POLITECNICO DI TORINO
Repository ISTITUZIONALE

Enhancement of physical characteristics of styrene—acrylonitrile nanofiber membranes using various
post-treatments for membrane distillation

Original

Enhancement of physical characteristics of styrene—acrylonitrile nanofiber membranes using various post-treatments for
membrane distillation / Sallakhniknezhad, R., Khorsi, M., Niknejad, A.S., Bazgir, S., Kargari, A., Sazegar, M., Rasouli,
M., Chae, S.. - In: MEMBRANES. - ISSN 2077-0375. - 11:12(2021). [10.3390/membranes11120969]

Availability:
This version is available at: 11583/3007774 since: 2026-02-19T14:13:57Z

Publisher:
MDPI

Published
DOI:10.3390/membranes11120969

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

28 June 2026



H membranes mﬁ

Article

Enhancement of Physical Characteristics of
Styrene—Acrylonitrile Nanofiber Membranes Using Various
Post-Treatments for Membrane Distillation

Reza Sallakhniknezhad !, Manijeh Khorsi 2, Ali Sallakh Niknejad 3, Saeed Bazgir 34*, Ali Kargari >,
Mohsen Sazegar 6, Mohsen Rasouli 7 and Soryong Chae 8*

School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China;
Rezanikil990@gmail.com
Department of Chemical Engineering, Science and Research Branch, Islamic Azad University,
Tehran 1477893855, Iran; khorsi.manijeh@gmail.com
Nano Polymer Research Laboratory (NPRL), Science and Research Branch, Islamic Azad University,
Tehran 1477893855, Iran; aliniknejad1991@gmail.com
Department of Polymer Engineering, Petroleum and Chemical Engineering Faculty,
Science and Research Branch, Islamic Azad University, Tehran 1587856614, Iran
Membrane Processes Research Laboratory (MPRL), Department of Chemical Engineering,
Amirkabir University of Technology, Tehran 1591634311, Iran; kargari@aut.ac.ir
Department of Polymer Engineering, Amirkabir University of Technology, Tehran 1591634311, Iran;
Engineer.sazegar@gmail.com
7 SEM Lab, Central Laboratory, Amirkabir University of Technology, Tehran 1591634311, Iran;

check for rasouli33@gmail.com

updates 8 Department of Chemical and Environmental Engineering, University of Cincinnati,
Citation: Sallakhniknezhad, R ; Cincinnati, OH 45221, USA
*  Correspondence: bazgir@srbiau.ac.ir (S.B.); chaesg@ucmail.uc.edu (S.C.); Tel.: +98-21-4486-5328 (S.B.);

Khorsi, M.; Niknejad, A.S.; Bazgir, S.;
+1-513-556-4353 (S.C.); Fax: +98-21-4486-5328 (S.B.)

Kargari, A.; Sazegar, M.; Rasouli, M.;

Chae, S. Enhancement of Physical Abstract: Insufficient mechanical strength and wide pore size distribution of nanofibrous membranes

Characteristics of Styrene- are the key hindrances for their concrete applications in membrane distillation. In this work, various
Acrylonitrile Nanofiber Memb . . . .

crylonifriie Tanohiber Vembranes post-treatment methods such as dilute solvent welding, vapor welding, and cold-/hot-pressing
Using Various Post-Treatments for

Membrane Distillation. Menib processes were used to enhance the physical properties of styrene-acrylonitrile (SAN) nanofiber
embrane Distllation. embranes

2021, 11, 969. https:/ /doi.org/ membranes fabricated by the modified electrospinning process. The effects of injection rate of

10,3390/ membranes11120969 welding solution and a working distance during the welding process with air-assisted spraying on
characteristics of SAN nanofiber membranes were investigated. The welding process was made less
Academic Editor: Chii-Dong Ho time-consuming by optimizing system parameters of the electroblowing process to simultaneously
exploit residual solvents of fibers and hot solvent vapor to reduce exposure time. As a result,
Received: 21 November 2021 the welded SAN membranes showed considerable enhancement in mechanical robustness and
Accepted: 4 December 2021 membrane integrity with a negligible reduction in surface hydrophobicity. The hot-pressed SAN

Published: 9 December 2021 membranes obtained the highest mechanical strength and smallest mean pore size. The modified

SAN membranes were used for the desalination of synthetic seawater in a direct contact membrane

Publisher’s Note: MDPI stays neutral - qjqtil|ation (DCMD). As a result, it was found that the modified SAN membranes performed well
with regard to jurisdictional claims in

(>99.9% removal of salts) for desalination of synthetic seawater (35 g/L NaCl) during 30 h operation

ublished maps and institutional affil- . . . . .
? i P without membrane wetting. The cold-/hot-pressing processes were able to improve mechanical
iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.

strength and boost liquid entry pressure (LEP) of water. In contrast, the welding processes were
preferred to increase membrane flexibility and permeation.

