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STRUCTURE-PERFORMANCE ENGINEERING
OF RECYCLED ACRYLIC MEMBRANES
FOR AIR GAP MEMBRANE DISTILLATION

Abstract: Air Gap Membrane Distillation (AGMD) is an emergirand promising technology in separation
processes, but its industrial adoption is limitgdrblatively low permeate flux. Conventional AGMDIstems
typically utilise thin film-cast polymeric membraneHowever, electrospun nanofibrous membranes heseme
more popular since they possess a highly interaiedegporous structure, which is able to increasssnansfer
performance and availability. In this study, reegchcrylic (RA) waste powder was used to prepgsesaursor
solution to fabricate two types of membranes: fiim-cast membranes and electrospun nonwoven namofs
membranes to be evaluated in the AGMD process &demdesalination application. The fabricated RAdaa
membranes underwent characterisation by scannewrehic microscopy (SEM), mechanical propertieaten
contact angle (WCA), and Fourier transform infragggectroscopy (FTIR). Based on the results obtaittesl
nanofiber membrane exhibited a higher contact amgleosity, and elasticity than the thin film casembrane.
RA-based membranes were tested in the AGMD systaiiffarent feed temperatures (45 °C, 55 °C, and®p
The electrospun nanofibrous membrane performeettttan the thin-film cast membrane in both peredatx
and salt rejection. The temperature of the feeceased correspondingly with the flux of permeateval as the
salt rejection. The cast membrane of thin filmiagd a flux of permeate of 1.48 kgfim with 99.98 % salt
rejection. Conversely, the electrospun nanofibno@snbrane had better performance with a signifigamtiher
permeate flux rate of 7.69 kg/ti) and an almost ideal salt rejection of 99.99 %.

Keywords: electrospinning, flat-sheet membrane, inversiamsghnanofibers, air gap membrane distillation

Introduction

Water shortage is a critical international issuat thas gained attention for several
decades [1]. This has severely affected biodivelsitthreatening more than two-thirds of
natural habitats. The World Health Organisation @JHbredicts that by 2032, half of the
world’s population will face water scarcity [2]. Asresult, safe drinking water has become
rare. Global water reserves are around 1.4 bikior, with 97.5 % in seas and 2.5 % in
fresh water from groundwater. Overall, only aroun®14 % is directly accessible to
humans and other species. Desalination emergedeasfdhe most promising processes in
the 2F' century to obtain clean water from seawater aratkish water sources that can
address the world’s freshwater shortage and hedt giebal water demand [3].

There are currently two technologies that accoantaflarge majority of the world’s
desalination capacity. Desalination can be broaldigsified as either thermal or membrane
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[4]. Thermal technologies have rarely been usedbfackish water desalination; these
processes need a significant amount of energyddyme the high heat of vaporisation of
liquid water. As a result, determining how to hantlie challenges of saltwater desalination
and sewage treatment cost-effectively and in amggrefficient manner has become the
key to overcoming the problem of water shortage Membrane processes are now
important in water treatment in many countries,duse membrane separation has more
advantages (this includes avoiding expensive aeffiéient heat) than thermal technology
[6]. Thus, researchers attempted to find a semaratifective technique in the desalination
process, which is termed membrane distillation netdgies, or MD, a newly developing
technique, a promising and alternative method fatewdesalination [7]. The advantages of
MD desalination can be summarised by its tolerachigh salinity brine, working on
low-grade temperature sources (less than°’@)0100 % salt rejection, and low fouling and
low operating pressure (near atmospheric). Butntaén disadvantages of these processes
are relatively low permeate flux [8-10]. MD processhave shown promising results in
saltwater desalination, wastewater treatment, andynother applications, owing to the
independence of the driving force from salinity.

