al. modified an original hollow
fiber membrane using a P2i plasma enhancement machine [16]. In
Yang's research, a hydrophobic polymeric nano-coating with 1H, 1H,
2H, and 2H-perfluorodecyl acrylate was produced on the membrane
surface by a plasma treatment. The LEP (liquid entry pressure) was en-
hanced due to the increased contact angle and the decreased pore size
of themodifiedmembrane.Wei et al. modified a hydrophilic polyether-
sulfone (PES) membrane with a CF4 plasma treatment [17]. The contact
angle of the plasma-treated membrane increased from 60° to 120° and
was maintained with excessive plasma power and exposure times. The
flux of the PES membrane modified with CF4 plasma was 66.7 kg/m2 h
when the feed and permeate temperatureswere 73.8 and 20 °C, respec-
tively. This represents one of the highest flux levels relative to those re-
ported from the references in Wei's research when various
characteristics of the membranes and operating conditions are
considered. Yang et al. recently suggested that the flux of plasma-mod-
ified membranes is enhanced due to the increase in the effective evap-
oration caused by the change of the surface hydrophobicity [19].
However, researchwith respect to the relationship betweenmembrane
characteristics and themembrane performance is still limited. In this re-
search, we focused on the relationship between the hydrophobicity and
membrane flux. First, the static and dynamic hydrophobicities were
measured for themodifiedmembrane surfaces in order to check the hy-
drophobicity uniformity. We also tried to compare the modified mem-
brane surfaces and their fluxes according to the introducing gases of
the plasma treatment.

To investigate the performance enhancement caused by a plasma
treatment of a MDmembrane, a commercial PVDFmembrane was cho-
sen and modified 1) by an O2 plasma treatment with a subsequent hy-
drophobic coating and 2) solely by CF4 plasma. The exposure time of
the each plasma treatment and the number of modifiedmembrane sur-
face (active layer only or active/support layer together) for each mem-
brane was varied. Furthermore, to understand the relationship
between the modified membrane characteristics and the membrane
flux, SEM-EDX and contact angle analyses were conducted.

2. Experimental method

2.1. Membrane

A commercial PVDFmembranemanufactured by a membrane com-
pany (S80306, Pall, U.S.A.) was selected as the candidate membrane for
the plasma treatment. The single-layer flat-sheet type of membrane
chosen for use here had a pore size of 0.45 μm and a membrane thick-
ness of 147 μm.

2.2. Hydrophobic coating by a plasma treatment

The PVDFmembrane was modified using O2 and CF4 plasma via RF-
PECVD. The schematic diagram of the experimental set-up is shown in
Fig. 1. The voltage of the CVD machine was fixed at 400 V (62 W) and
the vacuum condition in the CVD chamber was 20 mTorr. The mem-
branes were modified by O2 plasma and CF4 plasma in the following
three ways. First, a hydrophobic coating was deposited onto the mem-
brane facing the feed side by means of an O2 plasma treatment (an
O2‐hydrophobic coating). The procedure of the O2 plasma coating had
two steps. In the first step, the target pristine PVDF membrane was
placed into the CVD chamber and was exposed to the plasma with O2

gas from 30 to 120 min according to the experimental conditions. Sec-
ondly, the plasma-treated membrane was coated with HMDSO
(hexamethyldisiloxane, Sigma Aldrich, U.S.A.) for 30 s. Because the O2

plasma-treated surface becomes hydrophilic, the low-surface-energy
material of HMDSO, with a surface energy level of 24.4 mJ/m2, i.e.,
lower than the surface energy (31.6 mJ/m2) of the PVDF membrane,
was used as a coating [23]. Second, with this method, a hydrophobic
and hydrophilic coatingwas deposited onto themembrane surfaces fac-
ing the feed and the permeate sides via theO2 plasma treatment (an O2-
hydrophobic/hydrophilic coating). One side of the target membrane
facing the feed solutionwas coated using the same procedure described
above, but for the other side of the target membrane facing the perme-
ate solution, the HMDSO coating was omitted, leading to asymmetric
wettability. The third way, involving the CF4 plasma treatment, was
one in which the HMDSO coating was not conducted because the CF4-
treated surface became hydrophobic (a CF4‐hydrophobic coating). The
exposure time of the CF4 coating ranged from 60 to 120 m. Detailed in-
formation about the testing conditions is given in Table 1.