Keywords: styrene-acrylonitrile nanofiber membranes; post-treatment methods; mechanical strength;
pore size distribution; membrane distillation

This article is an open access article

distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by / As a consequence of rapid population growth, climate change, and destructive hu-
40/). man activities, the accessibility of potable water has become a global issue. In addition,

1. Introduction

Membranes 2021, 11, 969. https:/ /doi.org/10.3390/membranes11120969 https:/ /www.mdpi.com/journal/membranes


https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0001-8936-8773
https://orcid.org/0000-0002-2382-4075
https://doi.org/10.3390/membranes11120969
https://doi.org/10.3390/membranes11120969
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/membranes11120969
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes11120969?type=check_update&version=1

Membranes 2021, 11, 969

20f 14

petrochemical, mining, steel, and other industries exacerbate the current situation even
further [1-3].

Over the decades, membrane-based desalination technologies have been introduced
as a viable solution to produce potable from various water sources, including seawater.
For example, reverse osmosis (RO) is a well-known membrane process for seawater de-
salination due to its good performance (>99% removal of monovalent and multivalent
ions). However, the high capital cost and excessive energy consumption to provide high
pressure, membrane fouling, and brine disposal are reported as the main challenges of this
process [4—6].

Membrane distillation (MD) is a promising method for producing pure water from
saline water sources. In MD, the water vapors in the feed side pass through the pores of a
hydrophobic membrane and turn into liquid on the permeate side. The required driving
force for water vapor transportation is supplied by the temperature difference between feed
and permeate sides, and the liquid evaporation occurs on the membrane surface [7-13].
Interestingly, there is no limitation on treating hypersaline brine, compared with RO [14],
and MD also can use waste heat, renewable energies, and low-grade heat as energy sources
of the process, providing desirable possibilities [15,16].

Nonetheless, the MD process is not fully developed at an industrial scale, mainly
due to the lack of hydrophobic membranes with good wetting and fouling resistance [17].
Typically, a membrane having high porosity and hydrophobicity with superior mechanical
properties is needed to demonstrate a promising performance in MD [18-20]. Non-solvent-
induced phase separation (NIPS) and thermally induced phase separation (TIPS) are the
most common approaches to fabricate membranes; however, low permeation and weak
hydrophobicity impede their full application in MD [21].

The electrospinning process is a potential alternative method for fabricating highly
porous membranes with high hydrophobicity, tunable pore size, and thickness, using
high electrical charges to produce a non-woven network of nano/microfibers [22]. It is a
fairly simple fabrication process, compared with the other membrane fabrication processes
such as NIPS and TIPS [23,24]. While outstanding properties ascribe to nanofibrous
membranes, these membranes riddle with larger pore size and lower mechanical properties
than the membranes designed by casting methods [22,25-27]. Therefore, post-treatment
processes are needed to address these challenges. Thus far, hot pressing [28] and chemical
crosslinking [29] are the most used methods to lower pore size and enhance membrane
robustness. However, crosslinkers are harmful to the environment and the human body.
Surface coating is another method to reduce the pore size of the MD membranes. However,
this method adversely affects membrane permeation by reducing effective porosity and
pore size of membranes [30,31].

Recently, solvent vapor welding [32] and dilute solvent welding [33] have been
adopted to increase mechanical strength and reduce the pore size of nanofibrous mem-
branes. Nanofibrous samples are directly subjected to the solvent vapors to fuse fibers in
their junction points in the vapor welding process. However, it is reported that it takes a
longer fabrication time to be completed depending on the type of process [32,34]. Addi-
tionally, as the only solvent present in the air, it is hard to control the welding pace and
construct a uniform fibrous structure since the solvent vapors can be absorbed totally by
the surface rather than the inner structure.

Dilute solvent welding seems more practical than vapor welding as the non-solvent
(i.e., ethanol) thoroughly wets the nanofibrous membrane. By applying heat, the solvent
can fully weld the entire structure. It needs to be stated that the welding solution of this
process is composed of wetting liquid (major component) and solvent (minor component)
to cause welding by only heating the sample.