Membrane Distillation (MD) is a separation procetsmt utilises hydrophobic
microporous membranes, which block liquid waternfrgpassing through their pores.
Instead, only water vapour and volatile compour@steansported across the membrane,
driven by a partial pressure difference betweenféleel and permeate sides [11]. In this
manner, high-purity distillates can be obtainedrfrearious aqueous streams, including
effluents from the textile and agri-food industrig®], waters contaminated by heavy
metals [13], sea, and brackish waters [14]. The brane influences water vapour flux, salt
rejection, and distillate quality during seawatesalination. It has a considerable impact on
the technological and economic efficiency of the Midcess. Therefore, the selection of
membrane material and pore size must be carefuilgcsto the individual application [15].
The wide range of membrane material applicationsickvinclude high hydrophobicity,
low wettability, small thickness, low tortuositypw thermal conductivity, and good
chemical stability at membrane distillation’s ogerg temperature, has made MD research
for desalination applications more popular recefitly, 17], such polypropylene (PP) [18],
polyvinylidene fluoride (PVDF) [19], and polytettadroethylene (PTFE) [20].

The selection of a technique for polymer membratei¢ation depends on the choice
of polymer and the desired structure of the mendrBorous polymeric membranes can be
created using several methods [21]. The most corfynased approaches in polymeric
membrane fabrication include phase inversion [28¢lt-spinning [23], cold-stretching
(MSCS) [24], track etching [25], sintering [26],daalectrospinning [27].

Among the various membrane fabrication methods, stand out for their broad
applicability across different fields: the convemal phase inversion technique and the
more recent electrospinning method. Phase inveiisianidely used due to its simplicity
and ease of implementation, requiring relativelysibaequipment. In this technique,
a homogeneous polymer solution undergoes a caedrdthnsformation from a liquid to
a solid phase by immersion in a water bath. Thdseacteristics make the processes
relatively cost-effective. Moreover, they have bsencessfully applied to a wide range of
materials. However, a significant drawback remaims toxicity of the solvents used.
Additionally, incorporating organic or inorganicditives for antifouling purposes can lead
to solubility issues, resulting in inhomogeneouspdrsions within the membrane matrix.
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This, in turn, reduces membrane stability and nieglgtimpacts antifouling performance
[28].

However, electrospinning is thought to be the lesitemporary technique and the
simplest way to create nanofiber deposits on aingtalisk after stretching the polymeric
solution in an electrostatic field and evaporatihg volatile solvent. High water contact
angle, high surface roughness, high liquid entgspure, high porosity, big surface area,
and changeable pore size and thickness are sonantades of nanofiber membranes
(ENMs) [29]. Thus, the electrospinning process paoduce fibers with highly tunable
properties, with the diameter of the electrospberf ranging from 10 nm to 1Q®n [30].
Many studies have investigated and reported thpapation of polymeric membranes by
phase inversion and electrospinning methods. Thdonpeance of flat-sheet poly
(vinylidene fluoride-co-hexafluoropropylene) (PVDBH-P) membrane was investigated
experimentally and theoretically for water desalmmain an air gap membrane distillation
(AGMD) system. It was observed that increasingféeal temperature from 4& to 65°C
for a 35g/L NaCl solution resulted in an approximately $8&! increase in permeate flux.
Additionally, increasing the feed flow rate fron28.L/min to 0.59./min led to a 30 % rise
in flux. The rejection factor exceeded 99.9 %, whihe permeate conductivity remained
below 20uS/cm [31]. With a maximum divergence of less th@r?2, the theoretical model
findings were found to be in good agreement with &xperimental data. For DCMD,
a different team of researchers created a doukés-lpolyvinylidene fluoride-polymethyl
methacrylate (PVDF-PMMA) membrane. Due to theirringic hydrophobicity, both
polymers were tested in a DCMD arrangement und@mge of operating circumstances.
A membrane composition of 25 % wt. PVDF (lower lgyend 75 % wt. PMMA (top
layer) resulted in a notable increase in water patm flow, according to the study.
This particular membrane composition produced &R % salt rejection rate and a flow
of 44.192 kg/(rx h) [32].

In all these previous studies, all polymers useteveynthetic and often derived from
virgin materials. This study utilises recycled Peprs a commonly used form of polymethyl
methacrylate (PMMA), which offers both environmén@nd economic advantages.
Perspex is a transparent thermoplastic frequentigpleyed as a lightweight,
shatter-resistant alternative to glass. Its indbtytand mechanical stability suggest strong
potential for membrane fabrication. Moreover, rdicye Perspex is significantly more
cost-effective than sourcing new polymeric materiahaking it a viable and sustainable
option for membrane production. This research suppine advancement of a circular
economy by promoting the reuse of post-consumeyliacwaste while simultaneously
addressing the global demand for affordable anttiefft materials in water treatment
technologies.

