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ABSTRACT

Super-hydrophobic nanofiber membranes have recently demonstrated significant potential as desirable approaches
for membrane distillation and are favored because of their high vapor flux and remarkable salt rejection capa-
bilities. This paper presents the design and testing of electrospun nanofiber membranes developed from recycled
acrylic combined with different silica nanoparticle concentrations, namely (0, 1, 2, and 3 wt.%), to be used in
high-salinity brine desalination using air gap membrane distillation. The use of recycled acrylic provides a sustain-
able, eco-friendly, and low-cost alternative to conventional petroleum-based polymers. The incorporation of silica
nanoparticles led to a decline in both fiber diameter and pore size, as well as an increase in surface hydrophobic-
ity. For the composite RA/3 wt.% silica membrane, the water contact angle reached 138 + 2°. Fourier-transform
infrared spectroscopy was used to evaluate the RP and verify the incorporation of silica. The membrane’s peak
performance in the MD system was observed across a range of feed temperatures (45—65 °C), flow rates of 0.2 to
0.4 L/min, and NaCl concentrations (35—140 g/L). Its higher temperatures and flow rates corresponded to higher
permeate flux. However, as the concentration of salt increased, the vapor pressure decreased, the concentration
polarization became more serious, and the permeate flux decreased. Best performance was at 65 °C and 0.3 L/min,
in which the maximum flux of 9.5 kg/m?h and salt rejection > 99.999% were obtained. These results indicate that
the RA-based superhydrophobic silica composite membranes could be a potential green and low-cost candidate for
sustainable desalination in the AGMD process.

Keywords: desalination, air gap membrane distillation (AGMD), hydrophobic polymer, nonwoven nanofibers,
silica nanoparticles.

INTRODUCTION

scarcity and support the universal need for water.
[2]. As such, figuring out how to addressing is-

The significance and worth of water have
become increasingly emphasized in recent
times, attributed to the surging global popula-
tion, swift industrial growth, andurban develop-
ment [1]. Reports indicate that the global popu-
lation has tripled, while water consumption has
surged more than six times throughout the 20
century, highlighting an increase in the number
of water consumers. Under such conditions, it
is understood that exploration in several saline
water sources, including the oceans and brackish
sources, as well as methods for turning saltwa-
ter into freshwater, have become viable in recent
generations as a strategy to alleviate freshwater
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sues in a cost-effective and energy-efficient man-
ner has emerged as a crucial approach to tackling
the challenge of water scarcity [3]. Considering
these membrane distillation technologies (MD),
which are emerging as a promising alternative
method for water desalination, provide even
higher water quality [4]. This process utilizes a
thermally driven membrane separation mecha-
nism that capitalizes on the transmembrane vapor
pressure difference, which is produced by tem-
perature difference across the membrane serves
as the motivating factor for the generation and
movement of product vapor [5]. The MD have
many advantages, including (a) its tolerance to
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high salinity brines, (b) high salt rejection (c)

low fouling and low operating pressure (near at-

mosphere), (d) lower sensitivity to concentration
polarization and fouling with respect to other

membrane separation processes like RO, and (e)

high compactness and low weight. The primary

disadvantage of these methods is the compara-
tively low rate of permeate flow, along with the
moisture retention within the membrane’s pores.

This issue is influenced by fouling or scaling,

which in turn impacts both the quality of the wa-

ter and the overall productivity [6-9].

There are many different configurations mem-
brane distillation (MD) modules can be catego-
rized based on their vapor condensation methods.
These include:

a) Direct contact membrane distillation (DCMD),
where the cooling solution directly interacts
with the membrane on the permeate side

b) Air gap membrane distillation (AGMD), which
features an air gap between the membrane and
the condensation surface to minimize heat loss
through conduction, with vapor condensing on
a cold plate located within the permeate;

c¢) Sweeping gas membrane distillation (SGMD),
where an inert gas is circulated through the
permeate to transport the water vapor, which is
subsequently condensed outside the membrane
module; d) vacuum membrane distillation
(VMD), in which a vacuum is applied to the
permeate side of the membrane module, facili-
tating the escape of vapor outside the module
for condensation [9,10].

