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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• GO nanoparticles were spray-coated on 
the surface of PVDF membranes.

• GO NPs coating achieved a thermal ef
ficiency of 75% which is 115% higher 
than pristine PVDF membrane.

• Photothermal membrane enhanced 
water vaporization rate from brine and 
seawater.

• GO coating enabled NaCl extraction 
from seawater and brine by photo
thermal membrane crystallization.

• Photothermal membrane reduced bio
film formation by 60% for E. coli and 
90% for S. aureus.
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A B S T R A C T

Membrane Distillation-Crystallization (MDCr) technology has the potential to address the simultaneous need for 
water production and raw materials recovery from aqueous hypersaline solutions. However, MDCr imple
mentation at a large scale is hindered by energy-intensive bulk feed heating and membrane fouling. Here, we 
developed a photothermal self-heating membrane, prepared by spray-coating a hydrophobic polyvinylidene 
fluoride (PVDF) membrane with graphene oxide nanoparticles (GO), exhibiting superior sunlight-to-heat con
version efficiency and antifouling properties. Under optimal conditions (PVDF-GO5), a membrane surface 
temperature of 81.4◦C was reached in just 2 min under 1-sun irradiation (1000 W/m2), achieving a thermal 
efficiency of 75%, which represents a 115% increase compared to the unmodified PVDF membrane, which had a 
thermal efficiency of only 35%. The membrane also exhibited an evaporation flux of 1.10 L m− 2 h− 1, more than 
double that of the pristine membrane (0.51 L m− 2 h− 1). This performance facilitated the extraction of NaCl 
crystals from seawater and 5 M NaCl brine: cubic crystals with a dispersion of 36% around the mean crystal size 
were obtained. The fouling stability of photothermal membranes was studied by evaluating the role of membrane 
surface free energy components in the fouling process. Interestingly, the biofilm formation was reduced up to 
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60% for E. coli and 90% for S. aureus, with protein fouling also significantly lowered compared to the uncoated 
membrane. These findings demonstrate the feasibility of GO-based nanomaterials to address both temperature 
polarization and fouling issues in MDCr operation, bringing it closer to large-scale implementation.

1. Introduction

Seawater reverse osmosis (SWRO) is today the dominant process for 
producing high-quality freshwater from brackish water or seawater, 
accounting for more than 70% of the global capacity [1]. Nonetheless, 
SWRO, limited by osmotic and concentration polarization effects, 
operates at a recovery rate of about 50%, thus producing large volumes 
of hypersaline rejected brine [2]. This brine is typically disposed in the 
sea, which could lead to environmental risks due to its high salinity and 
contaminants. However, SWRO brine is a dilute aqueous solution con
taining valuable minerals, presenting an opportunity to enhance desa
lination processes while enabling resource recovery, especially critical 
amid growing concerns over raw material depletion [3]. Hence, devel
oping recycling technologies and implementing circular economy 
practices are essential for converting brine streams into valuable prod
ucts, thereby meeting the raw material demands of various industries.

In this context, Membrane Distillation Crystallization (MDCr) offers 
a promising solution to convert waste brine streams into desalted water 
and valuable products coherently with the circular economy paradigm 
[4]. The MDCr operation uses a microporous hydrophobic membrane 
that allows only vapor to pass through its pores while rejecting non- 
volatile components and water in a liquid phase. The driving force is a 
partial pressure gradient across the membrane that can be generated – 
among different options - by a temperature difference [5]. Since it is not 
limited by either osmotic or concentration polarization phenomena, 
MDCr can efficiently treat hypersaline solutions [3]. Moreover, when 
the feed solution is dehydrated and a solute is concentrated above its 
saturation, MDCr enables the recovery of salts in the form of crystals [6]. 
Literature provides evidence for the crystallization of sodium chloride 
(NaCl) [6], epsomite (MgSO4⋅7H2O) [7], potassium chloride (KCl) [8], 
and lithium chloride (LiCl) [9].

Nowadays, the large-scale implementation of MDCr is significantly 
hindered by its low thermal efficiency [10]. The low thermal efficiency 
is mostly associated with temperature polarization (TP), mainly due to 
latent heat dissipation in the feed (water vaporization) and in the 
permeate (vapor condensation), with a lesser contribution from heat 
conduction through the membrane [11]. Research efforts have been 
focused on mitigating TP by coupling Membrane Distillation (MD) with 
a heat-harnessing localization strategy such as solar-powered Photo
thermal Membrane Distillation (PhMD) membranes with self-heating 
capabilities [12].

PhMD integrates nanoparticles (NPs) onto MD membranes, which 
efficiently absorb solar or artificial radiation and turn it into heat [10]. 
This heat flux, localized at the membrane surface, increases the inter
facial feed-membrane temperature. As a result, the photothermal 
membrane mitigates temperature polarization, potentially even 
reversing it, thus reducing energy consumption and boosting the 
vaporization of water [10]. Early studies relied on expensive noble metal 
NPs, such as silver (Ag), which were primarily effective under UV ra
diation [13]. However, more recent research has focused on the devel
opment of photothermal membranes using more affordable 
nanoparticles, including nickel selenide (NiSe) [11], cobalt selenide 
(CoSe) [11], tungsten disulfide (WS2) [14] and carbon-based nano
materials [13]. These materials enable efficient light harvesting under 
natural sunlight, reducing costs while enhancing the performance of MD 
systems [10].

Moreover, membrane fouling is a major bottleneck of membrane 
operations in general, particularly in MD, since the hydrophobic mem
branes are usually more susceptible to the adhesion of organic matter 
and microorganisms [15]. Although inorganic scaling provoked by 

sparingly soluble salts (es. CaCO3) is the most prevalent form of fouling 
in MDCr, organic compounds in the feed solution with low surface 
tension can also lead to membrane wetting [16], allowing liquid water 
and dissolved salts to penetrate the membrane and potentially causing 
total system failure [17].

For the long-term operational stability of PhMD (and, in the case of 
extension to crystallization, of PhMDCr), membrane surfaces should be 
engineered both to effectively harvest solar energy and to offer anti- 
fouling properties. Despite its crucial importance, there is a knowledge 
gap in the scientific literature on this topic. It has been shown that 
MXene-coated PVDF membrane exhibited a 12% reduction in specific 
thermal energy consumption and a 56% decrease in flux decline 
compared to the pristine one when using 200ppm BSA and 10g/L NaCl 
feed solution [18]. In another study, superhydrophobic PhMD was 
prepared by depositing microspheres composed of a blend of PDMS and 
PVDF, doped with multi-walled carbon nanotubes (MWCNTs), via 
electrospraying onto a PVDF mat made of electrospun nanofibers to 
induce anti-wetting resistance [19]. Nonetheless, most of these strate
gies rely on fluorination surface modifications to reduce the surface 
energy, which raises health and environmental concerns [20].

