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ARTICLE INFO ABSTRACT

Editor: Yunho Lee Polyvinylidene fluoride (PVDF) membranes containing hydrophobic graphene nanofillers were prepared and
tested for membrane distillation applications. The nanofillers were obtained by a two-step process: 1st) chemical
grafting of hydrophobic molecules, either octylamine (OA) or perfluoroctylamine (PFOA), to graphene oxide
(GO) nanosheets, and 2nd) chemical reduction of functionalized GO (rGO) to remove unreacted oxygen-
containing functional groups. This resulted in OA-functionalized reduced GO (OA-rGO) and PFOA-
functionalized rGO (PFOA-rGO). The addition of these nanomaterials to PVDF membranes prepared by the
phase inversion process led to an increase in the membrane contact angle, and therefore higher hydrophobicity,
as well as an increase in the membrane porosity. When comparing both nanofillers, OA-rGO and PFOA-rGO, the
latter was more efficient in achieving higher contact angles due to the presence of fluorine atoms, whereas OA-
rGO led to a greater enhancement in membrane porosity as compared to PFOA-rGO. MMMs containing 0.7 wt%
nanofiller loadings of OA-rGO and PFOA-rGO achieved the highest water fluxes of 9.1 and 8.8 L m™2? h™?,
respectively and salt rejection above 99.9%, which was monitored for at least 162 h of operation for the former.
In comparison with pure PVDF (flux of 5 L m 2 h™!), the addition of OA-rGO and PFOA-rGO nanofillers results in
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a flux increment of 82% and 76%, respectively.

1. Introduction

The world is currently facing water scarcity due to population
growth and extreme weather events. Currently only 1% of global water
supplies can be used for human consumption [1], with the remainder
either being highly saline (i.e. seawater or brackish water) or locked up
in ice formations such as mountain snow caps or polar ice sheets. Since
97.5% of the total water in the planet is saline water, desalination of
seawater and brackish water shows enormous potential [1]. Although
the desalination process is energetically expensive [2], numerous
desalination plants are already under operation producing high quality
water, mainly in coastal areas or when surface and ground water is not
available [2]. To cover basic needs for future generations, more sus-
tainable and energy-efficient technologies capable of producing larger
fresh water streams are required.

Membrane distillation (MD) consists of a thermally based process

mostly used for desalination purposes in which water vapor travels
through a hydrophobic membrane that prevents liquid water, having
salts, metals or organic contaminants dissolved, from penetrating the
membrane. MD presents several advantages over reverse osmosis (RO)
processes, the state-of-the-art desalination technology, including lower
required transmembrane pressures involved, less demanding membrane
characteristics (e.g. lower mechanical properties and wide pore sizes),
lower fouling propensity and less pretreatment processes, possibility of
using waste heat reducing energy consumption, and capability of
treating a wide range of wastewaters streams [3,4]. As compared to
other desalination technologies which do not involve the use of mem-
branes (e.g. multistage flash distillation, multi-effect distillation and
mechanical vapor compression), MD offers several advantages such as: i)
capable of treating high feed salinities [5], ii) low footprint due to high
compactness and small-scale units [6], iii) operating temperature below
water boiling point, and iv) allows for the use of renewable energy

* Corresponding author at: Departamento de Ingenieria Quimica y Tecnologias del Medio Ambiente, Universidad de Zaragoza, Zaragoza 50009, Spain.

E-mail address: p.gorgojo@unizar.es (P. Gorgojo).

https://doi.org/10.1016/j.jece.2023.109898

Received 20 September 2022; Received in revised form 2 April 2023; Accepted 11 April 2023

Available online 12 April 2023

2213-3437/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:p.gorgojo@unizar.es
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.109898
https://doi.org/10.1016/j.jece.2023.109898
https://doi.org/10.1016/j.jece.2023.109898
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.109898&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.M. Luque-Alled et al.

sources [5,7,8]. However, the main limitations of MD are related to low
membrane flux (i.e. low water outputs), membrane wetting and high
thermal energy consumption [9]. Over recent years, the energy con-
sumption in MD-based processes for desalination have been consider-
ably cut down by several strategies, resulting in reductions in specific
costs. For example, the cost of desalted water from an MD plant (30,000
m®/d capacity plant) was reduced from 2.2 to 0.66 $/m? by using waste
heat [7]. Alternatively, implementation of heat recovery systems have
dropped the estimated water cost of a MD plant from 1.17 to 0.64 $/ m>
when operated with lower grade waste heat [8]. All this makes MD
systems competitive against conventional RO plants, which have an
estimated cost around 0.8 $/m°® water produced. Further improvements
in the energy efficiency of MD-based processes, along with an enhanced
membrane performance (increasing the flux and reducing membrane
wetting), are needed to boost MD technology.