MD employs specially designed micropo-
rous membranes that prevent wetting, serving
as a liquid/vapor interface for the diffusion of
water vapor. The hydrophobic nature of these
membranes holds back the liquid feed solution,
while their microporous architecture permits the
passage of vapor. For optimal mass transfer and
energy efficiency, MD membranes should ide-
ally possess a balanced pore size, substantial po-
rosity, and a hydrophobic exterior. Furthermore,
it is crucial to control the membrane’s thickness
to enhance both vapor permeability and overall
energy efficiency [11]. If the hydrophobic char-
acteristics are insufficient, the membrane may
become saturated with the feed solution, leading
to unstable operation [12—14].

Compared to other methods of MD mem-
brane preparation, electrospun nanofiber mem-
branes (ENMs) have attracted growing interest

in the MD process because their characteristics
comprise a high surface area-to-volume ratio,
adaptable surface functionalities, naturally high
porosity, fully interconnected pore structures,
low hydraulic resistance, and the ability to be
produced on a large scale [15,16]. The electros-
pinning techniques ultimately simplify fiber for-
mation, which is fabricated via a process where a
high-voltage power supply energizes a stream of
fluid that passes through a capillary tube, produc-
ing thin fibers from polymer melts or solutions
[17]. Various types of polymers were used to pro-
duce nonwoven nanofiber membranes, such as
polypropylene (PP) [18], polyvinylidene fluoride
(PVDF) [19], and polytetrafluoroethylene (PTFE)
[20]. Inevitably, though, such fossil-source poly-
meric membranes increase their demand year by
year to a point which becomes too much to bear
to a range of factors, such as the deposition of un-
anticipated fouling and mechanically/chemically
induced defects [21,22]. Moreover, the use of
these monomer/polymer compounds in everyday
items has created a new problem in the disposal
of post-utilization waste [23,24].

Therefore, the development of waste material
recycling potential for use in membrane fabrica-
tion will reduce pollution by a certain amount,
thus assisting with the maintenance of environ-
mental sustainability. The material not only re-
duces the plastic waste and environmental pollu-
tion, but it also offers a cheap substitute for virgin
polymers, thereby pushing up membrane product
output, for example, of proportionally generated
waste polystyrene [25], polyethylene terephthal-
ate[26], tire rubber, and keratin [27].

Various methods are being utilized to en-
hance the efficiency of MD membranes, such as
coating with hydrophobic nanoparticles [28], us-
ing surface modifying macromolecules (SMMs)
[29], blending [30], incorporating nanofillers
[31], and employing multi-layered [32], hy-
drophobic/hydrophilic designs [33]. However,
assessing the costs and possible environmen-
tal hazards associated with these substances
has underscored the significance of exploring
and creating alternative materials. Engineered
nanomaterials (ENMs) can be developed using
nanoparticles (NPs) to form hierarchical sur-
face structures. This process enhances surface
roughness and generates multiple air pockets,
resulting in improved hydrophobic properties
and wetting resistance with nanomaterials for
MD application due to their low surface energy,
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non-toxicity, and low cost [34], improves flux
and fouling [35], and produces an anti-surfac-
tant-wetting [36].

