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A B S T R A C T   

A novel PVDF-graphene composite membrane has been developed. Specifically, a commercial PVDF polymer has 
been suitably functionalized with the aromatic rings of styrene (PVDF-f) and characterized by spectroscopic 
techniques. This new material has been used as a base for the adhesion of graphene, owing to the interaction 
between graphene and the aromatic rings of PVDF-f. The new PVDF-f and PVDF-f-graphene (PVDF-f-G) polymers 
were, then, used for the preparation of porous membranes by phase inversion technique and extensively char-
acterized by morphological, surface and chemical-physical techniques. They displayed different properties in 
terms of hydrophilicity, pore size and mechanical resistance. When applied in direct contact membrane distil-
lation (DCMD), in particular, the PVDF-f-G membranes showed long-lasting salt rejection (higher than 99.9%) 
and higher stability in time.   

1. Introduction 

Water scarcity is one of the most important problems mankind is 
going to face in the future, and will become a more and more stringent 
issue due to population growth, especially in the highest density areas 
such as China or India [1,2]. In order to meet the increasing worldwide 
demand of freshwater, new strategies and efficient technologies have to 
be put in place aiming at preserving water natural resources and at 
reusing the treated wastewaters. Nowadays, membrane technology is a 
consolidated technique for the treatment and purification of different 
types of wastewaters both municipal and industrial [3–5]. Membranes, 
in fact, are very well appreciated over the other traditional technologies 
thanks to their outstanding properties in terms of selectivity, low envi-
ronmental impact, flexibility and low energy requirement [2,6–8]. 

In the context of facing water shortage problems, desalination is 
becoming one of the dominant approach for the production of fresh-
water from seawater and brackish groundwater, considering that some 
countries, such as Kuwait and Qatar, already depend 100% on 

desalinated water [9]. The purpose of desalination is to produce pure 
water, which can be consumed by humans or used for domestic and 
industrial purposes, through the removal of salts and other minerals 
dissolved in it [2,10–12]. Nevertheless, thermal distillation is the oldest 
technique employed for desalination, it requires high energy supply 
which represents its main bottleneck [13]. 

In water desalination, in fact, the biggest challenging goals span from 
low energetic consumption (through the use of green energy like the 
solar one) to high efficiency in terms of salt rejection [14]. 

In this framework, membrane based processes play a pivotal role. 
More than 50% of the desalination plants scattered all over the world, in 
fact, use reverse osmosis (RO) technology for the production of fresh-
water [15]. Currently, RO is the leading process in water desalination 
[10,16], but it suffers of some important limitations such as the high 
operating pressures required and the relatively low efficiency due to 
concentration polarization phenomena [10,16,17]. Moreover, RO is 
limited when applied with solutions with high salinity brines (>50 g/L), 
since the applied hydraulic pressure can not overcome the pressure that 

* Corresponding author. 
** Corresponding author. Laboratory of Industrial and Synthetic Organic Chemistry (LISOC), Department of Chemistry and Chemical Technologies, University of 

Calabria, 87036, Arcavacata di Rende, CS, Italy. 
E-mail addresses: bartolo.gabriele@unical.it (B. Gabriele), a.figoli@itm.cnr.it (A. Figoli).  

Contents lists available at ScienceDirect 

Journal of Membrane Science 

journal homepage: http://www.elsevier.com/locate/memsci 

https://doi.org/10.1016/j.memsci.2020.118017 
Received 18 December 2019; Received in revised form 21 February 2020; Accepted 22 February 2020   

mailto:bartolo.gabriele@unical.it
mailto:a.figoli@itm.cnr.it
www.sciencedirect.com/science/journal/03767388
https://http://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2020.118017
https://doi.org/10.1016/j.memsci.2020.118017
https://doi.org/10.1016/j.memsci.2020.118017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2020.118017&domain=pdf


Journal of Membrane Science 604 (2020) 118017

2

the membrane can tolerate (usually not higher than 80 bar) [18,19]. 
Alternative membrane processes, such as membrane distillation 

(MD), are experiencing a rapid growth in this field. MD presents some 
undoubted advantages such as high efficiency, low tendency to fouling 
and low operational temperature and pressure [10,20–25]. Moreover, 
MD, in comparison to other non-evaporative techniques, is able to treat 
high salinity brines thanks to its lower susceptibility to fouling and feed 
salinity [26,27]. 

MD is a thermally-driven process where vapor molecules migrate 
from the hot feed side to the cold permeate side thanks to a vapor 
pressure difference across the membrane. Microporous hydrophobic 
membranes are an essential precondition to avoid that the liquid from 
the feed side can pass through the membrane wetting its pores [28]. 

Membrane porosity, pore size and thermal insulation as well, are 
fundamental properties for the membranes used in MD for ensuring 
good performance in terms of high water vapor flux and high salt 
rejection. However, the lack of fully dedicated and highly optimized 
materials in MD represents one the obstacles to a real development of 
this process at industrial level. 

Different approaches have been proposed so far in literature for the 
improvement of membranes properties and performances when applied 
in MD including coatings with hydrophobic perfluoropolymers [29], the 
use of superhydrophobic electrospun nanofibers [30], the blend with 
other polymers [31] and the incorporation of nanoparticles [32]. 

