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tion. In this work, flat-sheet ceramic membranes with a superhydrophobic surface were fabricated by grafting
1H,1H,2H,2H-perfluorooctyltrichlorosilane or 1H,1H,2H,2H-perfluorodecyltriethoxysilane and followed by ultra-
violet irradiation. The surfacewater contact angle was improved from 46° of original ceramicmembrane to 159°,
which exhibited a stable and excellent superhydrophobic effect. Themodifiedmembranes showed a high flux of
27.28 kg·m−2·h−1 and simultaneously maintained an excellent retention rate of 99.99%, when used in vacuum
membrane distillation process for treatment of a 1 wt% NaCl (75 °C) aqueous solution. These results suggested
that superhydrophobic modification of ceramic surface is a facile and cost-effective way to achieve higher mem-
brane distillation performance. The superhydrophobically-modified ceramic membrane with an excellent desa-
lination capacity would show considerable potential in practical membrane distillation utilizations.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Membrane distillation (MD) is an emerging low-cost, energy-
efficient membrane separation technology, requiring a robust
membrane with porosity and hydrophobicity [1,2]. For the membrane
materials used in MD process, generally polymeric membranes are
easily fabricated, and have a high packing density inmembranemodule
[3–7]. However, these polymericmembranes performpoorly and are al-
ways restricted for use under some harsh conditions, because of their
low mechanical strength, short lifespan and poor in heat resistibility.
Inorganic membranes (i.e., ceramic membrane) are always prepared
from metal oxides such as Al2O3, TiO2, ZrO2, and SiO2, having many
advantages over organic membranes, such as the high temperature
resistance, high chemical stability, highmechanical strength, strong an-
timicrobial activity, adjustable pore structure and high separation effi-
ciency [8–10]. The inorganic membrane is always hydrophilic because
of the hydroxyl groups existing on the surface, which is not conducive
to the MD process [11]. In order to improve the hydrophobicity of
ceramic membranes made of metal oxides, it is necessary to modify
membrane with organic groups such as fluoroalkylsilanes. Picard [12]
fabricated a hydrophobic ceramic membrane with a high surface
water contact angle of 145°. Similarly, Krajewski [2] obtained a
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membranewith awater contact angle close to 120° by surfacemodifica-
tion using fluoroalkylsilanes. Khemakhem [13] performed experiments
on grafting fluoroalkylsilanes onto a clay mineral membrane, and the
obtained water contact angle on grafted membrane surface was 141°.
The fabricated membrane had a flux of 17.0 kg·m−2·h−1 and a reten-
tion ratio of 93% for desalination of a 0.1 mol·L−1 NaCl solution. The
group of Zhang [14] prepared silicon nitride hollow-fiber membranes
with a water contact angle of 136° for seawater desalination via a direct
contact membrane distillation experiment. Experimental results
showed that the membrane flux was 27.77 kg·m−2·h−1, and its reten-
tion ratio was about 99%. Ren and coworkers [15] fabricated hydropho-
bic alumina planar membranes for water desalination. They found that
the contact angle on their grafting membrane was 133°, the MD flux
was 19.1 kg·m−2·h−1, and its retention ratio was about 99.5% for a
2 wt% NaCl solution.

Now there have been many studies reported on tuning the ceramic
membrane surfaces from hydrophilicity to hydrophobicity through
surface chemistry. This work addresses the potentialities of vacuum
membrane distillation (VMD) using superhydrophobic modification of
ceramic membranes for seawater desalination. The superhydrophobic
modification process is depicted in Fig. 1. As shown in Fig. 1, Al–OH
shows high activity of grafting points during surface modification. The
surface was follow modified by using ultraviolet irradiation, which
increases the number of hydroxyl groups on the membrane surface,
activates modifier molecules and the surface grafting point, as well as
hastens the reaction.
ustry Press. All rights reserved.



Fig. 1. Reaction mechanism for the superhydrophobic modification of ceramic membrane.

1396 Y.H. Yang et al. / Chinese Journal of Chemical Engineering 25 (2017) 1395–1401
In this experiment, 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(PFAS) and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDS) were
selected as modifiers. The modifier molecules are stable since their
end groups contain fluorine, which has low surface energy and high hy-
drophobicity. The modifier grows perpendicular to the membrane [16].
All of the above characteristics enable the construction of a rough sur-
face. Molecules containing highly active groups such as \\Cl and
\\OCH2CH3 easily undergo hydrolysis and substitution by hydroxyl
groups and subsequent dehydration. The morphological and physico-
chemical changes of the resulting membranes were analyzed by
scanning electron microscopy (SEM) and X-ray diffraction (XRD).
Hydrophobicity was characterized by a contact angle analyzer. The
resulting membrane was used for vacuum membrane distillation of
1 wt% NaCl solutions. The variations of VMD performance with modifi-
cation conditions were intensively investigated.