Moreover, the ability to reduce fouling and wetting in MDCr oper
ations is hindered by the incomplete understanding of the underlying 
physico-chemical aspects: current insights into membrane fouling are 
primarily based on flux decline metrics and thermodynamic theories, 
which often fail to provide effective guidance for designing stable 
membranes and are frequently challenged by contradictory results [21].

Fouling and TP polarization phenomena are usually studied sepa
rately, while their causes and effects are interrelated, thus requiring a 
holistic investigative approach. Specifically, fouling studies for PhMDCr 
should extend beyond the analysis of solution properties, hydrodynamic 
conditions, and membrane surface morphology [24], and incorporate 
experimental investigations of fouling related to the membrane physico- 
chemical parameters.

Our strategy aims to develop a PhMDCr membrane with improved 
performance and antifouling properties. To this purpose, graphene oxide 
(GO) NPs were used as a photothermal nanomaterial due to their unique 
two-dimensional structure enabling the entrapment into polymeric 
matrices, excellent natural solar light-to-heat conversion efficiency, and 
low cost [8]. The photothermal membrane was developed using a spray- 
coating technique to immobilize GO NPs on the surface of a hydrophobic 
polyvinylidene fluoride (PVDF) membrane. The performance of the 
developed photothermal membrane was assessed by water evaporation 
and PhMDCr experiments for recovering valuable minerals from hy
persaline solutions.

The membrane fouling was critically studied by investigating the 
interfacial interactions between foulants and membrane surfaces, which 
depends on the physicochemical properties of both the membrane and 
foulants. The relationship between the surface free energy components 
of the membranes and their protein binding capacity was explored. The 
fouling tendency of the PVDF-GO membrane was assessed using a so
lution rich in protein and other organic molecules and compared to the 
unmodified membranes.

The antibacterial properties of the membranes were also analyzed 
through bacterial adhesion tests. The overall experimental readout in
troduces a novel strategy to develop PhMDCr membranes with excellent 
photothermal and antifouling characteristics without the need for 
fluoridation additives. This approach not only enables the intensifica
tion of the desalination process and the greener valorization of hyper
saline brines but also stems from fundamental studies of the fouling, 
providing a deeper understanding that informs the design of more 
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effective and sustainable membrane solutions.

2. Materials and methods

2.1. Membrane surface modification

A microporous commercial PVDF membrane (provided by GVS Spa, 
Italy), featuring a nominal pore size of 0.45 μm and a porosity of 68%, 
was modified by a thin microporous coating of polydimethylsiloxane 
(PDMS) loaded with GO via a spray coating method.

The PVDF-PDMS composite membrane was prepared by coating the 
pristine PVDF membrane with a 5 wt% PDMS solution, which was sol
ubilized in heptane under vortex agitation (400 rpm at room tempera
ture for 30 min). Subsequently, to prepare the photothermal 
nanocomposite membranes, the PVDF membrane was modified with 
PDMS solution containing different concentrations of GO NPs (1, 2.5, 
and 5 wt% relative to PDMS). The coating solutions were prepared 
following three different steps: i) dispersion of GO NPs under magnetic 
agitation (500 rpm) followed by a 30-min treatment in a Soni
ca®2200ETH sonication bath (Soltec, Italy); ii) dissolution of the PDMS 
(5 wt%) in the dispersion by magnetic stirring (400 rpm at room tem
perature for 30 min); and iii) addition of crosslinker to the GO- 
containing polymeric solution at a concentration of 10 wt% relative to 
PDMS. The PDMS acted as a nanoparticle anchoring agent to enhance 
adhesion to the membrane surface. PDMS, GO powder (15–20 sheets, 
4–10% edge-oxidized), crosslinker, and heptane were purchased from 
Sigma Aldrich (Italy). Heat-inactivated FBS stock solution was pur
chased from Thermo Fisher Scientific (Italy). The nanocomposite 
membranes fabricated by spray coating using the solutions containing 1 
wt%, 2.5 wt%, and 5 wt% GO NPs were coded as PVDF-GO1, PVDF- 
GO2.5 and PVDF-GO5, respectively.

Natural seawater samples were collected from the Tyrrhenian Sea in 
Paola (Calabria, Italy) and stored at 4◦C. The ionic composition of the 
samples was analyzed by Ion Chromatography (Thermo Scientific™ 
Dionex™ Integrion™ HPIC™, Italy) using Na2CO3/NaHCO3 (3.2 mM/1 
mM) solution as the eluent for the anion column AS22-Fast-4um and 
HNO3/(COOH)2 (2-mM/0.25 mM) solution for the cation column CS16- 
Fast-4 μm.

For spray coating, the PVDF membrane, with dimensions of 11 cm ×
7 cm (77 cm2), was securely fixed onto a plate (Fig. 1). Subsequently, the 
PDMS-based polymeric solution (10 mL) was moved into the feed cup of 
an airbrush equipped with a compressor (Gocheer, model TS100BMC, 
China). The needle of the airbrush was positioned at 3.2 cm from the 
membrane surface. The membrane was located on a plate able to ensure 
a 2D planar motion at a velocity of 60 mm⋅s− 1 (TEVO Tornado, United 
States) during the spray coating process. The polymeric solution was 
sprayed once over the PVDF membrane to prepare a single-layer GO- 
PVDF membrane. Finally, the composite membrane was exposed to UV 
treatment for 30 min to promote the crosslinking of PDMS and the 
evaporation of the solvent.

2.2. Membrane characterization

Membranes were characterized to check if the surface modification 
induced any changes in the structural properties, functional groups, 
and/or physico-chemical characteristics.

Field emission scanning electron microscopy (FESEM, JSM-7600F, 
JOEL Asia Pte Ltd., Japan) was employed to examine the surface and 
cross-sectional morphologies of all the membranes. The FESEM guar
anteed also Energy Dispersive Spectroscopy (EDS) analysis to describe 
the chemical composition of the samples. For FESEM analysis, the 
samples were coated with a 1.5 nm layer of platinum using a Safematic 
CCU-010 (Switzerland) to enhance conductivity. The membrane thick
ness was measured from FESEM cross-section images of the membranes 
by averaging fifteen measurements taken at different positions.

Pore size-related characteristics of the membranes were determined 
according to the wet-up/dry-down porometric method using a Capillary 
Flow Porometer (Porous Materials Inc., USA) operated via Capwin 
software (Porous Materials Inc., USA). A membrane sample of known 
area was wetted with Porewick® (surface tension 16 dyn⋅cm− 1) wetting 
liquid and subjected to increasing gas pressure while the gas flow rate 
was recorded at each pressure. Caprep software (Porous Materials Inc., 
USA) was used to process the experimental data and determine the 
largest (Dmax), smallest (Dsmall), and mean (Dmean) pore sizes of the 
membranes.