In this logic, the production of innovative composite hybrid mem-
branes, based on the association of polymers with suitable nano-
materials (NMs), may lead to a significant improvement of the efficiency 
in water desalination by MD [21,32–38]. The NMs are usually dispersed 
in the polymer membrane matrix. Alternatively, they can be coated or 
grafted on the membrane surface, possibly functionalized in order to 
favor the NMs adhesion. Several studies, during the last years, have been 
focused on the possibility of using graphene for a new class of carbon 
based NMs [39]. Graphene consists of single-atom-thick sheets of sp2 

bonded carbon which attracted a lot of interest for electronic applica-
tions thanks to its incomparable properties [40]. The attention towards 
this material in membrane science stem from its potentiality to produce 
ultrathin membranes (with a tunable pore size acting as a molecular 
sieve) with superior performance in terms of permeability and selec-
tivity [41]. Sint et al. [42], for example produced functionalized nano-
pores with graphene monolayers terminated with nitrogen or hydrogen 
and acting as ionic sieves in molecular dynamics simulation. They 
showed how the permeation of Liþ, Kþ and Naþ ions was more favored 
for the nitrogen functionalized pores, while the permeation of Cl� and 
Br� ions was more favored for hydrogen functionalized ones. Moreover, 
the passage of the ions was also influenced by their size and hydration 
state. It was found that the selective passage of different ions through 
these membranes can be tailored by acting on the size and shape of 
nanopores, their functionalization and on the type of monolayer 
material. 

In this work, a novel composite membrane (PVDF-f-G) was devel-
oped by grafting a suitably functionalized polyvinylidene fluoride 
(PVDF) membrane (PVDF-f) with graphene. The novel membrane was 
prepared functionalizing a commercial PVDF with aromatic rings, by 
treating the polymer with a strong base (KOH) to induce the formation 
of double bonds in the backbone by HF elimination, followed by copo-
lymerization with styrene. Then, the adhesion between graphene and 
the PVDF-f membrane was performed by means of a laminating ma-
chine. The novel PVDF-f-G membrane so produced was, then, fully 
characterized and successfully used in direct contact membrane distil-
lation (DCMD) operation for water desalination. 

2. Materials and Methods 

2.1. Chemicals 

PVDF 6010 (Solef, Solvay), KOH (Daejung, 1 Kg flakes, 93% purity), 

azobisisobutyronitrile (AIBN) (Junsei, 1 Kg, purity � 98%), styrene 
(Sigma Aldrich, 1 lt, purity 99.9%) and dimethylformamide (DMF) 
(Sigma Aldrich, purity � 99.8%) have been used without further puri-
fication. For graphene synthesis, 15 μm thickness copper catalyst 
(Welcos, 99.9%), nitrogen (Air Korea 99.999%), argon (Air Korea 
99.999%), methane (Air Korea 99.999%), hydrogen (Air Korea 
99.999%) have been employed. 

2.2. PVDF-f synthesis 

The PVDF functionalization was realized by a two-step procedure: 
the first step corresponds to a basic treatment with KOH to induce the 
formation of double bonds in the polymeric backbone by HF elimination 
[43], while the second step is a radical copolymerization of the double 
bonds with styrene (Fig. 1) or vinylnaphthalene at different ratio (PVDF: 
styrene equal to 1:0.5, 1:1, 1:2 and PVDF: vinylnaphthalene equal to 
1:1.15, 1:3, 1:6). In case of vinylnaphthalene the ratio considered was 
calculated using an equimolar concentration of styrene. 

Briefly, PVDF 6010 (40 g) was suspended in a KOH solution (40 g in 
719.6 g of deionized water) containing absolute EtOH (400 mg) under 
nitrogen atmosphere. The suspension was stirred at 60 �C for 10 min, 
and then a solution of PVDF (38 g) in DMF (456 mL) was slowly added in 
portions, followed by suitable amount of styrene (19 gr for 1:0.5 ratio, 
38 gr for 1:1 ratio, 76 gr for 1:2 ratio) or equivalent amount of vinyl-
naphthalene and AIBN (623 mg). The resulting mixture was stirred at 70 
�C for 15 h. After cooling, the polymeric material was precipitated with 
2.5–3 fold excess of methanol (MeOH), then filtered, washed with DI 
water, and dried under vacuum at 50 �C overnight in order to obtain dry 
PVDF powder. 

2.2.1. PVDF-f characterization – NMR 
PVDF-f was characterized by NMR and FT-IR spectroscopies. 1H and 

spectra were taken on a 600 MHz spectrometer (VNMRS 600 MHz) in 
DMF-d7 as the solvent. 

2.3. Chemical vapor deposition (CVD) - graphene synthesis 

Graphene was synthetized by CVD method, using the operative 
conditions summarized in Fig. 2. For this purpose, high purity reagents 
were used: � 99.999% purity argon, hydrogen and methane and 15 μm 
copper catalyst.  

