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ARTICLE INFO ABSTRACT

Keywords: This study presents the fabrication of double-layer electrospun nanofibrous membranes (DL-ENMs) using poly-
Double-layer electrospun nanofibrous vinylidene fluoride (PVDF) and polyether sulfone (PES) based polymers with different degrees of hydrophilicity
membranes » (PES, sulfonated PES, and PES with hydroxyl terminals). A comparative analysis was carried out with single-layer
EZ:;?E:S::/‘I ydrophilic electrospun nanofiber membranes (SL-ENM) with a total thickness of about 375 pm. Using feed solutions,

including sodium chloride, sodium nitrate, and simulated nuclear wastewater (SNWW), the performance of DL-
ENMs was evaluated for desalination and radionuclide decontamination by direct contact membrane distillation
(DCMD) and air gap membrane distillation (AGMD) techniques. The results showed that DL-ENMs, especially
those incorporating a sulfonated PES-based hydrophilic layer, exhibited superior permeate fluxes, reaching
values of 72.72 kg/m%h and 73.27 kg/m>h in the DCMD using aqueous feed solutions of NaCl and NaNOs,
respectively, and 70.80 kg/m?h and 41.96 kg/m?h using aqueous feed solutions of SNWW in DCMD and AGMD,
respectively. Both SL-ENMs and DL-ENMs exhibited high rejection efficiencies and decontamination factors for
the feed solutions (>99.9%). In addition, the prepared ENMs were exposed to gamma radiation to evaluate their
applicability in real-life applications. The result of irradiation revealed the negative impact of gamma radiation
on the fluorine content of PVDF which could be a critical point in using PVDF as a hydrophobic material for
decontaminating nuclear wastewater by membrane distillation.

Membrane distillation
Simulated nuclear wastewater treatment
Nuclides decontamination

nuclear power plant (Japan, March 11, 2011) and because of a desire to
support the sustainable development of the nuclear power industry [6].

1. Introduction

Radioactive liquid wastes are generated from a variety of sources [1].
These include nuclear power reactors, radioisotope production facilities,
uranium enrichment facilities, institutional research centers that pro-
duce radiopharmaceuticals, and laundries at nuclear facilities [2]. These
facilities must properly manage and dispose of the significant amount of
hazardous waste they generate [2]. To minimize the risk of contami-
nation and protect public safety, it is critical to implement effective
measures to ensure the safe handling and disposal of radioactive liquid
waste [3-5].

Interest in radioactive wastewater treatment has increased substan-
tially in the aftermath of the catastrophic accident at the Fukushima
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According to data reported by Japan, 64 radionuclides, including
Cs-137, Co-60, and Cr-51, exist in nuclear wastewater that can persist for
long periods in the environment since their half-lives range from a few
years to several centuries [6,7]. These radionuclides have the potential
to bioaccumulate in aquatic organisms, primarily in fish and crusta-
ceans, and subsequently reach the food chain, resulting ultimately in
adverse human health consequences such as radiation poisoning and
heightened cancer risk [8]. In addition, the effects of releasing nuclear
wastewater into the ocean are not limited to the immediate site of the
release. Ocean currents and circulation patterns allow contaminated
water to be transported long distances, affecting marine ecosystems and
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human populations far from the source [9]. This underscores the need to
take a comprehensive approach to dealing with nuclear effluents,
considering the potential long-term effects on both the environment and
human health.

For the treatment of radioactive wastewater, several techniques have
been developed. These include evaporative processes, chemical pre-
cipitators, conventional filtration, ion exchange, biological treatment,
and membrane distillation-based processes [3,10-16]. It is important to
carefully consider which approach is best for a given situation, as each of
these methods has its unique advantages and disadvantages [17,18]. By
utilizing these advanced techniques, we can effectively manage and
mitigate the risks associated with radioactive wastewater [19-22]. In
doing so, we can ensure a safer and more sustainable future for all.

Membrane-based processes are a highly effective method of treating
liquid radioactive waste. High decontamination factors, low energy re-
quirements, ease of operation, and the possibility of closed-loop opera-
tion are just some of the advantages of these processes. It is important to
note, however, that there are several limitations associated with
pressure-operated membrane processes [23]. For instance, the separa-
tion efficiency falls short of the necessary value (~100% rejection) for
effective nuclear wastewater decontamination. Despite this limitation,
the advantages of membrane processes make them an attractive option
for the treatment of liquid radioactive waste [23-25]. Furthermore, the
separation of the smallest ionic radioisotopes from radioactive waste
requires the integration of the pressure membrane process with subse-
quent chemical post-processing. This leads to the formation of compli-
cated complex-forming compounds that require post-processing [26,
27]. Therefore, these complexing compounds need additional filtration
following appropriate pH adjustment [27,28]. To address several of the
above limitations, non-isothermal membrane distillation (MD) tech-
niques represent a promising alternative.

MD is a thermally driven separation process that could potentially be
operated in part using waste/low-grade heat from industrial facilities
plants, especially in the nuclear industry, where removing radioactive
contaminants is paramount. Furthermore, with the use of waste heat or
low-grade heat, the MD processes can substantially reduce their energy
consumption and operating costs.

This technology uses a hydrophobic microporous membrane to
separate feed from permeate, at different temperatures [29]. The
membrane prevents liquid mass transfer by creating a vapor-liquid
interface and allowing water vapor to pass through and condense,
resulting in purified water [29]. A vapor pressure difference is the
driving force behind the transport of water molecules across the mem-
brane, resulting in a theoretical rejection efficiency of 100% for solutes
of concern, for example, radionuclides [30]. Four types of MD processes
exist, differing in terms of the configuration of the distillation system on
the permeate side of the membrane [31]: direct contact membrane
distillation (DCMD), vacuum membrane distillation (VMD), air-gap
membrane distillation (AGMD), and swept gas membrane distillation
(SGMD) [32]. The most intensively studied configuration is DCMD [30].

The membrane material’s properties and geometry greatly influence
MD’s effectiveness. Notably, most commercially available membranes
used in MD were designed originally for microfiltration processes and
not specifically for MD. Therefore, growing interest is in developing new
membranes specifically tailored for MD. These new membranes should
preferably exhibit high levels of hydrophobicity and stability over a
wide range of operating conditions. They should also have narrow pore
size distributions and favorable structural and morphological properties.
By developing such membranes, we will be able to improve the effi-
ciency and effectiveness of MD processes significantly.

