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A B S T R A C T   

Novel design of hydrophobic membrane could improve the efficiency of membrane distillation (MD) technology. 
Owning to being easy to realize hydrophobic modification, fast radial heat transfer rate and limiting the passage 
of larger contaminants, hydrophobic graphene oxide (GO) membrane shows potential for MD process. In this 
work, we reported on a new type of nanoparticles intercalated GO membrane with hydrophobic surface for MD 
application fabricated by vacuum-filtration method. The introduction of nanoparticles (SiO2) by physical mixing 
enhanced the surface roughness of GO membrane. A subsequent grafting of long alkyl chains (hexadecyl-
trimethoxysilane) further increased the membrane hydrophobicity. The effects of treating temperature and 
nanoparticles content on the membrane nanostructures, surface hydrophobicity and desalination performance 
were systematically investigated. The optimized membrane annealed at 80 �C with hydrophobic surface (water 
contact angle: 120.8�) exhibited water flux of 13.59 kg m-2 h-1 and salt rejection of 99.99% under 60 �C for 35 g 
L-1 NaCl in water during vacuum MD process. Besides of the expected gradually higher water flux at elevated 
temperature, such excellent desalination performance remains stable by varying the salt concentration or adding 
model foulants such as surfactant sodium dodecyl sulfate and organic humid acid in the feed.   

1. Introduction 

The supply of freshwater has become increasingly urgent. The United 
Nations predicted that 2–7 billion people would face absolute water 
scarcity [1,2]. Nowadays, people mainly rely on desalination of ocean 
and brackish water to obtain clean water resource. Desalination tech-
nologies include membrane process, thermal process and other alter-
native technologies. Currently, served as the typical membrane 
separation process, reverse osmosis (RO) accounts for over 60% of 
global desalination capacity. Thermal process such as multi effect 
distillation (MED) and multi stage flash (MSF) account for 34% desali-
nation capacity. The other desalination technologies contain microbial 
desalination cell, capacitive deionization, ion concentration and etc [1]. 
Membrane distillation (MD), a promising thermal-driven membrane 
separation technology [3,4], can harvest the industry low-grade or 
waste heat to deal with concentrated salt solution produced by desali-
nation process based on RO, MED, MSF, etc. [5]. 

Membrane distillation combines membrane separation with distil-
lation process, which is driven by vapor pressure difference of both side 
the membrane [6]. The volatile component vaporizes at the liquid-vapor 
interface and then transports through the pores of hydrophobic mem-
branes [7]. Compared with usual desalination technology, MD demon-
strates these advantages as 100% theoretical rejection of non-volatile 
component, moderate operation conditions, insensitive to the salt so-
lution and so on. According to different way of collecting the volatile 
vapor, MD is generally classified into four types: direct contact mem-
brane distillation (DCMD) [8,9], air gap membrane distillation (AGMD) 
[10,11], sweep gas membrane distillation (SGMD) [12,13] and vacuum 
membrane distillation (VMD) [14,15]. Concrete advantages and disad-
vantages were fully discussed in previous literature [1,5]. Here, we 
focused on VMD process which demonstrates the following features [5]: 
1) higher partial pressure gradients with higher permeate flux; 2) less 
negative environmental impact; 3) higher thermal evaporation effi-
ciency; 4) low thermal and concentration boundary layers formed on the 
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permeate side. 
Common membrane materials used for MD process include hydro-

phobic polymers and other new materials. Polytetrafluoroethylene 
(PTFE) [16], polypropylene (PP) [17] and polyvinylidenefluoride 
(PVDF) [18,19] still remain the widely used materials to fabricate hy-
drophobic porous membranes via non-solvent induced phase separation 
(NIPS) [20], thermally-induced phase separation (TIPS) [14,17,21], 
sintering [22] and electro-spinning [23]. In recent years, study on MD 
mainly focuses on membrane modification [19,24], module improve-
ments [18] and structural optimization [23]. Except that, novel mate-
rials like ceramic [25], carbon nanotubes (CNTs) [26,27] and 2D 
materials [28] have been investigated for MD separation process. 
Among that, graphene or graphene oxide (GO) is served as the most 
popular 2D materials [29,30]. In the latest study, a centimeter-scale 
graphene membrane made by CVD method for MD process exhibits 
extra long-term stability and sustained anti-fouling properties even in 
the presence of water contaminants (such as oil and surfactant) [31]. 
However, difficulty in scaling-up and high cost for CVD method might 
limit the development of this kind of graphene membrane. Alternatively, 
several favorable properties of GO, such as facile hydrophobic modifi-
cation, fast radial heat transfer rate and limiting the passage of larger 
contaminants via interlayer nano-channel, enable it an ideal building 
blocks for MD membranes [32]. 