This research aims to discuss and compare theinggsah efficiency of the thin film
polymeric membrane (prepared by the phase inversimthod) and the nonwoven
nanofibers polymeric membrane (prepared by thetrelgginning method). The polymer
used to prepare the membranes in this work wasketacrylic (polymethyl methacrylate)
(RA). The fabricated RA-based membranes were cterised using various analytical
techniques, including Scanning Electron Microsc@pi¥M), mechanical properties, water
contact angle (WCA), and Fourier Transform Infrafgpectroscopy (FTIR). Then the
membranes were applied for water desalination ke alr gap membrane distillation
(AGMD) process. Various parameters affecting membragroduction, such as feed
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temperature and modifications in the fabricationthud under higher salt concentration
solutions, were examined under continuous feed.flow

Materials and methods

Materials

In this study, waste acrylic hard plastic, speeific polymethyl methacrylate
(PMMA), commonly known as Perspex, was utilisedptepare a recycled acrylic (RA)
powder. Acrylic is technically classified as a typé glass due to its non-crystalline,
vitreous structure and is widely used in applicadicuch as casting resins, inks, coatings,
and various industrial products. It was sourcedhfam advertising shop and was processed
by grinding it into smaller fragments using an #iecgrinder to produce recycled acrylic
(RA) powder. To optimise the fabrication procedsage inversion and electrospinning RA
concentrations were used: 25 % wt. and 15 % wtevsslected, respectively, due to
multiple preliminary attempts. These particular ce@mtrations were dictated by the
morphology demands of each process, for which thectsiral integrity of the dense
membranes and the uniformity of the electrospurofibers were required. The organic
solvents used to dissolve acrylic were N, N-Dim#trynamide (DMF) (density:
0.948 g/cm) and chloroform (CHG) (density: 1.49 g/cf), which were supplied by Alfa
Aesar. All chemical materials were used in theiique form without any additional
modifications. Chloride-sodium (NacCl) (from SigmadAch) was used to prepare the brine
solution. The distilled water was used as a codigmabath in preparing the thin film
membranes via the phase inversion method.

Membrane fabrication

In this work, the polymeric membranes were fabedatia two different preparation
methods: the phase inversion method, producing ia film membrane, and the
electrospinning method, producing a nanofibers nramd The thickness of both
membrane types was fixed at approximately 300 poh was determined by a digital
Vernier.

Thin film membrane via phase inversion method

Polymeric solutions were prepared by dissolvinggtaper amount of 25 % wt. RA in
15 % wt. CHC]} first, then add the 60 % wt. DMF solvent using agmetic stirrer at
500 rpm for 6 h, producing a clear and homogeneesypsor polymeric solution. The flat
sheet cast RA membrane was made using the phasesimv approach. The cast solution
was poured over a clean glass. Then, a casting Krifm applicator KTQ-Il, Xiamen TOB
New Energy Technology Co., Ltd., Fujian Provincéjr@) was used to generate a 300 pm
thin film layer on a purified glass plate. The mearte was then submerged in a water bath
(precipitation bath) until it detached from the glasurface. The phase inversion process
will result from the diffusion of a solvent and ansolvent across the interface between the
nonsolvent (water) and the polymer casting solutibm ensure that all remaining solvent
was eliminated from the membrane, the membranes ¥®m left in the water bath for
a full day.
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Nonwoven nanofibers membranes via electrospinning/stem

The electrospinning (ES) is an innovative, cosé&if/e, simple, and economical
membrane technology for nanofiber production, dffgr optimal control over the
parameters of nanofibers that vary in size, shapel doping [33]. The home-built
electrospinning system was made of a syringe puanbigh-voltage power supply, and
a rotating drum, as shown in our previous work [ZBje RA powder was dissolved at
a concentration of 15 % wt. in a specific amouni5f% wt. CHCJ} solvent first, then the
70 % wt. DMF solvent was added using a magneticestat 500 rpm at room temperature
for 5 h. The mixing process continued until theutioh became clear and homogeneous.
To prevent needle clogging and to obtain defea-fRA-based nanofibers, the prepared
precursor should have low viscosity; thus, the Rélymer concentration was only
15 % wt., which is good enough to be spinnable.