The membrane porosity (ε, %) was determined using the gravimetric 
method by weighing the dry and wet membranes after immersion in 
kerosene liquid for 24 h, as defined by Eq. (1). 

ε (%) =
Ww − Wd
(A*l)ρi

*100 (1) 

where Ww is the weight of the wet membrane, Wd is the weight of the dry 
membrane, ρi is the kerosene density (0.82 g⋅cm3), A is the area of the 
membrane (cm2) and l is the thickness (cm) of the membrane. Three 
measurements were performed for each membrane and the average 
values are reported.

The functional groups of the pristine and the composite membranes 
were detected by Fourier-transform infrared (FT-IR) spectroscopy 
thanks to a Thermo Fischer Nicolet 380 spectrometer (Waltham, MA, 
USA). Characteristic spectra of the membranes were recorded over a 
range of 4000–400 cm− 1 with a nominal resolution of 2 cm− 1, averaging 
32 scans at room temperature.

The membranes were further evaluated using X-ray powder diffrac
tion spectroscopy (APD 2000 Pro, Italy) within 5◦-50◦ 2θ range.

The surface roughness of the membranes was quantified using 
Atomic force microscopy (AFM, Multimode 8.0) equipped with a 
Nanoscope V controller (Bruker). Tests were performed on four areas of 
10 μm × 10 μm scan size in tapping mode, and the average roughness 
(Ra) and root mean square (RMS) were determined to measure surface 
roughness.

Membrane wettability was assessed by static water contact angle 
(WCA) measurements using the sessile drop method with a Contact 

Fig. 1. Schematic representation of the preparation of photothermal membrane using spray coating technique.
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Angle Meter (CAM 200, KSV Instrument LTD, Helsinki, Finland) at room 
temperature. A sessile drop was formed by depositing the used test 
liquid onto several points of the membrane surface and the results were 
expressed as mean value from 10 measurements. Additionally, the 
advancing (θadv) and receding (θrec) contact angles were measured by 
gradually increasing or decreasing the volume of the water drop until 
the three-phase boundary moves over the surface. The reported results 
represent the average of at least 10 separate measurements. The contact 
angle hysteresis was calculated as the difference between the average 
values of advancing and receding contact angles (θadv-θrec).

Membrane surface energy (γ) and its components were determined 
from the average values of the contact angle of three different reference 
liquids, according to Good and van Oss's theory [22]. The apolar Lif
shitz–van der Waals component (γLW) was calculated by the contact 
angle of diiodomethane as apolar liquid, the other components of the 
membrane surface tension, namely acid (γ+), base (γ− ) and acid-base 
(γAB), were determined by using two polar liquids: glycerol and water 
[23].

2.3. Solar-driven Photothermal membrane distillation-crystallization

Solar-driven PhMDCr experiments were carried out using hypersa
line 5 M NaCl solution (artificial brine) and real seawater. Feed solutions 
were displaced on the photothermal membranes (active area 3.14 cm2) 
located in modules made of polylactic acid (PLA). The PLA membrane 
modules were designed using Autodesk 123D® software and subse
quently fabricated with a TEVO Tornado 3D printer. PhMDCr experi
ments were conducted by exposing the feed-side surface of the 
membrane to artificial radiation from a solar simulator (Abet Technol
ogies, US) with an irradiance of 1 sun (1000 W⋅m− 2) over a 35 mm 
diameter field Fig. S1 (Supplementary Material).

The experiments were conducted at a temperature of 27◦C, with a 
relative humidity of 47 ± 4%. The distance between the solar simulator 
lamp and the membrane surface was maintained at 2 cm. The evapo
ration rate (Jw) was calculated by monitoring the variation in feed mass 
(Δw) with a Crystal 200 SMI analytical balance (Gilbertini, Italy), with a 
measurement taken every interval of time Δt of 30 min: 

Jw =
Δw

A*Δt
(2) 

All tests of solar-driven PhMDCr were repeated 3 times after washing the 
membranes with distilled water, and the mean values of the evaporation 
fluxes were reported.

The light absorption spectrum of the membranes was measured using 
a UV/vis spectrophotometer (Shimadzu UV-1601, Kyoto, Japan) in the 
wavelength range of 400 to 700 nm. The surface temperature of the 
irradiated photothermal membranes under dry conditions was evalu
ated by an IR camera (FLIR model T660, US) with a sensitivity of less 
than 0.02◦C and a resolution of 640 × 480 pixels.

The photothermal conversion efficiency (η) for the pristine and 
modified membranes was calculated according to Eq. (3). 

η =
Jw(λv + Q)

Pin
(3) 

where λv, Q, and Pin are the latent heat of water vaporization, sensible 
heat, and irradiance, respectively.

The water evaporation flux (Jw) is related to the difference between 

the water vapor pressure at the feed/membrane interface pw

(
Tm

feed

)
and 

the partial pressure of water vapor in air pw,air. The first term is 
expressed as a function of the pure water vapor pressure at the feed/ 

membrane interface temperature p0
w

(
Tm

feed

)
, the molar fraction (xw), and 

the activity coefficient (γw) of water in the feed solution; the second term 
is expressed as a function of the vapor pressure of water at the actual dry 
bulb temperature p0

w(Tair) and the relative humidity (HR): 

Jw = K
[
pw

(
Tm

feed

)
− pw,air

]
= K

[

p0
w

(
Tm

feed

)
⋅xw⋅γw − p0

w(Tair)⋅
HR
100

]

(4) 

In Eq. (4), K is an empirical coefficient that incorporates mass and heat 
transfer resistances.

The crystals produced by PhMDCr were collected and dried over 
granular silica gel for 48 h at room temperature. To determine the 
crystal size distributions (CSD), the crystals were visually inspected 
using optical microscopy (Nikon industrial microscope, Eclipse 
LV100ND; Nikon, Tokyo, Japan) reproducing digital images subse
quently examined using Image J software. CSD was determined in 
triplicate for each sample, with each distribution constructed from a 
minimum population of 100 crystals. The dispersion of the crystal size 
distribution curve around the mean was represented as the coefficient of 
variation (CV): 

CV =
L84% − L16%

2*L50%
(5) 

where L (μm) is the crystal size obtained from the cumulative function 
curve F(L) at the specified frequency (16, 50, or 84%) [8]. Scanning 
electron microscopy (SEM) was also used to characterize the 
morphology of the obtained crystals.

