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A B S T R A C T

Membrane distillation is an emerging membrane technology, commonly used for desalination. The development
of high performing and cheap membranes is one of the concerns for increasing the industrial applicability of the
technology. In this paper, an economically interesting alternative has been found through the deposition of an
atmospheric plasma coating on an inexpensive commercial hydrophilic membrane with a microporous structure.
This coating enables obtaining the required hydrophobicity in order to retain the feed solution and preventing
wetting of the membrane. The effect of the plasma discharge time on the membrane properties and membrane
distillation performance was investigated. It was found that by using atmospheric plasma technology, very thin
hydrophobic layers of a few μm can be obtained on top of a hydrophilic membrane structure. The thin hydro-
phobic layer obtained using this technology reduces the mass transport resistance, which results in very high
fluxes at seawater salinity. This flux is equal to the flux of more expensive and supported thin PTFE membranes.

1. Introduction

Membrane distillation is an emerging thermal separation technique,
using a hydrophobic microporous membrane. The hydrophobicity re-
tains the liquid phase, including the dissolved components. Due to a
temperature difference over the membrane, a vapor pressure difference
is established, inducing vapor transport from the hot feed to the cold
permeate liquid [1,2].

Each membrane structural parameter has an influence on the
membrane performance, expressed by four different parameters: flux,
energy efficiency, wetting resistance and stability [3]. Usually, a com-
promise is made for the membrane structure in order to optimize these
four parameters in the best possible way. For example, the mass
transport through a membrane is inversely proportional to the mem-
brane thickness, while the energy loss through the membrane is linearly
proportional to the membrane thickness [4]. These counteracting
phenomena result in an optimum for the membrane thickness for flux,
which mainly depends on salinity, temperature difference and flow
velocity.

For low salinity a membrane thickness ranging from 10 to 60 µm is
recommended as the ideal thickness for a MD (membrane distillation)
membrane [5–9]. On the other hand, a membrane, thicker than 100 µm,
is preferred at high salinity, especially for relatively low temperature

differences (< 16 °C) and flow velocities (< 0.12m s−1) used at large
scale spiral wound [8,10] or for full scale hollow fiber modules [11].
The fact that thicker membranes are less affected by salinity is caused
by the lower thermal heat losses and hence their ability to sustain a
higher driving force over the membrane. More information can be
found in the Supplementary material research data 3 and in the lit-
erature [7,10].

Membranes with a thickness below 60 µm have a low mechanical
strength. An alternative is the synthesis of a dual-layer membrane,
where a cheap hydrophilic porous layer acts as support for a hydro-
phobic top layer [11,12]. The difference in transport mechanisms be-
tween fully hydrophobic and hydrophobic/hydrophilic membranes in
DCMD is visualized in Fig. 1. The homogeneous hydrophobic mem-
brane, vapor transport occurs through the entire thickness of the dry
membrane. In contrast for a hydrophobic/hydrophilic membrane, the
hydrophilic part in contact with the liquid permeate is filled with water.
The vapor/liquid interfaces exist at the membrane surface at feed side
and within the membrane at the border of the hydrophobic and hy-
drophilic part of the membrane. Vapor transport only occurs through
the thin hydrophobic and dry part of the membrane. As this part is
much thinner, higher membrane permeability is expected. However,
also the additional polarization in the liquid filled hydrophilic part
should be taken into account, which reduces the driving force for vapor
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transport through the dry membrane part. More information on the
theoretical background of hydrophobic/hydrophilic membranes can be
found elsewhere [11].

Using plasma technology, hydrophobic coatings can easily be ap-
plied on polymeric surfaces [14,15]. In plasma, radicals and fragmented
molecules, issued from the chemical precursor and the plasma dis-
charge gas are created and polymerized. By selecting suitable chemi-
cals, a hydrophobic coating can be deposited on the membrane surface.
Vinyltrimethylsilicon/tetrafluoromethane and octafluoro-cyclobutane
were already applied on hydrophilic membranes under medium va-
cuum pressure. Water contact angles of 120° and a salt retention in MD
of 92–94% were achieved depending on the discharge power [16,17].
Mild polymerization conditions were proposed, since it was observed
that an increasing discharge time induced a flux decrease due to pore
blocking.