Although silica dioxide SiO, nanoparticles
were used to successfully incorporate into the
membrane framework [37]. However, the ad-
dition of silica nanoparticles to electrospun
membranes is primarily restricted to physical
blending because silica does not dissolve in sol-
vents. This method often leads to inevitable par-
ticle aggregation when high quantities are used,
along with poor compatibility between the silica
and the polymer blend. Therefore, achieving a
uniform distribution of silica on the membrane
surface requires a strong interaction between the
fillers and the polymers[38]. Superhydrophobic
electrospun nanofiber membranes (ENMs) were
prepared from polyvinylidene fluoride (PVDF)
solutions containing silica nanoparticles (0—6
wt.%) for the formation of multiscale surface
roughness. After acid pretreatment and modifi-
cation with fluoroalkylsilane (FAS), the devel-
oped composite membranes (FAS-Si@PVDF-
A) at 6 wt.% SiO2 showed higher wetting resis-
tance — a water contact angle (WCA) of 154.6
+ 2.2°, smaller average pore size of 0.27 + 0.03
pm, and larger liquid entry pressure (LEP) of
143 + 4 kPa. In vacuum membrane distillation
(VMD) tests using 3.5 wt.% NaCl feed solu-
tion, the optimized membranes (thickness 98 =+
5 wm) achieved a stable permeate flux of >11.5
kg-m2-h™' and salt rejection of 99.9% over 22 h
of continuous operation [39].

This research fills a need for cost-effective,
high-quality materials in water treatment and cir-
cles back to utilizing post-consumer acrylic waste
for membrane manufacture, helping to complete
the circular economy. Due to its insolubility and
mechanical robustness, it shows great potential
for a membrane application. Furthermore, the use
of recycled acrylic material is much cheaper than
obtaining new polymer. In view of this perspec-
tive, the research aims at preparing nanofiber poly-
meric nonwoven membranes by electrospinning.
In this paper, we have successfully fabricated wa-
ter desalination membranes by air gap membrane
distillation (AGMD) using hydrophobic recycled
acrylic (RA) membrane-based nanofibrous mate-
rials at different silica nanoparticle loadings (0, 1,
2, and 3 wt.%). The RA-based membranes were
characterized using scanning electron microscopy
(SEM), assessment of mechanical characteristics,
determination of WCA, and Fourier transform
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infrared spectroscopy (FTIR). After identifying
the optimal membrane, an extensive analysis was
performed to assess how different operational pa-
rameters — like feed temperature, flow rate, and
salt concentration — affected the distillation effi-
ciency in the AGMD system.

MATERIALS AND METHODS

Materials

It was used in work with waste acrylic hard
plastic; specifically, polymethyl methacrylate
(PMMA), marketed under various trade names,
including Perspex, was sourced from an advertis-
ing shop and is primarily used to prepare a re-
cycled acrylic (RA) powder. The silica dioxide
(Si02) (density: 2.4 g/cm®) standard particles
measuring between 10 nm and 1.5 um are non-
porous particles. It was supplied by Alfa Aesar
with a purity of 99.99%. The organic solvents N,
N-dimethylformamide (DMF) with a density of
0.948 g/cm?® and chloroform (CHCIs) which has
a density of 1.49 g/cm*® were provided by Alfa
Aesar and employed to dissolve the recycled RA.
Sodium chloride (NaCl), obtained from Sigma-
Aldrich, was employed to create the saline (brine)
feed solutions for the membrane distillation ex-
periments. All chemical materials were used in
their form without any additional modifications

Nonwoven nanofiber membranes
via electrospinning system

In this study, the recycled acrylic (RA-based)
nanofiber membranes were fabricated using the
electrospinning approach with additional silica
dioxide as an improvement and reinforcing ma-
terial. A mixture was prepared containing 15%
of RA and (0,1, 2, and 3 wt.%) SiO: nanopar-
ticles. Firstly, a solvent mixture of CHCl:/DMF
(15:70)% was prepared by stirring at 150-250
rpm for a duration of 15 minutes. Subsequently,
pieces of hard acrylic plastic waste were ground
into smaller fragments with an electric grinder,
added to the CHCIs/DMF solvent, and the mix-
ture was stirred for 5 hours at room temperature
until a clear and homogeneous spinning dope was
obtained [40].