2. Experimental

2.1. Materials

Al2O3 ceramic membranes (mean pore size: 200 nm, thickness:
2.5 mm, porosity: 35%; water contact angle: 46°) were kindly provided
by the Materials Laboratory of Nanjing University of Technology
(Nanjing, China). PFAS and PFDS were obtained from Sigma-Aldrich
(Shanghai, China). NaCl, anhydrous ethanol, and benzophenone were
obtained from Aladdin Chemistry Company (Shanghai, China). Deion-
ized (DI) water was prepared by the Beijing University of Chemical
Technology (Beijing, China).
2.2. Preparation of hydrophobic membranes

To improve the membrane performance in vacuum membrane dis-
tillation (VMD), PFAS and PFDS were used as reagents for hydrophobic
modifications and absolute ethanol as solvent. An alkali-pretreated ce-
ramic membrane was placed in a Petri dish and then combined with
the hydrophobic modification reagent. The recommended immersion
depth for the membrane was 0.5 mm. The culture dish was covered
with a quartz plate, and the reaction was carried out under ultraviolet
irradiation for 30 min to produce the grafted polymer membrane. The
membrane was then washed with anhydrous ethanol and DI water to
remove unreacted modification reagent and dried in a vacuum oven at
100 °C for 45min. The aforementioned grafting steps were done several
times. After each grafting step, themodification regent was replenished
for the next immersion. Finally, the dried graftedmembrane was stored
under a dry, clean atmosphere.
2.3. Characterization

The contact angle on the membrane samples was measured
with a Data-Physics OCA-20 contact angle analyzer (DataPhysics
Instruments GmbH, Stuttgart, Germany). Scanning electron micro-
scope (SEM) imaging of the membrane was carried out on a
Hitachi s-4300 scanning electron microscope (Hitachi Limited,
Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) of surface
elements was done by using an ESCA250 (Thermo Fisher Scientific,
Shanghai, China) XPS system.



Fig. 2. Schematic of the experimental setup for vacuummembranedistillation: (1) thermostaticwater bath; (2)material tank; (3) peristaltic pump; (4)membranemodule; (5) condenser;
(6) water collector; (7) vacuum pump; (8) flow meter; (9, 10) thermometers; (11) vacuum gauge.
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2.4. VMD experiment

The PFAS grafted planar ceramic membranes were used in the ex-
periment on seawater VMD. Fig. 2 shows the setup for the experiment.
A hydrophobicmodifiedAl2O3 ceramicmembrane (effectivemembrane
area=4.91× 10−4m2)was placed and then fastened in themembrane
module. The module was then connected to a material tank and peri-
staltic pump. Next, a coiled condenser and condensate water collector
were connected. One end of the former was connected to the steam
outlet of the membrane module, and the latter was connected to a vac-
uum pump. The feed solution was heated in a thermostatic water bath
to the target temperature (75 °C) and then held at that temperature.
The peristaltic pumpwas then opened, and the feed solutionwas circu-
lated between the thermostatic water bath and membrane module.
Fig. 3. SEM images of the membrane (A, C
Subsequently, the vacuum pump was switched on. The cold side of
the membrane module, coiled condenser, and water collector form
a stable vacuum: steam is forced from the hot side of the membrane
to the cold side and then condensed by the condenser and collected
into a water collector. The temperature of the cold side was kept at
−10 °C.

2.5. Membrane characterizations

The products were analyzed by ICS-900 Ion Chromatography. The
experimental flux ( J) could be calculated as follows [17]:

J ¼ m
A � t
) before and (B, D) after modification.
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Fig. 4. XPS spectra of the membrane surface.
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where m, A and t were the mass of the permeate, membrane area and
operation time, respectively.

The rejection rate (R) could be expressed by:

R ¼ 1−
cp
c f

� �
� 100%

where cf was the initial concentration of the component in the feed so-
lution and cp was the concentration of the component in the rejection.