Nowadays, research on graphene-based membranes utilized in MD 
are mainly focused on mixed-matrix membrane design. Low surface 
energy chemical modification or reduction has been proved to be effi-
cient to improve the hydrophobicity of GO [33–36]. For example, PVDF 
mixed-matrix membrane containing hydrophobic GO functionalized 
with octadecylamine showed enhancement in water flux and NaCl 
rejection for MD desalination [37]. The introduction of hydrophobic GO 
was found to improve the pore wetting and heat loss through the 
membrane. In another study, 1H, 1H, 2H, 2H-per-
fluorooctyltriethoxysilane modified GO nanosheets was introduced into 
PVDF nanofiber layer by electro-spinning method to enhance the hy-
drophobicity and water flux of the membrane [38]. It can be expected 
that pure GO-based membranes would exhibit even greater potential for 
MD process, which however has not been realized presumably due to the 
limited hydrophobicity of conventional GO membranes. 

Therefore, it is highly desirable and interesting to explore the MD 
desalination properties of GO-based membranes. In this work, toward 
MD application, GO laminar membrane was intercalated by nano-
particles so as to enhance the membrane surface-roughness and laminate 
spacing, and then grafted with long alkyl chains to achieve a novel hy-
drophobic GO-based membrane (Fig. 1). The resulting membranes were 
applied for VMD process to investigate water desalination performance 

varying with membrane treatment temperature, feed conditions (tem-
perature, salt concentration, salt solution containing surfactant sodium 
dodecyl sulfate (SDS) and organic humid acid (HA)), as well as the 
continuous operation. 

2. Experimental 

2.1. Materials 

Graphene oxide (GO) powder and silicon dioxide (SiO2) nano-
particles with diameter of 15 and 500 nm were purchased from Nanjing 
Ji Cang Nano Technology Co., Ltd. China. Polyacrylonitrile (PAN) sub-
strate was provided by Shandong Megavision Membrane Technology & 
Engineering Co., Ltd, China. Ethanol was purchased from Wuxi City 
Yasheng Chemical Co., Ltd., China. Hexadecyltrimethoxysilane 
(HDTMS) and humid acid (HA) was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd., China. Sodium chloride (NaCl) and 
sodium dodecyl sulfate (SDS) were purchased from Sinopharm Chemical 
Reagent Co., Ltd., China. 

2.2. Membrane fabrication 

GO nanosheets were dispersed into deionized water to get 0.25 mg 
ml-1 suspension by ultrasound (40 min) and centrifugation (4000 rpm, 
20 min) steps. SiO2 nanoparticles were dispersed in water followed with 
ultrasound for 20 min and stirring for 4 h. 2 wt% HDTMS was dissolved 
in 99 wt% ethanol/water solution by stirring for 2 h. GO-based mem-
branes were prepared by filtration method using PAN substrate with GO 
loading of 0.021 mg cm-2. The area of fabricated membrane was about 
11.9 cm2. Various membrane fabrication conditions were concluded 
here:  

(1) GO pure membranes were heated with 60, 80, 100 and 120 �C for 
4 h. Especially, GO membrane heated with 80 �C was named as 
GOM.  

(2) The grafting of alkyl chains onto GO membrane was performed 
by immersing the membrane in 2 wt%-HDTMS solution for 2 h, 
washing with ethanol for several times to remove excess HDTMS, 
and heating with 60, 80, 100, and 120 �C for 4 h (GO-HDTMS). 
Among that, the grafted membrane heated with 80 �C for 4 h was 
named as hGOM. 

(3) 0.25 mg SiO2 nanoparticles was added into GO solution to pre-
pare nanoparticles intercalated GO membrane via filtration on 
PAN substrate following with the same procedure of 2 wt 
%-HDTMS treatment and then heated with 60, 80, 100 and 120 

Fig. 1. Schematic diagram of (a) optimal hydrophobic GO membrane fabrication process; (b) water contact angle (WCA) of GOM, hGOM and hGOM4; (c) water 
vapor transmission in the membrane. 
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�C for 4 h (SiO2/GO-HDTMS). Especially, the SiO2/GO-HDTMS 
membrane heated at 80 �C was named as hGOM4.  