MD membranes can be made from economically affordable and
processable polymers. PVDF (polyvinylidene fluoride) offers acceptable
hydrophobic properties along with good mechanical and thermal sta-
bility and low heat conductivity [10-12]. PVDF membranes are typi-
cally prepared by a non-solvent induced phase separation process that
yields to an integrally skinned asymmetric structure. This technique
allows the fabrication of membranes having a porous structure with high
pore connectivity and offers good control of the pore size and membrane
porosity. Nevertheless, the performance of PVDF membranes still tends
to fall far below PTFE membranes, which are prepared by stretching
processes at high temperatures and therefore are more expensive [9,11].
The reason for the lower flux of PVDF membranes is related to their
lower hydrophobicity and higher membrane wetting as compared to
PTFE [11,12]. Significant research has been carried out towards
achieving PVDF membranes that are more economically affordable and
have higher fluxes than PTFE membranes. Among all the strategies, the
addition of a variety of fillers, including graphene-like materials
[13-15], multi-walls carbon nanotubes (MWCNT) [16] and boron
nitride nanosheets (BNNs) [17], has led to membranes with enhanced
flux without compromising rejection. In particular, the addition of GO
and its derivatives (e. g. rGO, APTS-functionalized GO, etc.) have been
found very effective for this purpose. For instance, the addition of hy-
drophilic APTS-GO to the PVDF casting solution enhances the de-mixing
process in the coagulation bath during the membrane formation process
and leads to membranes with higher porosity as compared to pure PVDF
[14]. These membranes were tested for air-gap MD and showed an in-
crease in water flux attributed to the greater membrane porosity. A
previous study from our research group involving mixed matrix mem-
branes (MMMs) made of PVDF and rGO with different degrees of
reduction demonstrated the influence of the oxygen-containing func-
tional groups within GO in the final properties of membranes such as
porosity, membrane contact angle, permeate flux and porosity [13]. The
results showed that the improved performance can be due to both hy-
drophobic and hydrophilic moieties in the nanofillers. Hydrophobic
functionalization of GO is particularly attractive since it is typically
associated with less pore wetting and higher liquid entering pressure,
thus increasing the long-term MD performance [18-20].

Electrospun PVDF membranes with GO functionalized with a few
hydrophobic molecules, including polyhedral oligomeric silsesquioxane
(POSS) [18], 1 H, 1 H, 2 H, 2 H-perfluorooctyltriethoxysilane (PFOTS)
[19] and ocatadecylaime (ODA) [20], have been reported. The
above-mentioned molecules possess numerous nonpolar functionalities
that barely interact with water molecules; for instance, C-C bonds in
ODA and C-F bonds in PFOTS. The addition of these nanofillers to the
membrane not only increases its hydrophobicity, but also affects to the
diameter of the nanofibers created controlling the porosity of the elec-
trospun nanofibrous membranes. Electrospun membranes have higher
water permeance as compared to flat sheet phase inversion membranes
due to more favorable membrane properties for water vapor transport.
Electrospun membranes consist of a network of interconnected fibers,
which results in highly porous structures with very rough surfaces. This
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high membrane roughness together with the use of hydrophobic poly-
mers leads to highly hydrophobic membranes. The combination of high
porosity and high hydrophobicity makes them unbeatable in terms of
membrane performance by phase inversion membranes. However, the
incorporation of electrospun membranes to the market has been limited
by several issues [18,21-23]: i) they often suffer from insufficient me-
chanical stability, ii) there are not reliable data on long-term operation,
and iii) their scalability and cost-effectiveness are questionable. On the
contrary, phase inversion is a mature membrane fabrication technology
that is already consolidated in the market (e.g. ultrafiltration, nano-
filtration, reverse osmosis, and gas separation membranes). This sort of
membrane is highly scalable, shows sufficient mechanical stability, their
pore size and porosity can be controlled during the membrane fabrica-
tion process, and offers satisfactory and reliable long-term performance.
Therefore, despite their poorer performance against electrospun mem-
branes, phase inversion flat sheet membranes are still the most reliable
alternative to replace conventionally used PTFE membranes.

In this study we compare the performance of phase inversion flat
sheet PVDF-based MMMs containing two types of hydrophobic GO
fillers: i) octylamine-functionalized reduced GO (OA-rGO), and ii)
perfluorooctylamine-functionalized reduced GO (PFOA-rGO). OA-rGO,
with long alkyl chains, is expected to offer additional hydrophobicity,
whereas PFOA-rGO could offer better compatibility with the fluorinated
PVDF polymeric chains due to the presence of inert C-F bonds in the
perfluorooctyl chain. Both types of MMMs have been characterized
using SEM, contact angle and porosity measurements and studied for
treatment of salty water using an air-gap MD (AGMD) configuration.

2. Experimental
2.1. Materials

The following chemicals were used for the preparation of function-
alized GO: graphite powder form Nature Graphit GmbH (Germany),
hydrogen peroxide (H202, 30%) and sulfuric acid (H2SO4, 98%) from
Fisher Chemicals (UK), potassium permanganate (KMnO4, 99%) from
Alfa Aesar (UK), nitric acid (HNOs, 68%), hydrochloric acid (HCl, 37%),
octylamine (OA), 1 H,1 H-perfluorooctylamine (PFOA), N,N’-dicyclo-
hexylcarbodiimide (DCC), tetrahydrofuran (THF) and ascorbic acid
from Sigma Aldrich (UK).

For the preparation of the polymer membranes, PVDF powder (mo-
lecular weight of 534,000 g mol~!) and n,n-dimethylformamide (DMF)
were purchased from Sigma-Aldrich. Nonwoven fabric (Viledon
Novatexx-2471) was purchased from Freudenberg Filtration Technolo-
gies (UK). The coagulation bath contained deionized (DI) water with a
resistivity of 18 MQ cm that was produced by a Milli-Q integral system
(Merck Millipore, Ireland). NaCl was purchased from Acros (Belgium).

