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HIGHLIGHTS

e A solar driven air gap membrane distillation unit was developed for desalination.

e Activated carbon (AC) was used as a solar absorbing material in the membranes.

e Even at low concentrations, AC boosted the solar-energy-driven flux of AGMD.

o Blending of 5 to 9 %AC into the PVDF matrix boosted the flux by 281-1400 %.

o PVDF-9%AC exhibited a normalized MD coefficient value of 18.8E-5 kg s~ > m™> Pa™'.
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Renewable energy-enabled desalination systems are crucial for solving the global water scarcity challenges in an
environmentally friendly manner. In this work, we report an air gap membrane distillation (AGMD) process that
utilizes polyvinylidene fluoride (PVDF) membranes blended with a photothermally active and relatively inex-
pensive activated carbon (AC). The composite membrane absorbed the solar radiation and generated local heat at
the membrane surface, providing the driving force required in the AGMD process. This strategy overcame one of
the key limitations of traditional MD—temperature polarization, and increased the energy efficiency signifi-
cantly. We show that the blending of 5 to 9 %AC into the PVDF matrix can significantly boost the solar-energy-
driven flux of AGMD by 281-1400 %, compared to the pristine membrane. PVDF membrane blended with 9 %AC
exhibited an average AGMD permeate flux of 0.31 kg.m~2.h !, with a GOR of 0.29 and a photothermal efficiency
of 17.64 %. All PVDF-AC membranes showed excellent salt rejection, reaching 99.9 % for PVDF-9%AC. Finally,
the AGMD performance of the fabricated membranes was compared by estimating their normalized MD co-
efficients (B/5). PVDF-9%AC exhibited a B/5 value of 18.8E-5 kg s ' m™> Pa™?, as opposed to a meager 0.89E-5
kg s m~3 Pa! exhibited by its pristine counterpart.

Activated carbon
Temperature polarization

1. Introduction

Water scarcity affects 3.7 billion people worldwide, which could rise
to 5.7 billion by 2050 [1]. Therefore, the rate of desalinated water
production was projected to grow at an annual rate of 9 % between 2018
and 2022 [2], highlighting the need for further research in this field.
Desalination plants, traditionally powered by fossil fuels, face a key

challenge as they consume high amounts of fossil energy and have high
associated costs [3]. Their harmful environmental effects call for more
dependency on renewable energy sources [4,5].

Membrane distillation (MD) is an emerging desalination technology
where the temperature differential between the hot feed solution and
cold permeate side drives the desalination process. Water from the
liquid feed is moved in its vapor phase through a hydrophobic
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microporous membrane, generating a permeate that has negligible
amounts of salts. MD provides various benefits over conventional
desalination processes, including minimal electrical energy re-
quirements, flexibility to run on low-grade heat, lower membrane
fouling tendency, and the capacity to handle difficult-to-treat hypersa-
line feed water. In air gap MD (AGMD), a popular MD configuration, an
air gap is placed on the cold side such that the permeate condenses on a
chilled plate after travelling through the air gap. The main advantage of
this configuration is that the thermally insulating air gap could maintain
the temperature gradient across the membrane [6].

There have been several attempts to couple solar energy with
MD—either by producing the thermal energy for driving the evapora-
tion/distillation or by generating electricity for enabling the MD process
[7]. However, conventional solar MD equipped with external solar
thermal collectors have several disadvantages, such as higher heat loss,
temperature polarization, and low energy efficiency. On the other hand,
photothermal-assisted MD, which involves localized membrane heating
by direct absorption of sunlight energy at the membrane surface, could
overcome several of these limitations. Summers and Lienhard studied
such a photothermal AGMD concept and reported a permeate flux
~0.35 kg.m 2h~! [8]. The energy efficiency of their system was
improved by distributing heat to the membrane surface, where the
incident solar radiation evaporates the water. Recent progress in pho-
tothermal materials has yielded many promising candidates as solar
absorbers.