(4) Based on the above (3), 0.025, 0.05, 0.125, 0.25, 0.5, 1.25 and 
2.5 mg SiO2 nanoparticles were intercalated into GO (0.021 mg 
cm-2) to fabricated membranes hGOM1, hGOM2, hGOM3, 
hGOM4, hGOM5, hGOM6 and hGOM7 (hGOMs), respectively, 
which were heated with 80 �C for 4 h. 

2.3. Characterizations 

Surface morphologies and thicknesses of the membranes were 
characterized by scanning electron microscopy (SEM, Hitachi Limited S- 
4800, Japan). Surface roughness was obtained from the atomic force 
microscope (AFM, Bruker Dimension Icon, USA). Contact angle (CA, 
DropMeter A-100P, China) drop-meter was used to test membrane sur-
face water contact angle to confirm the hydrophobicity of the mem-
brane. Interlayer spacing of the membrane was examined by X-ray 
diffraction (XRD, Rigaku Miniflex 600, Japan) at the range of 5�� 2θ �
15�. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250, 
USA) and fourier transform infrared (FTIR, Thermo AVATAR-FT-IR-360, 
USA) spectra were utilized to analyze the functional groups of the 
samples and chemical properties of the membrane. The membrane 
surface charge was conducted by zeta potential (Anton Paar SurPASS 3, 
Austria) measurement. 

2.4. Membrane distillation process 

The separation performance of the hydrophobic GO-based mem-
branes was measured by a home-made vacuum membrane distillation 
(VMD) system as demonstrated in Fig. S1. Feed temperature was 
controlled between 40-60 �C by oil bath. Feed flow rate was controlled 
at 120 L/h. Vacuum on the permeate side was supplied by a vacuum 
pump, which was kept at 300 Pa. The water vapor permeate through the 
membrane was collected by liquid nitrogen condensation. Salt solution 
(NaCl), surfactant-in-saline solution (SDS-NaCl) or organics-in-saline 
solution (HA-NaCl) were utilized as the feed to evaluate the mem-
brane MD performance. The salt concentration was measured by con-
ductivity meter (Mettler-Toledo FE38, Switzerland). 

Key parameters to estimate the membrane MD performance are total 
flux (J, kg⋅m-2⋅h-1) and the salt rejection (R). The total flux was calcu-
lated based on the mass of water transported from feed to permeate (Δm, 
kg) divided by time interval (Δt, h) and membrane area (A, m2) as: 

J¼
Δm
Δt⋅A

(1) 

The salt rejection was co-determined by the total salt concentration 
on the feed side (Cf, ppm) and permeate side (Cp, ppm) as: 

R¼
Cf � Cp

Cf
� 100% (2) 

The membrane separation performance under different membrane 
treatment temperature (60, 80, 100 and 120 �C), NaCl salt concentra-
tions (5, 20 and 35 g L-1) and feed temperature (40, 50 and 60 �C) were 
conducted in detail. Additionally, the salt solution (35 g L-1 NaCl) con-
taining 0.4 mM SDS and containing 30 mg L-1 HA respectively were 
tested to study the anti-surfactant fouling and anti-organic fooling 
properties of the membrane. 

3. Results and discussion 

3.1. Membrane morphologies 

The hydrophobicity of the surface depends on the re-entrant surface 
and low surface energy of materials [39]. The surface morphology and 
the roughness have great influence in the membrane surface wetting 
property, which could be analyzed by SEM and AFM. As shown in 

Fig. 2a, the GO nanosheets exhibit lateral size of 1-2 μm and lamellar 
thickness of ~1.8 nm according to the AFM characterization. The SiO2 
nanoparticles with diameter of 300-500 nm can be uniformly dispersed 
in water without agglomeration from the SEM image shown in Fig. 2b. 