2.2. Synthesis of graphene oxide and functionalized graphene oxide

GO was prepared according to a modified Hummer’s method re-
ported elsewhere [24]. GO was chemically functionalized with the hy-
drophobic organic molecules OA and PFOA, following the steps that are
shown in Fig. 1a. 50 mg of GO and 6.5 mg of DCC were dispersed in 47.5
ml of THF by sonication for 30 min and mechanical stirring for 24 h.
Separately, 0.25 mmol of the functionalization agent (i.e. 32.3 mg of OA
or 99.8 mg of PFOA) was dissolved in 2.5 ml of THF with the aid of
magnetic stirring. The homogeneous GO dispersion was sonicated again
for 30 min, transferred to a round bottom flask and heated up to 60 °C.
The THF solution containing the functionalization agent was slowly
added to the GO dispersion under magnetic stirring and refluxed for 12
h. After that, the product was filtered using filter paper, washed with
abundant THF and DMF and re-dispersed in 50 ml of DMF. 350 mg of
ascorbic acid were added to the functionalized-GO dispersion and the
mixture was decantated into a round bottom flask where it was reacted
at 90 °C for 4 h under magnetic stirring. The dispersion was then filtered
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Fig. 1. Synthesis steps for the GO functionalization with octylamine (OA) and perfluorooctylamine (PFOA) and subsequent reduction (resulting solids labeled OA-
rGO and PFOA-rGO) (a), PVDF/functionalized-rGO membrane formation process (b) and experimental AGMD setup (c).

and washed with DMF until a colorless solution was found in the filtrate
that indicated that most of the ascorbic acid has been removed. The
resulting powder was re-dispersed in DMF by sonication for 1 h, filtered
over a PTFE filter and washed with DMF.

2.3. Characterization techniques of graphene oxide and functionalized
graphene oxide

The chemical composition of GO and functionalized GO was assessed
using Fourier-transform infrared spectroscopy (FT-IR) and X-ray
photoelectron spectroscopy (XPS). For the ATR-FT-IR measurements an
Alpha-P FT-IR spectrometer with a germanium crystal (Bruker, UK) was
used with spectra acquired in the range 800-4000 cm !, XPS mea-
surements were conducted using an Axis Ultra spectrometer (Kratos
Analytical Limited, Manchester, UK) having a monochromatic Al Ka
source (1486.7 eV) and high resolution XPS spectra were studied using
CasaXPS software.

2.4. Membrane fabrication

The membrane fabrication process is depicted in Fig. 1b. PVDF
membranes were prepared by a phase inversion process using casting
solutions with a polymer concentration of 14 wt% in DMF. Fillers OA-
rGO or PFOA-rGO nanofillers were added into the casting solutions to
obtain final concentrations of the filler in the prepared membranes of
0.2-1 wt% (exact amounts are shown in Table 1). For the phase inver-
sion process, a piece of non-woven fabric was coated with the prepared
dope solutions using an automatic film applicator (Sheen) equipped
with a doctor blade. The height of the doctor blade was set at 200 um
and a coating velocity of 0.05 m s~} was used. Immediately after cast-
ing, the non-woven fabric coated with the dope solution was immersed
in the coagulation bath containing deionized water at room temperature
to allow phase separation and polymer solidification. The resulting
membranes were left in the coagulation bath for 5 min before being
transferred to another DI water bath. After 24 h, the membranes were
taken out from the water and left to dry in a fume cupboard for 48 h. As

Table 1
Composition of the PVDF casting solutions used for the preparation of the
MMMs.

Membrane code (%loading-filler) PVDF (g) DMF (g) Filler (mg)
PVDF 1.54 9.44 -

0.2% OA-rGO 1.54 9.44 3.1

0.5% OA-rGO 1.54 9.44 7.7

0.7% OA-rGO 1.54 9.44 10.8

1% OA-rGO 1.54 9.44 15.4

0.2% PFOA-rGO 1.54 9.44 3.1

0.5% PFOA-rGO 1.54 9.44 7.7

0.7% PFOA-rGO 1.54 9.44 10.8

1% PFOA-rGO 1.54 9.44 15.4

seen in Table 1, the resulting MMMs were denoted by the same name as
the type of nanofiller used; for instance, 0.2% OA-rGO corresponds to
MMNMs containing 0.2 wt% of OA-rGO nanofiller and 98.8 wt% PVDF.

2.5. Membrane characterization

Top-view and cross-sectional images of the membranes were ac-
quired using a scanning electron microscope (SEM), FEI Quanta 650
FEG-SEM microscope (FEI, USA) at a voltage of 20 KV. Cross-section
specimens were immersed in liquid Ng for 10 s and fracture inside of
the liquid to render a cleaner exposed section. All samples were sputter
coated with platinum (MTM 10 Thickness Monitor, Cressington, USA)
prior to imaging.

Attenuated total reflectance-Fourier-transform infrared spectroscopy
(ATR-FTIR) was conducted using an iDS Nicolet iS5 spectrometer
(Thermo Scientific, UK) with a Ge crystal as a background within a
wavenumber range of 1600-700 cm ™! and a step size of 0.5 cm L. Prior
to carrying out AFT-FTIR measurements, the membranes were left to dry
inside of the fume hood for 24 h at room temperature to avoid the
presence of fictitious peaks in the spectra that may arise due to the
presence of water trapped within the membranes [25].

Contact angle measurements via Sessile Drop Method were
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performed to investigate the hydrophobicity of the membranes. A 10 pL
droplet was deposited on the surface of the membrane and then imaged
using a Digilife digital microscope from KKMoon. For each membrane,
the contact angle value reported corresponds to the average of five
measurements.