The electrospinning apparatus was made up
of a syringe pump, a high-voltage power source,
and a rotating drum; more details are in our
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previous work [41]. The homogeneous precur-
sor solutions were transferred into a 5 mL plastic
syringe equipped with a narrow inner diameter
and a capillary metal gauge needle (21 x 11/2”).
The polymeric solution was dispensed at a rate
of 2 mL/h, with the distance from the tip to the
collector set at 13 cm. The electrospinning was
performed at room temperature, while the spin-
ning apparatus maintained an ambient humidity
level of 20%. Each membrane exhibited uniform
thickness and was produced under consistent
process parameters. A high-voltage electrostatic
field ranging from 18 to 25 kV was employed
to create all nanofiber membranes throughout
the electrospinning procedure. The polymer jets
were released and collected on a rotating drum,
through the vaporization of the solvent, leading
to the formation of a mat of nonwoven nanofibers
on the collector’s surface [42], with dimensions
of approximately 13 x 30 cm. After electrospin-
ning, the dried membranes were then stored in
clean plastic containers to prevent contamination
before characterization and testing [43].

Membrane characterization

Membrane microstructure

A scanning electron microscope (SEM) is an
advanced tool that focuses a high-energy electron
beam onto a sample’s surface for sample analysis.
The microscope collects the signals that the spec-
imen emits through some detectors. The images
depicting the membrane structure were obtained
using an analytical electron microscope (National
Institutes of Health SEM, USA). The obtained
images subsequently facilitated evaluation of the
prepared nanofiber nonwoven membrane’s sur-
face topography and morphology from RA.

Surface hydrophobicity

The hydrophobic properties of the membrane
can be assessed by evaluating the contact angle
(Theta Lite TL101, Biolin Scientific, USA) of
the membranes. A drop of distilled water was
carefully placed on the membrane surface. Af-
ter the droplet finally stabilized, an image was
recorded with a built-in camera before the soft-
ware automatically calculated its contact angle.
The larger the contact angle means the greater
hydrophobicity of the membrane: the smaller
area touches against water, and so it has greater
resistance to wetting.

Fourier-transform infrared spectroscopy (FTIR)

It is utilizing the Spectrum 1800 model from
Shimadzu, Japan, and serves as an effective ana-
lytical method in the field of chemistry. This
technique is utilized to identify different types
of molecules, including their functional groups,
by directing radiation through a sample. As the
radiation interacts with the sample, part of the in-
frared radiation is absorbed, while the remainder
is transmitted. The spectrum obtained reflects the
absorption and transmission characteristics of
the molecules present [44,45] developing a mo-
lecular signature of the sample, and operating in
the 4000—400 cm™ or 4000-600 cm™ wavenum-
ber range.

Mechanical properties

A crucial factor to consider for any practical
application is the mechanical properties of mem-
branes, which encompass their reusability, ease of
handling, and resistance to deformation [46]. The
mechanical properties of the membranes were
tested by examining the breaking strength and
Young’s modulus of the membrane specimens,
determined by a dynamic mechanical analyzer
(DMA) (AG-A10T, Shimadzu, Japan). The rect-
angular samples measured 10 cm in length and
1 cm in width, with assessments conducted at a
temperature of 25 °C and under standard humid-
ity conditions. Young’s modulus serves as an in-
dicator of tensile strength by illustrating the ratio
between stress and strain. However, it is impor-
tant to note that flexible materials generally dem-
onstrate a lower Young’s modulus[47,48].

Air gap membrane distillation (AGMD) system
The permeability flux through the membrane

is calculated using the following equations [49]:
_VXxp
CAxt

(1)

where: the permeate flux is represented in J (kg/
m2.h), Vis the freshwater volume (L),
p is the water density (kg/L), ¢ is the op-
erational time (hours), and 4 is the effec-
tive surface area of the membrane in m?,

The Salt rejection (R%) is estimated using the
following equation:

R% =1 szlOO 2
6=1-7 2)
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where: R is the salt retention, C1 is the feed con-
centration, and C2 is the concentration of
the permeate. The used membrane distil-
lation system consisted of three compart-
ments, as displayed in more detail in our
previous work [17]. Heating of the feed
solution is accomplished by the heater
(bath water), and a pump recirculates wa-
ter in the upper part, and a control valve
and a pressure gauge on the right side
control the flow rate.