3. Results and Discussion

3.1. Morphological and physicochemical changes

SEM images of the original and grafted membranes are shown in
Fig. 3. As shown in Fig. 3 A, C, the pore sizes and particle sizes on the sur-
face of original Al2O3 membrane were distributed uniformity. The con-
tact angle on the original membrane was 46° because of the even
distribution of hydroxyl groups. Fig. 3 B, D showed that the grafted
membrane had a polymer layer above a layer with prominent clusters,
resulting in high surface roughness of the membrane. The contact
angle of the grafted ceramic membranes was 159°, which was
much higher than those without ultraviolet grafting and reached
superhydrophobic range. It was clearly observed that they had a poly-
mer layer formed by monomer dehydration condensation between
PFAS and the ceramic membrane surface. In addition to the fluorocar-
bon chain itself having a good hydrophobic property, the formation of
Fig. 5. Effect of the surface modifiers (A) 1H,1H,2H,2H-perfluorooctyltrichlorosilane and (B)
membranes modified with (A) 1H,1H,2H,2H-perfluorooctyltrichlorosilane and (B) 1H,1H,2H,2H
needle like and cluster structure was also an important factor in
superhydrophobicity of the membrane. Before and after modification,
the pore structure of the membrane changed little, and the range of
the membrane was concentrated in 25%–32% by desorption of nitrogen
method.

Surface X-ray photoelectron spectra of the ungrafted and grafted ce-
ramicmembranes are shown in Fig. 4. Characteristic O1s andAl2p peaks
at 531.1 and 74.62 eV, respectively, were due to the ungrafted ceramic
membrane. The F1s peak at 687.46 eV indicated an organic polymer
membrane on the surface of the ceramic channels. The peaks at 860
and 833 eV were Auger peaks for F. Relaxation of fluorine upon irradia-
tion of the membrane surface implied its presence on the membrane
surface. The C1s absorption peak consisted of overlapping peaks at
285.5 and 290.5 eV. X-ray photoelectron spectra of the ungrafted and
grafted ceramic membranes may be compared in Fig. 4. The absorption
peak of fluorine of the grafted ceramic surface was distinct, in contrast
to that of the ungrafted membrane. The degree of absorption by the
other major elements changed mainly because of grafting of PFAS
onto the ceramic membrane surface through its fluorocarbon chain.

3.2. Variations of hydrophobicity with modifier, photoinitiator and
ultraviolet irradiation

Ceramicmembraneswere graftedwith PFAS and PFDS in alcohol so-
lution at room temperature. The concentrations of both modifier solu-
tion and diphenylketone (BP) were 0.01 mol·L−1, and modification
was done five times. Contact angles of the membranes modified with
PFAS and PFDS (Fig. 5) were both 143°. The molecular structures of
fluorine-containing carbon chains of PFAS and PFDS were very similar.
The results thus indicated that although the chain of the latter was lon-
ger than that of the former, the properties and surface morphology of
the grafted membranes were very similar (Fig. 5).

The modifier concentration was a key factor affecting the modifica-
tion. As shown in Fig. 6, the contact angle first increases and then
decreased with the increase in modifier concentration. When the
modifier concentration was 0.0005 mol·L−1, the contact between
monomers in solution and active sites on themembrane surfacewas in-
fluenced by shielding by solvent molecules and photosensitive mole-
cules, which decreases the density, uniformity of grafted molecules on
the membrane surface, and contact angle. When the modifier concen-
tration increased from 0.0005 to 0.01 mol·L−1, the amount of mono-
mers in the graft solution increased gradually and reached moderate
density, which prevented self-polymerization and ensured maximum
probability of contact between monomers and active sites. When the
modifier concentration was 0.01 mol·L−1, the hydrophobicity in-
creased, and the contact angle on the graftedmembranes reachedmax-
imum. The largest contact angle on the grafted membranes was 159°.
When the modifier concentration increased from 0.01 to 0.1 mol·L−1,
1H,1H,2H,2H-perfluorodecyltriethoxysilane on the water contact angle; SEM images of
-perfluorodecyltriethoxysilane).



Fig. 6. Effect of modifier concentration on the contact angle. Table 1
Variations in contact angle with the BP concentration

BP concentration/mol·L−1 0 0.0005 0.01 0.02 0.04 0.08
Contact angle/(°) 141 143 159 142 139 105
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the modifier concentration was too high. This excess led to self-
polymerization, formingpolymer chains. F on the surface of thepolymer
chains buried the Si\\O bond in the middle of each polymer chain.
Consequently, the probability of contact betweenmonomers and active
sites on themembrane surface increased drastically, thereby interfering
with grafting.

The effect of the modification cycles on membrane hydrophobicity
was also investigated. As shown in Fig. 7, the contact angle increased
rapidly from 126° to a maximum of 159° as the number of cycles of
modification increased from one to five, thereafter decreasing with
increasing number of times. The contact angle decreased to 153° and
150°, respectively, after the eighth and tenth modification cycles.
Fig. 7. Effect of the number of cycles of modification on the contact angle.