In this study, nanofibrous styrene-acrylonitrile (SAN) membranes were fabricated
through the modified electrospinning process, electroblowing, and using a low-toxic
dimethyl sulfoxide (DMSO) solvent to improve low productivity [35-38]. Then, cold-
pressing, hot-pressing, vapor welding, and dilute solvent welding processes were used
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to enhance the physical properties (including mechanical strength, elongation, and pore
size range) of the SAN nanofiber membranes for MD applications. The effect of solvent
exposure time at a constant temperature on the final characteristics through the vapor
welding process was investigated.

In the dilute solvent welding process, simple air-assisted spraying (instead of using
electrospraying) was used to investigate the effect of spraying time and welding solution
injection rate as these parameters were not mentioned in the previous study [33]. The
time-consuming vapor welding process turned into a more time-efficient one by adjusting
system parameters of the electroblowing process by using a mixed solvent system. The
effects of changes in physical characteristics of the SAN membranes by various post-
treatments on their desalination performance in a direct contact membrane distillation
(DCMD) were assessed.

2. Materials and Methods
2.1. Materials

Commercial Grade SAN polymer (SAN-4) was purchased from Ghaed Bassir Petro-
chemical Products Co., Iran. DMSO, acetone, NaCl, isopropyl alcohol (IPA), and dimethyl-
formamide (DMF) were all purchased from Ameretat Shimi (TAT Chem, Tehran, Iran).
Cetyltrimethylammonium bromide (CTAB) salt was bought from Merck (Darmstadt, Ger-
many) and used in the polymer spinning solution preparation.

2.2. Electroblowing Process

SAN nanofiber membranes were fabricated by the electroblowing process as de-
scribed in our previous work [39]. In brief, the used spinning solution was composed
of SAN/DMSQO/acetone. 17.5 wt.% of SAN granules were added to the mixed solvent
(DMSO to acetone volumetric ratio was 7:3) and stirred for 24 h under continuous heating
of 60 °C. Additionally, a small amount of CTAB (0.25 wt.%) was added to the spinning
solution. The degassed solution was then transferred to a plastic syringe. The spinning
parameters for the fabrication of the neat SAN nanofiber membrane were illustrated in
Table 1. The non-woven polypropylene (PP) was used as the substrate. To increase the
concentration of the fabricated SAN nanofibers, both sides of the PP substrate were isolated
using a wide tape (5 cm). This action enhances the thickness of the fabricated membranes
and minimizes the inaccuracies through the width of the support. It needs to state that the
PP substrate layer was removed before conducting the post-treatment processes.

Table 1. Voltage, polymer injection rate, working distance, air flow rate, rotating speed, and spinning
time for the fabrication of neat SAN membranes.

Injection Working Airflow Rotating Spinning

Membrane V:)lit\e;;ge Rate Distance Rate Speed Time
(uL/min) (cm) (NL/min) (rpm) (min)
Neat SAN 18 90 30 4 250 60

2.3. Cold-/Hot-Pressing Processes

Cold-/hot-pressing processes were conducted to study the effects of pressing time and
temperature with constant pressing pressure (2000 Psi) using a pressing device (GOTECH,
Taichung city, Taiwan) on the final properties of SAN nanofiber membranes and desalina-
tion performance in MD. The pressing time in the cold-/hot-pressing processes was set
at 10, 20, and 30 s. The applied temperature was started at 75 °C and finished at 105 °C
(i.e., 75, 85,95, and 105 °C). For the sake of clarity, the effect of time (i.e., 10, 20, and 30 s)
on the final characteristics of the SAN membranes was only investigated at 75 °C. The
cold-pressed membranes were labeled as CP-xs, where “xs” is the pressing time in seconds.
For the hot-pressed membranes, HP-x °C-ys code was used, where “x °C” indicates the
temperature of the pressing process and ys shows the time duration in seconds. For in-
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stance, CP-10 s and HP-75 °C-30 s indicate the cold-pressed SAN membranes for 10 s and
hot-pressed SAN membranes at 75 °C for 30 s, respectively.