The porosity (¢) of the prepared membranes was evaluated by using
the gravimetric method [26,27]. For each membrane, squares pieces of
approximately 1 cm x 1 cm were weighed (Wy4) and then immersed in
ethanol at room temperature. After 1 h, the pieces were removed from
the ethanol, the excess solvent on the membrane’s surface was gently
wiped off with tissue paper, and then each piece was weighed again
(Wy). For each membrane sample (e.g. 0.2% OA-rGO), three pieces were
measured and the average value is reported. The porosity was calculated
using Eq. (1) [28]:

Wy =Wy
€= W x 100 €h)
Pe P

where Wy, and Wy correspond to the weight of the wet and dry mem-
brane, respectively, and p. (789 kg m’3) and p, (1740 kg m’3) are the
densities of ethanol and polymer, respectively (source: Sigma Aldrich).

Atomic Force Microscopy (AFM) measurements were carried out
using a Bruker MultiMode 5 scanning probe microscope in tapping mode
with a scan rate of 1 Hz and an approximate amplitude of 250 mV. The
following roughness parameters were calculated using Gwyddion, a free
software for scanning probe microscopy data visualization and analysis:
average roughness (Ra) and Root mean square (RMS). A scanning area of
5 x 5 um was used to analyze the roughness parameters.

Capillary flow porometry was conducted at room temperature using
a Porolux 1000 (Porometer, Belgium) connected to a Ny gas line. The
membrane samples were immersed in POREFIL 125 (surface tension of
15.88 + 0.03mN m 1) for 5 min prior to analysis. The bubble point pore
size (BP) and mean flow pore size (MFP) were calculated using the dry/
wet method as explained elsewhere [14].

Liquid entry pressure (LEP) measurements were acquired at room
temperature using an aqueous solution of NaCl (35 g L™!) and a stirred
dead-end filtration cell (Sterlitech HP4750) connected to a nitrogen gas
cylinder for pressurization up to 10 bar. The pressure was gradually
raised stepwise until the first drop of solution eluted. Three samples for
each membrane code were measured and then averaged.

2.6. Performance in AGMD

The scheme in Fig. 1c represents the air gap membrane distillation
(AGMD) setup employed for measuring the MD performance of the
membranes. Membranes were placed in the module along with rubber
gaskets, a spacer, a perforated plastic support disk and a metallic
condenser plate. The spacer allows for an air gap with a width of 3 mm
since this has been found to be the optimum value [29]. A membrane
with an area of 28.27 cm? was used in this study, nonetheless, due to the
perforated membrane support, the effective membrane area exposed to
the condenser plate was 7.16 cm?. However, the full membrane area, i.e.
28.27 cm?, was used in the flux calculations since this is the area
exposed to the feed solution. The feed was an aqueous NaCl solution of
35gL7! at 80°C, which was re-circulated at a flow rate of 385

+ 5 ml min~! using a pump. On the permeate side, the condenser plate
was maintained at 20 °C due to water circulation using a Julabo F12-ED
chiller. The amount of permeate collected was weighed to calculate the
membrane flux, taking readings each 15 min up to 2 h. To assess the
reproducibility of the setup, three coupons were tested for each mem-
brane. The permeate flux, J (L m~2 h™!, LMH), was calculated using Eq.
(2):

J=2 (2)
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where V}, (L) is the volume of the permeate collected at time t, t (h) is the
time of the experiment and A (cmz) is the membrane area. Salt rejection
(%) was calculated using Eq. (3):

Salt Rejection = (1 - &>x100 3
%

where C, (uS cm_l) and Cy (pS cm_l) are the conductivities of permeate
and feed solutions, respectively.

3. Results and discussion

3.1. Characterization of GO and OA-functionalized GO and PFOA-
functionalized GO

The functionalization of GO with OA and PFOA was assessed by FT-
IR prior to the reduction of GO with ascorbic acid. The FT-IR spectra of
GO and the functionalized GO are shown in Fig. 2a, and some differences
are observed. A new band at around 1300 cm ™! in both functionalized
GO samples appear as a result of C-N stretching vibrations. However,
this band is more intense in the spectrum of OA-GO as compared to
PFOA-GO due to the contribution of C-H stretching vibrations from the
alkyl chain in OA that appears at very similar wavenumbers to C-N vi-
brations. The functionalization also leads to the broadening and
decrease in intensity of the GO’s sharp peak at 1600 cm™! that corre-
sponds to C—=C vibrations. This is due to overlap with O—C-N stretching
bonding vibrations (commonly ~1500-1700 cm’l) [30-32]. In addi-
tion, amide formation leads to an intensity decrease of the peak at
1720 cm ™! attributed to C=0 groups. Furthermore, the use of different
functionalizing agents gives rise to few discrepancies between both
spectra. The FT-IR spectrum of OA-GO shows the presence of CH; groups
at 2800-2900 cm [30,32], whereas the spectrum of PFOA-GO reveals
characteristic C-F vibrations at 1100 (CF3 stretching), 1140 (symmetri-
cal stretching CF2) and 1200 cm! (asymmetrical stretching CFs)
[33-36].