2.4. Protein adsorption

Fetal bovine serum (FBS), rich in proteins and growth factors, was 
selected as the model organic foulant for this study. Membrane coupons, 
each with an area of 1.5 cm2, were incubated in 10% FBS solutions 
prepared in Phosphate Buffered Saline (PBS) for 24 and 48 h at 37◦C to 
preliminarily assess protein adsorption onto the membranes. After in
cubation, the membrane samples were transferred to an elution solution 
containing Tris-EDTA (10 mM Tris and 1 mM EDTA) and stirred on ice 
for 4 h. The elution solution was then collected, and a bicinchoninic acid 
(BCA) assay was conducted to quantify the concentration of desorbed 
proteins.

2.5. Antimicrobial activity of PVDF-GO5 membranes

To evaluate the anti-biofouling effect of the GO coatings, Escherichia 
coli (DSM 1576) and Staphylococcus aureus (DSM 346), representing 
common and resilient species of Gram-negative and Gram-positive 
bacteria, respectively, were used in this study. Both bacteria were pro
vided by DSMZ (German Collection of Microorganisms and Cell Cul
tures, Braunschweig). The lyophilized microorganisms were pre- 
cultured aerobically, with shaking in 50 mL of DSM Medium 1 for 
E. coli and DSM Medium 92 for S. aureus for 24 h at 37◦C and were 
maintained on nutrient agar slants (0.5% Beef extract, 1% Peptone, 
0.5% NaCl and 1.5% agar). The microorganisms were stored at 4◦C and 
subcultured at regular intervals of 30 days to maintain the cell viability. 
Overnight, a culture of each bacteria suspension was grown in the 
respective medium and cultivated at 37◦C until reaching the exponential 
growth phase (~2 h). The bacterial cells in the log phase were then 
centrifuged and washed three times with a sterile saline solution (0.9% 
NaCl), followed by dilution to a concentration of 107 cells/mL for use in 
antimicrobial tests.

The bacteria adhesion test based on viable cell attachment assay was 
performed to assess the antimicrobial properties of the membranes [24]. 
Typically, membrane samples with an area of approximately 3.0 cm2 

were placed in 12-well culture plates. A bacterial suspension containing 
107 cells/mL was added to each well, with 0.5 mL of suspension applied 
per cm2 of membrane surface. The samples were incubated for three 
hours to allow interaction between the bacteria and the membrane 
surfaces. After incubation, the excess bacterial suspension was removed, 
and the membranes were rinsed with saline solution to eliminate unat
tached cells. Next, the membrane samples were placed in 50 mL Falcon 
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tubes filled with 10 mL of fresh saline solution. A control experiment 
with pristine PVDF membranes in bacteria suspension was used as a 
positive control. The tubes were vortexed for 30 s, sonicated for 5 min, 
and vortexed again for 30 s to detach any biofilm from the membrane 
surfaces [25]. To determine the viability of bacteria adhered to the 
membrane, the resulting cell suspensions were then diluted, plated on 
nutrient agar, and incubated overnight at 37◦C. Following incubation, 
bacterial colonies on the plates were counted.

Each test strain was carried out in two replicates and repeated three 
times. The results were expressed as colony-forming units per milliliter 
(CFU/mL) of bacteria attached to the membrane surfaces.

The antibacterial property or inhibitory effect was calculated as: 

%inhibition =
Cp − CG

Cp
*100 (6) 

where Cp and CG refer to the CFU/mL of bacteria attached to the surface 
of pristine and PVDF-GO5 membranes after three hours of incubation, 
respectively. The percentage of remaining biofilm on the PVDF-GO5 
membrane was compared with that on the pristine membrane, corre
sponding to 100% biofilm mass.

3. Results and discussion

3.1. Photothermal performance of the membranes

The investigation of the photothermal activity of membranes is 
crucial for optimizing the PhMDCr process. Specifically, a key factor is 
the ability of the membrane to efficiently convert the absorbed radiation 
into heat. The photothermal activity of the membranes was evaluated by 
monitoring the increase in surface temperature under sunlight irradia
tion. Fig. 2 illustrates the increase in surface temperature of the mem
branes as a function of irradiation time in the dry state.

Observing the membrane surface temperature evolution in Fig. 2a, it 
is evident that the PVDF-GO5 showed a quick and significant tempera
ture increase compared with the unmodified membranes. Precisely, the 
pristine PVDF-PDMS membrane displayed a limited surface temperature 
enhancement, reaching 35.1◦C and 35.7◦C after 10 min of exposure to 
sunlight radiation (Fig. 2b). In contrast, the PVDF-GO5 membrane 
demonstrated a notable improvement under the same irradiation con
ditions, quickly reaching 78.3◦C within the first minute and afterwards 
steady state surface temperature of 81.4◦C (Fig. 2c), thereby exhibiting 
significant photothermal activity. On the basis of Eq.(3), the PVDF-GO5 
membrane achieved a photothermal conversion efficiency (η) of 75.0%, 
significantly higher than one measured for PVDF and PVDF-PDMS 
(35.0% and 38.5%, respectively).

Fig. 2. (a) Evolution in time of the surface temperature profile of the membranes under 1 sun radiation. Infrared thermographic picture of (b) PVDF-PDMS after 10 
min of sunlight irradiation and (c) PVDF-GO5 membranes after 2 min of sunlight irradiation in dry state.
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The flux of water vapor is another crucial operational parameter, as 
it enables the gradual increase in the concentration of salts dissolved in 
the feed and the subsequent crystallization of solutes in a supersaturated 
environment. Referring to Eq. (4), the coating of the photothermal GO- 
NPs layer on the PVDF support aims to boost the vaporization of the 
water by elevating the vapor pressure of water through a temperature 
increase at the feed-membrane interface (Tm

feed) exposed to sunlight 
irradiation.

Membranes were investigated with and without solar irradiation to 
evaluate the capability of nano-fillers in enhancing water vaporization. 
Pristine PVDF and PVDF-PDMS membranes without GO NPs coating 
were used as benchmarks.