Recent progress in solar absorbers has revealed numerous photo-
thermal materials, such as semiconductor particles as well as polymeric,
carbonaceous and plasmonic materials. To be practical, these materials
should possess strong absorption in the broad solar spectrum, be stable
even at high temperatures, and be inexpensive [9]. For instance, in a
previous study, photothermal carbon black (CB) was suspended in
polyvinyl alcohol (PVA) solution and electrospun on a polydopamine-
coated polyvinylidene fluoride (PVDF) support membrane to obtain a
network of photo-absorbing CB-laden PVA nanofibers on PVDF mem-
brane [10]. When tested in direct contact MD (DCMD) configuration
under focused solar irradiation, a flux of ~5.38 kg.m 2h~! was ob-
tained with a salt rejection exceeding 99.5 % and a solar efficiency
higher than 20 %. In another study, Huang et al. demonstrated the
reduction in temperature polarization in vacuum MD by incorporating
antimony doped tin oxide as a photothermal material in PVDF nanofiber
membranes, which increased the MD flux from 8.0 to 27.0 kg.m’z.h’l,
under infrared radiation [11]. In another study, membranes incorpo-
rated with carbon black or SiOy/Au nanoshells exhibited ~33.0 %
higher flux in DCMD when exposed to simulated solar radiation of 1 sun,
without compromising salt rejection [12]. Others used Fe3O4/PVDF-
HFP nanofibrous membrane [13], PVDF/Ag hybrid membranes [14],
polydopamine-coated PVDF membrane [15], and PVDF membrane
incorporated with titanium nitride nanoparticle [16] to induce photo-
thermal capabilities in MD membranes, decrease the temperature po-
larization, and improve the permeate flux. Thus, most previous
photothermal MD studies have been utilizing relatively high-cost ma-
terials (e.g. plasmonic materials) due to their enhanced photothermal
properties. However, considering the material cost is also essential to
improve the practical feasibility of such innovative systems; hence we
demonstrate the application of a relatively low-cost material (i.e., acti-
vated carbon) as a candidate for such photothermal AGMD applications.
Zhao et al. blended different concentrations (0-3 wt%) of activated
carbon (AC) nanoparticles into PVDF-HFP electrospun membranes to
produce hydrophobic/hydrophilic bilayer nanofiber membrane and
tested them in DCMD for enhanced flux [17]. However, the photo-
thermal capabilities of AC particles were not investigated in that study.

In a recent work, our group tested phase-inverted PVDF membranes
blended with high concentrations of AC (up to 50 %) in an AGMD for
removing heavy metals (Zn?*, Ni**, Cr®*, Fe®', and Cu®") from
wastewater and found that PVDF-AC membranes could efficiently reject
heavy metal ions [18]. Although these phase-inverted PVDF membranes
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have several advantages, such as good interlinking of the AC with the
PVDF matrix, thereby minimizing the leaching, the use of high additive
loading can cause issues with membranes integrity and stability, espe-
cially when the process involves direct solar irradiation to heat up the
membrane. Hence, membranes created with lower additive concentra-
tions without compromising the photothermal performance, could be
advantageous in this case. Thus, in this work, we fabricated phase
inverted PVDF-AC membranes with significantly lower AC concentra-
tions (only up to 9 %) than in our previous study [18] and demonstrated
their application in solar-assisted AGMD for desalination application.
We show that even at relatively low concentrations, AC can significantly
boost the solar-energy-driven flux of AGMD and achieve low energy
demand and high energy efficiency, when compared to similar black
body materials in solar-assisted AGMD applications.

2. Methodology
2.1. Material

Dimethylacetamide (DMAc, >99.5 %, Sigma Aldrich) was used to
dissolve polyvinylidene fluoride (PVDF-741, Kynar HSV900). Activated
carbon (AC, Sigma Aldrich with a particle size ranging from 8.65 to
47.65 pm) was used as a hydrophilic blackbody additive. A non-woven
porous material (Novatexx 2471, Freudenberg-Filter, Germany) was
used as a hydrophobic inlay between the cast membrane and the air gap.
Deionized water (DI, Purity, x18.2 MQcm) was utilized in all
experiments.

2.2. Photothermal membrane fabrication

Non-solvent induced phase separation was employed to fabricate the
photothermal AC-blended membranes, as shown in Fig. 1. First, 12 g of
PVDF polymer were added to a beaker containing a pre-determined
mass of DMAc (as shown in Table 1) and mixed at 200 rpm for 24 h
followed by bath sonication for 30 min to get rid of trapped air bubbles.
The dope solution was then allowed to rest and degas for 2 h. At that
stage, a pre-determined mass of activated carbon (Table 1) was added to
the solution and the mixing, sonication, and resting steps were repeated.
Then, the dope solution was cast onto a non-woven porous support
(Novatexx 2471) using a casting knife (MTI, EQ-Se-KTQ-100, USA). The
wet membrane thickness was set at 500 pm. The phase separation was
then triggered by dipping the cast film in a DI water coagulation bath,
after which the nascent membrane was air-dried for 24 h on a laminar
airflow workstation (NU-340, Airegard, USA) at a regulated airflow of
0.46 ms™'.