2.4. Vapor Welding Process

A 500 mL beaker was filled with the DMF solvent (50 mL) and covered with a screen
to hold nanofiber samples. Then, the solvent was heated for about 1 h to reach 45 °C
using a digital oven (UF30, Memmert, Germany) before initiating the welding process.
The membrane samples were horizontally placed on the screen, and the solvent exposure
time (i.e., 2, 6, 10, and 14 min) was changed to assess the physical characteristics of the
post-treated samples. The surface of the beaker was covered with aluminum foil in every
test. The VW-x code was used to indicate vapor welded membranes using different
time durations at constant heating of 45 °C. The samples were then kept under ambient
conditions for about 3 days before characterization.

2.5. Dilute Solvent Welding Process

An IPA non-solvent (19 mL) was mixed with one mL DMF solvent, and a spraying
process was conducted on the membrane samples using an air-assisted spraying process.
The whole fibrous structure can be sufficiently welded as the IPA fully wets the hydrophobic
SAN nanofibrous membranes. The effects of critical parameters such as spraying time,
welding solution injection rate, and working distance (i.e., tip-to-collector distance) on the
final characteristics of the SAN membranes were investigated. The pre-sprayed samples
were heated using an oven for 2 min. Additionally, the working distance was maintained
at 10 or 15 cm during the spraying process. Welded membranes using dilute solvent were
labeled as DS-x-y-z, where “x”, “y”, and “z” indicate the welding solution injection rate
(mL/h), spraying time (min), and working distance (cm), respectively. Working distance
was only mentioned for the samples welded at 10 cm. The spraying time was 2, 6, 10, 14,
and 18 min for the samples treated at 40 mL/h injection rate and 15 cm working distance.
Spraying time was also tested at 2, 6, and 10 min for the samples with 60 mL/h injection
rate for 15 cm working distance or 40 mL /h injection rate for 10 cm working distance.

2.6. Characterization of SAN Nanofiber Membranes

The morphology observation was conducted by a scanning electron microscope (SEM)
(Seron technology, Gyeonggi-do, Korea). Membrane samples were coated with gold before
the SEM test. The fiber diameter of the fabricated samples was measured using Digimizer
software, and an average of 100 measurements was reported. The membrane surface
pore size was measured using the same software; then, the mean and maximum pore size
was reported.

The porosity of the SAN samples was measured before and after soaking in IPA, and
the pre-measured samples were weighed before and after wetting. The full description of
the applied method can be found in the literature [40]. Membrane thickness was measured
using an accurate digital micrometer and five measurements were conducted and mean
value reported.

A custom-made set-up was used to measure the liquid entry pressure (LEP) of water.
The samples were fastened between two semi-cells, and by helping the pressure of nitrogen,
the pressure of the deionized (DI) water was increased step by step. The pressure where
the water droplets were firstly seen on the membrane surface is regarded as the LEP value.
The tests were repeated three times to ensure their reproducibility.

The water contact angle (WCA) of SAN membranes was assessed using a drop shape
analyzer (KRUSS analyzer-G10 Drop Shape Analyzer, Germany). Glass slides were used
to fix the sample on the holder, and 2 uL DI water was gently placed on the surface. The
average value of three tests was then reported.

The mechanical properties were evaluated by a tensile testing device (Model 5566,
Intron dynamometer, Buckinghamshire, UK). The load and stretching speed were 50 N and
5 mm/min, respectively. To conduct the tests accurately, the samples were strengthened
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with two rectangular cardboard frames, and the frame was scissored from both sides before
the test.

2.7. A Bench-Scale DCMD Process

Desalination performance was assessed by using a bench-scale DCMD setup [41].
Shortly, the feed side was operated at temperature and feed flow rate of 60 °C and
0.48 L/min, respectively. For the permeate side, these values were 20 °C and 0.24 L/min,
respectively. Synthetic seawater with 35 g/L NaCl was used for membrane assessment.
The membrane-active area and module depth were 12.5 cm? and 1 mm, respectively. The
flow configuration was countercurrent. The electrical conductivity (EC) of the permeate
tank was periodically monitored using an EC device (Metrohm-912, Novin Ebtekar, Tehran,
Iran). The permeate flux (kg/m? h) of the used samples was measured using the amount of
added water into the permeate tank (kg) normalized by the effective area (m?) and time (h).

3. Results
3.1. Surface Morphology of SAN Nanofiber Membranes before and after Various
Post-Treatment Methods

The effects of spraying rate, tip-to-collector distance, and spraying time on the final
morphology of the SAN nanofiber membranes were investigated. Figure 1 shows the SEM
images of the SAN nanofiber membranes modified using the dilute welding process under
different treatment conditions. Using 40 or 60 mL/h injection rates, the amount of welded
fibers showed an increasing trend, as the time increased, and reached the point where the
surface nanofibers fused to create a film-like surface without any void.