� Phase 1: 30 min, Ar flux ¼ 500 sccm, P ¼ 1.5 Torr, T to 750 �C  
� Phase 2: 20 min, H2 flux ¼ 40 sccm, P ¼ 1.5 Torr  
� Phase 3: 25 min, H2 flux ¼ 40 sccm, P ¼ 1.5 Torr, T ¼ from 750 to 

1020 �C  
� Phase 4: 120 min, H2 flux ¼ 40 sccm, P ¼ 1.5 Torr (Copper annealing 

phase)  
� Phase 5: 30 min, H2 flux ¼ 120 sccm, CH4 flux ¼ 5 sccm P ¼ 4.5 Torr 

(Graphene growth)  
� Phase 6: 120–180 min, H2 flux ¼ 40 sccm, P ¼ 1.5 Torr, T ¼ from 

1020 to RT 

2.3.1. Graphene characterization – optical microscope 
In order to evaluate graphene defects, the prepared samples were 

analyzed by optical microscopy. Once the procedure was completed and 
graphene was still on the copper foil catalyst, the sample was removed 
from the machine and 1 cm2 sample was gently placed on a heating plate 
at 120 �C for 20 min. This led to the oxidation of copper, which assumed 
a darker color in the areas not directly covered by the graphene layer (as 
a consequence of the presence of defects), whereas the color did not 
change for areas beneath graphene layer (not subjected to oxidation). 
Eventually, in order to evaluate the presence of multilayer areas not 
visible unless copper removal occurs, another 1 cm2 sample was trans-
ferred on Si wafer using wet-transfer method: preliminary this sample 
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was spin-coated with poly (methyl methacrylate) (PMMA) and placed on 
a heating plate at 120 �C to promote the adhesion between graphene and 
PMMA. Subsequently, the catalyst was solubilized using the procedure 
involving iron nitrate and iron chloride solutions below described 
(Section 2.4.2). Then, the PMMA-graphene sample was placed on SiO2 
wafer and on a heating plate again at 120 �C for 20 min in order to heat 
PMMA favoring wafer-graphene adhesion. The sample was finally 
plunged into a solvent able to solubilize PMMA (acetone), air dried, 
before being observed using optical microscope. 

2.4. Membrane preparation 

2.4.1. PVDF and PVDF-f flat sheet membrane preparation 
Flat-sheet membranes have been produced by non-solvent induced 

phase separation (NIPS) technique. Dope solution was prepared using 
about 18% wt. polymer (pristine PVDF or PVDF-f) concentration in 
DMF. After stirring the solution for 12 h at 60 �C, the dope solution was 
cast on a glass support by using a casting machine (with a casting knife 
thickness of 220 μm) and immersed in a DI water bath at a temperature 
of about 20 �C. Once phase inversion process was completed, the 
membrane was first washed in an ethanol and subsequently in a hexane 
bath to remove the last traces of solvent. The membrane was finally 

dried. 

2.4.2. PVDF-f-graphene thin film composite (TFC) membrane fabrication 
Laminating machine (Laminatoer K-Lami customized) was used to 

promote adhesion between graphene and PVDF-f (step 1). Once the 
process was completed, copper was still attached to graphene and it was 
solubilized, using an iron chloride (III) and iron nitrate (III) solutions as 
etchants (step 2). Then, the membrane was washed several times with 
water and air dried overnight (step 3) in order to obtain the final PVDF-f 
membrane functionalized with graphene (PVDF-f-G). The laminating 
process steps are summarized in Fig. 3. 

2.5. Membrane characterization 

2.5.1. SEM analysis 
Membrane morphology has been evaluated by scanning electron 

microscopy (SEM) analysis using Nova Nano SEM instrument. Samples 
were preventively frozen in liquid nitrogen and cut using a sharp small 
blade. Cross-section and top surface of the produced membranes were 
analyzed. 

Fig. 1. Schematic representation of PVDF functionalization with styrene by basic treatment.  

Fig. 2. Synthetic conditions used for graphene synthesis by CVD method.  

Fig. 3. PVDF-f/G membrane preparation: PVDF-f membrane adhesion with graphene carried out by laminating machine (step 1), copper removal by chemical 
etching using iron nitrate and iron chloride solutions (step 2), final composite membrane (PVDF-f-G) (step 3). 
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2.5.2. XPS analysis and FT-IR 
X-ray photoelectron spectroscopy (XPS) analysis was performed on 

carbon, fluorine and oxygen atoms, in order to check the nature of bonds 
formed by these atoms, using a Thermo-scientific theta probe basic 
system. The FT-IR spectrum was registered using a Thermo-scientific 
Nicolet 6700 FTIR instrument. 

2.5.3. Mechanical tests 
In order to investigate the mechanical properties of the membranes, 

Young’s Modulus, tensile stress at break and elongation at break have 
been evaluated using UTM- Shimadzu, AGS-J facility. 

2.5.4. AFM analysis 
Surface roughness and morphology of membranes were estimated by 

mean of Atomic Force Microscope (AFM) analysis, using XE-100 
machine. 

2.5.5. LEP and wettability 
Membrane wettability is one crucial aspects in MD process since it 

can affect its performances, in terms of rejection and thence in terms of 
long-term stability. In water desalination through MD processes, hy-
drophobic materials such as PVDF with a high liquid entry pressure 
(LEP) are usually employed. LEP is the pressure that must be applied to 
allow the penetration of the liquid through its pores. This is a funda-
mental value to be considered in order to evaluate membrane efficiency, 
since it is comprehensive of several other factors such as hydrophobicity, 
geometry, pore size and distribution, surface free energy and nature of 
solution as well. As reported in literature, LEP was calculated by the 
following equation: 

LEP¼
� 4Bσ cosθ

rmax
(1)  

where B is geometry-related factor (B ¼ 1 for cylindrical pores), σ is 
solution surface-tension, ϴ is contact angle and rmax is the largest pore 
diameter. 

The LEP was measured through the use of a high-pressure cell (up to 
5 bar) filled with water and connected to a nitrogen flask. The pressure 
was controlled by means of a manometer and gradually increased until 
the first water droplet permeating the membrane was observed. 