Moreover, coolant circulates through the bot-
tom (chiller), while a pressure gauge and control
valve are positioned on the left side for monitor-
ing purposes, the collected permeate is contained
within the central chamber and organized in a
measuring cylinder. In the membrane module, the
feed and coolant circulate in opposing directions
within a closed-loop system. The membrane is
situated between the feed compartment and an air
gap, with the vaporized water flowing downward
through a stagnant air gap that lies between the
membrane and a condenser plate [50]. The tem-
peratures of the feed water and coolant at both
the inlet and outlet were consistently monitored
using industrial-grade temperature sensors. Four
sensors were utilized in total; two were installed
at different points on the feed side, while the re-
maining two were located on the coolant side.

In the AGMD configuration, a membrane
module was developed, incorporating a 6 mm air
gap. The chamber dimensions in this setup are
1.5 cm in thickness, 7 cm in length, and 7 cm in
width. A water bath was utilized to heat the pre-
pared brine water to various temperatures ranging
from 45 to 65 °C, after which it was cooled to a
stable temperature of 15 °C. Different concentra-
tions of brine solution were created by weighing
out 35, 70, and 140 grams with a precise balance
(Kern-PLE 310-3N), and each measured amount

was dissolved in one liter of distilled water con-
taining sodium chloride, serving as the feed so-
lution. AGMD experiments were conducted for
180 minutes for each set of experimental condi-
tions. The concentration of salts in both the feed
and permeate entering and exiting the membrane
module was accurately measured using a com-
mercial digital meter (Handheld TDS EC pH temp
Salinity meter). The system’s performance was
assessed based on the permeate flux (kg/m?-h) and
salt rejection [51].

RESULTS AND DISCUSSION

Membrane characterizations

Electrospinning serves as a widely used and
established method for producing MD membranes
characterized by high porosity, superior hydro-
phobic properties, and an adjustable nonwoven
porous structure that offers substantial surface
area and functionality. This research involved
the creation of nanofibrous membranes through
electrospinning, utilizing solutions containing
different concentrations of SiO: nanoparticles.
These SEM images of membrane cross-sections
were taken using ImagelJ. Every kind of sample
represented in Figure 1 had long, straight fibers
with smooth surfaces and uniform diameters. No
evidence was found for there being a bead or sur-
face defect; these results ensure that the electro-
spinning process was stable and that fibers were
formed homogeneously. In ImageJ, we found that
the pure RA-based membranes had a mean diam-
eter of 12.9 pm. With the addition of 1 wt. % SiO2
nanoparticles, this fell to 12.1 um. At concentra-
tions of 2 and 3 wt.%, the diameters of the fibers
were further reduced to 11.7 and 11.5 um, re-
spectively. The cause of this decline is that when
the spinning solution’s electrical conductivity

Figure 1. The surface morphology of the prepared recycled acrylic-based non-woven nanofiber membranes
with embedded SiO, in varying amounts (a) 0%, (b)1%, (c) 2%, and (d) 3 wt.%
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is enhanced, the thermal and electric resistance
encountered by stretching fibers is inevitably
decreased. This phenomenon can be reasonably
referred to as “redoubling or halving-cost benefit
effect, due to the greater numbers produced when
an order is placed with a diminishing unit piece
price. Here, it means that higher incorporation of
SiO, brings greater change in solution viscosity
and subsequently to thinner fibers [52].

At higher nanoparticle loadings, silica tended
to aggregate on the fiber surface as a result of
its diminutive size and elevated surface energy.
These agglomerations, although sometimes en-
hancing surface roughness and hydrophobicity,
generally decrease membrane uniformity, poros-
ity, and mechanical strength. Nevertheless, the
random orientation of fibers produced a highly
porous structure, which is advantageous in MD
applications because it facilitates vapor transport,
minimizes thermal conductivity, and reduces the
risk of pore wetting, ultimately improving mass
transfer performance.