As shown in Figure 1, it seems that the 6 and 10 min for 40 mL/h injection rate and
2 min for 60 mL/h injection rate had proper morphology without excessive fiber welding.
Moreover, by reducing tip-to-collector distance from 15 to 10 cm, the welding rate was
increased considerably since the amount of deposited solution increased by reducing the
spraying distance. As discussed in Section 3.4. Mechanical Properties of SAN Nanofiber
Membranes, welding fibers in their junctions bestow considerable robustness to the whole
fibrous web. Pore size reduction was obvious in all SEM images after conducting the dilute
welding process, enhancing membrane wetting resistance better. Additionally, the mean
fiber diameter of the neat samples increased gradually from 463 £ 51 nm to a maximum
value of 670 £ 78 nm.

Figure 2 demonstrates the SEM images of the SAN nanofiber membranes treated
by the vapor welding process at various solvent vapor exposure times. The temperature
of the beakers was maintained at 45 °C during the tests. The exposure time is of great
importance to increasing inter-fiber welding. Partial welding of 6 min exposure time turned
into complete welding after 10 min exposure time (see inset images). After a 14 min vapor
welding process, the surface of fibers was blocked entirely due to continuous contact with
solvent vapor. Fiber diameter enhancement was negligible for the vapor welded nanofibers
(from 2 to 10 min), as the solvent vapor in the reported welding times was not considerably
softened fiber surfaces. Additionally, it should be noted that as DMSO solvent was used to
fabricate neat SAN nanofibers, it is reasonable to conclude that a negligible amount of it can
remain inside the fibrous network, but it is not high enough to automatically weld fibers.

Nanofibrous SAN membranes were fabricated using DSMO solvent and DMSO/acetone
solvents (7:3 volumetric ratio). As shown in Figure 3, using a single DMSO solvent caused
fiber fusion due to its excessive remaining. However, using the mixed solvent system, this
undesirable effect did not occur due to the aid of acetone by reducing the boiling point of
DMSQ/ acetone solvents (DMSO boiling point, 189 °C; acetone boiling point, 56 °C). The
SAN/DMSO smelled as solvent even after 1 month, but SAN/DMSQO/ acetone solvent smelled
less, and the solvent odor stopped after about 3 days of placing in the ambient condition. With
neat membranes, the solvent exposure time was reduced using the simultaneous effect of
remaining solvent and hot solvent vapors as the neat fabricated samples were directly applied
to the vapor welding process with no delay.
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Figure 1. Surface morphology of SAN nanofiber membranes modified using the dilute solvent welding process. It is worth
noting that the heating time was 2 min in all images.

Figure 2. Surface morphology of SAN nanofiber membranes modified by the vapor welding process for 2-14 min at 45 °C.
The inset images scale bar was 500 nm.
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Figure 3. Surface morphology of the SAN nanofiber membranes fabricated with DMSO and mixed DMSO/acetone solvents.

SEM images of the cold- and hot-pressed SAN nanofiber membrane samples were pro-
vided in Figure 4. Similar to the previous post-treatment processes, the cold-/hot-pressing
processes effectively packed the nanofibrous structure to lessen pore size. Considering
the cold-pressing process, the fiber diameter of the neat and post-treated samples did not
show a significant difference. However, especially for the hot-pressed samples under a
temperature of higher than 75 °C, fiber diameter was progressively increased up to 53%.
This brought about a severe reduction in membrane porosity, pore size, thickness, and

flexibility (see Table 2).

Figure 4. Surface morphology of SAN nanofiber membranes modified by the cold-/hot-pressing processes. Pressing

pressure was maintained at 2000 Psi in all cases.
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Table 2. Thickness (3), porosity (¢), and pore size of the post-treated SAN nanofiber membranes.