2.5.6. DCMD experiments 
Experiments were carried out using classical configuration of lab- 

scale DCMD facility already described in literature [44]. Briefly, the 
main part of the system is made by two tanks (feed and permeate) which 
can be heated or refrigerated selectively. One membrane-containing 
Teflon cell in which crossflow velocities can be regulated separately 
for feed and permeate side, represents the functional part of the entire 
machine. 

DCMD tests have been performed using three different types of 
membranes: pristine PVDF, PVDF-f and PVDF-f-G membrane. The tem-
perature at the permeate side was kept constant (about 20 �C) while the 
feed temperature was increased from 50 �C (ΔT ¼ 30 �C) up to 70 �C 
(ΔT ¼ 50 �C) with a crossflow velocity of 1 LPM and using two different 
solutions: DI water and salty water composed by 0.5 M NaCl aqueous 
solution. 

Flux across the membrane is a function of water vapor pressure 
difference between the feed and permeate side, the membrane surface 
(area) and can be easily estimated using weight increase of permeate 
solution in the time. 

The flux (J) has been calculated using the equation below: 

J¼
m
S t

(2)  

where m is the difference of permeate weight in the time, ρw is the water 
density, S is the membrane surface area and t is the time. 

Vapor pressure difference (ΔP) was calculated according to Antoine 
equation [45] considering the feed and permeate temperatures: 

Pv  ¼  expð23:38
3841

T � 45
Þ (3)  

where Pv is the water vapor pressure in Pascal and T is the temperature 
in Kelvin. 

Salt rejection has been calculated using following equation: 

Rs¼  ð1 �  Cf=CpÞ�100 (4)  

where C f and Cp represent salt concentrations in feed and permeate side 
respectively. 

3. Results 

3.1. PVDF-f polymer preparation 

As shown in Fig. 1, functionalized PVDF (PVDF-f) was prepared by a 
two-step procedure, involving basic treatment of commercial PVDF6010 
polymer with KOH (to induce the formation of double bonds in the 
polymeric backbone by HF elimination), followed by radical copoly-
merization of the new formed double bonds with styrene (or in alter-
native vinylnaphthalene). Monomers bearing aromatic ring(s), like 
styrene or vinylnaphtalene, have been used since the adhesion between 
graphene layer and polymeric chain can be enhanced by π-stacking 
preventing any possible release of graphene. 

The common methods usually employed for the preparation of 
membranes with graphene are represented by coating, filtration, layer- 
by-layer assembly and evaporation [46]. However, the approach pre-
sented in this work can be considered as one of a kind. Graphene, in fact, 
is not simply deposited on membrane surface (coating, filtration) but it 
is chemically anchored on it exploiting the stacked π- π interactions 
created by graphene and the PVDF-f membrane surface. 

In Table 1 the different trials performed for the preparation of novel 
membranes (at different operating conditions and monomers used), are 
reported. As can be seen, the synthesis of a PVDF-f polymer which was 
soluble in a proper solvent and, therefore, able to produce membranes 
by phase inversion technique, required many efforts. 

First of all, the use of vinylnaphthalene as monomer, instead of 
styrene, (trials 9–11) did not lead to the production of membranes at all 
investigated PVDF: vinylnaphtalene ratios investigated. The main issue 
was that, even if the synthesis of PVDF-f occurred, it exhibited so low 
solubility in all tested solvents (such as dimethylsulfoxide (DMSO), DMF 
and dimethylacetamide (DMAc)), even at high temperatures, which 
could not be processed for membrane preparation. 

Regarding the tests where styrene was used as a monomer (trials 
1–8), two main variables were considered: 1) the PVDF: styrene ratio 
and 2) the polymerization reaction time. Both variables, in fact, revealed 
to greatly affect the possibility of producing membranes since a high 
functionalization degree of PVDF decreased the solubility of the polymer 
in organic solvents. Although at all investigated PVDF: styrene ratios 
considered (1:0.5, 1:1 and 1:2) the polymer was successfully synthe-
sized, not all PVDF-f polymers could be used for membrane fabrication. 
The PVDF-f produced at the highest reaction time considered of 24 h 
(trials 6–8) was not soluble in any of the solvents evaluated (DMSO, 
DMF and DMAc). This was probably related to the fact that, at higher 
polymerization times, the degree of PVDF functionalization increased 
leading to the formation of a series of new C–C bonds between the 
polymer chains and the monomer and new C–C polymer intra-chains 
bonds, resulting in a highly cross-linked material completely insoluble. 
Same reason can be ascribed to the PVDF-f prepared in trials 3 and 5, 
where the higher monomer concentration used (PVDF: styrene ratio 
1:2), made the final polymer not suitable to be processed for membrane 
preparation even if the polymerization time was decreased from 24 h to 
15 and 18 h, respectively. Vice versa, decreasing the monomer amount 

G. Grasso et al.                                                                                                                                                                                                                                  



Journal of Membrane Science 604 (2020) 118017

5

to a ratio of 1:1 and 1:0.5, the PVDF-f produced could be completely 
dissolved in the selected solvent (DMF) producing a homogenous and 
stable dope solution. 

The membranes prepared with the protocol of test 2 (PVDF/styrene 
ratio of 1:1, polymerization time of 15 h) were selected for the further 
functionalization with graphene and are the objective of all the char-
acterization tests reported from here on out. 