2.3. Module and DCMD operation

A plate and frame type of acryl module was used for the direct con-
tact membrane distillation (DCMD) test conducted. The dimensions of



Fig. 1. Schematic diagram of rf-PECVD and DCMD systems.
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the water channel for the feed and permeate sides are identical at
0.026 m × 0.077 m (the effective area of the membrane) × 0.003 m
(the height of the water channel). The inlet and outlet are connected
to themodule perpendicularly to thewater flow. The targetmembranes
were placed in a DCMD module and operated for 90 min under the
given experimental conditions. The operating conditions (i.e., feed and
permeate temperature, flow rate) are controlled using a water bath
with a stainless steel coil and by a flow-controllable gear pump
(75211-15, Cole-Parmer Instrument Company, U.S.A.). The feed and
permeate temperatures in all tests were 60 and 20 °C, respectively.
The cross-flow velocities of the feed and permeate were 0.34 m/s and
0.26 m/s, respectively. The experimental data (i.e., the increase in the
weight of the permeate solution, the EC in the feed and permeate) are
recorded by a balance and with an electronic conductivity meter
(HQ40d, Hach, U.S.A.) and are automatically stored on a laptop comput-
er. The details and operation of the experiment unit were sourced from
Table 1
Detailed experimental conditions (plasma conditions and exposure times for the pristine
and plasma modified membranes).

Abbreviation Plasma condition Exposure
time
(min)

O2 plasma treatment CF4 plasma
treatment
(hydrophobic
coating)

Hydrophobic
coating (H)

Hydrophobic/hydrophilic
coating (HH)

O2-H-30 O 30a

O2-H-120 O 120a

O2-HH-30,30 O 30, 30b

O2-HH-80,60 O 80, 60b

CF4-H-60 O 60c

CF4-H-90 O 90c

CF4-H-120 O 120c

a (T) O2 plasma (exposure time, A) + HMDSO coating (30 s).
b (TF, TP) feed side: O2 plasma (exposure time, TF) + HMDSO coating (30 s)/permeate

side: O2 plasma (exposure time, TP).
c (T) CF4 plasma (exposure time, A).
previous work [24]. The feed and permeate solutions were D.I. water.
For the integrity test, 0.6 M of a NaCl solution was used in the feed
with the O2-plasma-treated membrane (O2 plasma for 30 min and
HMDSO for 30 s). The permeate conductivity levels were maintained
at 1–2 μS/cm for an operation time of 90 min when the feed was the
0.6 M NaCl solution.

2.4. Instrumental analysis

In order to measure the variation of the hydrophobicity, surface
morphology andelemental composition of themodifiedmembrane sur-
faces, the following instrumental analyses were conducted. Contact
angle (CA) observations of pristine and variously modified membranes
were conducted using the sessile drop method with D.I. water and a
micro-syringe on a static contact angle apparatus (DSA100, KRÜSS, Ger-
many). The device measured the static contact angle 18–20 times per
each water drop and at least 2 water drops were observed for each
membrane sample. The contact angle hysteresis (CAH) was also mea-
suredwith a dynamic contact angle analyzer (Sigma700, Biolin Scientif-
ic, Finland). The surfaces of the pristine PVDF and plasma-modified
membranes were observed by FE-SEM (S-4200, Hitachi, Japan) and E-
SEM with Energy-Dispersive Spectroscopy (EDS) (XL-30, FEI, USA).