Surface and cross-section morphology of GO-based membranes were 
analyzed by SEM. In SEM characterization, in order to demonstrate the 
cross-section morphology and structure clearly, the mass of GO and SiO2 
of hGOMs was increased 4 times simultaneously, as shown in Fig. 3. We 
also investigated smaller nanoparticle (15 nm) intercalated graphene- 
based membrane. Due to the large specific surface area, severe nano-
particle aggregation and defect were observed from the membrane 
surface and cross-section SEM results (Fig. S2), which resulted in 
forming irregular laminate channel and providing unsuitable roughness. 
Therefore, we preferred to choose SiO2 with diameter of 300-500 nm in 
this work. Typical surface wrinkles and laminar structure were obvi-
ously observed in hGOM (Fig. 3a,i). In the nanoparticles interacted 
hGOM membranes (hGOM1-4), SiO2 nanoparticles were uniformly 
distributed on the surface and interlayers of the membrane, resulting in 
much rougher surface (Fig. 3b-e). Meanwhile, owing to the interaction 
of SiO2 nanoparticles, improved porous structure was formed as 
discernable from the cross-section SEM images of hGOM, hGOM2, 
hGOM4 and hGOM6 (Fig. 3j-k). In addition, the laminate spacing of 
hGOM4 was enlarged compared with GOM (Fig. S3). Nevertheless, with 
excess addition of SiO2, nanoparticles were aggregated on the mem-
brane surface and within the interlayer, as exhibited by hGOM5, hGOM6 
and hGOM7. This may increase the transport resistance and affect the 
MD performance discussed later. 

Furthermore, AFM characterization gave the surface roughness of 
GO-based membranes. For hGOM, the surface roughness (Rq) was 
~28.3 nm, which mainly resulted from the wrinkles of GO nanosheets. 
After interacted with SiO2 nanoparticles, the membrane surface rough-
ness was increased from 50.6 nm to 144.7 nm for hGOM1 -7. This 
confirms that the nanoparticles intercalation provides to hGOM a 
rougher membrane surface (Fig. 4). The surface morphology tuned by 
the nanoparticle intercalation is expected to significantly affect the 
surface hydrophobicity, as the water contact angle characterization re-
veals. Nanoparticles aggregation was observed with excess of nano-
particles, similarly to SEM indication (Fig. 3). 

3.2. Chemical properties 

In order to study the chemical properties of GO, SiO2 and GO-based 
membranes, FTIR and XPS characterizations were conducted. As shown 
in Fig. 5, typical peaks of GO including hydroxyl group (3389 cm-1, 
-OH), carboxyl group (1761 cm-1, C¼O; 1453 cm-1, C-OH), aromatic ring 
(1625 cm-1, C¼C) and epoxy group (1073 cm-1, C-O-C) are observed in 
the spectrum of GOM. Si-OH of hydrolyzed HDTMS would react with 
-COOH or -OH of GO nanosheets to form Si-O bond located at 1073 cm-1 

[40]. As a result, the membrane shows additional methyl and methylene 
peaks (2923 cm-1, -CH3; 2848 cm-1, -CH2-), confirming that the hydro-
phobic C16 alkyl chains are grafted onto GO nanosheets. In the spectrum 
of hGOM4, typical characteristic peaks of SiO2 are found (3439 cm-1, 
-OH; 1073 cm-1, asymmetric Si-O stretching and 798 cm-1, symmetric 
Si-O stretching; 1637 cm-1, H-O-H). The increased peak intensity of -CH3 
and -CH2- suggests that the interaction of SiO2 nanoparticles provided 
additional reactive sites (i.e., -OH) with HDTMS grafting. It might 
further enhance the membrane surface hydrophobicity. 

The reaction between GO, HDTMS and SiO2 nanoparticles was 
further analyzed by XPS, as displayed in Fig. 6. Four typical peaks of GO 
were detected as C-C (57.99%, 284.8 ev), C-O (37.08%, 287.26 ev), C¼O 
(2.94%, 288.76 ev) and O-C¼O (1.99%, 289.46 ev) for GOM (GO 
membrane heated at 80 �C for 4 h). The C-C peak ratio of was increased 
to 82.68% and the O-C¼O peak disappeared in hGOM. It reveals that C16 
chains were grafted to GO nanosheets via covalent reaction between the 
Si-OH of hydrolyzed HDTMS and the O-C¼O of GO [40]. The C-C peak 
ratio of hGOM4 was larger than hGOM, again indicating that the 
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introduction of SiO2 providing more reactive sites with HDTMS. 