As shown in Fig. S2 (Supplementary Material) using distilled water 

as feed, PVDF and PVDF-PDMS membranes in absence of solar illumi
nation exhibited a water evaporation flux of ~0.32 and 0.36 Lm− 2h− 1 

respectively, which is comparable to that of the PVDF-GO5 membrane 
(0.40Lm− 2h− 1) under the same condition (slightly higher trans
membrane flux of PVDF-GO5 is presumably due to residual ambient 
light). On the other hand, under 1-sun irradiation, the addition of GO- 
NPs to the PVDF membrane substantially enhanced its performance 
achieving an average evaporation flux of 1.10 Lm− 2h− 1, i.e. a 120% 
increase with respect to pristine PVDF membrane. This is attributed to 
the exponential increase in vapor pressure as a function of temperature 
[26] as per Eq. (4). Moreover, the photothermal activity of GO-NPs 
compensates for heat losses through the membrane, including both 
conductive heat flux through the membrane and convective heat flux 

Fig. 3. SEM images displaying the surface (a-c) and cross-section (d-f) view of PVDF, PVDF-PDMS, and PVDF-GO5 membranes. EDS surface image of PVDF (g) and 
PVDF-GO5 (h) membranes along with cross-section EDS image of PVDF (i) and PVDF-GO5 (j) membranes.
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associated to the latent heat of vaporized water [16].
The PVDF membrane was modified with different GO wt%, following 

a comprehensive optimization process focused on enhancing photo
thermal activity and transmembrane flux, the membrane modified with 
5 wt% GO (PVDF-GO5) demonstrated superior performance. On the 
basis of this result, PVDF-GO5 was selected for further detailed in
vestigations. The UV/Vis light absorbance spectra and XRD of the 
selected PVDF-GO5 and pristine PVDF membrane are displayed in 
Fig. S3 and Fig. S4 (Supplementary Material).

3.2. Morphologies and physicochemical properties of the membranes

Fig. 3 illustrates the surface and cross-sectional morphologies of the 
unmodified and modified composite membranes, as observed through 
SEM images. The pristine PVDF membrane exhibited a homogeneous 
structure with a thickness of 163 ± 3 μm. The microporous nature of the 
membrane is evident from its apparent porous and open structure on the 
surface (Fig. 3a). Additionally, the cross-section image (Fig. 3d) reveals 
that the PVDF membrane consists of a non-woven tissue impregnated 
with PVDF polymer, consistently with FTIR results.

The surface-modified membranes, PVDF-PDMS and PVDF-GO5, 
exhibited distinct surface structures due to their respective modifica
tion conditions, as shown in Fig. 3b-c. The PVDF-PDMS membrane, 
sprayed with a bare PDMS solution, revealed fewer apparent surface 
pores compared to the pristine PVDF membrane due to surface coating 
(Fig. 3b); GO NPs were evident on the surface of the PVDF-GO5 mem
brane (Fig. 3c), demonstrating their successful embodiment on the 
membrane's top layer. Cross-sectional images (Fig. 3d-f) displayed no 
significant structural differences, without the presence of GO NPs in the 
internal structure, confirming that they deposited on the top surface of 
the membrane without forming a dense layer.

Energy Dispersive Spectroscopy (EDS) analysis was performed on 
both the surface and cross-section of PVDF and GO-modified membranes 
to assess their elemental composition and distribution before and after 
modification. The strong peaks of carbon and fluorine observed in the 
EDS spectra of both membranes are attributed to CF2 groups present in 
the PVDF support membrane (Fig. 3g). In contrast, the EDS surface 
mapping of the composite membrane showed an additional silicon peak, 
confirming the presence of a PDMS coating (Fig. 3h). EDS cross-sectional 
analysis (Fig. 3i-j) further corroborated the successful coating of GO NPs 
as silicon was predominantly localized in the top layer, rich in fluorine 
and carbon. Additionally, thickness of the membrane ranged from 163 
± 3 μm for the pristine membrane to 180 ± 4 μm for PVDF-PDMS and 
182 ± 4 μm for PVDF-GO5. This surface modification enables localized 
heat harvesting while maintaining good thermal insulation and me
chanical stability of the photothermal layer due to the hydrophobic 
microporous support.

The surface composition of the membranes was further investigated 
using ATR-FTIR analysis: resulting spectra are depicted in Fig. 4. Peaks 
corresponding to the C–H wagging vibration, C–C stretching vibration, 
and C–F2 stretching vibration, typical of PVDF membranes [30,31] are 
found at characteristic wavenumbers of 1402 cm− 1, 1176 cm− 1, and 
840 cm− 1

, respectively, and remained prominent in all membranes even 
after surface coating.

These signals are attenuated after PDMS deposition. Spectra of the 
modified membranes show additional peaks at wavenumbers 806 cm− 1 

and 1020 cm− 1, assigned to the CH3 rocking in Si-CH3 and to the Si–O–Si 
stretching vibration [27], respectively. Besides, the broad peaks 
observed around 1100 cm− 1 can be attributed to the presence of mul
tiple overlapping peaks caused by the stretching vibrations of Si–O–Si 
bonds as per PDMS coating [28]. The surface roughness characteristics 
of the membranes were assessed by AFM (Table 1). The PVDF-GO5 
membrane exhibited a highly rough surface structure with the highest 
Ra value of 469 ± 97 nm and RMS value of 584 ± 124 nm. This elevated 
surface roughness is attributed to the deposition and agglomeration of 
GO-NPs after coating, coherent with the SEM surface image of the 

membrane shown in Fig. 3c where particles are visibly distributed across 
the membrane surface.

The pore-size distribution was analyzed to evaluate the effects of 
surface modification on the membrane morphology. As shown in 
Table 1, the coatings of PDMS and GO-NPs had minimal impact.

The PVDF membrane was characterized by a porosity of 69.5 ± 2.3% 
and a mean pore diameter (Dmean) of 0.45 μm; after surface modifica
tion, a small decrease in mean pore size and porosity was observed, 
while membrane thickness increased marginally. PVDF-PDMS mem
brane exhibited a mean pore size of 0.40 ± 0.03 μm and a porosity of 
69.3 ± 1.8%; for the PVDF-GO5 membrane, these values further 
decreased to a mean pore size of 0.39 μm and a porosity of 67.9 ± 0.6%, 
respectively. It is important to highlight that the low concentration of 
silicon in the sprayed solution ensured the maintenance of an adequate 
porosity level in the photothermal layer of the membrane. Overall, this 
morphology demonstrated a suitable feature for MD application as the 
reported average pore size falls within the range of 0.05–0.5 μm [3].

In MDCr and its photothermal variant, high membrane contact an
gles are crucial to avoid the insurgence of wetting. The pristine PVDF 
membrane has higher hydrophobicity as demonstrated by the WCA of 
133.5 ± 6◦ (Fig. 5). The PDMS and the GO coatings barely influenced the 
physico-chemical features of the membranes (Fig. 5): WCA for PVDF- 
PDMS remained practically unaltered (133.3 ± 2◦), while a slight in
crease in hydrophobicity (137.3 ± 1◦) was observed for PVDF-GO5. The 
surfaces of the membranes were further analyzed by measuring their 
advancing and receding contact angles (Fig. 5). The advancing contact 
angle, which indicates the overall hydrophobic character of the surface, 
ranged from 154◦ to 163◦, while the receding contact angle, which re
flects the high-energy surface component, decreased to values between 
66◦ and 68◦. Although the differences between the results for the various 
membranes were not highly significant, some relationships between the 
hysteresis (calculated as the difference between the average values of 
θadv and θrec) and surface roughness were observed. The PVDF-GO5 
membrane exhibited the highest hysteresis value (97◦) which can be 
attributed to the higher surface roughness [29].