5×10-4

n/

Fig. 8. The influence of ultraviolet irradiation on the contact angle.
Ultraviolet photografting led to the formation of chemical bonds be-
tween modifier molecules and\\OH active sites on the membrane sur-
face, thus forming a permanent and stable hydrophobic layer. Each PFAS
molecule was anchored to the surface via reaction with at least one hy-
droxyl group. The number of hydroxyl groups on themembrane surface
and their uniformity was directly related to the modification effect. In
the first modification, PFAS partially was bonded to surface hydroxyl
groups. With the increasing number of modification cycles, modifier
molecules were bonded to unreacted hydroxyl groups, thus increasing
the hydrophobicity of the membrane. When all of the hydroxyl groups
on the membrane surface had bound to modifier molecules, Si\\O
bonds became incorporated into themembrane surface and long chains
containing fluorine moved toward the exterior, thereby increasing the
surface roughness. When the surface was covered with fluorine-
containing long chains, modifier molecules could not bond with the
membrane surface. The contact angle therefore increased with increas-
ing number of modifications. After five cycles of modification, a hydro-
phobic polymer layer completely covered the membrane surface, and
further accumulation of the modifier decreased the surface roughness.
Consequently, the contact angle no longer increased with increasing
number of modifications, slightly decreasing instead.

Different amounts of the photoinitiator BP, which aids reactionwere
added to the modifier solution (0.01mol·L−1). The ceramic membrane
was immersed in the hydrophobic modifier solution at room tempera-
ture and then irradiated with ultraviolet light for 30 min. Afterward, it
was cleaned and dried at 100 °C for 45 min. Contact angles at various
BP concentrations are listed in Table 1.
The experimental data indicated that at certain BP concentrations
(0–0.01 mol·L−1), the contact angle increased with increasing concen-
tration. However, it decreased with increasing BP concentration when
theBP concentrationwashigher than 0.01mol·L−1. Themaximumcon-
tact angle was 159°, which was obtained at 0.01 mol·L−1.

The effect of BPwas greater at low concentration, activating hydroxyl
groups on the membrane surface and improving reactivity. However,
when the BP concentrationwas too high, BP slowed the grafting reaction
and decreased reactivity, thus decreasing the grafting efficiency.

In the experiment, the solutions of themodifiers PFAS and BP alcohol
at three different concentrations were used. The concentrations of PFAS
were 0.0005, 0.005, and 0.01mol·L−1 and BPwas 0.01mol·L−1. The ef-
fect of ultraviolet irradiation on the contact angle at different concentra-
tions is depicted in Fig. 8. At the three concentrations, contact angles on
the surface of the grafted membrane under ultraviolet irradiation were
143°, 145°, and 159° respectively, and those on the membrane without
ultraviolet irradiation were 137°, 140°, and 152°. The number of hy-
droxyl groups and the grafting density of modifier monomers on the
membrane were high. Treatment of the ultraviolet-irradiated mem-
brane with BP solution generated surface free radicals and transferred



Fig. 10. Dependence of the permeate flux and rejection rate on the feed concentration.
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ungrafted modifier monomers and hydroxyl group to the surface of
membrane, thereby increasing the reaction rate. Increasing the grafting
density increased coverage of the membrane surface by the grafting
molecules. The grafting efficiency improved because of the increase in
reaction rate.

3.3. Saline-water desalination by VMD

The fluxes of theMD process were related to the temperature differ-
ence and average temperature of the feed side and permeate side. A
high average temperature difference between the feed side and perme-
ate side led to greater permeate flux in the MD process. The relation-
ships between the flux through the ceramic membrane, rejection rate,
and temperature in the desalination process are depicted in Fig. 9. The
permeate flux in the VMD desalination process increased exponentially
with the increase in temperature (Fig. 9). This trend was due to the ex-
ponential relationship between the equilibrium vapor pressure of solu-
tion and the temperature: increasing the temperature caused an
increase in equilibrium vapor pressure difference across themembrane,
that is, the driving force. For PFAS modified ceramic Al2O3 ceramic
membrane (the contact angle of 159 °), at feed temperatures of 35 °C
and 75 °C, the VMD fluxes in the desalination process were 2.5 and
23.22 kg·m−2·h−1, as indicated in Fig. 9. There were slight differences
between the experimental data and the theoretical linear relationship
probably because of the effect of the temperature difference and con-
centration polarization.
Fig. 9. Dependence of the permeate flux and rejection rate on the feed temperature.

Fig. 11. Dependence of the permeate flux and rejection rate on the vacuum pressure.
Theoretically, water in the gas phase permeated through pores dur-
ing VMD desalination, whereas NaCl, which was nonvolatile, cannot.
Thus, the rejection rate of the experimental study (99.9%) may be the
result of minimal defects in the membrane.