MD application membranes can be manufactured in different con-
figurations, such as flat sheets, hollow fibers, or electrospun nanofibrous
membranes (ENMs). The ENMs may possess different geometrical
structures such as single-, dual- and triple-layered structures [33,34].
Recently, electrospinning technology for fabricating ENMs received a
significant boost due to the exceptional accomplishments of prepared
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membranes in the desalination and wastewater treatment fields
[35-37]. Additionally, ENMs have several advantages over other MD
membranes, including greater hydrophobicity, higher void volume
fraction with an interconnected pore structure, customizable pore size,
and controllable thickness [38]. These features make ENMs interesting
candidates for the decontamination of nuclear waste using the MD
method.

Numerous methods have been proposed to improve the efficiency
and properties of MD. Dual-layer hydrophobic/hydrophilic membranes
(DL-ENMs), which have been shown to outperform hydrophobic
monolayer membranes (SL-ENMs) of the same thickness, are a particu-
larly noteworthy approach [39,40]. These membranes are composed of
a thin, porous hydrophobic layer and a thicker, supportive hydrophilic
layer with larger pores that provide mechanical strength and reduce
conduction heat loss and mass transfer resistance between the evapo-
rating side and the condensing side [41]. Importantly, MD performance
is highly sensitive to the properties of both layers.

Prior research suggests that combining a thinner hydrophobic layer
with a thicker hydrophilic layer can improve flux. However, the influ-
ence of the support layer’s hydrophilicity on MD performance has yet to
be determined. As such, this study aims to explore the impact of the
support layer’s hydrophilicity on the flux performance of DL-ENMs.
Furthermore, this study examines the impacts of absorbed dose
gamma irradiation (<100 kGy) emitted from a cesium source (Cs-137)
on the physicochemical properties of the engineered ENMs and studies
their stability during desalination and decontamination of SNWW
contaminated with three types of nuclides (cesium, cobalt, and chro-
mium) using DCMD and AGMD. In addition, commercial nanofiltration
membranes were also evaluated for permeate flux and radionuclide
selectivity and compared with the DL-ENM evaluated in MD. The results
of this study shed light on the effect of gamma irradiation on the stability
and performance of PVDF as a dominant fluoropolymer in MD
applications.

2. Experimental
2.1. Materials

Polyethersulfone (PES; 5200P, My = 45000 g mol™}), hydroxyl-
terminated polyethersulfone (PES-OH) possesses an OH abundance of
70% (5003 PS, My = 45000 g mol™!), sulfonated polyethersulfone
(PESS) with a sulfonation degree (SD) of 30% (My = 119000 g mol ™),
and polyvinylidene fluoride (PVDF) (Solef 1015, MW = 275000 g
mol 1) were kindly supplied by Sumitomo chemical company and Sol-
vay Specialty Polymers. Kerosene (used as a wetting agent for void
volume fraction measurement), Acetone, Co(NO3)5-6H,O (>98%),
CrCl36H50 (96%), CsCl (>98%), NaCl (99%), and NaNO3 (>99%) were
purchased from Sigma-Aldrich Chemical Co. CPI International provided
1000 ppm stock solutions of cesium (Cs), cobalt (Co), and chromium
(Cr) in 2.5% HNOj for creating calibration standards. All chemicals were
used without further purification. Commercial Nanofiltration mem-
branes ESNA1LF, and NANO-SW were kindly provided by Nitto Denko
Corporation. TriSep™ TS80, TriSep™ TS40, Microdyn NP010, and
Microdyn NP030 were purchased from Microdyn-Nadir.

2.2. Membrane preparation

Homogeneous polymer solutions were prepared by dissolving 25 wt
% of PVDF, 32.5 wt% of PES, 32.5 wt% of PES-OH, or 27.5 wt% of PESS
with a combined solvent of acetone and DMAC (20/80 wt%) at 50 °C
while stirring at 120 rpm. The polymer solutions were degassed over-
night at room temperature before the electrospinning process. The ionic
conductivity () and viscosity (1) of the dope solutions were measured
using a conductivity monitor (edge, model HI2003, Hanna Instruments
Inc., USA) and a digital Viscometer (METTLER RM180 Rheomat,
Mettler-Toledo AG) as listed in Table 1. All measurements were
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Table 1
Electrical conductivity (y) and viscosity (u) of the dope solutions (polymer/
acetone/DMAC) used to prepare the ENMs.

Polymer structure x (pS/cm) u (Pa-s)
FOF 10.46 + 0.13 3.62 £ 0.19
\/
Lo
/\
H H
9 3.65+0.8 3.03 £ 0.27
) 4.43 £ 0.54 2.87 £0.13
"
ol OO
SO;H 5.35 + 0.23 3.11 + 0.04

(*) Hydroxyl-terminated PES (terminal OH groups, abundance <70%); Sulfo-
nated PES (Sulfonate groups, sulfonation degree < 30%).

performed at 25.0 + 0.5 °C.

The DL-ENMs were prepared using a laboratory electrospinning
setup with an electrospinning duration of 45 min for each polymer so-
lution. Briefly, the polymer solution was transferred into a 50 mL glass
syringe (Nikepal) fitted with a metal needle (inner/outer diameter: 0.6/
0.9 mm) and connected to a circulating pump (IPS14-RS, Inovenso). A
high-voltage power supply (Genvolt 7xx30 series) was used to provide a
positive DC voltage of 25 kV to the needle tip, creating a stable elec-
trified jet flow. Nanofibers were subsequently collected on aluminum
foil supported by a circular copper holder with the polymer solutions
flowing at 1.25 mL/h, and a 20-cm air gap between the needle tip and
the metallic collector. Solvents evaporate as the polymer fiber elongates,
whips, stretches, and finally forms a nonwoven matrix on the grounded
metal collector during electrospinning. The temperature and humidity
were maintained at 25 °C, and 38%, respectively.