The obtained homogenous precursor solution wasfemed to a 5 mL plastic syringe
fitted with a capillary metal 21-gauge needle. Pladé/meric solution was pumped at a rate
of 2 mL/h with a tip-to-collector distance of 13 ciithe electrospinning process was carried
out at room temperature with a relative humidity 26f %. The polymer solution was
exposed to a strong electrostatic force (18 kV)e Pblymer jet was ejected and collected
on a revolving drum. The solvent then evaporaterming a mat of nonwoven nanofibers
on the collector's surface to generate a 300 unj. [B&er electrospinning, the dried
membranes were then stored in clean plastic carin

Characterisation of membranes

Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is a widelgdusesearch tool that produces
images of a sample by scanning it with a focusednbef electrons (Thermo Fisher
Scientific, FEI Quanta 200, USA). SEM images previchluable information about the
surface topography and the pore size distributibhoth prepared RA-based membranes.
An image algorithm was developed to measure theifegore size distribution from the
SEM images by analysing the pore sizes of each mamlsample using Image J software
and the obtained images (National Institutes ofltieJSA).

The membrane porosity

The porosity of a membrane is a crucial determinfagtor for the separation
performance of membranes. Membrane porosity inglicttie void volume fraction and is
defined as the volume of the pores divided by titaltvolume of the membrane [35].
To determine membrane porosity using the gravimetrethod, each membrane sample
was weighed and soaked in alcohol for 30 minufdse samples’ dry and wet weights were
recorded before and after alcohol immersion, resgeg. Then the porosityg, was
calculated using the equation [33]:

W, — W,
—_—w d (1)
A-6-p
whereW,, and Wy are wet and dry membrane mass [§]is membrane area [cm3, is
membrane thickness [cm], apdis alcohol density at room temperature [gicm

&
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Contact angle

The wettability of the surface membranes was asdeghrough contact angle
measurements using an optical contact angle mel&M( 110-04w) by dropping
perpendicularly onto the surface of the membramehis method, a drop of distilled water
was deposited on a piece of membrane. After thad, $tationary state, the camera in the
device captured an image of the droplet, the CA waat®omatically determined by the
software.

Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) (@pen 1800, Shimadzu, Japan)
makes infrared spectroscopy used to identify trentbal structure and functional groups
present in the membranes by passing radiation ¢fwraau sample. The sample absorbs
a portion of the infrared light, while the remaindg transmitted. The resultant spectrum
indicates molecule absorption and transmissionaticrg a molecular fingerprint of the
sample, and operating in the 4000 tr400 cm® wavenumber range [34].

Mechanical properties

The mechanical properties of membranes are a ¢ruwderial characteristic for
practical applications, affecting factors such assability, handling, and resistance to
deformation [36]. Using a Dynamic Mechanical Analy¢DMA) (AG-A10T, Shimadzu,
Japan), the breaking strength and Young's modufutie membranes were measured in
order to evaluate their mechanical properties. Af@ and room humidity, specimens with
dimensions of 10 cm in length and 1 cm in width evessessed. The stress-to-strain ratio is
the definition of Young’s modulus, a metric usedjt@mntify a material’s elasticity [37, 38].