& € I'mean I'max

Post-Treatment Sample Name (um) (%) (um) (um)
Neat 845 + 40 96.2 £2 1.63 + 0.02 3.68 £ 0.05
DS-40-2 710 £ 20 92242 0.81 +0.02 2.11 +0.04
DS-40-6 570 £ 25 89.2+2 0.76 + 0.02 1.67 £ 0.04
Dilute solvent DS-40-10 320 + 10 732+2 0.61 £ 0.01 1.24 +0.03
welding DS-40-14 210 £5 62142 0.54 +£0.01 1.04 £0.02
DS-40-2-10 430 +4 825+2 0.72 £ 0.02 1.52 £ 0.04
DS-40-6-10 205+ 4 62.6 £2 0.63 £ 0.01 1.45+0.03
DS-60-2 420 £ 10 82442 0.73 £ 0.02 1.62 £ 0.04
DS-60-6 180 +£ 3 576 £2 0.58 + 0.03 1.23 £0.03
VW-2 820 + 30 95.1+£2 0.82 £ 0.03 3.42 £+ 0.05
Vapor welding VW-6 510 £ 15 86.3 2 0.74 +0.02 1.53 £ 0.04
VW-10 250 £3 791+2 0.68 + 0.02 1.78 £ 0.04
CP-10s 192 + 4 742+ 1 0.56 £ 0.01 1.11 +0.02
CP-20s 171+ 4 72241 0.53 £ 0.01 0.92 +0.02
CP-30s 152 +2 69.1+1 0.49 £+ 0.01 0.87 £ 0.02
HP-75°C-10s 178 +3 721+1 0.54 £ 0.01 0.91 £ 0.01
Cold/hot pressing HP-75°C-20 s 157 +2 704 +1 0.51 +£0.01 0.88 +0.01
HP-75°C-30 s 132 £2 65.1£2 0.41 £ 0.02 0.77 £0.02
HP-85°C-30 s 106 £+ 2 463 £2 0.33 £ 0.01 0.64 £+ 0.01
HP-95 °C-30 s 8+1 325+1 0.24 +£0.01 0.51 +0.01

HP-105 °C-30 s 61+1 1861 - -

3.2. Porosity and Thickness of SAN Nanofiber Membranes

Higher porosity bestows high water flux and low heat conduction loss through the
membrane length. Due to significant charge repulsion during the electroblowing pro-
cess, high spinning rate, and using non-conductive PP support layer, the neat membrane
structure tends to be looser than that of the post-treated membranes [42].

As shown in Table 2, The porosity of the membranes went under dilute welding
process reduced from 96.2 to the minimum value of 57.6% by increasing the effect of fiber
welding. This considerable reduction in porosity resulted from more severe fiber fusion.
The minimum measured porosity value was 20.6% for the HP-105 °C-30 s membrane. It
is worth mentioning that cold-pressed membranes showed higher porosity than those of
hot-pressed ones, as the incorporation of heat compacts nanofibrous structure further.

Membrane thickness has an important role in determining membrane permeability
and mechanical robustness. Thinner membranes enjoy having higher water flux and lower
thermal conduction loss, whereas thicker ones can suppress thermal loss and negatively
lower the water vapor permeation. The neat SAN membrane thickness experienced consid-
erable reduction by imposing harsher conditions in all post-treatment processes. Among
the data tabulated in Table 2, thickness reduction is the most pronounced phenomenon for
the post-treated membranes. Therefore, it makes membranes more robust than the neat
membrane, as discussed step by step in the following sections.

3.3. LEP Value

LEP is the factor to predict the wetting tendency of a hydrophobic membrane having a
close relationship with surface hydrophobicity and maximum pore size. Neat nanofibrous
membranes, due to non-woven and non-interlocked structures, are susceptible to pore
deformation, larger maximum pore size, and, consequently, pore wetting. Additionally,
the thickness of electrospun nanofiber membranes significantly affects the final pore size,
as higher thicknesses have higher porosity and looser fibrous structure. It is therefore
mandatory to decrease membrane pore size by employing different strategies.

The mean pore size of the neat SAN membranes showed the highest value with wider
pore size distribution (see Figure 4). Using the dilute solvent welding process, the mean
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pore size was reduced from 1.63 um, for the neat SAN membrane, to the minimum value of
0.54 um, for the DS-40-14 membrane. Maximum pore size was also considerably reduced
from 3.68, for the neat membrane, to 1.04 um, for the DS-40-10.

In the vapor welding process, the mean and maximum pore size of VW-10 represented
2.39- and 2.06-times reduction, respectively. Considering the effect of the cold-pressing
process on the post-treated membranes’ pore size, the highest reduction in pore size was
attributable to the CP-30 s membrane.