3.3. Effect of fabrication parameters on the MD performance 

3.3.1. Effect of treatment temperature 
The surface hydrophobicity of GO-based membranes treated with 

different temperature for 4 h was characterized in detail (Fig. 7). Water 
contact angle of GO membranes heated at 60, 80, 100 and 120 �C were 
36.9 � 0.21�, 48.9 � 0.26�, 64.3 � 0.38� and 72.9 � 0.38�, respectively. 
The hydrophobicity was improved because of the thermal reduction of 
oxygen groups in GO nanosheets. Even though, these membranes still 
belong to hydrophilic membrane. When we treated with GO membranes 
with HDTMS at different temperature (60, 80, 100 and 120 �C) for 4 h, 
the surface hydrophobicity was further increased (52.8 � 1.00�, 73.1 �
1.23�, 96.2 � 7.04� and 105.9 � 0.16�) compared with the membrane 

only being heated. This can be regarded as the result from the successful 
grafting of long C16 chains onto GO. Also, GO membranes treated with 
HDTMS became hydrophobic when heated at 100 �C and 120 �C as a 
function of higher degree of reduction and long grafted C16 chains 
simultaneously. Taking the membranes treated at 80 �C as an example, 
we found the water contact angle of the GO-HDTMS (73.2�) was larger 
than GO (48.9�) but smaller than SiO2/GO-HDTMS (120.8�), as shown in 
Fig. 7 and Table S1. It confirmed that for SiO2/GO-HDTMS membrane, 
HDTMS modification increased the hydrophobicity by grafting C16 
chains onto GO and the SiO2 intercalation further improved the hy-
drophobicity by providing rougher surface (Fig. 4). Similar results could 
also be found of these membranes treated at other treated temperatures 
(60, 100 and 120 �C). Especially, the SiO2/GO-HDTMS membrane 
turned from hydrophilic to hydrophobic when heated at 80 �C (hGOM4). 
It is interesting to analyze how treatment with HDTMS and intercalation 

Fig. 2. (a) AFM diagram of GO nanosheets; (b) SEM image of SiO2 nanoparticles.  

Fig. 3. Surface SEM images of (a) hGOM, (b) hGOM1, (c) hGOM2, (d) hGOM3, (e) hGOM4, (f) hGOM5, (g) hGOM6 and (h) hGOM7; Cross-section SEM images of (i) 
hGOM, (j) hGOM2, (k) hGOM4 and (m) hGOM6. (The mass of GO and SiO2 was increased 4 times simultaneously in SEM characterization). 
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of nanoparticles could enhance the surface hydrophobicity at each 
heating temperature. We found that WCA of SiO2/GO-HDTMS treated at 
100 and 120 �C were smaller than treated at 80 �C. The phenomenon 
presumably due to the surface roughness difference. As revealed in AFM 
characterization (Fig. S4), the roughness of SiO2/GO-HDTMS treated at 
100 and 120 �C were smaller than treated at 80 �C which resulted in the 
WCA difference. With the existence of nanoparticle, the change of gra-
phene wrinkle morphology at higher treating temperature reduced the 
surface roughness of the membrane. The reduced laminar channel size 
may limit the transport efficiency when the membrane is heated at 
higher temperature such as 100 �C or 120 �C. 

In this work, VMD separation performance is mainly investigated for 
hydrophobic membranes with WCA>90� processing feed streams of 35 
g L-1 NaCl at temperature of 60 �C. GO-HDTMS heated at 100 �C and 
120 �C showed hydrophobic property. The SiO2/GO-HDTMS mem-
branes became hydrophobic when heated at 80, 100 and 120 �C (Fig. 7). 
Compared with the result of the membrane heated at 80 �C (Fig. 8), the 
flux of SiO2/GO-HDTMS were decreased largely when heated at 100 �C 

or 120 �C. We further tested the separation performance of the GO- 
HDTMS treated at 100 �C and 120 �C, both of the fluxes were as small 
as the fluxes of SiO2/GO-HDTMS treated at 100 �C and 120 �C respec-
tively. We analyzed that thermal reduction of GO at higher temperature 
would result in the phenomenon. The interlayer of GO nanosheets would 
be decreased by thermal treatment [41–43]. In this work, physical 
mixing may fail in intercalating nanoparticle into each GO nanosheet as 
observed from cross-section of SEM. When applying hydrophobic 
graphene-based membrane for VMD process, the water transport though 
the non-defective membrane by vapor, as demonstrated in Fig. 1. There 
is no obvious wetting of the membrane and the non-volatile salt will not 
transport through the hydrophobic membrane treated with 80, 100 or 
120 �C. Therefore, reduced interlayer space of the membrane showed 
less effect on the salt rejection rate. Although the SiO2 particle is large 
with size of 500 nm, the graphene oxide nanosheets are flexible to form 
laminated d-spacing (much less than 500 nm) to provide water vapor 
transmission route, which would not sacrifice the selectivity [44]. 