3.3. Photothermal membrane crystallization

After validating the photothermal effects using pure water, the 
PVDF-GO5 photothermal nanocomposite membrane was irradiated with 
simulated sunlight to promote NaCl crystallization from both synthetic 
brine (5 M NaCl) and real seawater feeds. Tests with 5 M NaCl brine 
resulted in a remarkable transmembrane flux through the PVDF-GO5 

Fig. 4. FTIR spectra profiles of pristine PVDF, PVDF-PDMS, and PVDF- 
GO5 membranes.
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membrane (Fig. 6a), sustained by the high surface temperature on the 
feed side. PVDF-GO5 membrane exhibited a flux of 0.87 L m− 2 h− 1, 
which increased of 77% compared to PVDF-PDMS membrane (0.49 L 
m− 2 h− 1). The evaporation flux observed for the synthetic brine was 
lower than that of pure water. This is attributed to the presence of dis
solved solutes in the brine solution which reduces both water activity 
and molar fraction of the solvent, thereby lowering its vapor pressure, 
ultimately diminishing evaporation flux, according to Eq. (4) [30].

It is worth mentioning that the evaporation flux of the PVDF-GO5 
membrane progressively decreased, i.e. by 6.1% after 90 min, reach
ing a decline of 18% at the end of the test (3 h). This is caused by the 
progressive increase of solute concentration, which reduced the water 
molar fraction and the related activity coefficient Eq. (4). Moreover, 
under wet conditions, the 5 M NaCl layer over PVDF-GO5 membrane 
reached a surface temperature of 45.5◦C within 30 min under one sun 
illumination (Fig. S5, Supplementary Material).

A similar evaporation rate trend was observed when using real 
seawater (Fig. 6b). The vapor flux through the PVDF-PDMS membrane 
was 0.47 Lm− 2h− 1 whereas PVDF-GO5 maintained an average flux of 

0.98Lm− 2h− 1 under the same light intensity.
The progressive removal of water from synthetic 5 M NaCl brine 

increased the solute concentration, driving the system towards NaCl 
supersaturation. Due to heterogeneous nucleation, NaCl crystals 
appeared on the surface of the PVDF-GO5 membrane already after 30 
min. Crystal formation was initiated at the membrane's edges (Fig. S6, 
Supplementary Material), promoted by the enhanced water evaporation 
at the membrane border caused by the reduced local humidity levels and 
faster vapor diffusion into the surrounding air at the membrane-air 
interface [31]. In contrast, the PVDF-PDMS membrane, due to its 
lower evaporation rate, did not induce NaCl crystallization within this 
period, with only a few small crystals emerging after 90 min of opera
tion. This finding is consistent with Santoro et al. [32], who reported 
that nanocomposite photothermal membranes incorporating CoSe or 
NiSe NPs achieved higher levels of supersaturation more rapidly than 
unmodified PVDF membranes, thus enhancing the nucleation rate due to 
higher evaporation flux.

At the end of the PhMDCr operation, SEM analysis of the PVDF-GO5 
membrane surface revealed the presence of well-defined cubic NaCl 
crystals with an aspect ratio of 1.1 (Fig. 7a). The particles display well- 
defined edges, indicating the absence of breakage. The crystal exhibited 
a mean size of 610 μm with a narrow CSD and a coefficient of variation 
of 36%. NaCl crystals obtained on PVDF-PDMS (Fig. 7b) presented a 
mean size of 764 μm and a coefficient of variation of 43%, making it 
unfavorable for industrial application.

A lower crystal density was monitored after 180 min on the PVDF- 
PDMS membrane surface (78 ± 4 crystals⋅cm− 2) with respect to the 
one measured on PVDF-GO5 (115 ± 3 crystals⋅cm− 2). This is coherent 
with the enhanced supersaturation generation rate promoted by the 
higher transmembrane flux of the PVDF-GO5 membrane, showing that 
the temperature of the photothermal membrane surface (~81◦C) has a 
low impact on the solubility of NaCl (~36 g per 100 mL of water at 
25◦C), with a slight increase to around 39 g per 100 mL at 100◦C [32].

PhMDCr experiments also aimed to crystallize NaCl from real 
seawater, whose major ionic composition is provided in Table 2.

The morphology of crystals obtained at the end of 3 h PhMDCr tests is 
shown in Fig. 7c-d. NaCl crystals on the PVDF-GO5 crystals displayed a 
well-defined hexagonal prismatic shape with sharp and well-defined 
edges, probably as a result of the incorporation of ionic impurities 

Table 1 
Comparison of thickness, mean pore diameter, pore distribution, and roughness of the membranes.

Membrane type Largest pore size (μm) Smallest pore size (μm) Mean Pore size (μm) Porosity (%) Thickness (μm) Ra (nm) RMS (nm)

PVDF 0.92 ± 0.01 0.36 ± 0.06 0.45 ± 0.06 69.54 ± 2.3 163 ± 3 413 ± 149 515 ± 172
PVDF-PDMS 0.83 ± 0.02 0.29 ± 0.01 0.40 ± 0.03 69.31 ± 1.8 180 ± 4 315 ± 74 395 ± 79
PVDF-GO5 0.90 ± 0.01 0.29 ± 0.03 0.39 ± 0.01 67.90 ± 0.6 182 ± 4 469 ± 97 584 ± 124

Fig. 5. Static, advancing, and receding water contact angles and contact angle 
hysteresis of pristine PVDF, PVDF-PDMS, and PVDF-GO5 membranes. The 
black, gray, striped, and white columns represent static, advancing, receding, 
and hysteresis contact angles of membranes, respectively.

Fig. 6. Evaporation flux profile versus time of the membranes using (a) 5 M NaCl brine, and (b) real seawater under 1-sun illumination. The black, green, and red 
lines represent PVDF, PVDF-PDMS, and PVDF-GO5 membranes, respectively.
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that can adsorb onto the crystal surfaces leading to an anisotropic 
growth (Fig. 7c). On the other hand, NaCl crystals slowly grown on the 
PVDF-PDMS exhibited a more usual cubic shape with a tendency to 
elongate longitudinally into a parallelepiped form (Fig. 7d).