The composition of the chemicals in the
membranes that were developed from RA-based
non-woven nanofiber membrane by Fourier
Transform Infrared Spectroscopy FTIR (Figure
2a). The peaks observed at 3022.45-3057.17
cm ' are attributed to alkenic C—H stretching vi-
brations [53]. While the strong absorptions in the
2920.23-2846.93 cm! range correspond to C—H
stretching of —CHs and —CH2— groups, consis-
tent with the aliphatic backbone of RA-baes. It is
also observed that the peak at 1749.5 cm™, along
with the broader range from 1743.65 to 1940.39
cm', represents the C=O stretching vibration of
ester groups, confirming the presence of acrylic
components in the nanofiber membrane [54]. The
bending vibrations of CH. and CHs groups are
evident at 1490.97 and 1371.39 cm ™, respective-
ly. In the 1200—1000 cm™ region, multiple peaks
correspond to C—O—C stretching vibrations of the
ester moiety. Furthermore, peaks in the 840-600
cm ! region (including 754.17 and 698.23 cm™)
are linked to bending that occurs out of the plane
of —CH2 groups or side-chain vibrations. It is also
posited that the peak at 1668.43-1600.92 cm™!
represents the C=O stretching vibration of ester
groups, verifying the presence of acrylic compo-
nents in the nanofiber membrane [54]. All these
spectral bands, combined together, reveal the sat-
isfactory synthesis of RA-based nanofibers retain-
ing their ester groups, and the high chemical pu-
rity of the electrospun membrane was confirmed,

as no intensive bands belonging to either degra-
dation or contamination were observed.

The analysis of the spectrum of the embed-
ded SiO: in the RA membrane exhibits intensity
bands at 1157.29-1028.06 cm™', bands indicate
the existence of silica nanoparticles distributed
throughout the membrane matrix. This implies
that silica is present in small amounts and serves
as a surface or nanoscale additive intended to
improve specific properties that correspond with
[55,56]. Furthermore, relate the very strong rise
at 906.54-698.23 cm™! to the out-of-plane bends
of Si-O groups is easily explainable as a Si-O
stretching that also became sharper and more in-
tense, confirming the successful incorporation of
Si0O:2 nanoparticles as the concentration increased.
Such spectral features are able to confirm that
RA-based has been successfully made into nano-
fibers containing integrated SiO: functions and
that no substantial contamination or deterioration
occurred during the process.

The WCA (Water Contact Angle) assessed for
all altered membranes varied from 122 + 2 to 138
+ 2, indicating hydrophobicity This phenomenon
was noted in all membranes fabricated with nano-
fibers, and this achievement was documented, as
illustrated in Figure 3, the contact angle for dif-
ferent nanofiber membranes escalates rapidly as
the concentration of silica nanoparticles increases
from 0 wt.% to 3 wt.%. A comparison of the WCA
of the unmodified RA membrane before and after
the modification reveals a significantly hydro-
phobic surface, exhibiting strong water-repellent
capabilities that hinder water from wetting the
surface. The optimal performance of the modified
membrane at RA with 3 wt.% SiO: resulted in a
considerably enhanced contact angle of 138 + 2°.
The improved performance of the changed mem-
brane can be seen from the silica nanoparticles
newly applied to the surface and the adhesive
ability of hydrophobic silane groups, as a result
of its increased surface roughness. It is different
from the smooth nanofibers of RA membranes,
which had not been modified in any way. The sig-
nificant rise in water contact angle (WCA) was
not noted in the pristine RA membrane, which
absence nanoparticles.