3. Results and discussion

3.1. Flux of the modified membrane after the plasma treatment

3.1.1. O2 hydrophobic coating and hydrophobic/hydrophilic coating
Fig. 2 shows the flux variations according to the exposure time to O2

plasma at 30 s for the HMDSO coating (the O2-hydrophobic coating).
The flux significantly increased when the exposure time of the O2 plas-
mawas 120min (shown as a black triangle in Fig. 2). The average fluxes
of themodifiedmembranes (O2-H-30 (shown as an empty square in Fig.
2) and O2-H-120) were 21.9 and 33.2 kg/m2 h, respectively, while the
average flux of the virgin membrane (shown as a gray diamond in Fig.
2)was 20.4 kg/m2 h. Themodifiedmembranes treatedwith theO2 plas-
mawith the HMDSO coating showed higher flux levels by 7.6 and 63.0%
compared to the pristinemembrane depending on the O2 plasma treat-
ment exposure time.

The flux behaviors according to the exposure time of the O2 plasma
treatment (both sides of themembrane)with theHMDSO coating (only
the feed side of themembrane) for the PVDFmembrane are described in
Fig. 3 (O2-hydrophobic/hydrophilic coating). The average flux increased
from 23.0 to 28.0 kg/m2 h with longer exposure times of the O2 plasma
(O2-HH-30, 30 and O2-HH-80, 60). The flux (23.0 kg/m2 h) of the mod-
ifiedmembrane (O2-HH-30, 30)with both sides of themembrane treat-
ed was slightly higher than that (21.9 kg/m2 h) of the modified
membrane with a single side of the membrane treated (O2-H-30) at
an identical O2 exposure time of 30 min. One possible reason for the in-
creased flux of the modified membrane with both sides treated is the
decrease in the effective membrane thickness, as the membrane on
the permeate side becamehydrophilic due to the grafting of hydrophilic
polar oxygenated species [25,26]. Consequently, after the O2 plasma
treatment with the HMDSO coating on the PVDF membrane, the flux
of the modified membrane increased with the O2 plasma exposure
time under the given experimental conditions.

3.1.2. CF4 hydrophobic coating
The flux behavior according to the exposure time of the CF4 plasma

for the target membrane is shown in Fig. 4. The average fluxes of the
modified membranes (CF4-H-60, CF4-H-90 and CF4-H-120) according
to the CF4 exposure times (60, 90 and 120 min) were 27.9, 24.6 and
25.5 kg/m2 h, respectively. All of the modified membranes showed en-
hanced flux compared to the virgin membrane. Unlike the O2 plasma
treatments results, the flux did not distinctly increase according to the
plasma exposure time under the given experimental conditions (CF4



Fig. 2. Flux behavior according to the exposure time of the O2 plasma treatment (single
side of the membrane) with the HMDSO coating on the PVDF membrane (feed water:
D.I. water, corresponding temperatures of the feed and permeate: 60 °C and 20 °C,
corresponding cross-flow velocities of the feed and permeate: 0.34 m/s and 0.26 m/s).

Fig. 4. Flux behavior according to the exposure time of the CF4 plasma treatment (single
side of the membrane) for the PVDF membrane (feed water: D.I. water, corresponding
temperatures of the feed and permeate: 60 °C and 20 °C, corresponding cross-flow
velocities of the feed and permeate: 0.34 m/s and 0.26 m/s).
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plasma exposure times of 60–120min). Plateaus of themembrane char-
acteristics (surface porosity and pore size) and the performance (flux)
according to the exposure time of the plasma treatment were observed
in earlier studies when the exposure time was excessive [17,18]. How-
ever, in case of the O2 plasma treatment, the plateaus was not observed
under given experimental conditions (exposure time from 30 min to
120min). Moreover, the flux (33.2 kg/m2 h) of themodifiedmembrane
which underwent the O2 plasma treatment was higher than that
(25.5 kg/m2 h) of that of the CF4 plasma treatmentwith a long exposure
time (120min). The fluxes of the plasma treated membranes by O2 and
CF4 plasma were enhanced up to 63 to 27.9%, respectively. With in-
crease of themembrane flux, the required membrane area could be de-
creased. Therefore, the capital cost including the membrane
(purchasing and replacing), modulation, piping and land (foot print)
costs could decrease. Though the PTFE membrane has promising char-
acteristics on hydrophobicity and flux, the plasmamodified PVDFmem-
brane alsomight have chance to be commercialized due to the difficulty
in fabrication and the limitation in the modification of the PTFE mem-
brane. Many researchers have been modified a PVDF material for the
MD application (18–19, 27).