We further evaluated the long-term stability of the PVDF-GO5 
membrane by performing four successive PhMCr experiments using 5 
M NaCl solution under one sun illumination, with each cycle lasting 3 h. 
After each cycle, the membrane was rinsed with DI water to remove any 
salt deposits and then dried to eliminate residual water. As illustrated in 
Fig. 8 the membrane maintained a stable performance, retaining 89.7% 

of its initial evaporation flux even after the fourth cycle, inferring sus
tained photothermal properties and salt tolerance. This shows that the 
performances of the used membrane can be effectively regenerated 
through simple rinsing, highlighting a practical and robust feature of 
this photothermal membrane system.

This work has demonstrated the potential of our membrane in har
nessing solar radiation to enhance water vaporization from hypersaline 
brine and real seawater, successfully achieving NaCl crystallization. It is 
worth mentioning that future research should focus on further 
improving the vaporization flux and crystallization efficiency and 
expand the applicability of this membrane in the PhMCr process by 
integrating solar energy with other forms of renewable energy sources 
such as wind energy [33].

3.4. Surface energy components analysis

Understanding the interfacial interaction between membrane surface 
and foulant molecules is crucial to determining the initial adhesion 
mechanisms and extent of fouling [34], and finding approaches to 
control it. The physicochemical properties of the membrane are crucial 
in determining the nature (attractive or repulsive) and magnitude of 
these interfacial interactions. Membrane surface energy is one of the 
important design parameters to comprehend a material's adhesion 
properties and hence prevent foulant adsorption from occurring on the 
membrane surface. The surface free energy reflects the equilibrium state 
of surface atoms and varies based on the material's composition and 
aggregate state, making it a crucial factor in understanding surface 

Fig. 7. SEM image of NaCl crystals nucleated from 5 M NaCl synthetic brine on the surface of (a) PVDF-GO5 membrane; and (b) PVDF-PDMS membrane. Additional 
SEM images show NaCl crystals nucleated on the surface of (c) PVDF-GO5 membrane and (d) PVDF-PDMS membranes using a real seawater feed.

Table 2 
Ionic composition of natural seawater.

Ion Na+ K+ Mg2+ Ca2+ Cl− NO2
− CO3

− Br− SO4
2−

Concentration (mg/L) 19,152 133 2084 266 20,261 87 213 114 2401

Fig. 8. Relative evaporation flux of PVDF-GO5 membrane during the four 
repeating operation cycles with 5 M NaCl solution. Error bars represent the 
temporal variation in water evaporation flux during each cycle.
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interactions [22]. To this end, the surface free energy of the membranes 
was critically studied to investigate its influences on membrane inter
action with proteins and microorganisms.

Table 3 reports the measured surface contact angle values using the 
different liquids (water, glycerol, and diiodomethane) and surface free 
energy parameters (Lifshitz-van der Waals, acid, and base) of the 
investigated membranes [35]. The GO coating has endowed the PVDF 
membrane with omniphobic properties, increasing the contact angle 
values irrespective of the liquid type. Particularly, the contact angle 
values for glycerol improved from 115◦ to 146◦ and for diiodomethane 
from 99.4◦ to 136◦ after surface coating with GO NPs. These omniphobic 
properties are important to avoid fouling and wetting problems even in 
the presence of low surface tension liquids.

The membranes exhibited distinct surface energy characteristics. 
The total surface energy γTot was significantly different between PVDF 
(9.57 mJ/m2) and PVDF-GO5 (2.18 mJ/m2) membranes. It is interesting 
to note that the lower surface energy value of PVDF-GO5 translates into 
higher resistance towards wetting and fouling during MD-MCr opera
tions. Besides, the PVDF membrane primarily functions as an electron 
donor, with its base parameter (γ− ) being higher than the acid parameter 
(γ+). This membrane demonstrated a higher γLW value compared to γAB, 
highlighting its apolar characteristics. In contrast, the PVDF-GO5 
membrane showed minimal γTot and γLW values (2.18 and 1.04, mJ/ 
m2, respectively) and high γ− value (1.90 mJ/m2) revealing the presence 
of low energy surface.

3.5. Membrane fouling study

Natural Organic Matter, including polysaccharides, proteins, and 
humic substances, is often identified as the primary source of foulants 
contributing to adsorptive fouling of membranes. Among these, protein 
fouling is a common issue encountered with conventional membranes, 
presenting a persistent challenge across various separation applications. 
The adsorption of proteins onto the surface of membranes, particularly 
those made from highly hydrophobic polymers such as PVDF, is typi
cally responsible for protein fouling [36]. In this study, protein binding 
tests were conducted to assess the protein adsorption and fouling 
properties of PVDF and photothermal PVDF-GO5 membranes, which 
exhibit distinct surface chemistry due to the GO-NPs coating. 10% FBS 
solution, rich in proteins and other molecules was selected as a target 
fouling media because the fouling behavior is affected not only by the 
membrane surface-protein interactions but also by the interaction be
tween proteins in the solution [37].

The adsorption capacity of PVDF was higher than PVDF-GO5 mem
brane across all experimental conditions (Fig. 9). Briefly, after 24 h of 
incubation, the PVDF-GO5 membrane showed an 80% reduction in 
binding capacity compared to the uncoated membrane, demonstrating a 
5-fold decrease. Likewise, after 48 h of incubation, the PVDF-GO5 
membrane exhibited an 88.7% reduction in binding capacity, which 
translates to an 8.82-fold decrease. Moreover, it is evident from Fig. 9a 
that PVDF-GO5 membranes not only maintained lower fouling rates but 
also demonstrated a modest change in protein adsorption rate (24.8%) 
between the 24- and 48-h incubation periods. In contrast, the PVDF 
membrane showed a substantial increase (from 150 to 326 μg/cm2) in 
protein binding capacity.

Changes in the surface chemistry of the membranes due to protein 
adsorption were identified by the FTIR spectra profile of native and 

PVDF-GO5-coated membranes (Fig. 9b). After protein treatment, new 
peaks emerged at 1543 cm− 1 and 1652 cm− 1 in the fouled PVDF 
membrane spectrum indicating the presence of amide II (N–H) groups. 
Furthermore, the broad peak at 3281 cm− 1 in the PVDF membrane was 
due to the N–H of the amino group in proteins.

The observed protein fouling tendency of the membranes is in 
accordance with the physico-chemical analysis as discussed earlier. 
Fig. 10 depicts the relationship between the membranes' measured 
protein binding capacity and the γ− and γLW components of their 
surface-free energies. A notable decrease in protein fouling is observed 
as the base parameter of the membrane's surface energy increases. 
(Fig. 10a), which correlates with the membrane's hydrophilic properties. 
In contrast, an increase in the γLW properties of the membranes leads to 
greater protein fouling (Fig. 10b). This trend aligns with earlier studies 
that found enhanced protein adsorption on polymers when the ratio of 
polar to dispersive components approaches unity [38]. These findings 
indicate that foulant adhesion on membranes is influenced more by the 
surface free energy components such as γ− and γLW.