More recently, tetrafluoromethane was successfully applied using
(high) vacuum plasma for modification of flat sheets and hollow fibers
hydrophilic polyethersulfone membranes as well, achieving a contact
angle of 120° [18] and 144° [19]. No leakages were observed during
direct contact membrane distillation (DCMD). Gancarz et al. success-
fully investigated a vacuum plasma coating using perfluorohexane and

hexafluorobenzene on a track-etched poly(ethylene terephthalate)
membrane. A contact angle between 100° and 110° was achieved, with
DCMD fluxes equal to a supported PTFE membrane and sugar rejection
of 98–100% [20].

These different studies were carried out using low vacuum plasma.
In this study, plasma technology at ambient pressure was applied to
hydrophobize a cheap commercial hydrophilic polyethersulfone mem-
brane. Working at atmospheric pressure is cheaper (allowing the re-
duction of the total cost of the MD membrane) and improves the inline
integration in the membrane production process. A mixture of per-
fluorooctyltriethoxysilane and (3-aminopropyl)triethoxysilane
(PFOTES/APTES) was used as hydrophobic precursor in the plasma.
The effect of the plasma discharge time on membrane properties and
membrane distillation performance was investigated. Special attention
was paid towards the position of the hydrophobic layer into the
membrane structure and the effect of the coating layer thickness on the
MD performance. A comparison is made between a fully hydrophobized
membrane (using vacuum on the membrane bottom side) and a to-
player coated membrane.

2. Materials and methods

2.1. Membranes

The commercially available hydrophilic MicroPES 2F membrane
from Membrana Gmbh was selected to be used for membrane distilla-
tion. As indicated by the provider, this membrane has a maximum pore
diameter of 0.5 µm and a thickness of 110 µm.

Two membranes used in commercially available membrane dis-
tillation modules are used as reference membranes to evaluate the
performance of newly synthesized membrane distillation membranes
[21,22]. These membranes were not selected based on a similarity in
structure, but represent the best available membranes for membrane
distillation at the moment in terms of stability, flux, energy efficiency
and salt retention and can therefore be used as a reference to evaluate
the performance of the novel membranes prepared in this paper [23].
The polyethylene (PE, Lydall, Solupor) with a pore size of 0.15 µm and
a thickness of 95 µm is currently used in commercial membrane dis-
tillation modules [21]. The supported polytetrafluoroethylene (PTFE,
W. L. Gore & Associates) with a membrane thickness of 40 µm, a pore
size of 0.1 µm and a polypropylene non-woven support is found to show
the best performance at low salinity out of a large set of in-house tested
commercial membranes [23]. More information on the membrane
properties of the PE and PTFE membrane can be found elsewhere
[21–23].

2.2. Plasma treatment

Based on preliminary screening experiments a 50/50wt% mixture
of perfluorooctyltriethoxysilane and (3-aminopropyl)-triethoxysilane
was selected (see Supplementary material research data). Both com-
ponents were purchased from Sigma-Aldrich with a purity> 98%. The
chemical structures are presented in Table 1.

Fig. 1. Scheme of DCMD transport mechanism of a) a fully hydrophobic membrane and
b) a hydrophobic/hydrophilic membrane.
Reprinted with permission from Elsevier [13].

Table 1
Structure of the components used in the plasma modification method.
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An atmospheric pressure plasma method based on dielectric barrier
discharge (DBD) technology was employed for hydrophobization of PES
microfiltration membranes. The DBD plasma reactor consists of two
parallel electrodes, one of which, the top electrode, being covered with
a 3mm thick insulating glass plate and connected to a high voltage
power supply (Fig. 2). Plasma discharges were generated at a fixed
frequency of 1.5 kHz and a dissipated power of 0.16W cm−2 of elec-
trode surface. Argon was used as carrier gas. Plasma polymer precursors
were nebulized with an atomizer (TSI model 3076) to produce a fine
aerosol. Droplet sizes were measured with a particle size analyzer (TSI
model 3080) and were found in the range of 10–300 nm with a max-
imum concentration around 50 nm. The small particle size generated by
this atomizer ensures optimum reaction conditions in the plasma.