3.2. PVDF-f polymer characterization (1H NMR) 

Fig. 4 shows the 1H NMR spectra of starting PVDF (pristine PDVF) a), 
and functionalized PVDF (PVDF-f), b). 

In spectrum b, it is evident the presence of signals between 6.2 and 
6.7 ppm, which are typical of aromatic protons. These signals (absent in 
spectrum a) are therefore ascribable to the presence of phenyl rings in 
the material and confirm the success of the copolymerization process 
between PVDF and styrene. This is further confirmed by the signals 
between 1.2 and 2.1 ppm in spectrum b, which are due to the –CH– and 
–CH2– moieties. 

3.3. Graphene characterization- optical microscope analysis 

In order to estimate the presence of defects and multilayered areas, 2 
� 1 cm2 samples of graphene were analyzed after copper oxidation using 
optical microscope (Fig. 5a) following the procedure illustrated in Ma-
terials and Methods section 2.3.1. A second sample has been spin-coated 
with PMMA and placed on silicon wafer after copper solubilization 
occurred (Fig. 5b). For each sample, two pictures were recorded at 200x 
and 1000x magnification (smaller and bigger picture respectively). The 
analysis showed that some defects are visible only at high magnification 

degree (Fig. 5a) in correspondence of areas not directly covered by 
graphene. In Fig. 5b, higher magnification picture shows the presence of 
some multi-layered areas (visible as darker blue spots) together with the 
presence of residual PMMA (visible as very bright light blue area in the 
bottom part of image). 

The synthesis conditions and the type of catalyst used, led to the 
formation of a polycrystalline graphene: a 2D molecule that starts its 
growth simultaneously from different points on the catalyst surface, 
whose properties are ascribable to the distribution of grain boundaries 
typical of the CVD method [47–49]. 

3.4. Membrane characterization [50] 

3.4.1. FT-IR and XPS 
Fig. 6 shows the FT-IR spectra of pristine PVDF and PVDF-f. The 

presence of phenyl rings in the latter is evident from the aromatic out-of- 

Table 1 
Synthetic conditions used for polymer synthesis.  

Trial PVDF:Monomer ratio (wt.) Monomer typea Polymerization time (h) Polymer synthesis Polymer solubility 

1 1:0.5 Styrene 15 Yes Yes 
2 1:1 Styrene 15 Yes Yes 
3 1:2 Styrene 15 Yes No 
4 1:1 Styrene 18 Yes Yes 
5 1:2 Styrene 18 Yes No 
6 1:0.5 Styrene 24 Yes No 
7 1:1 Styrene 24 Yes No 
8 1:2 Styrene 24 Yes No 
9 1:1.15 Vinylnaphtalene 15 Yes No 
10 1:3 Vinylnaphtalene 15 Yes No 
11 1:6 Vinylnaphtalene 15 Yes No  

a In the case of vinylnaphtalene (trials 10–12), the amount of monomer has been calculated using an equimolar concentration with styrene. 

Fig. 4. 1H NMR spectra for pristine PVDF (a) and PVDF-f (b).  

Fig. 5. Optical microscope images of graphene samples after copper oxidation 
a) and on silicon wafer b). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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plane C–H bending in the 700-950 cm-1 region. Spectrum differences in 
these areas, clearly indicate that functionalization successfully occurred 
since aromatic groups were successfully linked to polymer chain. 

XPS analysis are shown in Fig. 7 (the general spectra of both mem-
branes are reported in Fig. 7a). A comparison of C1s, O1s and F1s peaks 
for both pristine and PVDF-f are reported. In case of F1s spectra (Fig. 7c) 
signals are comparable, whereas O1s signal intensity (Fig. 7d) is lower in 
PVDF-f than pristine one. Very interesting are C1s spectra (Fig. 7b) in 
which PVDF CF2 peak is visible at 290 eV, and two different peaks are 
shown at 284 and 285 eV, regarding styrene and CH2 PVDF peaks 
respectively. In this case, the presence of three peaks in C1s spectra, 
indicates that functionalization occurred and aromatic groups were 
successfully linked to the polymer. 

3.4.2. SEM and AFM 
SEM and AFM representative images of the prepared membranes are 

shown in Fig. 8 and Fig. 9, respectively. All the membranes showed a 
homogeneous surface and an asymmetric structure clearly visible in 
cross section images (Fig. 8). Basically, the structure of the three 
membranes is quite similar. They are characterized by a finger-like 
structure located just beneath their top layer and an underlying 
sponge-like morphology particularly pronounced for PVDF pristine 
membrane which tends to fade in the PVDF-f and PVDF-f-G membranes 
as consequence of polymer functionalization. The presence of a finger- 
like structure is generally attributed to a fast liquid-liquid demixing 
occurring during the formation of the membrane as already observed 
and reported in literature [51,52]. The exchange between solvent and 
non-solvent, in fact, occurs rapidly on the surface of the membrane 
leading to an immediate precipitation of the polymer, while in the lower 
part of the forming membrane (bottom side) the solvent/non-solvent 
exchange is delayed and the finger-like architecture disappear in favor 
of a more sponge morphology [53]. Graphene layer was not visible on 
the membrane surface of PVDF-f-G membrane even at high 
magnification. 

AFM analysis showed that the polymer functionalization was 
responsible of an increased membranes roughness (Fig. 9a and b). PVDF- 

f, in fact, presented a roughness of about 44.65 nm despite a roughness 
of 30.98 nm for the pristine one. 