2.3. Membrane characterization

Scanning electron microscopy (SEM, Nova 600 NanoLab,
Netherlands) was used to study the morphology of the membranes. The
membrane coupons were coated with Au/Pd thin films (10 nm thick-
ness) before acquiring the images using a precision coater (Gatan Inc.,
PECS 862, USA) to avoid the polymeric charging effects. Working dis-
tance was fixed at 10 mm, and SEM images were obtained under vac-
uum. Light absorbance of the blend membranes over the wavelength of
250 to 2500 nm was obtained using a spectrometer (LAMBDA 1050+
UV/Vis/NIR, Perkin-Elmer Germany). Membrane wettability was
analyzed using a goniometer (DSA 10Mk2, Kriiss, Germany) at room
temperature, and contact angles were obtained from the droplet images,
as detailed elsewhere [19]. Thermal conductivity was measured using a
flash diffusivity device (TPS2500 S, Hot Disc, Sweden) [18]. Porosity
was determined gravimetrically. The weight of a dry membrane coupon
was determined and then wetted with a liquid with known surface
tension (Galwick®, obtained from PMI Inc., USA). The weight of the wet
membrane was re-recorded. The volume porosity was then calculated
from the wet and dry mass differences. Membrane pore sizes were
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Fig. 1. Fabrication steps of phase inverted PVDF-AC membranes.

Table 1
Mass compositions of the polymer dope solutions employed in the study.

Membrane Mass of PVDF (g) Mass of AC (g) Mass of DMAc (g)
PVDF 12 0 88
PVDF-AC5% 12 5 83
PVDF-AC7% 12 7 81
PVDF-AC9% 12 9 79

determined via capillary flow porometry (CFP, PMI Inc., USA), by pre-
wetting the membranes with Galwick (PMI Inc., USA) and pushing the
liquid inside the pores by applying incremental pressure (more details
can be found in [20,21]).

2.4. AC leaching from the PVDF membrane

The AC nanoparticles’ stability within the membrane matrix was
evaluated gravimetrically according to the previously reported proced-
ure [22,23]. Initially, a sample coupon of AC-blended membranes (2 x 1
cm?) was kept in a vacuum oven (60 °C, 100 mbar) for 24 h, and the dry
sample weight was determined. The dried sample was then dipped in a
glass beaker with DI water (100 mL) and shaken for 24 h at 800 rpm.
Finally, the membrane was lifted, re-dried in the vacuum oven (60 °C,
100 mbar), and its dry weight was measured again. The leaching of AC
nanoparticles was assessed by determining the difference between
initial and final weights.

2.5. Photothermal AGMD tests

The photothermal AGMD performance of the membranes was tested
in a custom-built AGMD setup, as illustrated in Fig. 2. The experimental
setup comprised a tailor-made acrylic module cell, a feedwater loop, a
cooling water loop, and a solar simulator. The feed solution (35 g/L NaCl
in DI water) was pumped into the acrylic module using a peristaltic
pump and was returned to the saline water reservoir via the feed outlet.
A fixed volume (2 L) of cooling water was cooled down to 10 °C using a
chiller and continuously circulated behind the condensation plate of the
AGMD cell. As permeate water was generated during this process, the
condensed permeate dripped into a collection container, and its weight
was recorded continuously using an electronic balance. Since the PVDF-
AC membrane was hydrophilic and readily wetted upon contact with
feed in AGMD, a commercial hydrophobic PVDF membrane (PVDF

Transfer Membrane, Thermo Scientific™, mean pore size of 0.2 pm,
average contact angle of 109.2) was used as an interlay between the
PVDF-AC membrane and the air gap, thus preventing the contamination
of permeate with saline feed. This commercial membrane, thanks to its
relatively lower thermal conductivity compared to the PVDF-AC mem-
branes, also reduced the heat loss from the feed side. At pre-set intervals,
the inlet and outlet feed temperature and permeate mass were recorded.
A solar simulator (Newport Corp., 94082A, USA) equipped with a xenon
lamp (UXL-16SB, Ushio, XE1600 W) provided the solar heat to be
absorbed by the membrane, which drove the MD process. The solar
irradiation power was set to 1.0 kW/m?2. A 24-hour experiment was
carried out at room temperature (23 °C) for each test. The salt rejection
and flux were determined based on the obtained permeate water
characteristics.