As shown in Table 2 previously, the mean and maximum pore size was reduced
3.32 and 4.22 times, compared with the neat membrane, showing the effect of proper
pressing time and pressure on the pore size reduction. Additionally, by increasing the
pressing process temperature from 75 to 105 °C, the fiber compaction improved to the point
where the surface pore size and porosity disappeared. Additionally, as shown in Figure 5,
the pore size distribution of the post-treated membranes became more centralized than
that of the neat membrane; therefore, the risk of pore wetting diminished significantly.

A / DS-40-10

DS-40-2-10

DS-60-2

1 2
Pore size (um)

W
~

Figure 5. Pore size distribution of the neat SAN nanofiber membrane and membranes modified by the dilute solvent

welding (A), vapor welding, and cold /hot pressing (B).

The WCA of the used membranes is tabulated in Table 3. A gradual reduction in WCA
was observed for the post-treated membranes. For example, the WCA of the DS-40-10
membrane was measured as 134.2°, showing a 7.89% lower WCA than the neat membrane
(145.7°). This was due to the gradual decline in surface roughness by progressing the fiber
fusion and compaction [26,32]. WCA decline for the HP-105 °C-30 s was more evident as
the fibrous structure turned into a film-like surface. By increasing welding solution feeding
rate, feeding time, and reducing working distance, the welded spot grows undesirably
to block the water vapor passage and reduce porosity. Only DS-40-10 and DS-40-14
membranes from the dilute solvent welding category were applied to the DCMD process.
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The VW-10, CP-30 s, HP-75 °C-30 s, and HP-85 °C-30 s membranes were also used for salty
water desalination due to better LEP value, lower thickness, and reasonable porosity.

Table 3. WCA, LEP value, and mechanical properties of the SAN nanofiber membranes modified by various post-treatment methods.

WCA LEP Tensile Strength Strain
Post-Treatment Sample Name ©) (kPa) (MPa) (%)
Neat 1457 £1 408 £2 1.32£02 25214+0.7
DS-40-2 1437 £ 1 613+2 198 £0.3 2798 £ 0.4
DS-40-6 1401 +1 732+2 2.85+0.2 2945+ 0.4
Dilute solvent DS-40-10 1342 £1 83.3 £2 39404 33.28 £0.3
welding DS-40-14 1243 +1 99.7 £ 2 468 +£0.3 20.32+0.8
DS-40-2-10 1379 +£1 775+2 325+02 28.96 £ 0.7
DS-40-6-10 1252 £1 73.6 £2 523+04 19.12 £ 0.3
DS-60-2 1353 +1 764 £2 312+ 04 30.23 £ 0.6
DS-60-6 1236 £1 918 £2 587 £05 16.78 £ 0.3
VW-2 1447 £1 542 +2 143 £0.3 26.32+0.5
Vapor welding VW-6 1421 +1 80.4+2 2.87+0.3 27.96 £ 0.4
VW-10 139241 87.6 2 3.96 +0.2 3124+ 1
CP-10s 1413 £1 1039 £1 614+ 04 2314+ 0.6
CP-20s 1398 +£1 1128 £1 6.97 £ 0.5 21124+ 0.7
CP-30s 1372 £1 1234 £1 7.86 £0.2 18.42 £0.9
HP-75°C-10s 1421 +£1 1167 £1 6.57 £ 0.6 21.74+0.9
Cold/hot pressing HP-75°C-20 s 1384 +1 1275£1 7.63 £0.3 1923 £1
HP-75 °C-30s 1342 £1 1381+ 2 9.23+0.3 1675 £1
HP-85 °C-30 s 1202 £1 1471 +2 1024 £ 04 1123 £1
HP-95 °C-30 s 1124 +1 1592 £1 12.24 £ 0.2 6.45+1
HP-105 °C-30 s 93.1+1 - 14.68 £ 0.1 3.16 £0.5

3.4. Mechanical Properties of SAN Nanofiber Membranes

Tensile strength and strain of prepared SAN membranes were measured and presented
in Table 3. All membranes displayed better mechanical characteristics than the neat ones.
The dilute welded DS-40-10 membrane showed the highest elongation at a break of 33.28%.
However, the increasing welding reduced membrane flexibility due to detrimental fiber
fusion, especially for the DS-60-6 membrane. The tensile strength was further increased
from 1.32 MPa for the neat nanofibrous SAN membrane to 5.87 MPa for the DS-60-6
membrane. The substantial improvement in tensile strength was due to solvent-induced
fiber fusion.