Due to the high electrical conductivity of the PVDF solution
compared to the PES, PES-OH, and PESS solutions (see Table 1), the
electrical charge dissipation towards the collector would be more
favorable, resulting in a fibrous network more compacted. ; conse-
quently, the PVDF layer was deposited on the collector first. Conversely,
if the PES, PES-OH, or PESS layer was deposited before the PVDF layer, it
acts as an insulator, resulting in a less compact web. A SL-ENM was also
prepared from the PVDF polymer solution by electrospinning for 1.5 h
for comparative purposes. The total electrospinning time of each ENM
was 1.5 h. Thus, all DL- and SL-ENMs were roughly the same thickness.
Following electrospinning, the ENMs were subjected to post-treatment,
which consisted of heating them in an oven at 120 °C for 0.5 h.

2.3. Gamma irradiation

A Cs-137 y-source was used for the irradiation with a dose of approx.
0.1 Gy/s as previously determined by Fricke dosimetry. The membranes
were placed within 20 mL glass vials filled with deionized water and
subjected to irradiation for a period of one week, a total dose of
approximately 60 kGy.

2.4. Characterization

Field emission scanning electron microscope (FESEM, Carl Zeiss) was
used to examine the morphology of the fabricated ENMs. The samples
were frozen in liquid N», fixed on the sample holder with carbon ad-
hesive tape, and coated with a thin layer of gold using a rotary-pumped
sputter coater (QUORUM Q150R S) for 60 s at 20 mA. Using UTHSCSA
ImageTool 3.0, SEM images of the ENM surfaces were analyzed to
determine their nanofiber diameters (dy). The mean fibers diameter and
standard deviations were obtained for each sample by evaluating the
diameters of 100 individual nanofibers and analyzing at least three
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different images at the same magnification.

Energy-dispersive X-ray spectroscopy (EDX) (X-Max, OXFORD In-
struments) was used to investigate the presence or absence of Co, Cr, and
Cs on the surface of the ENM samples following their extraction from the
MD module. The EDX elemental mapping was performed to scan an area
of approximately 500 pm x 500 pm across the surface of the ENM
samples. The atomic percentages of Cr, Co, Cs, F, and C, were calculated
for each ENMs. Additionally, the ratio of atomic percentages of each
element to the sum of fluorine (F) and carbon (F + C) was also deter-
mined for each ENM.

Fourier Transform Infrared (FTIR) spectra of ENMs were acquired
using a Bruker Vertex 80 spectrometer in the 400-4000 cm ! range with
2 cm~! resolution in attenuated total reflection (ATR) transmission
mode.

The surface analysis of both irradiated and unirradiated ENMs were
conducted using X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific K-Alpha, CAE: Pass energy 150.0 eV, Lens Mode: Standard). For
this analysis, Mg Ka X-ray radiation (with a power of 72 W, an excitation
voltage of 12 kV, and an energy resolution of 1 eV) was employed as the
excitation source. A multi-channel hemispherical electron analyzer was
used to record high-resolution spectra of C-1s, O-1s, and F-1s in the
binding energy range of 0-1200 eV. The measurements were taken at a
take-off angle of 58°, corresponding to 8 nm from the sample’s hydro-
phobic surface (i.e., PVDF layer).

To determine the void volume fraction (¢), the dry weight (w,) and
wet weight (wy,) of the membranes were measured before and after
immersing in kerosene for 24 h. The difference between the dry and wet
weights was then used to calculate the volume of the inter-fiber space.
The void volume fraction was calculated using the following equation:

Wiw =Wid

£ (%) = —t—— x 100 @

T W =W + Wid
P P

where p, is the density of kerosene and p), is the density of the polymer at
room temperature. Three measurements were performed for each ENM
using samples with a surface area of approximately 2 cm x 1 cm.

Inter-fiber space (d;) was determined using a gas-liquid displacement
capillary flow porometer (CFP; POROLUXTM 100, IB-FT Germany) in
conjunction with a liquid wetting agent (POROFIL125). Initially, ENM
samples with diameters of 18.5 mm were wetted with POROFIL125 and
placed on the porometer’s SH 25 sample holder. The sample was then
subjected to a stepwise pressure increase at a rate of 80 s/bar, while the
gas permeation flux was measured as a function of transmembrane
pressure, a characteristic S-shaped “wet curve” was generated. Briefly,
during this stage, the flow rate initially remains close to zero with
increasing pressure until reaching the bubble point, where the largest
inter-fiber space (d;) becomes empty, and the flow rate continues
increasing. Consequently, the inter-fiber spaces de-wetted progressively
with increasing pressure, leading to a faster increase in flow rate with
pressure until completely de-wetting (i.e., “dry ) of the sample occurs at
the point where the trend of increasing flow rate with pressure turns
linear and shallow finishing by determining the gas flow-pressure rela-
tionship for the dry membrane. Ultimately, from the intersection point
of the wet and semi-dry curves (i.e., obtained by having the flow rates
measured for the dry membrane), the mean inter-fiber space (d;)
together with the differential filter flux or inter-fiber space distribution
(DFF), corresponding to the flux increase per unit increase of the inter-
fiber space, could be determined. Each ENM was subjected to at least
three experiments with three different samples to determine the inter-
fiber space.

A digital micrometer with an accuracy of 0.1 m was used to measure
the thickness (8) of the membrane. The average thicknesses and stan-
dard deviations based on measurements performed at ten different lo-
cations on each membrane are provided.

Liquid entry pressure (LEP) stands as a critical parameter in MD
applications, representing the minimum transmembrane pressure
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required for water to the membrane’s largest pores. The measurement of
LEP was performed in a 47 mm Stirred Cell (Millipore) using DI water
and a 35 g/L NaCl aqueous solution. The effective membrane area in this
system was 0.00173 m?. A 25 mL liquid sample was filled into the cell
and then subjected to a constant pressure of about 4 kPa using N cyl-
inder flow for 5 min at room temperature. Subsequently, a 2 kPa in-
crease in applied pressure was applied every 2 min, and the applied
pressure was recorded as LEP when the penetrating liquid became
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visible in the inter-fiber space at the bottom of the membrane cell. For
each type of ENM, the averages of LEP and their corresponding standard
deviation values represent three different samples.

The water contact angle (6,,), on both the top and bottom surfaces of
each ENM was measured at room temperature employing a computer-
ized optical system (CAM200). It was connected to a CCD camera, an
image capture device, and image analysis software. We used a micro-
syringe to deposit approximately 10.0 pL droplets of DI water onto the
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Fig. 1. Schematic design of the a) Air Gap Membrane Distillation and b) Direct Contact Membrane Distillation setup. The inlet temperatures for both permeate (7}, 5)

and feed (Ty;,) were fixed at 20 °C and 70 °C, respectively.
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surface of the samples. The images were captured using the Cam200usb
software, which automatically performs the left and right side contact
angles of each droplet, and the average value was obtained for each
sample based on more than 5 measurements.