The following equation depicts the water vapor transport across the
membrane [24]:

J:B(nypc)

where J is the permeate flux, B stands for the MD coefficient (i.e., mass
transfer coefficient), Py is the vapor pressure of the hot water (feed
water), and P is the vapor pressure on the permeate side. The vapor
pressure can be estimated by using Antoine equation [25]. The theo-
retical maximum flux was obtained by dividing the solar energy incident
on the membrane by the heat of evaporation of the feed water. Based on
a solar irradiation power of 1.0 kW/m? and a heat of evaporation of 2.36
x 10° J/kg, the maximum theoretical flux was calculated as 1.48 kg.
m~2h~L. The photothermal efficiency of the MD system was calculated
as:

Actual flux

= Max theortical flux

The gained output ratio (GOR) is a measure of thermal efficiency of a
desalination system and can be defined as follows for MD [8]:

GOR = In >

I
where J;, is permeate flux, I is the thermal energy input to the MD system
(assumed to be the incident solar radiation in this case) [W/mz], and hy,
is the latent heat of feed evaporation [J/kg].
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Fig. 2. Illustration of the custom-built AGMD device assisted by solar irradiation (inspired from our previous work [18]).

3. Results and discussion
3.1. Optical and structural characteristics of PVDF-AC membranes

The solar absorption properties and structural morphology of the
photothermal membrane are crucial to its AGMD performance. SEM
images were analyzed to examine the surface morphology of the pristine
and AC-blended membranes. Fig. 3, showing top layer SEM micrographs
at 3 magnifications, indicate that all membranes have a characteristic
microporous topology. At lower magnifications, the dark spots distinc-
tive to membranes made by NIPS process were visible, which resulted
from some pore agglomeration. During the NIPS process, the cast films
were immersed in the water bath, which initiated rapid demixing. A
detailed examination of top layer micrographs reveals that as the con-
centration of AC in the polymer solution increased, it caused some ag-
gregation on the surface (Fig. 3). Higher loading of AC particles can
trigger the rapid migration of a few AC particles to the top surface to
minimize the interface energy, as reported elsewhere [26,27].

Membrane thickness values are shown in Table 2. The solvent
evaporates from the cast film during phase separation, lowering the

thickness of the formed membranes and resulting in a deviation from the
initially set casting thickness. Also, the thickness of the membranes
increased with AC concentration which can be attributed to the forma-
tion of macro-voids and the development of finger-like substructures
into wider and thicker forms as a result of the rapid demixing of dope
solution, as reported elsewhere [28,29]. These results suggest that AC
fillers played a role in defining the microstructure of the resultant
microporous membrane.

Table 2 demonstrates a rise in thermal conductivity of membranes
proportional to AC concentration in the composite membrane. The
amount of conductive moieties in the polymer membrane matrix in-
creases as the AC content increases, thus enhancing the thermal con-
ductivity of the AC-blended membranes. A similar trend was reported
elsewhere [30].

The wettability of the pristine and AC-blended PVDF membranes is
also an essential feature for MD. It was herein determined by measuring
the membranes’ water CA. As presented in Fig. 4, AC-blended mem-
branes had a higher hydrophilicity than the pristine PVDF membrane,
due to several oxygenated moieties at the edges of AC, formed upon the
oxidation of carbon [31]. The PVDF-3%AC was at the borderline of
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Fig. 3. SEM images probed for our PVDF-AC membranes.

Table 2
Physical characteristics of the membranes tested in the study.

Membrane Thickness (mm) Thermal conductivity (W/mK)
Commercial PVDF 0.16 + 0.02 0.38 + 0.09
PVDF 0.23 + 0.02 0.24 + 0.02
PVDF-5%AC 0.34 + 0.02 2.23 +0.11
PVDF-7%AC 0.33 £+ 0.01 4.45 + 0.15
PVDF-9%AC 0.33 + 0.02 8.56 + 0.17
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Fig. 4. Contact angle of the pristine and AC-blended membranes.