After functionalization of GO, both OA-GO and PFOA-GO were
reduced using ascorbic acid. XPS was used to investigate the function-
alization of GO (prior to treatment with the reducing agent, i.e. OA-GO
and PFOA-GO), and the material obtained after the reduction process (i.
e. OA-rGO and PFOA-rGO). C 1 s high resolution spectra of all the ma-
terials are presented in Fig. 2b-f and confirm the chemical reaction
proposed in Fig. 1a. The introduction of CHy and CHg present in the alkyl
chain of OA increases the contribution of the C-C peak in the C 1 s high
resolution spectrum of OA-GO (Fig. 2c¢) as compared to that of GO
(Fig. 2b) [37,38]. However, in the case of PFOA-GO (Fig. 2d), the
addition of perfluoroalkyl chain introduces two new peaks at 291.3 and
293.4 eV corresponding to CFp and CFs, respectively [39-41]. In both
OA-GO and PFOA-GO spectra, the peak of C-N overlaps with that of C-O
[38], and the peak around 286.4-284.7 eV is assigned to both C-O and
C-N [42-44]. This slightly shifts the peak position towards lower en-
ergies as compared to the C-O peak in GO. Likewise, the positions of the
peaks assigned to C—=0 and N-C=O in both spectra (at 288.2 and
287.8 eV in the OA-GO and PFOA-GO spectra, respectively), appear at
lower energies as compared to the C—=0O peak at 288.8 eV in the GO
spectra. The reduction of both functionalized GO materials (i.e. OA-rGO
and PFOA-rGO, Fig. 2e and f, respectively) results in a decrease in the
C-O and C=O0 peaks as compared to its unreduced counterparts OA-GO
and PFOA-GO. In addition, the reduction process leads to a partial
restore of the aromatic structure of GO, which is observed in the C 1 s
high resolution XPS spectra as an increase in the area of the C=C bonds
and a decrease in the area of the C-C bonds [45]. In the case of OA-rGO,
the peak corresponding to C-C bonds is still perceptible due to the
presence of alkyl chains. However, in the spectrum of PFOA-rGO, the
C-C peak is absent since the contribution of the C=C is much higher than
that of C-C, and then the C-C peak cannot be distinguished.

High resolution spectra of N1s,0 1 sand F 1 s are presented in the
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supporting information (Fig. S1). The peaks attributed to N-CH and N-
C=O0 in the N 1 s high resolution XPS spectra of both functionalized
reduced GO confirm the presence of OA and PFOA after the reaction of
GO [42,46,47]. The presence of CF3 and CF3 are also depicted inthe F 1 s
high resolution spectrum of PFOA-rGO [39-41].

The degree of functionalization was calculated from the C1s,01s,
N1 sandF 1 shigh resolution XPS spectra of all the material synthesized
and is shown in the supporting information (Table S1) along with the
atomic ratio of each element.

3.2. Membrane characterization

A three-phase diagram of PVDF membrane formation using DMF as
solvent and water as non-solvent is shown in Fig. 3a. Mohsenpour et al.
[48] studied the addition of GO and rGO to PVDF/DMF casting solutions
and their effect on the thermodynamic stability of the solution [48].
Both theoretical and experimental studies revealed that the addition of
any of the nanofillers, hydrophilic GO or hydrophobic rGO, shifts the
binodal line towards the PVDF-DMF axis which means that less water is
required to precipitate the casting solution, i.e. thermodynamic

a)
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Polymer-rich
phase
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——

One-phase
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instability increases. In terms of membrane morphology, an increase in
thermodynamically stability leads to faster solvent/nonsolvent
de-mixing rate, and then higher porosity and larger and more abundant
presence of finger-like voids [48,49].

The membrane porosity was calculated using the gravimetric method
described in the methodology section. As seen in Fig. 3b, the presence of
nanofillers results in membranes with higher porosities. This has also
been shown for other PVDF-based MMMs containing graphene-like
nanofillers such as GO [14,48], APTS-GO [14] and rGO [13,48]. As
abovementioned, the addition of graphene-like nanofillers increases the
thermodynamic instability of the casting solution and promotes faster
de-mixing process [13,14,48,50]. In all these studies [13,14,48], the
porosity increased with the loading of nanofiller until a maximum value
at an optimum loading, and then decreased. For both OA-rGO and
PFOA-rGO in this study, the loading that leads to membranes with the
highest porosity is 0.5 wt%, similar to that observed for PVDF MMMs
containing rGO [13]. The existence of a crossover point above which the
porosity starts decreasing has been attributed to an increase in viscosity
of the PVDF/nanofiller casting solutions as the loading of nanofiller
increases, which hinders the de-mixing process in the coagulation step

PVDF

Binodal line
—— Spinodal line

Final concentration

Two-phase
region

J
DMF ‘ Polymer-lean Water
Metastable phase
region
b) c)

75

Porosity (%)

90

Contact angle (°)

Fig. 3. Schematic of a three-phase diagram using a casting solution of 14 wt% PVDF in DMF and water as non-solvent (a), porosity (b), and contact angle data (c) of
pure PVDF and MMMs containing OA-rGO and PFOA-rGO. In Fig. 3a, binodal and spinodal lines have been constructed according to data obtained from Mohsenpour

et al. [48].
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resulting in membranes with lower porosity [13,48].