2.5. Membrane distillation (MD)

Direct contact membrane distillation (DCMD) and air gap membrane
distillation (AGMD) were used for the separation experiments (see
Fig. 1). In the DCMD system, two aqueous solutions at different tem-
peratures circulated simultaneously in direct contact with the ENM
through separate channels. Meanwhile, in the AGMD system, one of the
two aqueous solutions circulates in direct contact with the ENM,
whereas the second aqueous solution (i.e., permeate side) circulates in
contact with the metal plate, which determines the air gap. A switchable
membrane module (model CPR920, Convergence Industry B-V; The
Netherlands) was used with an effective membrane surface area of
0.006 m? (0.04 m wide and 0.15 m long). This module was integrated
with two flowmeters and four TMU thermometers (Papouch store s.r.o.;
Czech Republic) attached via USB interfaces to a computer. An elec-
tromagnetic thermostat (model EMX5000/SCE, Electrothermal; UK)
was employed to control the feed temperature, while a recirculation
cooler (model CFT-75, VESLAB instruments. Int.; USA) was utilized to
control the permeate temperature. Both inlet and outlet temperatures
were automatically recorded at 30-s intervals. Flasks containing the
aqueous feed and distillate solutions of a volume of (V =1 m?) were
used. The feed aqueous solution composed of either salty simulated
nuclear wastewater or NaCl or NaNOs solution flowed through the
active (hydrophobic) layer. In DCMD, the distilled water circulates over
the nanofibrous (hydrophilic) support layer side of the DL-ENM, while
for AGMD it passes over the metal plate side.

The simulated nuclear wastewater (SNWW) included CsCl,
CrCl3-6H50, Co(NO3)2-6H50, and NaNOs. The simulated aqueous solu-
tion contained approximately 450 ppm of each component Cs*, Cr®™,
and Co?" supplemented with 35 g/L. NaNOs. NaNOs was chosen because
it is typically present in naturally radioactive wastewater [4,42].

Firstly, DCMD was performed for 3 h using DI water both as feed and
permeate aqueous solution to examine potential leakage or damage
within the DL-ENMs or the membrane module. Then a desalination
experiment using DCMD for 3 h employing 35 g/L NaCl aqueous solu-
tion both as a feed and DI water as a permeate, then another 3 h using 35
g/L NaNOs aqueous solution as a feed and DI water as a permeate.
Finally, decontamination experiments were performed using DCMD (6
h) and AGMD (4 h) with SNWW. In the experiments conducted for
ENMs, the operating conditions remained unchanged. The total oper-
ating time for the MD experiments for each ENM was at least 28 h. The
inlet temperatures for both permeate (T),iy) and feed (Tf,;,) were fixed at
20 °C and 70 °C, respectively, while feed and permeate flow rates were
maintained at ~1.25 and 0.75 L min~), respectively. To identify any
possible fouling and/or membrane efficiency changes the permeate flux
was measured after each desalination experiment, utilizing DI water as
feed and permeate under the same conditions.

The concentrations of Cs™, Cr®", and Co?* ions in both the aqueous
feed and permeate solutions were determined by employing the induc-
tively coupled plasma optical emission spectrometer (ICP-OES, Perki-
nElmer, Uberlingen, Germany) equipped with a cross-flow nebulizer and
performing elemental analysis using a double nebulizer chamber.

Both salt rejection factor (@) and decontamination factor (DF) were
used to determine the desalination and decontamination efficiency by
DCMD and AGMD for aqueous salt solutions and SNWW.

The following equation defines the salt rejection factor [9]:

a(%) = (1 — %) x 100 (2)

where C; (g/L) and C, (g/L) represent feed and permeate salt
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concentrations, respectively.

The DI water in the permeate tank induces the dilution effect in
DCMD mode; therefore, to avoid this, the calculation of the salt rejection
factor () was carried out by correcting the concentration of the
permeate produced by the following equation [43,44]:

Cymy — Comy

c, ©)

my —my

where Cp and Cj are the initial and final permeate salt concentrations at
the permeate tank, and mp and m; are the initial and final weights of the
permeate solution at the tank, respectively.

The following expression defines the decontamination factor:

Qa

DF =
Cp,i

whereas Cy; (ppm) and Cp ; (ppm) represent the nuclide concentration in
the feed and permeate water. The i-index is related to the ion under
consideration, such as Cr®*, Co?", and Cs*.

2.6. Filtration experiment

The filtration experiments were performed using a Sterlitech HP4750
dead-end filtration cell connected to a Ny pressurization system at 25 °C
and a stirring speed of 250 rpm. The filtration cell had an effective
membrane area of 14.6 cm? and a volume capacity of 300 mL. The water
flux was monitored and recorded using an analytical balance until a
stable permeate flux was obtained. Following that, the SNWW was
added as feed to the reservoir and filtered through the membrane at a
constant pressure of 9 bar. Samples of final filtrate and feed water were
collected during each experiment to determine nuclide concentration.
Equation (5) was used to calculate the rejection factor g (%).

C)i

/j(%) = (1 —#> x 100 (5)
Cri

whereas Cy; (ppm) and C,; (ppm) represent the nuclide concentration in

the feed and permeate water. The i-index is related to the ion under
consideration, such as Cr®*, Co?", and Cs™.