In order to guarantee homogeneous plasma treatment, the top
electrode moves back and forth in a number of passes (5–90) over the
grounded bottom electrode at a speed of 4mmin−1. By adapting the
number of passes, five samples with different treatment times were
produced: P14, P27, P54, P108, P250. The code number refers to the
discharge time in seconds. The gap between the electrodes was limited
to 2mm to ensure stable plasma operations.

The lower metal electrode can be optionally replaced by a metal
grid. When a membrane is placed on the metal grid electrode, slight
vacuum pumping applied to the void under the grid generates a pre-
ferential flow of the plasma gas through the membrane, promoting
plasma treatment inside the pores of the membranes. Using this
method, two different samples were prepared using 10 or 40 passes of
the electrode back and forth over the membrane. The equivalent dis-
charge time was 27 and 108 s respectively. These two membranes are
further referred to as Pv27 and Pv108.

For each membrane treatment, a glass plate was simultaneously
plasma treated. Part of the glass plate was covered with tape. After
removal of the tape, the step height from the clean glass (where pre-
viously the tape was placed) to the coated part of the glass was mea-
sured using non-contact white light profilometry (Wyko, NT3300).
Because the membrane has a porous structure, the coating will also
partially enter the membrane pores. This measurement is therefore not
a measure of the hydrophobic layer thickness on the membrane, but
provides a general idea on the amount of coating deposited per square
meter membrane.

2.3. Membrane characterization

The liquid entry pressure was measured as described in [10]. The
sessile drop water contact angle, membrane porosity, pore size and
thickness were measured as described in [23]. A cold field emission
scanning electron microscope (SEM) type JSM6340F (JEOL, Tokyo,
Japan) was used to study membrane cross-sections at an acceleration
voltage of 5 keV. Cross-sections were obtained by a cross-section pol-
isher type SM-09,010 (JEOL, Tokyo, Japan) using an argon ion beam.
All samples were coated with a thin Pt/Pd layer (∼ 1.5 nm) using a
Cressington HR208 high-resolution sputter-coater (Watford, England)
to avoid charging by the e-beam. The images of the cross-sections were
analyzed using image analysis (ImageJ) [10]. The position of the
coating was analyzed by recording the EDX spectrum of the membrane

cross-section.

2.4. MD setup

The MD performance was evaluated with a lab scale DCMD setup
(Fig. 3). The flat sheet module had a feed and permeate channel with a
width of 6 cm, a length of 18 cm and a channel height of 2mm. On the
permeate side, purified water with electrical conductivity below
20 μS cm−1 was used. All tests were carried out using aqueous solutions
with different NaCl concentrations. The feed and distillate were circu-
lated counter-currently on their respective sides of the membrane with
a velocity of 0.13m s−1 using peristaltic pumps (Watson- Marlow,
520DuN/R2, Zwijnaarde, Belgium). The inlet temperature of the feed
(Tf,in) and outlet temperature of the permeate (Tp,out) were kept con-
stant at 60 °C and 45 °C respectively. Temperature was controlled using
two heating baths (Huber, Ministat 230w-cc-NR, Offenburg, Germany)
and monitored using four thermocouples (Thermo Electric Company,
PT100 TF, Balen, Belgium). The weight variations were measured using
an analytical balance (Sartorius, ED8201-CW, Göttingen, Germany).
The electrical conductivity at the feed and permeate side was monitored
by portable conductivity meters (WTW GmbH, pH/Cond 340i, Weil-
heim, Germany). More details can be found elsewhere [10,23].

In MD, heat is transported through the membrane due to evapora-
tion/condensation and due to conduction of heat through the mem-
brane. The thermal energy efficiency (EE) of the process is defined as
the ratio of the heat transport due to vapor flux and the total heat
transfer through the membrane (Qtotal). The latter is considered to be
equal to the difference in heat between inlet and outlet of the feed
channel [24].