Contact angle measurements suggest a general trend of increased
hydrophobic character of the membrane surface with the incorporation
of OA-rGO and PFOA-rGO nanofillers. Fig. 3c shows the highest values
of water contact angle at 1% OA-rGO (80.9°) and 1% PFOA-rGO (84.6°).
However, due to the observed relatively large standard deviations for
the contact angle measurements at filler loadings of up to 0.7 wt%, it is
difficult to see a clear effect in this lower range. It is worth noting that
the addition of the hydrophobic nanoparticles has two overlapping ef-
fects, i) the higher the nanofillers loading, the higher the hydrophobic
nature of the membrane surface and higher the water contact angle
should be, and ii) the influence of nanofillers in the membrane porosity,
with higher porosities leading to lower contact angle due to higher water
penetration in the membrane. Thus, it can only be concluded that
despite the increase in porosity for all the MMMs, the highest loading of
1 wt% leads to a significant increase in water contact angle for the two
types of functionalized rGO fillers. When comparing both types of
nanofillers, it is observed that the addition of the GO with perfluoroalkyl
chains (PFOA-rGO) leads to more hydrophobic surfaces, which is related
to the higher hydrophobicity of C-F moieties as compared to C-H [51,
52]. The hydrophobicity of the perfluoroalkyl chain arises from the
strong electronegativity of fluorine atoms that makes the electrons at the
outer shell of the fluorine atoms inert, and then exhibit very limited
intermolecular interactions with polar heteroatom solvent molecules
such as water [52]. In addition, perfluorooctyl chains are larger than
octyl chains, which results in a larger free-energy penalty for molecule
hydration, considered as the main reason of the higher hydrophobicity
of perfluoroalkanes as compared to alkanes [51]. Several GO-like ma-
terials with a variety of chemical functionalizations have been used as
nanofillers in PVDF membranes. It has been demonstrated that the
chemistry of the GO nanofiller alters the contact angle. APTS-GO having
both hydrophilic and hydrophobic moieties increased the contact angle
of PVDF membranes (from 70.7° to 77.6°) [14], whereas GO and rGO
nanofillers with different degrees of reduction led to a reduced contact
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angle as compared to PVDF [13]. Electrospun nanofibrous PVDF-based
MMMs have also been prepared using hydrophobic additives, such as
PFOTS-GO [19] and ODA-rGO [20], which have demonstrated a strong
ability to increase the membrane contact angle similar to that shown in
Fig. 3c.

The surface of all membranes was analyzed by SEM. A selection of
SEM images is shown in Fig. 4, and more images (0.2% OA-rGO and
0.2% PFOA-rGO membranes) can be found in the supporting informa-
tion (Fig. S2). MMMs containing 0.5% OA-rGO and 0.5% PFOA-rGO
have larger pore sizes than other MMMs and pure PVDF, which is in
good agreement with the porosity measurements previously discussed.
According to SEM images, the biggest pore size for PVDF is around of
300 nm, whereas for 0.5% OA-GO and 0.5% PFOA-rGO are around 370
and 350 nm, respectively. At higher loadings of nanofillers, e.g. 0.7%
and 1% OA-rGO, the increased viscosity of the casting solution inhibits
the solution de-mixing process due to higher kinetic hindrance resulting
in denser skin layers and pore sizes similar to those of pure PVDF.

Cross-sectional SEM images of PVDF and (OA-rGO)-containing
membranes are shown in Fig. 5. All membranes show an asymmetric
structure having finger-like pores in the intermediate layer with several
sponge-like pores underneath. The skin layer on top is particularly thin
due to the fast de-mixing process between DMF and water at this poly-
mer loading in the dope solution. This results in the presence of wide
pores in the membrane surface and a very thin top layer where the
formation of a dense polymer layer is prohibited. The addition of the
nanofiller barely alters the morphology of the membranes. As previously
discussed, the addition of OA-rGO and PFOA-rGO nanofillers increases
the membrane porosity by increasing the membrane pore size, but do
not suggest the formation of notoriously bigger pores in the intermediate
layer of MMMs as compared to pure PVDF. Cross-sectional SEM images
of membranes containing PFOA-rGO nanofillers are shown in the sup-
porting information (Fig. S3) and the same conclusions can be inferred,
the addition of the perfluoro-functionalized nanofiller does not lead to a
significant change in the membrane morphology.

0.7% PFOA-rGO

lrnrl S &

Fig. 4. SEM surface images of PVDF (a) and MMMs having 0.5% OA-rGO (b), 0.5% PFOA-rGO (c), 0.7% OA-rGO (d), 0.7% PFOA-rGO (e) and 1% OA-rGO. A
magnification of 20,000, a spot size of 3, and a voltage of 20 kV were used for the acquisition of all images.
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Fig. 5. Cross-sectional SEM images of PVDF (a) and MMMs having 0.2% OA-rGO (b),

0.5% OA-rGO (c) and 0.7% OA-rGO. A magnification of 3000, a spot size of 3,

and a voltage of 20 (for a and b) and 15 kV (for ¢ and d) were used for the acquisition of all images.

Fig. 6 shows the FTIR spectra of PVDF and both sort of MMMs.
Characteristic peaks of PVDF are observed, including backbone func-
tional groups (CFy bounds at 1176 em~! and CH, at 1400 cm’l),
a-phase (at 762, 796, 976, 1380, 1400, and 1423 em™ 1), and B-phase (at
840, 1074, and 1274 cm™Y) [14,53,54]. Subtle differences are observed
in the FTIR spectra of PVDF and MMMs containing OA-rGO and
PFOA-rGO. A small peak around 1233 cm ™ is observed in the spectra
corresponding to 0.5% and 0.7% PFOA-rGO (indicated by a pale-yellow
inset) which arises from CFy vibration bands characteristic of the
perfluoroalkane-functionalized nanofiller. This has been previously
observed in MMMs containing PVDF and perfluoroalkane-GO nano-
fillers [19] and, similar to that shown in Fig. 6, this feature was only