Using the vapor welding process, a similar enhancement in tensile strength and strain
at break was observed. Cold-pressed membranes exhibited even more reinforcement in
tensile strength than those of dilute solvent welding and vapor welding processes. Hot-
pressed membranes were superior in the case of mechanical robustness. The application
of thermal pressing made the neat SAN membranes much more robust than the other
post-treated membrane, regardless of higher loss in membrane flexibility. However, a
temperature higher than 85 °C is not suggested since WCA, porosity, and membrane
flexibility were severely sacrificed to fabricate a rigid membrane.

3.5. Performance of the Bench-Scale DCMD Process with SAN Nanofiber Membranes

The optimum SAN membranes of each category were used for the desalination
of synthetic seawater (35 g/L NaCl) in the bench-scale DCMD process. The flux-time
diagrams are presented in Figure 6. The salt rejection factor and final EC of the used mem-
branes are arranged in Table 4. The permeate flux followed the order of VW-10 > CP-30 s
> HP-75 °C-30 s > DS-40-10 > DS-40-14 > HP-85 °C-30 s > neat. Despite having the high-
est porosity and pore size, neat nanofibrous SAN membranes demonstrated the weak-
est DCMD desalination performance due to the highest measured thickness and lowest
LEP value.
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Figure 6. Water vapor flux and permeate EC of the neat (A), DS-40-10 and DS-40-14 (B), VW-10 (C), and CP-30 s,
HP-75 °C-30 s and HP-85 °C-30 s (D) membranes in the DCMD process (feed concentration = 35 g/L NaCl; tempera-
ture difference = 40 °C; feed flow rate = 0.48 L/min; permeate flow rate = 0.48 L/min). Red hollow symbols illustrate EC of

membrane distillate.

Table 4. Permeate flux, final EC of the permeate, and salt rejection factor for the employed SAN
membranes in the bench-scale DCMD process. Initial permeate conductivity was 4.2 uS/cm.

Salt Rejection

Membrane Permeate Flux Final EC Factor Duration
(kg/m2 h) (uS/cm) (%) (h)
Neat 10.34 132.74 >98 14
DS-40-10 24.46 5.24 >99.9 30
DS-40-14 15.86 4.64 >99.9 30
VW-10 28.60 5.13 >99.9 30
CP-30s 26.68 4.42 >99.9 30
HP-75°C-30s 25.81 4.37 >99.9 30
HP-85°C-30s 15.24 4.27 >99.9 30

The best permeable membrane was the VW-10 because of the highest porosity and
reasonably bigger mean pore size. Although it is possible to adjust vapor welding condi-
tions to increase the intensity of solvent vapor induced welding, a recent study conducted
by Su et al. [43] showed that it could diminish porosity from 83 to 42%. The meaningful
reduction in permeability of DS-40-14 regardless of having lower thickness than DS-40-10
was due to pore blockage made by severer surface welding. The CP-30 s and HP-75 °C-30 s
membranes exhibited proper desalination performance because of higher LEP value, except
for the HP-85 °C-30 s membrane. The lowest porosity and pore size, and lower WCA were
the main reasons for lower water permeability.

4. Conclusions

Neat SAN nanofiber membranes were fabricated using the electroblowing process, and
then various post-treatment processes were applied to enhance the mechanical properties of
the SAN membrane for MD applications. The main results of this work were summarized

as follows:
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e Neat SAN membrane lacked suitable mechanical strength and wetting resistance for
MD applications despite having higher porosity, pore size, and hydrophobicity;

e In the dilute solvent welding process, solution injection rate and tip-to-collector
distance have the dominant role in forming the final morphology of SAN membranes;

e  The vapor welding process is a suitable option to reinforce nanofiber membranes by
keeping high porosity;

e  Cold-/hot-pressing processes exhibited the best in reducing pore size and increasing
the robustness of the whole nanofiber structure;

e  WCA reduction is not avoidable in all of the processes because of surface roughness
reduction, and it has a direct relation with the degree of post-treatment;

e In the dilute solvent and vapor welding processes, the nanofiber web can be more
flexible to some extent; however, in pressing processes, membrane flexibility gives
way to a more robust membrane;

e DPore size and its distribution were reduced appropriately after post-treatment pro-
cesses to create anti-deformable/wetting membranes;

e  Abench-scale DCMD process with the modified SAN nanofiber membranes showed
stable salt rejection (>99.9% removal of salts) and permeate flux for 30 h operation
without membrane wetting.
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