=

−

EE N HA
FC T T

Δ
( )p in out (1)

N (kgm−2 h−1) is the water flux, ΔH (J kg−1) the enthalpy of
evaporation, correlated to the average temperature in the channel using
a fit from Sabbah et al. [25]. F is the mass flow rate in the channels
expressed in kg s−1, A (m2) is the membrane surface area, Cp is the
specific heat capacity of the feed solution (J kg−1 °C−1), Tin and Tout are
the bulk temperatures at the channel inlet and outlet expressed in °C,
respectively. Temperatures and weight variations were logged every
2min. The flux and energy efficiency were calculated on feed and
permeate side and the average and standard deviation over 30min were
reported. The electrical conductivity at the feed and permeate side were
measured using portable conductivity meters (WTW GmbH, pH/Cond
340i, Weilheim, Germany).

To compensate for the variety in temperature differences over the
membrane used in the literature, it is suggested to use the mass transfer
coefficient. It is the flux normalized for the driving force (Δp) and is
considered as a membrane specific parameter [26]. The mass transfer
coefficient or vapor permeability (C) is calculated by:

Fig. 2. Picture and schematic drawing of the atmospheric plasma set-up.

Fig. 3. Schematic representation of the membrane distillation setup.
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=C N
Δp (2)

The bulk vapor pressure difference over the membrane depends on
feed and permeate temperature and the salinity. The vapor pressure for
pure water p0 in Pa can be correlated with temperature (T) in Kelvin
using Antoine's equation [27]:

=

−

−p e T0
23.238 3841

( 45) (3)

The feed vapor pressure for saline solutions is influenced by the
activity of water aw, depending on the interfacial molality m of the feed.
For NaCl solutions, the following equations are used for the calculation
of the interfacial vapor pressure difference [28]:

=p a pw 0 (4)

= − −a m m1 0.03112 0.001482w
2 (5)

= − = −Δp p p a p pm f m p m w f m p m, , 0, , , (6)

3. Results and discussion

3.1. Membrane characterization

The bulk properties of the hydrophilic base membrane and two
commercial reference membranes are characterized and given in
Table 2. The two commercial reference membranes do show a differ-
ence in pore size and thickness compared to the hydrophilic base
membrane. However, these two reference membranes are the most
appropriate reference membranes for evaluating new membranes based
on their MD performance and their use in commercial modules [23].

A typical phenomenon for phase inverted membranes is the differ-
ence in surface structure, revealed by SEM images (Table 3), which does
not occur for the stretched PE and PTFE membranes. While the pore
size is larger on surface side 2, the pore density and porosity are the
highest on surface side 1. The cross-section also shows a difference in
porosity across the membrane. The first 20 µm starting from surface 1
are more open. Below a denser layer with thickness of 20 µm is ob-
served. Towards surface 2, the membrane structure is more open again
[29]. All coatings are applied on the surface 1, because this side has the
lowest pore size, which is preferred to increase the wetting resistance.
In the MD setup, surface 1 was always contacting the feed side.

3.2. Atmospheric plasma coatings

3.2.1. Wetting resistance
The water contact angle and liquid entry pressure were measured to

evaluate the wetting resistance. On the coated side (surface 1) the water
contact angle is about 111° for each different treatment time (Fig. 4A).
At the uncoated side, the water contact angle increases from 40° to 83°
with increasing treatment time, indicating that a longer treatment time
results in partial hydrophobization of the uncoated side. Using the
metal grid, the contact angle on the coated side also equals 111 ± 1°
for both treatment times. At the uncoated side, the contact angle equals
108 ± 1° and 104 ± 1°, indicating that the vacuum successfully pro-
motes the plasma treatment inside the porous membranes, producing

an entirely hydrophobic structure.
As a minimum for the liquid entry pressure (LEP) of a membrane

distillation membrane a value of 2.5 bar is proposed [3,30]. All coated
membranes have a LEP close to, or larger than 2.5 bar, except the
membrane with a treatment time of 14 s, which has a LEP below 2 bar
(Fig. 4B). This LEP can further be improved by using a hydrophilic
membrane with a smaller pore size.