hydrophilicity, while the 7 % and 9 %AC membranes were distinctly
hydrophilic. A hydrophilic membrane is beneficial in this case as it
draws salty water into close contact with the hot membrane to facilitate

interfacial evaporation. However, an MD membrane needs to be hy-
drophobic to avoid wetting. We overcame this trade-off by interlaying a
commercial hydrophobic PVDF membrane between the PVDF-AC
membrane and the air gap. In this case, the PVDF-AC membrane acted
as the heating medium, while the commercial PVDF membrane acted as
vapor transport medium. This arrangement of two membranes with two
different wettabilities helped facilitate water access to the photothermal
surface while mitigating the poor salt rejection issue due to PVDF-AC
membrane wetting. As a future study, it is possible to eliminate the
need for the secondary hydrophobic membrane by controlling the
properties (pore size, surface CA, AC content, and pore tortuosity) of the
PVDF-AC membrane to have high enough hydrophilicity to facilitate
good feed contact but not too high and not too large pore size so that
good salt rejection can be maintained.

Fig. 5a and b show the mean pore diameter and porosity, respec-
tively, of pristine and AC-blended PVDF membranes. AC blending
increased both the membranes’ pore size and porosity. For instance, the
9 %AC-blended PVDF membrane showed an 82 % increase in pore size
(0.20 pm) compared to the pristine membrane (0.11 pm). The blending
of hydrophilic AC particles into the polymer solution increased the ex-
change rate between the non-solvent (water) and the solvent (DMAc)
during phase separation, resulting in increased pore size, an observation
which is consistent with other phase inversion membrane investigations
[32,33]. The porosity of the AC-blended PVDF membranes also
increased with AC concentration (Fig. 5b), as a result of increased pore
size and pore density. The improved openness of the AC-blended
membrane, reflected in its higher pore sizes and porosity, helped
improve the contact between the feed solution and the membrane sur-
face (both internal and external), thus enhancing the desired transfer of
heat from the photothermal membrane to the feed solution.

The results of AC leaching experiments indicate no detectable
changes in the membrane mass before and after the leaching tests for all
the AC-blended membranes, as shown in Table 3. This suggests that AC
is stable within the PVDF-AC membranes.

3.2. AGMD performance of photothermal PVDF-AC membranes

The ability of a photothermal membrane to effectively absorb solar
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Fig. 5. (a) Mean pore diameter and (b) volume porosity of pristine and PVDF-AC membranes.

Table 3
AC leaching results of the PVDF-AC membranes.

Membrane Wet weight (mg) Dry weight (mg) Leaching (%)
PVDF-5%AC 49 49 0.0
PVDF-7%AC 62 62 0.0
PVDF-9%AC 35 35 0.0

radiation in the broad spectrum and transform it into heat determines its
MD efficiency. Fig. 6a depicts the solar absorption spectrum of pristine
and AC-blended polymer membranes in the region of 400-1400 nm.
Because a considerable percentage of the incident light was reflected
from the opaque and white pristine PVDF membrane surface, this
membrane displayed minimal light absorption across the entire wave-
length range. On the other hand, all PVDF-AC membranes exhibited a
substantially higher solar absorbance due to the broadband absorbance
and blackbody nature of the embedded AC particles. The results show
that the AC can render the PVDF membranes as solar absorbing even at
the smallest tested loading (5 %).

The surface temperature of dry pristine and PVDF-AC membranes,
when illuminated with solar irradiation at 1 kW m~2 power density, was
measured using a thermocouple and is presented in Fig. 6b. The surface
temperature of the pristine PVDF membrane rose from 23 to 45.6 °C
within 11 min of irradiation, then reached a plateau. In contrast, within
11 min of irradiation as well, the surface temperature of the membranes
blended with 5, 7, and 9 %AC increased to 78.4, 82.7, and 84.8 °C,
respectively. This increase in PVDF-AC temperature, almost double that
of pristine membrane, confirms the photothermal properties of the
PVDF-AC membranes. The difference between a liquid feed’s output and
inlet temperature was also measured, with the membranes illuminated
with solar radiation in the MD cell (Fig. 6¢). The temperature difference
for pristine PVDF was about ~1.83 °C, while it was ~2.2, 2.6, and 3.4 °C
for 5, 7, and 9%AC membranes, respectively. In the case of feed flow,
there is heat loss, via conduction, from the membrane to the feedwater
and through the membrane. Unlike conventional MD, in the case of the
photothermal membrane, our objective is not to heat the feed as it flows
outside the MD cell but to keep the feed heated locally at the membrane
surface, where it is most beneficial in generating MD flux. When the feed
velocity is low, the feed water on the membrane surface gets enough
time to get heated locally and create a significant vapor pressure dif-
ference across the membrane. At a high feed flow rate, on the other
hand, a higher heat transfer away from the membrane surface will be
facilitated, resulting in a lower driving force. Therefore, a low feed flow
rate is recommended in the case of PVDF-AC. This is the opposite of