Mechanical stability of the membranes was
evaluated by measuring their breaking strength
and Young’s modulus. Figure 4, shows the curve
of electrospun membranes produced from RA
with SiO, nanoparticles. The mechanical proper-
ties of nanocomposites depend to a great extent
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Figure 3. Water contact angles of RA-based nanofibrous membranes with varying quantities of silica
nanoparticles from 0 to 3 wt.% SiO,

on the distribution of nanoparticles in the poly-
mer solution. Nevertheless, if the surface of
the nanoparticles is appropriately modified and
good processing conditions are available, it
is feasible to ensure an excellent dispersion of
nanoparticles. As a follow-up, ripple tests were
performed and the experimental data showed that
the recycled acrylic (RA) sheets with uniformly
dispersed silica nanoparticles had significantly
better mechanical properties. In addition, the
RA membrane infused with SiO, with a weight
of 3 wt.% had greater stress capacity, compa-
rable to other two kinds of membranes, as the
fiber produced with the electrospinning process
had stronger bonding forces between fibers. In-
creasing the concentration of SiO, nanoparticles
results in strengthening the tensile strength of the
electrospun nanofiber membrane. The increase
of polymer concentration and the percentage of
nanoparticles make the polymer chain contact
and entangle, raising the number of polymer
chains as the fiber is generated. Additionally, the
larger the fiber is, the more residual solvent the fi-
ber center encapsulates due to capillary squeeze.
As a result, fiber bonding is further strengthened
during solvent evacuation, resulting in a stronger
electrospun nanofiber membrane.

Membrane performance test

In order to test how well the engineered mem-
branes worked when desalting brine water, we
conducted experiments with an air gap membrane
distillation (AGMD) system. Critical operational
factors such as feed temperature, feed flow rate,
and salt concentration were investigated in this
study. There was an exploration of permeate flux

performance. The aim was to find out an optimal
operational condition that is most beneficial for
flux improvement. On the cold side, we held the
temperature and flow rates fixed at 15 °C and 0.3
L/min respectively. However, different tempera-
tures on the hot side inlet point were selected:
45 °C in one group, 55 °C in the second group,
and 65 °C in the third group. In addition, the flow
rate on both the hot and cold sides was adjusted to
(0.2, 0.3, and 0.4) L/min. As for the feed solutions
to test the membrane performance, the test solu-
tions were prepared from NaCl brines with con-
centrations of (35, 70, and 140 g/L) to simulate
industrial water and seawater (brine-rich amount
of NaCl) at lab scale. It is essential to emphasize
that the engineered membrane of RA-based mate-
rial containing 3.0 wt.% SiO, was adopted after a
series of trials presented in the current work.

The influence of feed temperature

The efficiency of MD systems is particularly
affected by fluctuations in feed temperature, es-
pecially on the hot side of the module, making ef-
fective temperature regulation essential for maxi-
mizing water recovery efficiency. as illustrated
in Figure 5. feed temperatures were set between
45 °C and 65 °C, with everything else kept con-
stant, including a brine concentration of 35 g/L
and a feed flow rate of 0.3 L/min. When the tem-
perature rises, there should be expected to be a
substantial exponential increase in the vapor pres-
sure with respect to boiling point temperature.
Furthermore, the increase in temperature makes it
easier for vapor to move through the membrane.

It is shown in Antoine’s equation that gas
pressure is an exponential function as tempera-
ture increases. In the case of mass transfer of gas
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wt.% SiO2 membrane at 0.3 L/min and 35 g/L NaCl

through membranes, this function becomes the
primary motivation for movement across a mem-
brane distillation system [57]. The highest flux
was also the one to 9.5 kg/m?h at 65 °C, adopting
this temperature as the optimal condition to op-
erate studied in this study not only confirmed its
practicality but also took into account its practical
applicability in real-world desalination systems.
Good performance and high-water recovery were
all things the temperature of 65 °C thereby sup-
porting its suitability for efficient brine treatment
AGMD technology, therefore, it is suitable for
flexible salt farming. The membrane always had
good desalting performance. Salt rejection values
between 99.9989% and 99.999% were apt.

The influence of feed flow rate

The feed flow rate plays a decisive role in
determining how much heat and mass transfer
occurs in the membrane module, and this conse-
quently affects the performance of membrane dis-
tillation (MD) systems. Tests were conducted at a
temperature of 55 °C and a NaCl concentration of
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35 g/L, with the feed flow rate adjusted between
0.2 and 0.4 L/min as to investigate how this would
affect AGMD. As illustrated in Figure 6, the dis-
tillate flux exhibited an almost linear increase
with the flow rate, enhancing AGMD efficiency,
with the permeate flux achieving 8.05 kg/m?h.
This improvement is linked to the heightened
turbulence in the flow channel, which facilitates
better mixing and mass transfer across the acrylic
membrane containing 3 wt.% SiO.