3.4.3. Contact angle (CA) 
In Fig. 10, the CA for pristine PVDF (Fig. 10a), PVDF-f (Fig. 10b) and 

PVDF-f-G membrane (Fig. 10c) is reported. As can be seen, the func-
tionalization of the polymer with styrene led to an increase in CA from 
71� for the pristine PVDF membrane to 73� for the PVDF-f membrane. 
The hydrophobicity improvement is quite logic since styrene is a 
molecule with a hydrophobic moiety. 

The functionalization with graphene (Fig. 10c), however, led to a 
drastic decrease of membrane CA to 61�. In the case of graphene, the 
precise contact angle value is still a debated question researchers are 
struggling with: it is well known, in fact, that CA value can heavily 
change on the basis of the type of graphene, the number of layers, the 
presence of defects, the air exposure time or even the nature of the 
catalyst [54–60]. The reported values of CA in literature, in fact, vary 
from very hydrophobic (up to 120�) to quite hydrophilic values (around 
60�–70�) [56–58,61]. 

In an interesting study, Hong et al. [55] discussed the evolution in 
time of CA value for different graphene samples. For the aged graphene 
on Cu foil, the advancing/static/receding CA values were 84�/80�/46�, 
respectively. Wettability can also be affected by graphene doping, either 
chemical or physical. Applying a voltage to a sample of graphene lying 
on a SiO2 substrate, a change of initial CA value (88�) is observed and 
can be ascribed to Fermi Level shifting upward or downward with 
respect to the Dirac Point. Both negative and positive voltage biases led 
to a change in terms of interaction strength between water and graphene 
changing therefore the wetting properties. By carrying out theoretical 
calculations, it was determined that the wettability (directly related to 
CA value) is a result of Coulomb interaction and van der Waals forces; 
when graphene is supported by a substrate or doped, its electron density 
increases and this explain the low CA value. Since the intrinsic wetta-
bility of suspended graphene is hard to evaluate, it has been found that 
in the CVD process, after the synthesis occurs, the cooling down process 
can affect the CA value: cooling under Ar atmosphere led to a higher 

Fig. 6. Pristine PVDF- PVDF-f IR spectra comparison.  
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advancing and receding value compared to graphene cooling under H2 
atmosphere. Also, it has been reported that the CA value is affected by 
the number of graphene layers [62]. It has been discussed about “Wet-
ting transparency” of graphene [63]: whenever van der Waals forces 
control the wetting process, and this happens for few graphene layers, 
the 2D material wetting behavior to the substrate is non-invasive. It 
results that monolayer graphene coating affects the CA value of its 
substrate only for 1–2%. This can find an explanation if we consider how 
the absorption energy of water on Cu (or any other substrate) is affected 
by graphene: a water molecule absorbed on Cu surface interacts with 
metal atoms located nearby the interaction range. With a single coated 
graphene layer, still these interaction forces are dominant since only the 
top Cu layer is covered by carbon atoms. Increasing the number of 
layers, the CA value is incremented because the abovementioned ab-
sorption energy decreases, as well as using a substrate like a polymer 
with different properties with respect to the metal substrate. In general, 
it is possible to accept that the conditions responsible for an increase 

\decrease of water absorption energy, affect the CA value. 
The works cited above are important in order to understand that the 

contact angle for graphene depends on a series of factors often not 
completely and fully explained. Therefore, the low values of CA reported 
in this work for the PVDF-f-G membrane, does not necessarily corre-
spond to a hydrophilic surface which could not find application in 
DCMD process. 

3.4.4. Mechanical tests 
Table 2 reports the mechanical tests results performed with pristine 

PVDF, PVDF-f and PVDF-f-G membranes expressed in terms of Young’s 
Modulus (E-mod), tensile stress at break (Rm) and elongation at break 
(ε-Break). Chemical functionalization of PVDF led to a significant 
reduction in E-mod, Rm and ε-Break values probably due to an increased 
rigidity of the polymer chains as consequence of the presence of styrene 
aromatic rings. However, when graphene was employed, E-mod raised 
up as well as tensile stress at break and PVDF-f-G membrane properties 

Fig. 7. General spectra (a), C1s (b), F1s (c) and O1s (d) XPS spectra for pristine and functionalized PVDF-f.  

Fig. 8. SEM images of top side and cross section of pristine PVDF membrane (a, b), membrane prepared with PVDF-f (c, d), and PVDF-f-G membrane (e, f).  
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were closer to PVDF pristine membrane. It is very well known, in fact, 
that graphene possesses high mechanical resistance and its strong 
interaction with styrene can be responsible of the mechanical properties 
improvement. 

In most of the studies reported in literature, in fact, when graphene 
oxide (GO) is used as a nanofiller to be incorporated into the polymer 
membrane matrix, an improvement of membranes mechanical proper-
ties is observed. Most of the times, this improvement is a consequence of 
graphene interaction with polymeric chains [64]. 

3.4.5. Pore size 
The pore size of the produced membranes was greatly affected by the 

functionalization of the PVDF membrane (Table 3). PVDF-f membrane 
presented the highest value of mean pore size (0.13 μm) which placed it 

in the range of microfiltration in comparison to PVDF pristine mem-
brane (0.03 μm) and PVDF-f-G (0.04 μm) which fell in the range of 
ultrafiltration. 

In case of PVDF-f membrane, the steric hindrance related to the 
presence of the styrene molecules led to a different rearrangement of the 
polymer chains during the formation of the membrane resulting in a less 
compact structure which favored the formation of larger pores. 