3.6. Anti-biofouling study

Fouling is an inevitable issue in all membrane processes, with 
biofouling being one of the most prevalent challenges. This is mainly 
due to the ubiquitous nature of bacteria and microorganisms, which can 
accumulate on the membrane surface, leading to flux decline, decreased 
pure water yield, and overall performance instability. Therefore, 
achieving high anti-biofouling efficiency is crucial in designing photo
thermal membranes for long-term solar-driven MCr processes. To assess 
the bactericidal potential of the GO surface coating, we investigated the 
antibacterial activity of the PVDF-GO5 membrane against S. aureus and 
E. coli using the colony-forming unit (CFU) method. Cells incubated on a 
virgin PVDF membrane were used as a control.

As shown in (Fig. 11a) within the first 3 h of incubation for both 
S. aureus and E. coli the PVDF-GO5 membrane significantly inhibited 
bacterial cell growth. A decrease in bacterial colonies can be observed 
for the Gram-positive bacteria, which appeared to be more sensitive to 
GO-coated membranes [39]. The colony-forming unit bacterial cells on 
the PVDF membrane were 1.65× 105 CFU/mL and 1.90× 105 CFU/mL 
for E. coli and S. aureus, respectively. In contrast, the PVDF-GO5 mem
brane demonstrated a strong decrease of CFU/mL for both strains, 
especially for S. aureus (2× 104 CFU/mL). Precisely, the PVDF-GO5 
membrane reduced about 60% and 90% of E. coli and S. aureus bio
films, compared to the native PVDF membrane (Fig. 11b), indicating 
higher anti-bacterial properties in the process of seawater desalination. 
The results indicated that the physicochemical surface properties of the 
PVDF-GO5 membrane have created an unfavorable environment for 
bacterial growth and biofilm formation, giving it excellent antibacterial 
activity. The direct contact between graphene oxide and cells is the 
major GO cytotoxic mechanism that involves i) the penetration and 
disruption of the bacterial cell membrane, ii) the leakage of intracellular 
contents following membrane disruption, iii) the oxidative stress 
through the generation of reactive oxygen species, and iv) the bacterial 
entrapment. GO after penetrating the membrane, disrupts the mem
brane by phospholipid extraction through hydrophobic interactions 
between the phospholipids and “sp2” regions of GO [40]. This cell 
membrane damage leads to the outburst of intracellular components (e. 
g., proteins, electrolytes, RNA, and DNA) which in turn cause cell death. 

Table 3 
Contact angle (O) values and surface energy parameters (mJ/m2) of PVDF and PVDF-GO5 membranes.

Membrane type Contact angles (O) Surface energy values (mJ/m2)

Water Glycerol Diiodomethane γLW γ+ γ− γAB γTot

PVDF 133.5 ± 62 115 ± 28 99.4 ± 63 8.90 0.14 0.79 0.66 9.57
PVDF-GO5 137.3 ± 10 145.7 ± 17 135.5 ± 29 1.04 0.17 1.90 1.14 2.18
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Fig. 9. (a) Protein adsorption rates on the membrane surface after 24 and 48 h of incubation in a 10% FBS solution, and (b) FTIR spectra comparison of the 
membranes after a 48-h incubation period.

Fig. 10. Relationship between protein fouling and γ− and γLW surface energy parameters of the membranes after 48 h of incubation in the protein solution.

Fig. 11. (a) Colony-forming units of E. coli and S. aureus cells after 3 h of exposure to PVDF and PVDF-GO5 membranes at room temperature. (b) Biofilm inhibition 
percentage of PVDF-GO5 membrane after 3 h of exposure to E. coli and S. aureus (107 CFU/mL).
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GO induces also oxidative stress on the cellular membrane by generating 
reactive oxygen species or through direct electron transfer, oxidizing 
cellular components (e.g., lipids, proteins), and inactivating cells. The 
GO-coated membrane, with a greater degree of surface GO exposure, 
could mitigate the initial attachment of bacterial cells and facilitate the 
inactivation of live cells on the membrane surface, thereby delaying the 
development of biofilm. The superior sensitivity of S. aureus to GO- 
coated membranes compared to E. coli can be attributed to the differ
ences in bacterial cell structures between Gram-positive and Gram- 
negative bacteria [41]. In Gram-negative bacteria, like E. coli, the 
presence of an external porous lipopolysaccharide layer in the cell wall 
and of porins in the outer membrane resists the entrance of GO. Gram- 
positive bacteria possess thicker peptidoglycan cell walls, which can 
be easily penetrated by GO [42]. The presence of teichoic acids on the 
peptidoglycan of S. aureus enhances its interaction with GO via elec
trostatic interactions. Additionally, the smaller, spherical morphology of 
S. aureus facilitates its entrapment in GO, while its tendency to form 
clusters further enhances its exposure to GO. The results indicated that 
the rough, sharp edges of GO sheets physically stress bacterial mem
branes, effectively inhibiting bacterial growth and biofilm development 
[39]. Overall, GO coating not only enhances the antibacterial properties 
of the membrane but also provides localized heating and extends the 
membrane's photothermal performance by reducing the extent of 
biofouling.

4. Conclusions

This study demonstrates the successful development of a photo
thermal membrane with antifouling and antiwetting properties in the 
circular context of water and resource recovery. PVDF-GO5 membrane, 
prepared by spray coating a layer of photothermal GO-NPs onto a PVDF 
support, exhibited excellent light-to-heat conversion and water evapo
ration efficiency. Under 1-sun irradiation, the PVDF-GO5 membrane 
achieved an evaporation flux of 1.10 L m− 2 h− 1, more than double that 
of the pristine PVDF membrane (0.51 L m− 2 h− 1), and a sunlight-to-heat 
conversion efficiency of 75%, resulting in a surface temperature of 81◦C. 
These superior photothermal performances, combined with the suitable 
microstructural characteristics, enabled the effective implementation of 
PhMCr for recovering good-quality NaCl crystals (mean size: 610 μm; 
coefficient of variation: 36%) from synthetic 5 M NaCl brine. Further
more, the GO-NPs coating imparted low surface energy to the PVDF 
membrane, significantly mitigating fouling and wetting issues. 
Remarkably, biofilm formation was reduced by 60% for E. coli and 90% 
for S. aureus within three hours compared to the uncoated PVDF mem
brane. Overall, this work demonstrates the advantages of exploiting 
multifunctional nanomaterials in the development of high-performance, 
robust photothermal membranes, advancing circular approaches in the 
desalination sector via solar-driven MDCr. Further research is needed to 
assess its long-term stability and large-scale implementation to optimize 
practical applications.
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