noticeable above a certain nanofiller loading due to a strong overlap
with the polymer absorption bands. Another significant difference of
PFOA-rGO-based MMMs with PVDF (highlighted by a pale-blue inset) is
the decrease in the a-phase (740 and 976 cm™!) of PVDF chains and the
subsequent increase of the f-phase (840 em ™) [55-58]. This crystalline
phase transition can be attributed to strong intermolecular forces be-
tween the polymer chain (fluorinated polymer) and the nanofiller
(fluorinated functionalization) that triggers a phase rearrangement of
the PVDF chains surrounding the nanofiller from an a- to a p-confor-
mation [56,57]. As previously mentioned, these features are more
noticeable at the two highest loadings of PFOA-rGO, i.e. 0.5% and 0.7%.
MMMs containing OA-rGO (no fluorinated functionalization) do not

a) CF B «a gaa b) acH g cF B Baa
a+B CF a+B
OATGO /\/ /f 0.7%
PFOA-r1GO
= S| 05% /\/
©
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Fig. 6. FT-IR spectra of pure PVDF and MMMs containing OA-rGO (a) and PFOA-rGO (b). The blue inset indicates the peaks corresponding to a-phase and p-phase,
whereas the pale-yellow inset highlights the position corresponding to the characteristic vibration band of CF5 groups.
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show any noticeable change in the intensity of the bands at 740 and
976 cm™ ' (corresponding to o-phase). This suggests that
octylamine-functionalized rGO does not interacts with PVDF chains, or
it does in a minor degree as compared to PFOA-GO, and then phase
rearrangement of the PVDF is not observed for MMMs containing
OA-rGO although it is clear for MMMs containing PFOA-rGO.

AFM measurements were conducted to study the roughness of the
prepared membranes by means of the Ra and RMS parameters (Fig. 7).
The addition of 2D nanofiller has been found to influence the membrane
roughness due to the following effects: i) individual 2D nanosheets
embedded in the polymer matrix which are located near the membrane
surface leads to flatter morphologies, and then lower roughness pa-
rameters, ii) agglomeration of 2D nanosheets disrupt polymer packing
around the nanofiller and significantly increases the surface roughness,
and iii) rapid de-mixing, due to an increased thermodynamic instability,
can also be blamed for presence of uneven surfaces. It is then expected
that the loading of the nanofiller plays a decisive role in the membrane
roughness properties. Fig. 7 reveals that both 0.5% and 0.7% OA-rGO
possess rougher surfaces as compared to PVDF. This increase in sur-
face roughness is attributed to nanofiller agglomeration [13,14,59].
However, when PFOA-rGO are employed at loadings of 0.5% and 0.7%,
the roughness parameters decrease with the filler loading remaining at
lower RMS and Ra values than pure PVDF. According to FITR analysis,
the incorporation of PFOA-rGO nanofillers results in a phase transition
of PVDF due to intermolecular forces between the nanofiller and the
polymer chains, i.e. between perfluoroalkyl amine molecules in
PFOA-rGO and perfluoroalkyl moieties in PVDF. These intermolecular
forces aid in stabilizing the nanofiller within the polymer matrix and
preventing them from agglomeration, which explains why the roughness
parameters of PFOA-rGO membranes decreases as the loading of nano-
filler increases.

Water LEP was analyzed for selected membranes and results are
displayed in Fig. 8. PVDF shows a LEP of 5.4 bar, similar to those re-
ported in the literature [60-62]. When OA-rGO and PFOA-rGO are
added, the LEP increases with the loading of the nanofiller due to an
increase in hydrophobicity. The membrane with the highest contact
angle amongst those selected for LEP experiments, i.e. 0.7% PFOA-rGO,
shows the highest LEP value of 7.1 bar. Top-view SEM images (Fig. 4)
suggest the existence of slightly larger pores in 0.5% OA-rGO and 0.5%
PFOA-rGO (largest pore around 370 and 350 nm, respectively), as
compared to PVDF (~ 300 nm), which could decrease the LEP of these
membranes. However, LEP analysis reveals that the increase in hydro-
phobicity dominates the surface properties and results in an increase of
LEP values for all the MMMs.

Capillary flow porometry measurements of PVDF, 0.7% OA-rGO and
0.7% PFOA-rGO were carried out to investigate the pore size of the
membranes. The obtained BP and MPF values are displayed in Table S2
in the supporting information. BP values of both 0.7% OA-rGO and 0.7%
PFOA-rGO are 0.45 and 0.28 um, respectively, which are slightly lower
than that of PVDF (0.50 um). However, both 0.7% OA-rGO and 0.7%
PFOA-rGO membranes exhibited higher MFP (0.19 and 0.15 um,
respectively) as compared to PVDF (0.11 um). These BP and MPF values
are similar to reported ones for other PVDF/GO membranes [13,14].
Pore wetting will likely occur in membranes where the pore size is above
1.2 um [63], which is not the case for membranes prepared in this work.

3.3. AGMD membrane performance

The use of OA-rGO and PFOA-rGO nanofillers significantly improves
the MD performance of the membranes in terms of flux with little effect
on the salt rejection. As seen in Fig. 9a, all the prepared MMMs, except
for 1% OA-rGO, show higher fluxes than pure PVDF membranes. 0.7%
PFOA-rGO and 0.7% OA-rGO exhibit the highest pure water fluxes
among all MMMs with a flux of 8.8 and 9.1 LMH, respectively, which
represent a 76% and an 82% increase as compared to pure PVDF (pure
water flux of 5 LMH). The increase in water vapor transport through the
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MMMs is related to the more hydrophobic surfaces (i.e. less pore wetting
and higher water LEP), as well as higher porosities of the MMMs. When
comparing MMMs containing the same loading of OA-rGO and PFOA-
rGO nanofillers, Fig. 9a shows that both achieve very similar water
flux values. According to the previously discussed characterization,
PFOA-rGO leads to slightly more hydrophobic membranes, whereas OA-
rGO results in slightly more porous membranes. Then, when comparing
both nanofillers exists a tradeoff between enhancement in porosity and
improvement in the hydrophobic character and none of the nanofillers
offers a substantial advantage over each other. During the MD tests, all
MMMs achieved very low electrical conductivity in the permeate
resulting in rejections of salt above 99.9%, which is considered as
excellent salt rejection values (Fig. 9a).