3.2.2. Structure
A first indication of the thickness of the coating was obtained using

profilometry. As expected, a longer treatment time results in a thicker
coating on the glass plate (Table 4). This measurement refers to the
thickness of the coating on a dense substrate. However, in this pub-
lication, the coating is applied on a porous substrate and therefore, the
chemicals penetrate partially inside the membrane pores. In membrane
distillation, it is the thickness of the membrane that was made hydro-
phobic, which is equal to the vapor transport distance through the
membrane that is important for the performance.

Fig. 5 shows the EDX spectra of the cross-section of P54 and P250.
The peaks of the carbon and oxygen coincide with the presence of the
polymer matrix, whereas the valleys are representing the pores. The
fluorine content increases in the first 2 µm for P54 and in the first 4 µm
for P250, while the coating thickness on the glass plate is only 169 and
947 nm respectively. The fluorine peak of P54 is smaller, confirming
that a lower discharge time results in a lower fluorine concentration
and thinner hydrophobic layers.

Based on these EDX spectra, it is expected that during MD operation,
the membrane only has a hydrophobic, dry layer of a few µm directed
towards the feed liquid and the remaining part of the membrane is
wetted by the permeate liquid. In this way, very thin active hydro-
phobic layers are obtained by this coating technique. Qtaishat indicated
that for these type of structures, the flux increased enormously with
increasing hydrophilic layer thickness (the wetted part of the mem-
brane) [11]. Gilron et al. showed that the flux was enhanced sig-
nificantly with increasing wetted pore depth, i.e. membranes with a
cross-section that is partially wetted [31].

The porometry measurements indicate that the pore size is not in-
fluenced by the plasma treatment regardless of the treatment time. In
contrast, the SEM-images and the image analysis show that the surface
porosity drastically decreases from 22% up to 3.5% when the treatment
time increases from 14 to 250 s (Fig. 6). An explanation could be the
damage of the coated layer above the pores during the porometry
measurements due to the limited thickness of the coating.

Combining the contact angle measurements, the EDX spectra and
the SEM-images (Fig. 6) enables to conclude that the membranes P14 to
P250 present a hydrophobic/hydrophilic membrane structure, while
the membranes produced with a metal grid and slight vacuum have an
entirely hydrophobic membrane cross-section, comparable to the
standard membrane distillation membranes.

3.2.3. MD performance
3.2.3.1. Seawater desalination (3.5 wt%). The flux and energy efficiency
of the coated membranes are presented in Fig. 7. The flux slightly
decreases with increasing treatment time and suddenly drops for the
two highest treatment times (P108 and P250). The reduction of the flux

Table 2
Properties of the membrane.

Membrane Θ dmax dav dmin εbulk δ
(°) (µm) (µm) (µm) (%) (μm)

PES 26±4 0.61± 0.04 0.56± 0.03 0.41±0.06 75.2± 0.3 115±1
PE (Solupor) 120±1 0.43± 0.02 0.30± 0.02 0.22±0.04 75.6± 0.6 99±7
PTFE 134±1 0.22± 0.01 0.19± 0.01 0.17±0.01 70–80%a 42±1

a Values given by provider, not measurable due to presence support layer.
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for treatment times above 100 s is explained by the pore clogging
visualized in Fig. 6, which hinders the mass transport of vapors through
the membrane. The energy efficiency increases from 58% to 66% with
treatment times ranging from 14 up to 54 s; thereafter the energy
efficiency decreases to 37%, caused by the decline in flux.