conventional MD systems, where an increased feed flow rate usually
results in increased permeate flux due to boundary layer suppression
[34]. Moreover, because scattering and refraction of solar energy can
lower the system’s photothermal efficiency, the depth of water layer in
the feed channel is another crucial parameter in controlling the amount
of solar energy absorbed by the photothermal membranes [35,36].

The photothermal property of the PVDF-AC membranes led to an
increased vapor pressure of the feed side during AGMD operation;
consequently, the permeate flux also increased significantly (Fig. 7a, b).
For instance, the AGMD flux for PVDF-9%AC (0.32 kg.m_z.h_l) was 16-
fold that of pristine membrane (0.02 kg.m’z.h’l). These results
demonstrate a clear positive correlation between the presence and
amount of AC particles within the membrane on one side and the
membrane flux on the other. It is important to keep in mind here that
while these flux values are much lower than those typically reported for
MD systems with active external heating (ca. 3-15 kg.m~2.h ™! for most
systems [37]), it is important to bear in mind that they were obtained by
merely exposing the membrane to solar radiation without an additional
system for solar energy harvesting (e.g., solar heater). Another experi-
ment was conducted using PVDF-9%AC without solar irradiation
(Fig. 7a, b). The results indicate that PVDF-9%AC, when tested in AGMD
under the absence of solar radiation, yielded a permeate flux far below
that of the same membrane under solar illumination and much closer to
the flux of pristine PVDF. This is evidence that the flux enhancement
observed with PVDF-AC membranes is not due to properties other than
the photothermal capabilities of AC particles.

The AGMD system performance can be analyzed by determining the
membrane distillation coefficient, B. As B is independent of flow con-
ditions and only depends on the membrane’s intrinsic properties, it is
useful in comparing the MD performance of different membranes.
However, as varying the membrane thickness can influence the B value,
in the present study, B was divided by the membrane thickness, 5, to get
the normalized MD coefficient, B/5. As shown in Fig. 7c, PVDF-9%AC
showed a B/ value of 18.8 x 107> kg s™! m™2 Pa™, 21 times higher
than pristine membrane (0.89 x 107° kg s ' m~3 Pa~'). The MD coef-
ficient has a significant impact on the permeate flux, and this improved
B/ certainly reflects increased mass transfer across the membrane. It is
also worth mentioning that localized heating on the surface of the
membrane minimizes temperature polarization, hence also contributing
to the improved permeate flux [38].

The salt rejection (SR) results shown in Fig. 7d, indicate that all
PVDF-AC membranes showed excellent SR, ranging from 97 % for
PVDF-5%AC to 99.9 % for PVDF-9%AC. While a slight increase in SR is
noticed with the increase in AC loading, it must be remembered that the
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Fig. 6. (a) Solar absorbance of the pristine (PVDF) and AC-blended membranes, (b) Surface temperature of dry membrane under solar irradiation, and (c) tem-

perature difference (feed outlet temperature — feed inlet temperature).

PVDF-AC membranes are hydrophilic and are not the main reason
behind the SR, but the inlay commercial membrane is. So, the differ-
ences in SR, in this case are probably of no significance. Table 4 sum-
marizes various parameters such as membrane configuration,
membrane material, feed and permeate temperatures, flux, number of
suns, and energy efficiency of our study with other previously reported
studies. Photothermal MD membrane employing antimony doped tin
oxide (ATO) nanomaterials, operated in VMD showed the highest
maximum flux of 27 kg.m~2h~!. However, a better comparison would
be with a membrane containing carbon-based materials. As reported in
this study, PVDF/AC membranes operated in AGMD configuration
exhibited a flux of 0.31 kg.m 2.h~!, whereas PVDF membrane incor-
porated with carbon black and PVA operated in DCMD configurations
exhibited a flux of 0.22 kg.m~2h L. Thus, the AC-based membrane used
in the present study showed better flux than the carbon-black and PVA-
based membrane reported earlier. Nevertheless, it is to be noted that
comparing the photothermal efficiencies of various membranes oper-
ated under different experimental conditions is inaccurate. For instance,
some are operated under simulated solar radiation, some with devices to
increase the solar radiation intensity on the membrane surface, and

others with the actual sun. Therefore, testing the same membrane in
different MD configurations or different types of membranes in the same
MD system will reveal more insights into significant parameters
affecting the photothermal MD performance.