In order to understand the reasons for theflux variation according to
the exposure time of the plasma treatment and type of the plasma, the
membrane characteristics (i.e., the pore size, porosity and membrane
thickness) and the hydrophobicity (CA and CAH) were analyzed.
Fig. 3. Flux behavior according to the exposure time of the O2 plasma treatment (both
sides of the membrane) with the HMDSO coating (feed side of the membrane only) on
the PVDF membrane (feed water: D.I. water, corresponding temperatures of the feed
and permeate: 60 °C and 20 °C, corresponding cross-flow velocities of the feed and
permeate: 0.34 m/s and 0.26 m/s).
3.2. Effect of the plasma treatment on the physical and chemical character-
istics of the membrane

3.2.1. Surface morphology and membrane thickness according to the type
and exposure time of the plasma

The surfaces of the virgin and modified membranes were observed
by SEM. The surface morphologies after the plasma treatments showed
distinct increases in the pore size and porosity compared to those of the
virgin membranes (Figs. 5 and 6). As shown in Fig. 5(a) (the virgin
membrane) and Fig. 5(b) and (c) (the O2-plasma-modified mem-
branes), the pore size and porosity on the surface of the PVDF mem-
brane increased significantly with an increase in the exposure time of
the O2 plasma up to 120 min. After the O2 plasma treatment (O2-H-
120), hairy structures were found to have formed on the modified
membranes (Fig. 5(c)). The hairy structures are related to the surface
wettability, as the surface had become more hydrophobic [28]. This re-
sult corresponded to the increased flux of the PVDFmembranewith the
increased exposure time of the O2 plasma treatment (Fig. 2). For the CF4
plasma treatment of the PVDF membrane (Fig. 6), all of the modified
membranes had similar surface morphologies under the given the plas-
ma exposure times after the plasma treatment. The results of observa-
tions of the SEM images correspond to the flux results, indicating that
the plasma treatment enhances the flux of the modified membrane by
changing its surface morphology. In summary, the increases in the
pore size and porosity may affect the increase in the flux of the PVDF
membrane when the membrane was modified by the plasma treat-
ment. The plasmaetchedmembrane surfaceswere similarwhen the ex-
posure time of the plasma treatment was higher than 30 min, however,
in the case of O2-H-120 experiment, the hairy structure was observed.

Additionally, themembrane thicknesses of the pristine andmodified
membranes were investigated in cross-sectional images taken from the
SEM analysis. The membrane thicknesses of the tested membranes
ranged from 100 to 120 μm, and no significant change in themembrane
thickness occurred after the plasma treatment.
3.2.2. Hydrophobic characteristics of the modified membrane
Themeasured static contact angle (CA) and contact angle hysteresis

(CAH) for the virgin and modified membranes and the fluxes under
given experimental condition are listed in Table 2. The advancing and
receding contact angles are themaximumandminimumcontact angles,
respectively. Additionally, the contact angle hysteresis can be calculated
from the difference between the advancing and receding contact angles.

The static contact angle of the O2-plasma-modified membrane in-
creased with the plasma exposure time (Table 2). Camacho et al.
found that the overall flux of the membrane distillation was dependent
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Fig. 5. Surface images of the virgin and modified membranes according to the O2 plasma
exposure time ((a) virgin PVDF membrane, (b) O2 plasma (30 min) + HMDSO (30 s),
(c) O2 plasma (120 min) + HMDSO (30 s)).