The membranes P14 to P250 have a hydrophobic coated toplayer of
a few µm and a hydrophilic sublayer. It is the hydrophobic toplayer that
imposes the resistance to vapor transport, while the hydrophilic sub-
layer is filled with water. In contrast, the use of the vacuum table for the
membranes Pv27 and Pv180 resulted in intrusion of the hydrophobic
molecules further inside the membrane and hereby the entire cross-
section is made hydrophobic. While the P27 having a hydrophobic/
hydrophilic structure has a flux of 22.5 ± 0.2 kg h−1 m−2, the Pv27
having an entirely hydrophobic structure has a flux of only
16.6 ± 0.5 kg h−1 m−2 for the conditions used in this study. As dis-
cussed in the introduction, two phenomena affect the performance of
hydrophobic/hydrophilic membranes compared to entirely hydro-
phobic membranes:

– The vapor transport path is much shorter for hydrophobic/hydro-
philic membranes

– The hydrophilic part is filled with water, which is resulting in ad-
ditional temperature polarization and reduces the driving force.

The higher flux obtained for hydrophobic/hydrophilic membranes
shows that the effect of the reduced vapor transport path due to the
lower transport path length is more important compared to the effect of
additional temperature polarization.

Moreover, these results also show that a reduced surface porosity
(series P14–P250) can strongly reduce the flux.

Fig. 8 compares the performance for seawater desalination with
commercial membranes used in the literature [23,32–39]. The range of
values obtained using a temperature difference over the membrane
from 15 °C up to 70 °C and a salinity from 0 up to 3.5 wt% are shown in
the boxplots, while the black tilted squares and the graphs indicate the
values measured using the same module, temperatures and flow velo-
city [23]. Fig. 8A shows the large variety in fluxes obtained when
measuring the flux with different process conditions. Therefore a
comparison of the flux of different membranes can only be done using
equal process conditions. Compared to the commercial membrane with
the highest flux (Gore, PTFE), the membrane produced in this work
shows similar flux values. The vapor permeability, given by the ratio of
the flux and the vapor pressure difference, partially normalizes the flux
for the difference in process conditions and driving force. More details
on the use of vapor permeability are discussed elsewhere [39]. Fig. 8B

Table 3
Surface and cross-section images of the commercial PES membrane and properties obtained using image analysis.

Membrane Surface 1 Surface 2 Cross-sec�on

PES

Proper�es

εs = 22 ± 4 %
dmin,s = 0.03 ± 0.1  μm
dav,s = 0.47  ± 0.2 μm
dmax,s = 1.90 ± 0.5  μm
Pore density = 4.1 ± 0.7 μm-1

εs = 8.8 ± 0.5 %
dmin,s = 0.24 ± 0.1  μm
dav,s = 0.91  ± 0.7 μm
dmax,s = 2.2 ± 0.3  μm
Pore density = 1.2 ± 0.2 μm-1

δ = 113 ± 1 μm

Surface 2

Surface 1

Fig. 4. A) Water contact angle1 as function of discharge time and B) liquid entry pressure (with and without metal grid and vacuum). 1 Standard deviation is not visible, because it is
smaller than the markers.

Table 4
Thickness of the coating on a glass plate.

Membrane Treatment time δon glass Growth speed
(s) (nm) (nm s−1)

P14 14 57±9 4.0
P27 27 104±16 3.9
P54 54 169±30 3.1
P108 108 488±194 4.5
P250 250 947±78 3.8
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shows that a better similarity is obtained in the data for vapor perme-
ability. The membranes P27 and P54 produced in this work show
higher vapor permeability compared to the 4 other commercial mem-
branes. Only the PTFE membrane of Gore shows a slightly higher per-
meability under similar conditions. For energy efficiency only little data
are available. The energy efficiency obtained for P27 is comparable to
the PVDF membranes, while the energy efficiency obtained for P54 is
similar to the PE membrane used in commercial MD modules (Fig. 8C)
[40]. Only the PTFE membrane of Gore shows higher energy efficiency.

3.2.3.2. Effect of salinity. Fig. 9 shows the flux and energy efficiency of

the P27 membrane and the two benchmark membranes PE and PTFE as
function of salt concentration. These benchmark membranes are not
showing equal membrane properties (Table 2), but are selected because
these two membranes are currently used in commercial modules. P27
achieves equal fluxes compared to the PTFE membrane in the low
salinity range and slightly lower energy efficiency. Therefore, these
membranes can be considered as an alternative for supported PTFE
membranes in the low salinity application range. The PE membrane has
a thicker hydrophobic layer of 99 µm and is imposing more resistance
towards mass transfer. Therefore, the thin plasma coating applied on a
hydrophilic membrane results in fluxes far above the currently used PE

Fig. 5. EDX spectra of the cross-section.