Evaluation of the membrane performance in air gap rembrane distillation (AGMD)
system

One of four typical arrangements of MD is Air Gagmbrane Distillation (AGMD);
the schematic and digital model of the process @mesented in Figures 1 and 2,
respectively. The feed solution was heated by thatdr (water bath), and a pump
circulated water through the top part of the memebérgpiece. The flow rate is regulated by
a control valve and monitored by a pressure gaGgmlant flows through the bottom
(chiller), managed by a control valve with a pressgauge, and the generated permeate is
collected in the middle chamber and gathered in easuring cylinder. Within the
membrane module, both the feed solution and théanb@re pumped in a closed-loop
system with counter-current flow. The membraneotsated between the feed and air gap
compartments, and the vaporised water passesstegnant air gap between the membrane
and a condenser plate. The inlet and outlet teryrexsaof the feed water and coolant were
continually measured by four sensors placed atirtleds and outlets of each side of the
membrane module. AGMD'’s flat sheet membrane moeide designed and constructed
from acrylic panels (Perspex) that are chemicabgistant, have high heat transfer
resistance, and are easy to fabricate. The chasiderin the AGMD configuration has
a thickness of 1.5 cm, a length of 7 cm, and atwadt7 cm.
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Fig. 1. Image of air gap membrane distillation ogufation

(1) Bath for feed 2) Pump for feed

Sensors to measure the temperature inlet
and outlet (bath)
Sensors to measure the temperature inlet

?3) Rotameter for feed (5,6)

() Chiller for permeate mm (11,12) and outlet (chiller)

(8) Pump for chiller (permeate) 9) Rotameter for biller (permeate)

4) pressure gauge for inlet feed (bath) (20) presee gauge for inlet (chiller)
(15,16)  Tank for permeate and Tank for feed (13,14) Membrane module and Membrane

Fig. 2. The schematic diagram layout of the expenital design in measuring the performance of the
membrane in the AGMD process [33]

AGMD tests were run for 3 h for each experimentaidition. The salt concentrations
of the feed and permeate into and out of the memebraodule were precisely measured
using a commercial digital meter (Handheld TDS BE temp salinity meter). In the
AGMD process, the measurements of the collectedimel of the permeate flux were
determined by the continuous change in the volufrthe permeate distilled water in the
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vessels. Permeate fluf,[kg/(m?h)], was used to assess the performance for each MD
configuration. It was calculated using the equaf&9i:

V- pw
J=— 2
whereV is the freshwater volume [L],, is the water density [kg/L}, is the operational
time [h], andA is the area of the membrane and salt reject8[%] as given in the
equation [40]:

G -G

1
whereSR is the salt retentior;, is the feed concentration, afd is the concentration of
the permeate [41].
For reproducibility, each experiment in this prac@gas repeated at least three times,
and the average values of water flux and salt tiejeevere reported.

SR =

-100 (3)

Results and discussion

Membranes characterisations

Figure 3 presents the SEM image of the surface hadogy and the corresponding
pore size distribution of both prepared membrah&gire 3a shows the surface analysis of
the thin film cast 25 % wt. RA-based membrane greg. It shows a rough surface
composite that contains regular circular pore-lgteuctures and has homogeneously
distributed moderately sized pores that containemapen pores to the surface with some
spores dispersed across it. The SEM image reviealshe average pore size distribution
was estimated to be 0.38 um, based on pores mezsute using ImagedJ. The major
percentage of the pore size is less than 1 um auket structure of a dense membrane
surface because of the high polymer RA concentratiadhe precursor solution [42], which
is typical for membranes designed for high sakaetpn, high selectivity, and mechanical
stability in the MD process.

The surface morphology and the corresponding piaeedistribution of the fabricated
15% wt. RA-based nanofiber membrane via the elsptnming method is shown in Figure
3b. The samples obtained showed that many porespanse on the top surface of the
membrane. The SEM image reveals that the averagesize distribution was estimated to
be 2.2 pm, based on measurements of ImageJ. The gipe distribution indicates
consistent formation ranging between 0.5 pum to 5 prhich is a relatively broad
distribution that is useful for mass transfer inmheane distillation (MD) applications
because fine fiber dimensions contribute to hggh surface-area-to-volume ratio.
Additionally, the absence of beads and surfacectiefimdicates a stable electrospinning
process resulting in homogeneous fiber formation.