3. Results and discussions

3.1. Morphological characteristics of the prepared DL-ENMs before
gamma-irradiation

SEM and EDS analysis were used to analyze the cross-section and
surface composition of both the SL-ENMs and DL-ENMs, as in Fig. 2a. In
addition, the mean fiber diameters (dy) were recorded from the SEM
images of the hydrophobic PVDF, and hydrophilic PES, PES-OH, and
PESS layers (see Fig. 2). Figure 2d-e shows their corresponding statis-
tical distribution. Furthermore, Fig. 2f shows the EDS surface mapping
of PESS DL-ENM highlighting fluorine (in red) linked with PVDF and
sulfur (in green) associated with PESS. It can be observed that the
fluorine concentration associated with PVDF decreases immediately
after the disappearance of the hydrophobic layer of the DL-ENM, while
the sulfur and oxygen concentrations associated with PES, PES-OH, and
PESS increase. This confirms that a DL-ENM comprises two layers, one
hydrophobic and one hydrophilic. It is worth mentioning that a
continuous concentration profile along the entire cross-section of the
ENM was observed in the case of PVDF SL-ENM as evidenced by the
fluorine EDS spectra. Based on the EDS spectra, the hydrophobic layer
thickness was 184.6 + 11 pm. This was expected considering that the
total electrospinning time of each ENM was 1.5 h, so the electrospinning
time of each layer was 45 min.

The surface morphology of the PVDF layers of the DL-ENMs is
characterized by an entangled network of fine nanofibers with multiple
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Fig. 2. SEM images and EDS analysis of cross sections of a) prepared SL- and DL-ENM; and SEM images of b) PVDF bottom hydrophobic; ¢) PES, PES-OH, and PESS
top hydrophilic layers, respectively; d) the statistical distribution and mean fiber diameter (df) of hydrophobic layer; e) the statistical distribution and df of hy-
drophilic layer; and f) EDS surface mapping of PESS DL-ENM of F (red color) associated to PVDF and S associated to PESS (green color). In all cases, the bottom
hydrophobic layer was deposited first (i.e., in contact with the aluminum foil). The top hydrophilic layer was deposited next (i.e., in contact with air). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hills and agglomerated clusters of nanofibers (See Fig. 2b). These
structural features favor the formation of strongly adhered and compact
composite nanofibrous structures. Conversely, the top layers of the DL-
ENMs have nanofibrous structures with randomly distributed fibers and
no bead formation (Fig. 2c). These results indicate that a post-treatment
period of 0.5 h at 120 °C was sufficient to obtain ENMs with desirable
properties, given the ability for electrospinning of the polymer solutions.

A marginal but consistent decrease in dy of both hydrophobic and
hydrophilic layers when considering different polymer types, such as
PES, PES-OH, and PESS of DL-ENMs (Fig. 2d and e). This trend dem-
onstrates a tendency in the order PES > PES-OH > PESS. However,
based on the statistical calculations, these changes were insignificant. In
general, the df’s of the hydrophilic layers are lower than those of the
hydrophobic layers (PVDF) due to the lower viscosity of the PES, PES-
OH, and PESS solution, (see Table 1). Under same parameters, high-
viscosity polymer solutions result in higher d; values, while high elec-
trical conductivity results in low dy values due to the stretching of
electrospun fiber through the electrified jet along the gap between the
needle tip and the metallic collector. It is evident that the viscosity has a
dominant effect.

The morphology of ENMs are significantly influenced by the prop-
erties of the electrospinning polymer solutions, especially their viscosity
and electrical conductivity [45]. Due to the stretching of the electrospun
fiber in the electrified jet at the gap between the needle tip and the metal
collector, less viscous polymer solutions will form membranes with
lower dy values if all other electrospinning parameters are maintained
constant [46]. In addition, higher electrical conductivity favors the
formation of thinner fibers by increasing the surface charge density of
the solution jet and increasing its elongation under the influence of the
applied electric field [45].

Furthermore, the dy of the hydrophobic layer decreased when tran-
sitioning from the hydrophilic layers PVDF/PES, PVDF/PES-OH to
PVDEF/PESS (see Fig. 2b). And the reduction rate was 14.3%, 17.1%, and
25.7%, respectively, in comparison to the SL-ENM PVDF layer that was
in contact with the aluminum foil (i.e., bottom layer), even though this
hydrophobic layer was prepared from the same polymer solution (i.e.,
same viscosity). This reduction is mainly due to the compactness of the
top hydrophilic layer, which slows down solvent evaporation from the
bottom hydrophobic layer but also promotes the welding of the inter-
layers and nanofibers. However, such phenomena are less pronounced
in DL-ENMs transitioning from PES to PESS with PES-OH as the top
layer. This is mainly due to the looser structure formed in the top hy-
drophilic layer (i.e., from lower to higher electrical conductivity poly-
mer solution), which leads to rapid evaporation of the solvent from the

Table 2
Physical and structural properties of the prepared ENMs.
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bottom layer, resulting in a fibrous structure with smaller fiber sizes.

Fig. 2e shows that when the hydrophilic layer was changed from
PVDF/PES, PVDF/PES-OH to PVDF/PESS, the dy of the hydrophilic layer
decreased by 11.22%, 19.39%, and 26.53%, respectively, compared to
the SL-ENM PVDF layer that was exposed to air (i.e., the top layer). In
this regard, the PES polymer solution has the lowest electrical conduc-
tivity and the highest df among the hydrophilic layer, as shown in
Table 1. On the contrary, the PESS polymer solution has the highest
electrical conductivity and the lowest dj, while the PES-OH polymer
solution is in the middle in both aspects.

The EDS surface mapping of PESS DL-ENM (see Fig. 2f) shows a clear
presence of PVDF-associated F (in red) in the hydrophobic layer and
PESS-associated S (in green) in the hydrophilic layer.

Table 2 presents the total thickness (59, water contact angle (6,,), and
mean fiber diameter (dj) of each layer of the DL-ENMs and PVDF SL-
ENMs. The corresponding void volume fractions (¢), mean interfiber
spaces (d;), and LEP values are also shown. It should be noted that the
total electrospinning time for all prepared membranes was the same,
which resulted in a 6; of approximately 375 pm, considering the standard
deviation of the measured values.

As shown in Table 2, the hydrophobic layer of the DL-ENMs has a
water contact angle (6,,) of more than 140.1°. The 6,, shows a sequential
increase when changing the polymer from PESS to PES, and then to PES-
OH in the following order (i.e., 140.1, 142.1, 143.1°, respectively). This
is attributed to the nanofibrous network structure, the surface rough-
ness, and the hydrophobicity nature of the base polymer (i.e., PVDF).
Various studies have shown that surface roughness and morphology can
strongly influence the hydrophobicity, and even dominate the effect of
the material properties [47-50].