(a) 

(b)

(c)
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Fig. 6. Surface images of the membranes according to the CF4 plasma exposure time ((a)
CF4 plasma (60 min), (b) CF4 plasma (90 min), (c) CF4 plasma (120 min)).
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with surface contact angle because hydrophobic structures has lower
thermal conductivity according to their review paper [29]. Fan et al. fab-
ricated and tested the various hydrophobic PVDF membranes and the
flux of the membrane which poses higher hydrophobicity had a higher
flux [27]. However, the static contact angle of the modified membranes
did not increase with an increase in the plasma treatment time in the
case of the CH4 plasma treatment. These results correspond to the sur-
face morphology variations (Fig. 6).

The CAH of the modified membrane decreased after the O2 and CF4
plasma treatment (120 min) and the advancing and receding contact
angles were increased. In detail, the O2-H-120 membrane showed a
higher receding contact angle (109.4°) and a lower CAH (36.4°) than
the CF4-H-120 membrane even though the advancing contact angles
of both membranes are similar. This suggests that the O2-H-120 mem-
brane has a more evenly distributed hydrophobic surface than the
CF4-H-120 membrane. Moreover, when we compared the performance
result (flux) between the O2-H-120 membrane and the CF4-H-120
membrane, it could be concluded that the low adhesive hydrophobic
surface having low CAH results in high flux during themembrane distil-
lation process. The suggested reason for the flux increase with an in-
creased hydrophobicity of the active layer of the MD membrane was
the increase of the effective evaporation area [19]. However, the flux in-
crease according to the CAHdecrease has not been suggested. Thewater
vapor pressure near the relatively adhesive surface (CF4 plasma modi-
fied membrane than O2 plasma modified membrane) could be de-
creased due to the decrease of the adhesion force between the water
vapor and the membrane.



Table 2
Static contact angle, contact angle hysteresis and flux of the pristine and plasma modified membranes.

Virgin membrane O2-H-30 O2-H-120 O2-HH-80,60 CF4-H-60 CF4-H-90 CF4-H-120

Static contact angle (°) 73.4 ± 4.9 99.5 ± 3.3 117.2 ± 14.5 103.8 ± 1.5 101.3 ± 3.6 101.4 ± 16.2 99.6 ± 3.4
Dynamic contact angle (°) Advancing contact angle 111.5 – 145.8 – – – 145.6

Receding contact angle 28.5 – 109.4 – – – 81.7
Contact angle hysteresis 83.0 – 36.4 – – – 63.9

Flux (kg/m2h) 20.4 21.9 33.2 28.0 27.9 24.6 25.5
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3.2.3. EDX analysis of the plasma-modified membranes
The chemical compositions of the pristine andmodifiedmembranes

were investigated in an EDX analysis, as shown in Table 3. Carbon (68%)
and fluoride (32%) were the major components of the virgin PVDF
membrane. The measured fluorine-to-carbon (F/C) atom ratio of the
virgin membrane was 0.5, similar to the F/C atom ratio (0.48) of the
PVDF membrane from the research of Masuelli et al. [30]. For the mod-
ified membranes, the F/C atom ratios increased after the shorter O2 and
CF4 plasma treatments (30min and 60min, respectively) and decreased
after the longer plasma treatment (120 min).