The most interesting element that influences mendbraerformance in MD
applications is pore size; the holes should beebigugh to accelerate the necessary mass
flux. However, the membrane had a rather high gibrowhich was due to the linked fiber
structure and the existence of voids [43]. As alltedibrous networks offer adequate
mechanical support while maintaining a high leviehpdrophobicity, which is crucial for
sustaining liquid-vapour separation under AGMD winogk conditions. Compared to the
thin film cast membrane, this surface is anticigatecontribute to higher vapour flow.
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Fig. 3. The surface morphology and the correspanpore size distribution of the prepared membranes:
a) RA-based thin film membrane via phase inversi@thod, b) RA-based nanofibers membrane
via electrospinning method

The measured porosity of the prepared RA-based ttast film membrane was
73.52 %, indicating a dense and compact membrangtste with few voids. This
morphology limits the vapour transport but helpsnprove mechanical stability. Similar
results have been reported [44], where increasiagconcentration of RA-based increased
the viscosity of the casting solution, which redsiperosity. While the recorded porosity of
the prepared electrospun nanofiber membrane w&? 98, the ultrafine nanofiber net
becomes highly porous to create a large amountngite space, which increases the
permeability of the membrane, and at low polymemcemtration, the membrane
permeability is significantly high. The porositycieases signify a decrease in the mean
fiber diameter and consequently imply that the sipig solution would be less viscous.
Thus, achieving adequate porosity is very importardrder to have the proper balance of
high vapour flux, wetting resistance and mechangtability. Additionally, the contact
angle measurement of a water droplet (WCA) on tleenbrane surface. The membrane
made by using the thin-film casting technique udity had a WCA of 82.47°. On the
contrary, the nanofiber membrane by the electrospetihod showed a much higher WCA
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of 121.85° which denotes a highly hydrophobic stefaThis hydrophobic property is
especially beneficial in the application of (MDhese it avoids wetting the pores, and only
water vapour is able to diffuse through the memérdihe significant comparison between
the two fabrication techniques, electrospinning amése inversion (casting), serves to
emphasise the effect of the architectural featafesirfaces on wettability [42]. According
to the literature, the angle of contact dependsonbt on the intrinsic characteristics of the
polymer but also on other essential parameterd) aacthe roughness of the surface, the
distribution of pore sizes, and the heterogendithe surface [45].

Displayed in Figure 4a, the spectra show typicakpeat 2848.86 cH) 2922.16 cr,
and 3024 cri, which are present in all RA membranes. These paualcate the presence
of the are attributed to alkenic C—H stretchingattons. Additional peaks at 3414.00¢m
and 3468.01 cm were assigned to O-H stretching [46]. A charastieristretching
vibration prominent peak at 1635.64 ¢nalong with the broader range from 1450.47%cm
to 1620.21 cri, represents the C=0 stretching vibration of e§#i, confirming the
presence of acrylic components in the nanofiber brane. The bending vibrations of €H
and CH groups are evident at 1450.47 ¢rand 1369.46 chl respectively. In the
1325.10 cmt - 1028 cm® region, multiple peaks correspond to C—-O-C stietch
vibrations of the ester moiety. Additionally, peaisthe 840 cr - 750 cm’ region
(including 754.17 cit and 698.23 ci) are associated with out-of-plane bending of -CH
groups or side-chain vibrations.

The chemical composition of developed membranes imasstigated by the FTIR
spectrum (Fig. 4b), which displays characteristiisaption bands that confirm the
chemical structure of electrospun PMMA. The peaksseoved at 3022.45 ¢ -
3057.17 cmt are attributed to alkenic C—H stretching vibrasiqd8]. While the strong
absorptions in the 2920.23 Tm 2848.86 cnt range correspond to C—H stretching of
—CH; and —CH- groups, consistent with the aliphatic backbon®®MA. A prominent
peak at 1743.65 cf along with the broader range from 1645.28'ctm 1940.39 cr,
represents the C=0 stretching vibration of esteugs, confirming the presence of acrylic
components in the nanofiber membrane [49]. The ibgndibrations of CH and CH
groups are evident at 1490.97 ¢rand 1371.39 cm, respectively. In the 1325.10 cn
1000 cm* region, multiple peaks correspond to C—O—C stietchibrations of the ester
moiety. Additionally, peaks in the 840 ch 600 cm? region (including 756.1 cthand
698.3 cm') are associated with out-of-plane bending of »Qjtoups or side-chain
vibrations. Collectively, these spectral featuresftm the successful synthesis of PMMA
nanofibers with intact ester functionalities andi@ate the high chemical purity of the
electrospun membrane, as no significant signalslegfradation or contamination were
detected.