The DL-ENM void volume fraction (¢) also exhibited a dependence on
the top layer, ascending in the sequence PES < PES-OH < PESS. This
arrangement is in agreement with the relative openness observed in the
SEM images of the top layer structures (see Fig. 2). The first deposited
ENM (PVDF) bottom layer on the metallic collector impedes electrical
charge dissipation toward the collector, acting as an electrical insulator
and causing the formed fibers to repel each other, yielding an uncom-
pacted fibrous network with a high e. With an increase in electrical
conductivity of the top deposited layer (see Table 1), the fibers of the
bottom layer become finer, resulting in a looser and more open fibrous
network. It is important to note that the ¢ values of the DL-ENM and SL-
ENM are significantly higher than flat sheet membranes prepared by
phase-inversion method (ranging between 26.8% and 79.6%) and
commercial flat membranes commonly used in MD, such as Gelman’s TF
200, TF 450, and TF 1000 polytetrafluoroethylene (PTFE) membranes

ENMs 3¢ (pm) (dBottom (rm) (Ow)Bottom (dp)rop (pm) (Ou)1op () e (%) d; (pm) LEPy20 (10° Pa) LEP3s5 g1, (10° Pa)
(@]

Before Gamma radiation
PVDF 376.45 1.05 144.3 0.98 143.7 91.3 1.37 + 0.03 64.50 68.00

+20.66 +0.34 +0.2 +0.33 +1.2 +0.6 +0.71 +1.41
PVDF-PES 368.61 0.90 143.1 0.87 122.5 93.2 1.67 + 0.095 60.00 64.00

+17.13 +0.37 +0.1 +0.32 +0.8 +0.4 +1.41 +1.41
PVDF-PES-OH 373.55 0.87 142.1 0.79 113.2 94.5 1.99 +0.13 55.5 58.00

+33.81 +0.22 +0.1 +0.12 +1.4 +0.3 +0.71 +1.41
PVDEF-PESS 379.29 0.79 140.3 0.72 103.5 96.1 2.15 +0.08 48.5 52.5

+15.29 +0.26 +0.2 +0.22 +2.1 +0.4 +2.12 +2.12
After Gamma radiation
ENMs 5 (um) £ (%) LEPy0 (10° Pa) LEP35 g1, (10° Pa)
PVDF 374.12 +18.33 84.2 £0.1 54.32 + 0.66 57.20 + 0.54
PVDF-PES 365.71 +12.33 87.4+1.2 50.01 +1.32 52.34 £ 1.04
PVDF-PES-OH 372.66 + 22.76 90.6 + 0.8 49.54 + 1.03 50.30 + 1.23
PVDF-PESS 374.56 + 34.21 92.3 £ 0.5 42.66 + 1.56 46.43 £ 0.46

ENMs: electrospun nanofiber membranes; & total thickness; ds: mean fiber diameter; 6,,: water contact angle of each layer; ¢: void volume fraction; d;: mean inter-fiber
space; LEP: liquid entry pressure values obtained with distilled water and 35 g/L NaCl feed solutions.
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with & values between 64.3% and 68.7%, and Millipore’s GVHP and
HVHP PVDF membranes having € values between 70.1 and 71.3% [51].

The mean inter-fiber space (d;) of DL-ENMs depends on the top layer,
as shown in Table 2. Specifically, it increases with increasing ¢ and
decreasing top and bottom layer dy. The open structure of the top layer
and the variation of the ds of the bottom layer can be attributed to this
phenomenon. The PVDF-PESS ENM showed the highest d;, which can be
attributed to its low dr and high e. Conversely, the SL-ENMs exhibited
smaller d; than the DL-ENMs due to their compact structure and the low
electrical conductivity of PVDF.

The LEP values of all ENMs were slightly higher in a 35 g/L NaCl
aqueous solution compared to DI water (Table 2) due to the higher
surface tension of the NaCl solution (76.87 + 0.11 mN/m) compared
with DI water (72.71 + 0.09 mN/m) [52,53]. The LEP values of
DL-ENMs vary with the identity of the top layer. This can be attributed to
the change in the d;. Notably, the trend in LEP values is consistent with
the 0,, (see Table 2). The reported LEP values were comparable to those
reported for other DL-ENMs [37,54].

The observed physical and structural properties of DL-ENM’s indi-
cate their suitability for MD application. This led us to investigate the
effect of varying the support layer on desalination and decontamination
by DCMD and AGMD.

3.2. MD performance

The first DCMD tests were carried out to investigate the effect of the
feed temperature and the properties of the top layer on the DCMD
performance. During the experiments, the hydrophobic layer (PVDF) of
the DL-ENMs was positioned on the feed side of the DCMD system,
whereas the hydrophilic layer was positioned on the permeate side.

ENMs with different supporting hydrophilic layers (PES, PES-OH,
and PESS) were analyzed by DCMD at feed temperatures of 40-70 °C
and NaCl concentrations of 0 and 35 g/L (see Fig. 3a). Fluxes were found
to increase with feed temperature and were higher with distilled water
(0 g/L NaCl) as feed compared to 35 g/L aqueous NaCl. This can be
attributed to an Arrhenius-like dependence on feed temperature due to
the increase in vapor pressure at the feed/ENM interface at higher
temperatures. In addition, due to the concentration polarization effect
and the decrease in water vapor pressure at the feed/ENM interface,
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increasing the salt concentration in the feed solution resulted in a
decrease in permeate flux. DL-ENMs showed higher permeate flux than
SL-ENMs, with the PVDF PESS membrane achieving the highest flux.
This is attributed to the d; and ¢ of the DL-ENMs as well as their
respective hydrophilic supporting layers. Moreover, distilled water may
penetrate easily into the inter-fiber space as a result of the more opened
structure of the hydrophilic layers of the DL-ENMs and their propensity
for wetting compared to the PVDF layer, resulting in a shorter liquid/
vapor interface distance formed on both sides of the DL-ENMs [41,54].

The NaCl rejection factors observed for both DL-ENMs and PVDF SL-
ENMs surpassed 99.96%, as shown in Fig. 3b. This remarkable perfor-
mance can be attributed to their advantageous LEP values and small d;,
as presented in Table 1.