3.3.2. Effect of nanoparticles content 
Wettability is another key parameter to evaluate MD membrane 

performance. The water vapor is easier to transport through the mem-
brane with more hydrophobic structure. In this work, as shown in Fig. 9, 
water contact angle (WCA) of hGOMs were measured to study the hy-
drophobicity. The WCA of the surface of GOM (GO membrane only 
heated at 80 �C for 4 h) was 48.9 � 0.26�. Grafting of C16 chains 
increased the WCA from 48.9 � 0.26� to 73.2 � 1.23�, as shown in the 
result of hGOM, while still belonging to hydrophilic property. By 
contrast, combined with nanoparticles intercalation, C16 chains grafting 
turned over the hydrophobicity of the GOM surface: from hydrophilic to 
hydrophobic. The WCA of hGOM1, hGOM2, hGOM3, hGOM4, hGOM5, 
hGOM6 and hGOM7 was about 109.3 � 1.08�, 115.7 � 0.60�, 117.4 �
0.50�, 120.8 � 0.21�, 123.8 � 0.97�, 132.2 � 0.10� and 136.6 � 0.47�, 
respectively. 

In general, the hydrophobicity of the membrane surface is controlled 
by chemistry and topography of the membrane surface [45,46]. Here, 
the long C16 chains grafted on the GOM surface (hGOM) improved the 
hydrophobicity due to the large hydrocarbon component. However, it 
was not enough to impart suitable hydrophobic property. In compari-
son, GOM intercalated with nanoparticles and grafted with C16 chains 
(hGOMs) exhibited remarkable enhancement in hydrophobicity due to 
the highly enhanced surface roughness, as confirmed by AFM and SEM. 

Fig. 4. AFM images and surface roughness of hGOM, hGOM1, hGOM2, hGOM3, hGOM4, hGOM5, hGOM6 and hGOM7.  

Fig. 5. FTIR spectra of SiO2 nanoparticles, GOM, hGOM and hGOM4.  
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Therefore, it can be concluded that the achieved hydrophobicity of 
GO-based membranes was mainly attributed to two aspects: 1) chemical 
modification: hydrophobic groups of the HDTMS grafted onto the 
membrane; 2) physical property: improved surface roughness by inter-
calating nanoparticles into the membrane. 

We further investigated the MD separation performance of the hy-
drophobic GO-based membranes using 35 g L-1 NaCl solution at 60 �C. 
As shown in Fig. 10, for hGOM1-4, the total flux was increased gradually 
with the increase of nanoparticles concentration in the membrane, 
because the introduction of nanoparticles enlarged the laminate trans-
port channels of GO laminates (Fig. S3). The optimal MD performance 
was received in hGOM4 with a total flux of 13.59 kg m-2 h-1 and a salt 
rejection of 99.99%. Nevertheless, excessive intercalation of nano-
particles (hGOM5-7) caused a decrease in the total flux, although high 
salt rejection was maintained. “Analyzed from SEM and AFM micro-
graphs, the laminate channel of the membrane with less SiO2 was too 
small to provide high water flux. Excessive nanoparticles intercalation 
caused local aggregation leading to increased resistance to water 
transport, although providing larger laminate channel. For hGOM4, 

Fig. 6. C1s XPS spectra of GOM, hGOM and hGOM4.  

Fig. 7. Water contact angle (WCA) of GO membranes (GO), GO membranes 
treated with HDTMS (GO-HDTMS) and SiO2 intercalated GO membranes 
treated with HDTMS (SiO2/GO-HDTMS) heated at different temperature. 

Fig. 8. VMD separation performance of GO membranes or SiO2 intercalated GO 
membranes treated with HDTMS heated at different temperature. 
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SiO2 could intercalate into GO uniformly with optimal d-spacing and 
transport route (Fig. S3). In the following sections, hGOM4 was 
employed for studying the effect of feed temperature, NaCl concentra-
tion and foulant on the MD performance. 