The Reynolds number, of course, rises as
the flow rate increases and, in turn, the hydrody-
namic laminar layer gets thinner, which improves
the heat transfer coefficient and thus reduces
feed-side temperature polarization[58]. Signifi-
cantly, even though flow rates were increased, all
membranes in the present study exhibited excel-
lent separation performance; salt rejection every-
where was 99-99.999%.

The influence of feed salt concentration

The feed salt concentration, e.g., a brine so-
lution or seawater, has a significant effect on the
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performance of AGMD systems, as it does on
all membrane separation technologies [59]. The
effect of feed salinity was assessed by changing
the salt concentration from 35 to 140 g/L, while
all other parameters were kept the same (i.e., 0.3
L/min and 55 °C constant), As shown in Figure
7, the results reveal a significant reduction in the
distillate flux as the salt concentration increases
This reduction in efficiency may be due to a num-
ber of factors; first, with the increase of salt con-
centrations, the vapor pressure of the feed solu-
tion decreases, and the mass transfer driving force
is reduced. Additionally, there may be an increase
in concentration polarization occurring at the
membrane surface, which can reduce membrane
efficiency over time [60]. the constructed hy-
drophobic membranes maintained excellent salt
rejection capabilities, with values ranging from
99.999% to 99.994%, indicating their strong po-
tential for high-salinity desalination applications.

CONCLUSIONS

This study used electrospinning to success-
fully create superhydrophobic layers using RA
as a sustainable polymer source for nanofiber
membranes, adding nanoparticles of SiO: that
are very organically wetted. The characteriza-
tion studies of the produced membranes showed
that the spinning nanofiber RA-based mem-
brane containing 3 wt.% SiO> maintained its
excellent morphological and physicochemical
properties, including a highly porous and uni-
form fiber network and strong hydrophobicity
(contact angle >138°). The electrospun nanofi-
ber membranes have the optimal characteristics
for fibers, including their shape and mechanical
properties, are long, continuous, and beadles’
nanofibers. The findings reveal that an increase
in silica concentration within the dope solution
leads to a corresponding rise in the water con-
tact angle of the membrane. Additionally, this
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rise in water contact angle is associated with a
reduction in both the diameter of the nanofibers
and the average pore size, while the functional
groups containing the (SiO2) group remain well-
preserved. This is proven by FTIR results, which
indicate no change in molecular state or storage
temperature stability. The membranes under-
went evaluation in a custom-built AGMD setup
under various operating conditions, including
feed temperatures ranging from 45 to 65 °C,
flow rates between 0.2 and 0.4 L/min, and salt
concentrations varying from 35 to 140 g/L. It
was found that the feed water temperature had
a more significant effect on permeate flux than
the speed at which it flowed and the amount of
salt in the solution, due to both increased vapor
pressures (lowering temperature polarizations)
and lower temperatures on the other side of
the membrane. On the other hand, if feed wa-
ter concentration increased, it had an adverse
effect on flux through the membrane caused by
increased mass transfer resistance and concen-
tration polarization. At 65 °C and a flow rate of
0.3 L/min, with nearly 99.999% salt retention,
the maximum observed reverse osmosis produc-
tion rate approached 9.5 kg/m?-h, reflecting ac-
claimed features of these membranes as far as its
selectivity and permanence. This study has dem-
onstrated the technological and economic ben-
efits of using waste-developed acrylic materials
to make new types of high-performance water
desalination membranes when compared with
using full virgin polymers. By converting spent
consumer acrylics into functioning membrane
materials, the program embodies the Circular
Economy philosophy and slashes plastic waste
as well as being a scalable and environmentally
friendly solution for producing clean water with
membrane distillation technology.
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