The addition of graphene in PVDF-f-G membranes, led, on the con-
trary, to a decrease in membrane pore size which showed a value of 0.04 
μm. 

3.5. DCMD test 

DCMD tests have been performed with pristine PVDF, PVDF-f and 
PVDF-f-G membranes. The feed temperature was varied from 50 �C (ΔT 
¼ 30 �C) up to 70 �C (ΔT ¼ 50 �C) with a crossflow velocity of 1 LPM and 
using DI water and 0.5 M NaCl aqueous solutions. 

In all the tests, there is a clear difference in terms of flux between the 
pristine PVDF membrane and the PVDF-f and PVDF-f-G membranes. In 
particular, no flux was observed for the pristine PVDF membrane even 
increasing feed temperature. This can be due to the denser nature of the 
PVDF membrane which presented a measured liquid entry pressure 
(LEP) value of more than 5 bar. PVDF-f membrane presented the highest 
values of flux at all investigated temperatures (ranging from 6 to 18 L/ 
m2 h) due the larger pore size (0.13 μm) [29,65]. The flux, as expected, 
increased linearly as the temperature increased as can be also observed 
when the vapor differential pressure is considered (Fig. 11c) [29]. 
PVDF-f-G membrane presented an intermediate situation between the 
previous two membranes. When graphene layer was applied on mem-
brane surface, the water flux for PVDF-f-G membrane was ranging from 
1.4 to 3 L/m2 h in case of DI (Fig. 11a) and from 0.5 to 3 L/m2 h 
(Fig. 11b) in case of salty water. The lower flux exhibited by the 
PVDF-f-G membrane can be mainly related to two factors: the extra mass 

Fig. 9. AFM images of pristine PVDF (a) and PVDF-f (b) membranes.  

Fig. 10. Contact angle for pristine PVDF (a), PVDF-f (b) and PVDF-f-G mem-
brane (c). 

Table 2 
Mechanical test results for Pristine PVDF, PVDF-f and PVDF-f-G membranes.   

E-Mod (N/mm2) Rm (N/mm2) ε- Break (%) 

Pristine PVDF 208 � 25.2 13 � 3 141 � 3 
PVDF-f 76 � 13 3 � 0 61 � 1 
PVDF-f-G 143 � 3 4 � 0 99 � 26  

Table 3 
Pore size measurements performed on pristine PVDF, PVDF-f and PVDF-f-G 
membranes.   

Mean Flow 
Pore Pressure 
(bar) 

Mean Pore 
Diameter 
(μm) 

Blubble point 
pressure (bar) 

Bubble Point 
Diameter (μm) 

Pristine 
PVDF 

15.4 0.03 1.2 0.4 

PVDF-f 3.56 0.13 1.1 0.4 
PVDF-f-G 10.92 0.04 1.2 0.4  
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transport resistance as consequence of graphene extra-layer on PVDF-f 
membrane surface; and the lower pore size showed by the membranes 
prepared with graphene. 

Both PVDF-f and PVDF-f-G membranes presented a salt rejection 
higher than 99% (Fig. 12). Membranes with graphene, in particular, led 
to an improvement in salt rejection which was exceptionally high (close 
to 100%). Moreover, the PVDF-f-G membrane, even if presented lower 
flux in comparison to the PVDF-f one, exhibited higher stability in time 
keeping constant the salt rejection. The high salt rejection was also a 
confirmation of the good graphene deposition on the PVDF-f membrane 
surface which resulted in a homogenous and macroscopic defects free 
surface. 

In literature, different works concerning membranes made with 
different types of PVDF and graphene for applications in MD are re-
ported and here presented in Table 4. The membranes produced in this 
work (PVDF-f and PVDF-f-G) can be considered competitive if compared 
to most of the data obtained by other authors. In some cases, they pre-
sented better flux, better salt rejection or both (Table 4). As can be 
noticed, most the works reported in the table deal with PVDF mem-
branes modified with GO or graphene quantum dots (GQDs) where 
graphene and graphene-like materials are usually employed as additives 
during dope solution preparation or immobilized on membrane surface 
by vacuum filtration. The approach proposed in this work can be 
considered unique since graphene was directly deposited and chemically 

Fig. 11. MD water flux for pristine PVDF, PVDF-f and PVDF-f-G membranes with pure water a) and using 0.5 M NaCl solution b). Partial pressure difference as a 
function of temperature difference with pure water c). 

Fig. 12. Salt rejection for PVDF-f and PVDF-f-G membranes.  
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blocked on PVDF membrane surface avoiding the problems which are 
generally related to the use of nanoparticles (e.g. stability and release in 
the environment). Moreover, this procedure did not require preventively 
material preparation such as chemical exfoliation of graphite, treatment 
with strong oxidizing chemicals such as in the case of GO, purification or 
dispersion in solvents, since graphene was synthetized and used as 
coating material directly on membrane surface. This resulted in a better 
adhesion between graphene and membrane surface with an enhance-
ment of the overall stability. 

4. Conclusions 

An innovative and simple procedure for PVDF chemical functional-
ization with the aim of enhancing graphene adhesion on membrane 
surface for fabricating new polymer-graphene composite membrane, has 
been conducted. Such procedure can be divided into three main steps: 
PVDF chemical functionalization with styrene (PVDF-f), flat sheet 
membrane preparation by phase inversion technique and composite 
membrane fabrication by graphene deposition (PVDF-f-G). The novel 
PVDF-f and PVDF-f-G membranes so produced were then characterized 
and applied in DCMD. 