The mechanical characteristics of electrospun $ibare greatly affected by fiber
alignment within the membrane. Electrospun recycladrylic (RA) membranes
demonstrated outstanding elongation rates, wittsileenstrengths of 0.0624 MPa for
aligned, random, and bi-layered topologies, respalgt The SEM micrographs of random
membranes reveal fiber fusion, a mechanism thaupnably enhances Young’s modulus
while increasing elasticity. These findings arerpiging, as they offer a viable alternative
to overcome the common limited inflexibility of ¢casembranes. The lack of flexibility in
cast membranes is due to the solvent phase invefalarication method, according to
17.22 MPa, which typically does not use plasticsémlike electrospun membranes, cast
films exhibit poorer fiber orientation and reducstdetchability under mechanical stress.
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Typically, penetrant polymer networks reduce colesintermolecular forces among

polymer chains, affecting mechanical strength hasve in Figure 5. Mechanical strength is
critical for preserving membrane structural intggthroughout transport, installation, and
operation. A strong membrane is less susceptibtiatmage during handling, lowering the
chance of flaws that might compromise performaf®od mechanical qualities guarantee

that membrane distillation (MD) membranes are il and long-lasting, thereby
increasing their efficacy in water purification dipptions.
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Fig. 5. The mechanical properties of the RA-badeid film-casted membrane and the nanofiber
membrane: a) Breaking strength, b) Young’s modulus

Table 1
Comparison of membrane characterisation of thedated membranes
via phase inversion and electrospun methods
Membranes characterisations Phase inversion Electrospinning
Thickness im] 300 300
Average pore sizaim] 0.38 2.2
Porosity [%] 73.52 93.59
Contact angle’] 82.47 121.85
Young's modulus [MPa] 17.22+0.35 0.74 +0.08

Membrane performance test

The AGMD system was created to get experimenta ttatevaluate the potential of
the fabricated membranes for brine water desatinafihe study investigated the effects of
operating parameters, including feed water temperatwhich is the most critical
parameter influencing membrane distillation perfante. The cold-side temperature of
15°C and flow rate of 0.3 L/min were maintained canstat a brine concentration of
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35g/L, a membrane thickness of &8n, an air gap thickness ofnim, and the feed flow
rate was almost 0.3 L/min.

The influence of feed temperature on permeate flas examined under controlled
conditions of the two membranes; the feed temperattas varied from 4%5C to 65°C,
while all other parameters remained constant. Thpgaties and separation performance of
the two types of fabricated membranes were comparetl summarised in Table 2.
It presented the corresponding permeate flux artl reection values at each feed
temperature.

Table 2
Comparison of the feed temperature influence origdhecated membranes
via phase inversion and electrospinning fabricati@mthods

Phase inversion Electrospinning
Temperature —
°Cl Permeage flux Salt rejection [%] Permeage flux Salt rejection
[kg/(m*h)] [kg/(m™h)] [%0]
45 0.960 98.978 4.396 99.997
55 1.185 98.988 5.495 99.998
65 1.480 99.989 7.692 99.999

When the feed temperature increased from 45 °G 46 the permeate flux increased
from 0.960 kg/(rhh) to 1.480 kg/(fmh) for the RA-based cast membranes and from
4.396 kg/(m-h) to 7.692 kg/(fhh) for the nanofiber's membrane. The observecease in
the membrane performance with increasing temperatsr expected because higher
temperatures significantly increase the saturategour pressure of water, thereby
enhancing the driving force for vapour transpomoas the membrane in the membrane
distillation (MD) process. This relationship is dabed by the Antoine equation, which
explains how vapour pressure rises with temperatmeessential factor governing mass
transfer in MD processes [50].