Based on the flux results, the GOR of the system was calculated to
assess the thermal efficiency of our best AGMD system using PVDF-9%
AC, as shown in Fig. 8a. The GOR using PVDF-9 %AC membrane was
0.29, which stands at 30 % of the maximum theoretical GOR (1.0) of
thermal desalination systems without heat recycle. To put this value in
context, our GOR value was also compared to other GOR values obtained
for three other state-of-the-art photothermal PVDG membranes, also
used in AGMD systems, as shown in Fig. 8a. The GOR for PVDF-9%AC
was found to be very comparable to a blackbody membrane of PVDF
with nitrocellulose and a plasmonic membrane of PVDF and TiN/PVA
[16]. Finally, the photothermal efficiency of the PVDF-AC membranes
was calculated and is presented in Fig. 8b. As expected, the photo-
thermal efficiency increased with the concentration of AC particles
within the PVDF membrane, with PVDF-9%AC exhibiting the maximum
efficiency of ~17.64 %, compared to only 1.36 % for the pristine PVDF
membrane. This is on par with other photothermal membranes [18].
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Fig. 7. (a) Average flux, (b) flux over long durations, (c) normalized MD coefficients, and (d) salt rejection for the pristine and PVDF-AC membranes.

Table 4
Comparison of the performance of different materials employed as membranes for solar membrane distillation devices.
MD configuration Membrane material Feed temp hot ('C) Distillate temp cold ('C) Highest flux (kg.m 2h™1) Number of suns Efficiency Reference
DCMD PVDF + CB NP + PVA 20 20 5.38 25 20 % [39]
0.22 1
DCMD PVDF + SiO2/Au 35 20 1.5 1 74.6 % [40]
VMD PVDF + Ag NPs 30 20 25 - 20 % [41]
DCMD PDA + PVDF 20 20 0.49 1 - [15]
AGMD PVDF + nitrocellulose 72 30 0.38 - 20 % [43]
DCMD PVDF-HFP + Fe304 25 20 0.97 1 53 % [13]
AGMD PVDF + TiN/PVA 58.73 20 0.94 1 65.8 % [16]
VMD PVDE/ATO 70 - 27 - - [11]
AGMD PVDF/AC 23 10 0.31 1 17.63 % This study
4. Conclusion evaluated in a photothermal AGMD setup under 1 kW/m? simulated

solar radiation. SEM images showed that the AC particles were smoothly
A novel PVDF-based photothermal membrane was prepared via blended within the PVDF polymer matrix, and the leaching tests

phase inversion, in which AC particles were blended at different con- confirmed that the AC particles were stable. Increasing the AC concen-
centrations (5, 7, and 9 %) without a noticeable agglomeration. The tration in the membrane enhanced the solar absorbance, pore size, and
fabricated membranes were characterized, and their performance was porosity. PVDF membrane blended with 9 %AC demonstrated the
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highest average AGMD permeate water flux of 0.31 kg.m 2h™!, with a
GOR of 0.29 and a photothermal efficiency of 17.64 %, whereas the
pristine PVDF membrane exhibited a flux of only 0.02 kg.m~2.h~1. All
AC-blended PVDF membranes showed excellent salt rejection, ranging
from 97 % for PVDF-5%AC to 99.9 % for PVDF-9%AC. Lastly, the AGMD
performance of the fabricated membranes was compared by estimating
their normalized MD coefficients (B/5). PVDF-9%AC exhibited a B/§
value of 18.8 x 10 > kgs ' m~3 Pa™!, as opposed t0 0.89 x 10 > kg s~}
m 3 Pa~! for the pristine counterpart. The performance of the photo-
thermal AGMD is affected by several operating factors, including feed
channel depth and the flow rate of feedwater, which need to be inves-
tigated further to improve the photothermal performance of the mem-
branes. Likewise, more research is needed on optimizing the AGMD
module designs to amplify the incoming solar radiation and facilitate
sufficient heat recovery, which will enable the wide-scale practical ap-
plications of photothermal membrane distillation processes.
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