The MMMs reported in this study were compared with those pub-
lished somewhere else. It can see in Fig. 9b that the use of hydrophobic
functionalized GO along with PVDF produces MMMs showing pure
water fluxes comparable to other successful MMMs. The use of hydro-
phobic nanofillers offer some advantages as compared to bare GO [14],
rGO [13] or hydrophilic APTS-GO [14] due to the formation of surfaces
with higher hydrophobicity, less pore wetting and consequently higher
water vapor flux and salt rejections. Recently, this principle of using
hydrophobic functionalized GO nanofillers in combination with PVDF
was explored through the preparation of electrospun membranes for As
removal using air gap MD [18]. In that work it was reported that the
addition of hydrophobic POSS-rGO to the PVDF matrix boosted water
flux through the membranes, in line with what we have observed when
adding OA-rGO and PFOA-rGO. Similar graphene-like materials to those
reported in this manuscript, such as PFOTS-GO [19] and ODA-rGO [20],
have been also used in combination with PVDF for the formation of
electrospun membranes leading to increase in membrane flux [64]. As
compared to other non-hydrophobic GO, the MMMs presented in this
study exhibit some of the best NaCl rejections among all PVDF/GO-like
nanofillers MMMs (Fig. 9b). As aforementioned, using hydrophobic
additives reduces the membrane pore wetting hindering the transport of
liquid water, which increases the salt rejection and potentially allows for
bigger pores. Fig. 9b also includes the performance of a commercial
PTFE membrane previously tested in our group using the same MD
equipment but an aqueous solution of NaCl and organic dyes as the feed
[65]. In comparison with the PTFE, MMMs displayed a slightly lower
flux but they have the advantage of being produced using much cheaper
materials via a phase inversion process, which is a well-established
technique in the membrane manufacturing industry and much more
cost effective and less energy intensive than the stretching process
commonly used to fabricate PTFE membranes. The superior perfor-
mance of the PTFE membranes can be explained by their high porosity
(around 80%) and high contact angle (105°) [65], as compared to the
MMMs shown in this study (55-69% of porosity and contact angle of
69-84.6°). However, the performance of the MMMs presented in this
study could still be further improved by following several strategies,
which are compatible with the use of graphene nanofillers, such as the
use of additives (e.g. water [61], LiCl [66] and polyvinylpyrrolidone
[67]), lowering the polymer concentration in the dope solution [68],
etc.

Long-term operation was conducted for the best performing mem-
brane (0.7% OA-rGO) with the aim of investigating its robustness under
continuous operational conditions. Undesirable effects such as pore
wetting compromise the membrane performance. However, the stable
water flux and salt rejection values shown by 0.7% OA-rGO membrane
(Fig. 10) indicate lack of such phenomenon for the testing period. An
initial flux of 9.3 LMH and 99.98% salt rejection were obtained, which
were maintained after 162 h of operation (~9 LMH and a rejection of
99.94%).

4. Conclusion

In this study, hydrophobic functionalized of rGO nanofillers were
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synthesized and used for the preparation of MD membranes. The func-
tionalization of GO with two hydrophobic amine-based agents and their
incorporation into PVDF membranes leads to superior water flux and
rejection as compared to pure PVDF and other reported PVDF-based
MMMs containing GO-like nanofillers. Despite the chemical differ-
ences between both functionalization agents (OA and PFOA), both
nanofillers yield to very similar membrane performances with the best
performing membranes achieving water flux of 8.8 and 9.1 LMH for
0.7% PFOA-rGO and 0.7% OA-rGO, respectively. These water fluxes
represent a flux increase of 76% and 82% for 0.7% PFOA-rGO and 0.7%
OA-rGO, respectively, as compared to the pure PVDF membranes (flux of
5 LMH). The salt rejection was 99.9% for both 0.7% OA-rGO and 0.7%
PFOA-rGO (salt conductivity in the permeate of 14.5 and 16.6 pS cm ™!
for 0.7% OA-rGO and 0.7% PFOA-rGO, respectively). The enhanced
water flux is attributed to the higher membrane hydrophobicity along
with higher porosities of the MMMs in comparison with pure PVDF. The
introduction of OA-rGO yielded to membranes with greater porosities
rather than when using PFOA-rGO, while PFOA-rGO achieved higher
contact angle than its non-fluorinated counterpart OA-rGO. In addition,
0.7% OA-rGO exhibited a stable performance over 162 h of continuous
operation, which evidences that this type of membrane is suitable for
long-term MD.
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Both types of reported MMMs are promising alternatives to replace
the commonly used PVDF and PTFE membranes in MD processes,
allowing more energy-efficient separation processes (by increasing
membrane flux as compared to PVDF) and, as compared to PTFE
membranes, MMMs also allow for cutting down the cost and energy
consumption during membrane fabrication.
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