Practically, functionalization of PVDF with styrene introduced a 
certain porosity degree but also a loss of mechanical properties 
compared to pristine PVDF which could be recovered after adhesion 

with graphene. NMR and IR spectra confirmed the structure and func-
tional groups of the newly functionalized polymer and SEM analysis 
showed an asymmetric architecture for all membranes mainly charac-
terized by finger-like and spongy regions. PVDF-f membranes showed a 
higher degree of hydrophobicity as a consequence of styrene grafting 
which turned into a hydrophilicity when graphene was applied. 

Membranes prepared using PVDF-f showed good water flux (16 L/m2 

h) and salt rejection higher than 99.9%. In the case of PVDF-f-G mem-
branes, lower flux (3 L/m2 h) was observed but accompanied to higher 
salt rejection in time and improved membrane performance stability. 
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Table 4 
Literature works comparison with PVDF membranes containing graphene, graphene-like materials or none of them.  

Polymer MD 
type 

Salt 
concentration 

Presence of graphene or 
graphene-like materials 
(yes/no) 

Feed/Perm 
temperature (�C) 

Flux (kg/m2 

h) 
Flux/ΔP (Kg/m2 

h Pa) 
Rejection Ref. 

PVDF DCMD 0.6 M no 50/20 1.85 1.59⋅10� 4 lower than 90% using 
10–15% polymer conc. 

[66] 

PVDF þ NW 
fabric 

DCMD 0.6 M no 50/20 12.45 10� 3 lower than 90% using 
10–15% polymer conc. 

PVDF DCMD pure water no 50/20 10.37 8.91⋅10� 4 / [67] 
PVDF þ TFE DCMD 0.3 M no 55/20 7.2 4.61⋅10� 4 close to 100% [68] 
PVDF AGMD 0.6 M no 60/20 from 18 to 

16 after 8 h 
from 8.79⋅10� 4 to 
7.82⋅10� 4 

PVDF from 99.5 to 94.6 
after 8 h 

[35] 

PVDF þ GQDs1 
(0,05 wt%) 

AGMD 0.6 M yes 60/20 6 2.93⋅10� 4 PVDF þ GQD1P from 
99.9% to 99.8% after 8 h 

PVDF þ GQDs2 
(0,1) wt%) 

AGMD 0.6 M yes 60/20 from 13 to 8 
after 8 h 

from 6.35⋅10� 4 to 
3.91⋅10� 4 

PVDF þ GQD2P from 
99.9% to 99.8% after 8 h 

PVDF þ GQDs3 
(0,25) wt%) 

AGMD 0.6 M yes 60/20 18 8.79⋅10� 4 PVDF þ GQD3P from 
99.9% to 99.8% after 8 h 

PVDF þ GQDs4 
(0,5) wt%) 

AGMD 0.6 M yes 60/20 8 3.91⋅10� 4 PVDF þ GQD4P from 
99.2% to 95.2% after 8 h 

PVDF AGMD 0.6 M no 85/20 3.4 5.27⋅10� 5 99.9 [37] 
PVDF þ GO 

0,1% 
AGMD 0.6 M GO (yes) 85/21 3.8 5.91⋅10� 5 99.7 

PVDF þ GO 
0,3% 

AGMD 0.6 M GO(yes) 85/22 4.7 7.33⋅10� 5 99.9 

PVDF þ GO 
0,5% 

AGMD 0.6 M GO(yes) 85/23 5.4 8.45⋅10� 5 99.6 

PVDF þ GO- 
APTS 0,1% 

AGMD 0.6 M GO-f (yes) 85/24 4.5 7.06⋅10� 5 99.8 

PVDF þ GO- 
APTS 0,3% 

AGMD 0.6 M GO-f (yes 85/25 6.25 9.84⋅10� 5 99.9 

PVDF þ GO- 
APTS 0,5% 

AGMD 0.6 M GO-f (yes) 85/26 5.7 9.01⋅10� 5 99.7 

PVDF DCMD 0.51 M no 50/20 1 8.59⋅10� 5 99.1 [12] 
PVDF AGMD 0.6 M no 80/15 18.2 3.43⋅10� 4 88.5 [69] 
PVDF þ GO- 

ODA M1 
AGMD 0.6 M GO-ODA (yes) 80/16 13.8 2.60⋅10� 4 96.3 

PVDF þ GO- 
ODA M2 

AGMD 0.6 M GO-ODA (yes) 80/17 16.7 3.16⋅10� 4 98.3 

PVDF þ GO VMD 0.6 M FTES-GO (yes) 50 36.4 1.16⋅10� 3 99.9 [70] 
PVDF þ GO AGMD 0.6 M GO (yes) 80/20 �7 1.33⋅10� 4 99.9 [71] 
PVDF-f DCMD 0.5 M no 70/20 �16 4.77⋅10� 4 99.9 This 

work PVDF-f-G DCMD 0.5 M yes 70/20 �3 8.95⋅10� 5 99.9 

NW: Non-woven; AGMD: Air gap membrane distillation; ODA: Octadecylamine; GO: Graphene oxide; GO-f: Functionalized graphene oxide; GO-ODA: Octadecilamine- 
functionalized graphene oxide; GQDs: Graphene quantum dots; FTES-GO: 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FTES) functionalized GO nanosheet; VMD: 
vacuum membrane distillation. 
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