3.3. Desalination and SNWW treatment by MD before gamma-irradiation

Fig. 4 shows the permeate flux (J,) values, electrical conductivity,
and salt separation factor obtained for distilled feed water, aqueous salt
solutions (35 g/L NaCl and 35 g/L NaNOs), and aqueous salt solutions
containing non-radioactive metal ions (450 ppm Cs*, Cr>* and Co?*
with 35 g/L NaNOs) during MD experiments using the PVDF SL-ENM
and the PVDF-PES, PVDF-PES-OH, and PVDF-PESS DL-ENMs. The salt
separation factor and electrical conductivities of the resulting permeate
are also shown in Fig. 4.

As shown in Fig. 4a, the PVDF SL-ENM exhibited a lower J, value
compared to all DL-ENMs. This is due to the fact that unlike the other
DL-ENMs, which have more open structures and hydrophilic top layers
with higher wetting propensities, PVDF SL-ENM has a lower ¢ of 91.3%.
Consequently, DL-ENMs have shorter liquid-vapor interface distances on
both sides of the membrane, resulting in higher permeate fluxes.

The PVDF-PESS DL-ENM showed the highest permeate fluxes,
reaching values of 72.72 kg/m>h and 73.27 kg/m?>h in the DCMD using
aqueous feed solutions of NaCl and NaNOs, respectively, in the DCMD.
Additionally, it achieved 70.80 kg/m?h and 41.96 kg/m*h using
aqueous feed solutions of SNWW in DCMD and AGMD, respectively. It is
noteworthy that the permeate fluxes obtained for salt solutions and
SNWW during MD experiments were slightly lower than those obtained
using distilled water as feed. Because the water vapor pressure of the salt
solution is inherently lower than that of the distilled water.
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Fig. 3. a) Permeate flux values (Jp) and b) salt (NaCl) separation factors for the PVDF SL-ENM and the three DL-ENMs at different feed temperatures (T;,) when
using a feed solution of 35 g/L aqueous NaCl. The curves plotted in the top figure show fits of the measured flux values to Arrhenius-type rate laws. The permeate
temperature (Tp, i) was 20 °C, and the circulation flow rates of the feed and permeate liquid solutions were 1.25 L m~! and 0.75 L m™}, respectively.
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Fig. 4. Results from MD experiments using the PVDF SL-ENM and the three DL-ENMs before gamma irradiation with aqueous salt solutions and simulated nuclear
wastewater (SNWW) as the feed solutions. The three stacked figures show a) the variation in the permeate flux over time, b) the variation in salt separation factors
over time, c) the variation in the conductivity of the permeate over time, and d) the average salt separation factors achieved during the MD experiments for each

membrane type and feed solution (H,O, NaCl, NaNO3, and SNWW).

In a nutshell, due to their more open structures and hydrophilic top
layers, the DL-ENMs have shown superior performance in terms of
permeate fluxes compared to the SL-ENMs because of their more open
structures and hydrophilic top layers. Among the DL-ENMs, DL-ENMs
with top PESS layer stand as a promising candidate for MD applications,
showing the highest permeate flux.

The tested SL-ENMs and DL-ENMs consistently exhibited high salt
rejections above 99.95% regardless of MD configuration and salt type
(see Fig. 4b-d). Not only did the PVDF/PESS DL-ENM achieve the
highest permeate fluxes, but it also produced permeate solutions with
the highest ionic conductivities. However, the permeate ionic conduc-
tivity for both MD configurations remained below 30 pS/cm throughout
the operating time, as shown in Fig. 4c. Compared to the PVDF SL-ENM
and the other two DL-ENMs, these results were attributed to the large

inter-fiber size of the d; of the PVDF-PESS DL-ENM and the low value of
the LEP.

In summary, with the PVDF/PESS DL-ENM exhibiting the highest
permeate fluxes and electrical conductivities below 30 pS/cm, the tested
ENMs demonstrated remarkable salt rejection capabilities. The suit-
ability of these ENMs for desalination applications is suggested by the
low permeate electrical conductivity observed in all configurations.

Fig. 5 shows the decontamination and metal ion rejection factors
(expressed as percentages) for the PVDF SL-ENM and the PVDF/PES,
PVDF/PES-OH, and PVDF/PESS DL-ENMs during MD of SNWW. Inde-
pendent of the MD configuration, the degree of decontamination in the
permeate decreased in the following order: SL-ENM PVDF > DL-ENM
PVDF/PES > DL-ENM PVDF/PES-OH > DL-ENM PVDF/PESS. This
outcome is consistent with the previously discussed variation in the void
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volume fractions of the ENMs (section 3.1 and Table 2).

The highest permeate fluxes for the treatment of SNWW by DCMD
(70.80 kg/mz'h) and AGMD (41.96 kg/mz'h) were achieved using the
PVDF/PESS DL-ENM (Fig. 4a). In the DCMD experiments, the metal ion
content was reduced from around 450 ppm in the feed solution to 0.074
ppm in the permeate for Cs*, 0.030 ppm for Cr>*, and 0.042 ppm for
Co?t, corresponding to decontamination factors of 6996, 18799, and
13679, respectively. In the AGMD experiments using this membrane, the
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metal ion concentrations were reduced to 0.093 ppm for Cs™, 0.058 ppm
for Cr**, and 0.065 ppm for Co®", corresponding to decontamination
factors of 5465, 8733, and 7836, respectively (Fig. 5¢ and h).

In 10-h operation (6 h for DCMD and 4 h for AGMD), the metal ion
elimination efficiencies achieved with both MD configurations were
above 99.98% (Fig. 5i and j). This suggests that MD can efficiently
remove radionuclides from saline nuclear wastewater using ENMs,
especially if a hydrophobic PVDF with a supporting hydrophilic PESS
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layer is used.

The permeate flux through the ENMs was re-measured using DI
water as the feed solution after each experiment to detect any potential
performance deterioration. It is evident from Fig. 4a, that no significant
reduction in permeate flux was observed for any ENM, clearly demon-
strating the robustness and integrity of prepared ENMs.

3.4. Desalination and SNWW treatment by MD after gamma-irradiation

Fig. 6 shows the values of the permeate flux (J,) obtained for ENMs
after gamma irradiation using DI feed water, aqueous salt solutions (35
g/L NaCl and 35 g/L NaNOs), and SNWW aqueous solutions.

The PVDF-SL-ENM had a lower J, value compared to both gamma-
irradiated DL-ENMs and the unirradiated PVDF-SL-ENM (see Fig. 6a).
This was due to its lower void volume fraction (84.2%) than the other
DL-ENMs, which have higher porosities (ranging from 87.4% to 92.3%).
In general, the J, was slightly lower when the DL-ENMs were exposed to
gamma radiation.