Fig. 10 depicts the effect of the feed concentration on the flux and on
the interception rate. The feed temperature was 75 °C, and the initial
water flux was 33.0 kg·m−2·h−1. When the feed concentration was
3wt%, thewaterflux decreased to 10.39 kg·m−2·h−1. Thiswas because
the higher concentration NaCl solution caused the concentration polar-
ization on the feed side. With the increase of feed concentration on
membrane surface, the activity of water reduced. Therefore, both the
membrane surface temperature and saturated steam pressure de-
creased. However, this effectwas relativelyweak. Although the increase
in concentration led to a decrease in flux, the flux remained high. The
reason for the effect of concentration polarization was the decrease in
the transfer rate due to the existence of the boundary layer in themem-
brane [18].

The interception rate did not decrease with the increase in feed con-
centration, staying at N99.95%. This result suggested that themembrane
pore sizes were distributed uniformly, which led to stable performance.
The dependence of the VMD flux and rejection rate on the vacuum
pressure is described in Fig. 11. When the vacuum pressure in the ex-
periment was less than 0.09 MPa, the flux was too small to cause con-
densate to accumulate on the cold side, preventing us from obtaining
any data. When the vacuum pressure was 0.098 MPa, the flux was
23.22 kg·m−2·h−1 at a feed temperature of 75 °C. When the vacuum
pressure was 0.090 MPa, the flux decreased by 32.8% to
15.6 kg·m−2·h−1. In contrast to other MD processes, negative pressure
on the permeate side in the VMD process was produced by applying a
vacuum, and steam was removed from the membrane module under
negative pressure. The higher vacuum degree in the permeate side
would cause the higher the steam pressure difference, which was the
mass transfer driving force through the membrane, subsequently led
to the higher the flux [19]. Energy loss due to heat transfer without
the heat-transfer medium, which decreased the effect of temperature
polarization and energy loss, could be neglected.
We therefore examined the effect of vacuumpressure on the process
under the operating conditions. Upon analysis of the factors in the ex-
periment, such as feed temperature, feed velocity, and cold vacuum
pressure, we found that the optimal vacuum pressure is 0.098 MPa.

The feed flow rate affected the extent of mixing of the feed flow in
the membrane module in the VMD process. With increasing feed flow
rate, the heat-transfer coefficient increased and the thickness of the
boundary layer decreased, thereby inhibited temperature polarization
and concentration polarization. Under the experimental conditions,
crystals on the membrane surface formed when the feed flow rate
was below 16 L·h−1. The highest flux in the saline-water desalination
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experiment was 27.28 kg·m−2·h−1 when the feed flow rate was
24 L·h−1. With increasing feed flow rate, a few crystals appeared on
the membrane surface (Fig. 12). Their appearance may be due to a dif-
ference in the boundary layers formed at high and low concentration
and concentration polarization, with the effect being more significant
at high concentration. This was consistent with the conclusions of a
study by Tun et al. [20] on membrane fouling with NaCl solutions at
high concentrations. They found that the flux decreased slowly before
the point of the desired supersaturation. Using ion chromatography to
transform Cl− of the condensate, they found that the Cl− content was
(1–3) × 10−6 and that the membranes' retention rate was N99.8%. Al-
though the retention rate decreased slightlywith the increase in feeding
rate, the decrease was small.
Fig. 12. Images of the membrane used in vacuummembrane distillation.
4. Conclusions

The membrane surface hydrophobicity was one of the most impor-
tant factors influencing the membrane distillation. In this work, we ap-
plied theultraviolet irradiation to thefluoroalkylsilanemodification and
tune the ceramic surface to superhydrophobicity. It was noted that
water contact angle could dramatically increase from 46° to 159° after
ultraviolet grafting with fluoroalkylsilane. The effects of modification
conditions on membrane performance, such as modifier, photoinitiator
and ultraviolet irradiation were intensively investigated. The optimum
concentration of modifier was 0.01 mol·L−1 and the optimum number
of modification cycles for themembranewas five. Moreover, the uses of
this superhydrophobic ceramic membrane for membrane distillation
were systematically evaluated under various operating conditions. It
was noted that the superhydrophobic membrane exhibited an accept-
able selectivity and high flux. For the 1% NaCl solution (75 °C), the flux
reached a maximum of 27.28 kg·m−2·h−1, and the retention rate was
N99.8% (maximum of 99.99%). Therefore, the ultraviolet grafting with
fluoroalkylsilane is proven to be a facile approach to tune the ceramic
surface to superhydrophobicity, which opens a new way to achieve
high performance membrane for saline-water distillation.
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