The increase in the F/C ratio at an early stage of the O2 and CF4 plas-
ma treatments may be due to the strong etching effect of the plasma in
these cases [31]. In case of the O2 plasma treatment, the produced oxy-
gen radical in the plasma chamber liberates carbon and hydrogen from
the PVDFmembrane by forming carbon dioxide (CO2) [32]. Additional-
ly, after the O2 plasma treatment, oxygen attaches onto the modified
membrane surface and the HMDSO containing the oxygen and silica
also attach onto the O2-plasma-treated area. The attached HMDSOmol-
ecules can boost the surface hydrophobicity on the membrane surface
[21,22]. As shown in Table 3, the oxygen and silica contents of the O2-
plasma-treated membrane occupied b5.9 and 1.8 atomic percentage,
respectively, due to the HMDSO coating. The increased silica contents
with the increased exposure time can be explained by the enhanced ad-
sorption sites for the HMDSO coatings formed by the increased expo-
sure time of the O2 plasma. The decomposed HMDSO and its
hydrophobic functional group could be coated as SiOx–C:H film [21].
Therefore, additional hydrophobicity could be achieved. For the CF4
plasma treatment, the etching, atomic insertion, deposition and poly-
merization could be happened [19]. The results (Table 3) showed that
the fluorination happened at the modified membrane surface possibly
by etching and F atom insertion. Therefore, it can be expected that
thin F layer may be formed at the modified hydrophobic membrane
surface.

The decrease in the F/C ratio (1.1–N0.6) after 120min of exposure to
the O2 and CF4 plasma can be explained as defluorination [33]. The O/C
ratio also decrease at 120min of exposure time to the O2 plasma, which
represents that the decrease of the O content (deoxygenation). In case
of the O2 plasma modified membrane, the major contributor of the hy-
drophobicity could be the HMDSO coating because the more exposure
time of the O2 plasma resulted in more Si content at themembrane sur-
face (Table 3). The one of the possible candidates of the hydrophobic
functional group is [-SiF2-O-](n). The formation of [-SiF2-O-](n) structure
was suggested as themajor factor for super-hydrophobic surface [34]. In
this research, the occurred defluorination for O2-H-120 membrane
Table 3
EDX analysis results for the pristine and plasma modified membranes.

Types of the
plasma

Exposure time
(min)

C
(%)

F
(%)

O
(%)

Si
(%)

F/C
(%/%)

O/C
(%/%)

Non-treated – 68 32 0 0 0.5 0
O2 30 47.7 48.4 3.5 0.4 1.0 0.1

120 58.6 36.8 2.8 1.8 0.6 0.05
CF4 60 50.2 49.8 0 0 1.0 0.0

90 50.3 49.7 0 0 1.0 0.0
120 61.8 38.2 0 0 0.6 0.0
supported that the formation of the SiFxOy complex. The other candi-
date functional groups formed at the membrane surface can be com-
bined hydrophilic polar oxygenated species [25,26] with fluoride, O–
CH2 or O–CH2–CF2 [35]. And the possible reason of the deoxygenation
for O2-H-120 membrane could be the decrease of those functional
groups at the membrane surface (Table 3).

In case of the CF4 plasma treatment, the fluorinated layer is the
major contributor for the hydrophobicity of the modified membrane.
The site for the F attachment can be limited due to the number of the hy-
drogen at the membrane surface is limited. Therefore, when the
defluorination happened (CF4-H-120), the hydrophobicity and the flux
were slightly decreased (Table 2).

4. Conclusion

A plasma treatment was utilized as a surface modification tool for a
PVDF membrane. The flux of a hydrophilic PVDF membrane increased
63% with the exposure time of an O2 plasma treatment. The contact
angle of the treated membrane was also increased from 73 to 117°
with the exposure time of the O2 plasma treatment with a subsequent
HMDSO coating. The flux of themodifiedmembrane was also increased
27.9% by a CF4 treatment; however, no significant enhancementwas ob-
servedwhen the exposure time ranged from60 to 120min. Both plasma
(O2 and CF4) treatments enhanced the hydrophobicity of the PVDF
membrane surface from 73 to 117 and 101°, respectively. The flux of
the O2 plasma-modified membrane after a long plasma exposure time
(120 min) was higher than that of the CF4 plasma-modified membrane
because the HMDSO coating enhanced the overall hydrophobicity by
decreasing CAH of the modified membrane and defluorination
happened.
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