3.4. Effect of operating conditions on the MD performance 

3.4.1. Effect of feed temperature and concentration 
The desalination performance of hGOM4 were investigated under 

different feed temperature (40–60 �C) and NaCl concentration (20–35 g 
L-1). As shown in Fig. 11a, with the feed temperature increasing from 40 
to 60 �C, the total flux was enhanced from 6.90 to 13.59 kg m-2 h-1 and 
the salt rejection were kept at ~99.99%. When the feed NaCl concen-
tration ranged from 5 to 35 g L-1, the total flux showed no obvious 
variation and the salt rejection remained between 99.96-99.99% 
(Fig. 11b). This revealed almost no concentration polarization of the 
membrane but the temperature polarization phenomenon could not be 
ignored. 

The change of water flux mainly depends on the driving force of the 
membrane process. The driving force of VMD process is the trans- 
membrane vapor pressure difference (ΔP) between the feed side and 
vacuum side. In a steady MD process, the total gas pressure of the vac-
uum side kept constant. Thereby, trans-membrane vapor pressure dif-
ference (ΔP) is only determined by the water vapor pressure P on the 
feed side. According to the liquid-vapor equilibrium at the membrane 
surface, the water vapor pressure of the salt solution can be calculated as 
[47,48]: 

P¼ γð1 � xÞP* 

Among that, γ represents the water activity coefficient (related with 
temperature and solute concentration), x is the mole fraction of the 
solute and P* represents saturated vapor pressure of water (relevant to 
temperature). Here, the water vapor pressure of different feed temper-
ature with 35 g L-1 NaCl solution was listed in Table 1. The vapor 
pressure would be increased with rising feed temperature, thus 
contributing to a larger driving force and consequently to a higher total 
flux at elevated temperature. 

As shown in Table 2, we also calculated the water vapor pressures of 
different NaCl concentrations at 60 �C. The water vapor pressure P on 
the feed side varies little (�0.05 kPa) within the studied NaCl concen-
tration in the feed. With the similar driving force across the membrane, 
the water flux showed little difference by varying the NaCl 
concentration. 

Fig. 9. Water contact angle (WCA) of GOM, hGOM, hGOM1, hGOM2, hGOM3, 
hGOM4, hGOM5, hGOM6 and hGOM7. 

Fig. 10. VMD performance of hGOM1, hGOM2, hGOM3, hGOM4, hGOM5, 
hGOM6 and hGOM7 (feed conditions: 60 �C, 35 g L-1 NaCl). 

Fig. 11. VMD separation performance of hGOM4 at (a) different feed temperature (35 g L-1 NaCl); (b) feed NaCl concentration (60 �C).  
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3.4.2. Effect of model foulants in the feed 
In actual water system, the existence of low surface surfactants, such 

as SDS, would cause wetting of the hydrophobic membrane, thereby 
reducing the MD performance. Organic fouling is another problem for 
MD membranes which usually lead to membrane wetting and perfor-
mance degradation. We firstly measured different solutions, including 
water, 35 g L-1 NaCl, 35 g L-1 NaCl containing 0.4 mM SDS and 35 g L-1 

NaCl containing 30 mg L-1 HA contact angle values on the hGOM4 
surface (Fig. 12). The contact angle was 120.8 � 0.21�, 122.4 � 0.47�, 
117.5 � 0.46� and 120.6 � 2.66� for various feed solutions. The hy-
drophobicity of hGOM4 ranged a little and almost kept stable. The result 
reflects that optimal hGOM4 owns good anti-fouling property when 
utilized into complex salt solution containing low surface surfactants or 
organic foulants. 

The MD performance of the hGOM4 by dealing with NaCl (35 g L-1) 
containing 0.4 mM SDS or 30 mg L-1 HA were investigated, as shown in 
Fig. 13(a). The fabricated hGOM4 with or without nanoparticles inter-
calation showed negatively charged surface within the entire range of 
pH values from 3.1 to 9.9 (Fig. 13(b)). Controlling zeta potential of 
membrane surface has been proved to be effective in removing emerging 
pollutants from wastewater [49], which plays an important role in 
preventing membrane wetting and fouling. A plenty of works have re-
ported the negative charge property of GO membrane due to the 
existence of carboxyl groups [50,51]. In this work, besides of the re-
sidual carboxyl group of GO, hydrolysis and dissociation of SiO2 in the 
salt solutions would also contribute to the negatively charged surface. 
With salt solution containing SDS, the hGOM4 exhibited 
a stable MD performance. Total flux of 13.57 kg m-2 h-1 and salt 
rejection of 99.97% were achieved, respectively. According to 
Derjaguin-Landau-Verwey-Overbeek (DLVO) model [24], the in-
teractions between surfactant and membrane surfaces should be deter-
mined by electrochemical double layer (EDL) and van der Waals 
interaction [52]. Analyzing from the membrane surface zeta potential 
result, our hGOM4 surface is negatively charged. The weak van der 
Waals interaction and electrostatic repulsive force between anionic 
surfactants SDS and negative charged hGOM4 surface reduce the pos-
sibility of membrane wetting or performance decrease in our case. The 
MD performance of hGOM4 was still investigated by treating with 35 g 
L-1 NaCl feed solution containing 30 mg L-1 HA, showing nearly 
consistent total flux and salt rejection obtained with the 35 g L-1 salt 
solution. Similarly, the electrostatic repulsion between the membrane 
surface and negatively charged HA would suppress the organic fouling 
for hGOM4 [53]. When considering the error bar, the contact angles of 
the membrane dealing with 35 g L-1 NaCl-0.4 mM SDS and 35 g L-1 