Fig. 6. SEM-images of the coated side (surface 1).
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Fig. 7. A) Flux, B) energy efficiency and C) salt retention. Process conditions: DCMD, Tf = 60 °C, Tp = 45 °C, v = 0.13m s−1, [NaCl] = 3.5 wt%.

Fig. 8. Comparison of A) flux, B) vapor permeability and C) energy efficiency of commercial membranes. The boxplots are summarizing the literature values obtained using a variety of
process conditions [23,32–39], the black squares indicate values for P27 and P54 measured using Tf = 60 °C, Tp =45 °C, v =0.13m s−1 [23].

Fig. 9. Flux (A) and energy efficiency (B) as function of salinity of the membrane P27, PE and PTFE. The dotted lines are added to guide the eye.
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membrane in commercial MD modules. However, as already observed
in the literature [10,41], the decrease of flux as function of salinity is
more pronounced for thinner membranes (P27 > PTFE>PE). The fact
that thicker membranes are less affected by salinity is caused by the
lower thermal heat losses and hence their ability to sustain a higher
driving force over the membrane. A more elaborate discussion on this
topic is out of the scope of this paper and the effect is explained in detail
elsewhere [10,23]. Due to the low hydrophobic layer thickness of the
P27 membrane of only a few µm, the flux and energy efficiency
decreases even more rapidly compared to the PTFE membrane with a
hydrophobic layer thickness of 42 µm.

3.2.3.3. Stability. The stability of the coating has been tested for 100 h
effective operation time. During night the experiment was shut down.
Fig. 10 shows the daily average of the flux for membrane P54, which
decreases over time. Also the daily average retention decreases with
increasing time. When opening the module, small cracks were observed
at the borders of the module and at the spots where the spacer touches
the membrane. These cracks are inherent to the low mechanical
stability of the PES-membranes (See Supplementary material research
data 2).

To investigate the wetting resistance of the coatings after use, the
water contact angle of the used membranes was measured. The ob-
tained results indicate a slightly reduced hydrophobicity with a contact
angle from 111° ± 1° to 92°± 5° on the active membrane surface of
the used P54 membrane. The LEP after use, on the active membrane
surface, decreases slightly from 2.4 ± 0.1 bar to 2.2 ± 0.1 bar. This
reduction in contact angle and liquid entry pressure is probably caused
by the reduced surface tension after long term exposure to salts, which
has also been reported in literature [42]. However, this reduction is not
severe enough to indicate a coating washed off during operation. This
means that the membrane itself is not wetted during the medium term
test of 100 h. Therefore, the decrease in retention can be attributed to
the cracks present in the membrane; these cracks being the result of the
combination of a relatively brittle membrane and the sharp edges of the
lab MD module.

4. Conclusions

A PES membrane with a sufficiently high contact angle, of about

110°, has been obtained through the deposition of an atmospheric
plasma coating, using a mixture of perfluorooctyltriethoxysilane and (3-
aminopropyl)triethoxysilane as chemical precursors. The obtained
membrane is a hydrophobic/hydrophilic membrane with a very thin
hydrophobic layer of only a few µm. Under the conditions used in this
study, a high flux, above 20 kg h−1 m−2, has been achieved. However,
a maximum treatment time of 54 s is recommended, as higher treat-
ment times give rise to pore blocking by the coating, hindering the mass
transfer and reducing the flux. These thin membranes are strongly af-
fected by salinity and hence are preferentially suitable for low salinity
applications using sufficient driving force over the membrane. Before
and after 100 h of operation, the wetting resistance of the active
membrane surface remains intact. However, the mechanical stability of
the unsupported PES base membrane might be an area of concern if
applied on large scale and an optimized base structure for MD with
higher mechanical strength might improve the performance of these
types of membranes.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.memsci.2018.02.067.
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