When comparing the properties of the two membrathesenhanced flux observed for
the 15 % wt. RA nanofiber membrane can be primasdlyributed to its higher
hydrophobicity, as evidenced by a water contacteaofy121°. The improved mass transfer
is further associated with the highly porous artdritonnected nanofibrous structure, which
provides continuous vapour transport pathways &edtevely minimises the occurrence of
partial wetting. In addition, the relatively largere size, approximately 2;2n, contributes
significantly to the increased flux performance. dontrast, the 25 % wt. RA cast
membrane exhibited a lower water contact angle2sf 8he increased RA concentration
led to higher viscosity of the casting solution,iethin turn reduced membrane porosity
and resulted in a smaller mean pore radius of aqpedely 0.38um. Despite the lower
hydrophobicity, no wetting phenomena were obserdedng the experimental tests,
indicating that the membrane maintains a certawvelleof resistance against water
penetration through its surface microstructure.

However, an increase in feed temperature resutied significant enhancement of
permeate flux; this improvement must be carefulbighed against the corresponding rise
in energy consumption required to heat the feegti®ol. Although this thermal gain entails
higher energy input, particularly at temperatureseeding 60C, where heating demands
become more substantial [51]. Thus, the maximunx fles achieved at 6%; the
selection of this temperature as the optimal opegatondition in this study also considered
its practical applicability in real-world desalifat systems and an effective compromise
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between performance and energy efficiency, deligerhigh water recovery while
maintaining a relatively reasonable thermal enemguirement. Therefore, it supports its
suitability for efficient brine treatment using AGMtechnology. Despite temperature
variations, the membrane consistently exhibited ebbgnt desalination performance.
Comparing the retention characteristics of the Re&teospun and cast membranes at®5
revealed rejection values of 98.978 % and 99.988%@ectively, as shown in Figure 6.

Permeate flux electrospun Permeate flux cast

= Salt rejection electrospun = Sait rejection cast
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Fig. 6. Comparison between phase inversion andrefginning from the study of the influence of feed
temperature on the permeation flux and rejectidh&t/min, 6 mm, and 35 g/L NaCl

Conclusion

This paper has compared two methods of membraneicdéibn, namely
electrospinning and phase inversion, at differemcentrations (15 % wt. and 25 % wt.)
using recycled acrylic (RA) as a sustainable polysmirce for use in Air Gap Membrane
Distillation (AGMD) applications. The concentratioof the precursor solution plays
a crucial role in determining an increase in rowggsnfor both types of membranes.
The membranes’ nanofibers exhibited favourable imolggical and physicochemical
properties, including a highly porous and uniforibef network (confirmed by SEM),
significant surface roughness (AFM), and strongragtiobicity (contact angle > 121°),
while it tends to increase hydrophilicity for thast membranes (82.47°), confirmed by the
contact angle test. This is also the case in thesity, where the electrospun nanofiber
membrane was found to have a decrease, whilstastentembrane had an increase. Both
membranes’ FTIR analysis confirmed the preservatiérfunctional groups, ensuring
chemical integrity and thermal stability. The meams were evaluated in
a custom-designed AGMD setup under operational itiond, including changing feed
temperatures (45 °C - 65 °C). In terms of perforoearelectrospun recycled acrylic (RA)



Structure-performance engineering of recycled acrgembranes for air gap membrane ... 77

nanofiber membranes exhibited a flux of 7.692 kg/fhand a salt rejection rate exceeding
99.99 %, outperforming cast RA membranes. Thesebraams showed good performance
in terms of salt rejection/water flux, and the bpatt is they could be operated without
pressure. Therefore, a more cost-effective metisothé electrospinning process that is
pressure-free. In addition, the distinctive chaeastics of electrospun nanofiber
membranes make them highly promising for industdpplications, especially in the
treatment of saline wastewater. Nevertheless,dhewiing research deserves to be carried
out in order to produce large-scale electrospun lmanes and carry out tests in large-scale
facilities and evaluate their viability in the irgtty comprehensively. The results verify the
fact that RA-based nanofiber membranes are notloegficial to the environment but also
extremely efficient in the desalination of highisaly brine using AGMD. This work
contributes to the development of cost-effectivel anstainable membrane materials for
future water treatment technologies.
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