NaCl-30 mg L-1 HA showed little difference. Compared with SDS, due to 
the benzene ring structure of HA, HA has weak π-π interaction with 
graphene oxide which will occupy part water vapor transport space. 
Therefore, the flux value of steam in treating solution of 35 g L-1 

NaCl-0.4 mM SDS is larger than 35 g L-1 NaCl-30 mg L-1 HA for hGOM4 
membrane. 

3.4.3. Effect of operating time 
In order to study the membrane stability for MD process, we 

measured the total flux and salt rejection of hGOM4 for dealing with 35 
g L-1 NaCl solution containing 0.4 mM SDS. We characterized the cross- 
section SEM figures of the membrane before and after continuous 
testing, as shown in Fig. S5. The laminated structure was well preserved 
over 170 h testing, which demonstrated the stability of the designed 
membrane. As shown in Fig. 14, the salt rejection was well kept at 
99.99% but a slight decrease in the total flux was observed for each 
cycle, reflecting the deposition of NaCl crystals on the membrane surface 
[54]. In order to maintain an accurate feed composition, we refilled with 
fresh feed solution for three times. As observed in Fig. 14, partial re-
covery of total flux could be realized as starting a new cycle. In our 
testing period, the total flux of hGOM4 was stabilized at around 7.55 kg 
m-2 h-1. Besides, other typical methods [55] like fresh-water rinse [56] 
and gas bubbling [57] have also been proved effective in removing NaCl 
crystals. 

4. Conclusions 

A new kind of hydrophobic GO-based membrane intercalated with 
SiO2 nanoparticles and grafted with HDTMS for VMD process was 
fabricated by vacuum-filtration method. The thermal annealing and 
nanoparticles concentration were proved to be crucial factors in 
affecting the surface hydrophobicity and laminate structure of the 
membrane, thereby leading to the variation of water desalination per-
formance. It was proved that the optimal annealing temperature was 80 
�C. A hydrophobic membrane with surface water contact angle of 120.8�
was achieved by combining the nanoparticles-enhanced surface rough-
ness with grafted long alkyl chains. The membrane showed a water flux 
of 13.59 kg m-2 h-1 and salt rejection of 99.99% for 35 g L-1 NaCl solution 
at 60 �C. A good anti-fouling ability of the GO-based membrane was 
achieved as dealing with salt solution containing model foulant such as 
surfactant and organic. Over continuous 170 h of MD operation, the 
membrane exhibited an excellent high salt rejection and gradually sta-
bilized water flux. These promising results presented in this work 
demonstrated the great potential and feasibility of GO-based membranes 
for MD application. 

Table 1 
Water vapor pressure of different feed temperature with 35 g L-1 NaCl.  

T/�C Cf/g⋅L-1 γ  x/mol% P*/kPa P/kPa 

40 35 1.004830 1.07 7.38 7.34 
50 35 1.004843 1.07 12.34 12.27 
60 35 1.004861 1.07 19.93 19.81  

Table 2 
Water vapor pressure of different NaCl concentration at 60 �C.  

T/�C Cf/g⋅L-1 γ  x/mol% P*/kPa P/kPa 

60 5 1.000106 0.15 19.93 19.90 
60 20 1.001639 0.61 19.93 19.84 
60 35 1.004861 1.07 19.93 19.81  

Fig. 12. Contact angle of hGOM4 surface with water, NaCl solution, SDS- 
contained NaCl solution and HA-contained NaCl solution. 
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