The salt rejection factors of the ENMs were lower than DL-ENMs
without gamma irradiation and the permeate ionic conductivity was
increased regardless of the MD configuration and the type of salt (see
Fig. 6b and c). However, it is worth noting that the decontamination
levels followed a similar trend to that of unirradiated ENM, as shown in
Fig. 6c.

Gamma-irradiated ENMs metal ion removal efficiency was 97.98%,
which is lower than the ENMs before irradiation (99.98%). Considering
the exposure dosage and time this reduction in performance could be a
determining factor in using PVDF as a hydrophobic layer in real-life
decontamination of nuclear wastewater by MD. performance.

Fig. 7 shows the decontamination and rejection factors for ENMs
after being subjected to gamma irradiation during the MD of the SNWW.
The degree of decontamination in the permeate decreased in the
following order, regardless of the MD configuration: SL-ENM > DL-ENM
PVDF/PES > DL-ENM PVDF/PES-OH > DL-ENM PVDF/PESS, similar to
the unirradiated ENMs. These results agree with the variation in the void
volume fraction of the ENMs discussed earlier (see Table 2). The metal
ion content in the permeate increased to relatively high values
compared to unirradiated ENMs in both DCMD and AGMD experiments
(see Fig. 7c-h). This result is consistent with the reduced LEP resulting
from gamma irradiating ENMs (see Table 2).

The metal ion removal efficiencies achieved with both MD configu-
rations were greater than 97.98% over 10 h of operation (6 h for DCMD
and 4 h for AGMD) (Fig. 7i and j). This suggests that removing metal ions
from SNWW by MD using ENMs and subjected to gamma irradiation
may be less efficient compared to unirradiated ENMs, mainly due to the
reduction of the LEP by increasing its tendency to wettability.

To evaluate the stability and degree of fouling of both irradiated and
unirradiated ENMs after MD experiments, X-ray was used to investigate
the presence of Co, Cr, and Cs on the surface of the ENM samples.
Furthermore, the atomic percentages of Cr, Co, Cs, F, and carbon C, and
the ratio of atomic percentages of each element to the sum of F + C for
each ENM were measured by EDX (see Fig. 8 and Table S1). It is evident
that with changing hydrophilic layer type, whether gamma-irradiated or
not, the atomic percentages of each element (i.e., Co, Cr, and Cs) and
their ratio (element/F + C) decrease. This is consistent with the DF levels
recorded during MD testing, which was in the following sequence PVDF
> PVDF/PES > PVDF/PES-OH > PVDF/PESS, shown in Figs. 5 and 7.

To gain a better understanding of the performance of the prepared
membranes compared to previous studies and commercial Nano-
filtration (NF) membranes, additional filtration experiments were con-
ducted. The results are presented in Table 3. The prepared membranes in
this study have a significantly higher permeate flux compared to the
previously reported value for the decontamination of SNWW by MD,
while maintaining the same level of rejection (>99.9%). In comparison
with commercial NF membranes, the prepared membranes have a lower
flux but a significantly higher rejection.
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3.5. The effect of gamma-radiation

The chemical elements and functional groups present on the surfaces
of both irradiated and unirradiated ENMs were characterized by FTIR
and XPS analyses. In radioactive wastewater membrane processes, the
irradiation effect on potential chemical changes in the membranes is
often overlooked in practical applications. Therefore, this section fo-
cuses explicitly on the gamma radiation-induced alterations in ENMs.
Our aim is to uncover the potential effects and transformations that
occur at the molecular level, which can significantly impact the per-
formance and stability of PVDF membranes used in the treatment of
radioactive wastewater.

The FTIR result (Fig. 9a and b) shows that the deformation and
stretching of —-CF,, and the —-CHj at 875 cm_l, 1068 cm_l, and 1396
cm ™}, respectively; these peaks were identified as main characteristic
features of PVDF, irrespective of whether the ENMs underwent irradi-
ation or not. Upon irradiation, significant changes in the chemical
structure of the ENMs were observed. A distinct new characteristic peak
emerged in the irradiated ENMs between 1660 cm™! and 1680 cm™,
indicating alterations in the molecular bonds. This newly observed peak
could be attributed to the stretching vibration of double bonds (C=C or
C=O0). These observations strongly suggest that irradiation caused
changes in the PVDF polymer structure leading to carbonyl groups
forming in the chains. Moreover, this band can be generated by radical
polymerization or the Michael addition reaction during the irradiation
process [60-63].

For a rigorous analysis of the surface elemental composition of the
irradiated and unirradiated ENMs, X-ray photoelectron spectroscopy
(XPS) analysis was used. The characteristic XPS spectra of both irradi-
ated and unirradiated ENMs are shown in Fig. 9c. The spectra showed
characteristic peaks at 286 eV and 687.8 eV, respectively, corresponding
to carbon (C-1s) and fluorine (F-1s) atoms associated with PVDF. In
addition, at 532.08 eV, the characteristic peak of oxygen atoms (O-1s)
was detected. Their atomic percentages were calculated for further
analysis based on the peak intensities of these elements. The XPS anal-
ysis of the unirradiated ENMs did not detect any oxygen atoms on the
surface.

Interestingly, the XPS spectra of the irradiated ENMs revealed the
emergence of a new peak, indicating the presence of oxygen atoms on
the surface of the irradiated ENMs. Conversely, the fluorine concentra-
tion (F-1s) and the fluorine/carbon (F-1s/C-1s) ratio exhibited a gradual
decrease of 5.4% and 10.6%, respectively, as a consequence of irradia-
tion. FTIR and XPS spectroscopy results confirmed the involvement of
oxygen in reconstructing the surface structure of ENMs under irradiated
conditions. Previous studies showed that PVDF is sensitive to irradia-
tion, resulting in free radicals forming on the carbon backbone, partic-
ularly within the CFp and CHy groups [64-67]. The presence of
molecular oxygen during the gamma irradiation process will accelerate
the degradation of PVDF. The formed C-centered radicals react rapidly
with molecular oxygen and lead to the formation of unstable peroxyl
radicals [61,62,68]. The subsequently formed peroxides adversely affect
the structural integrity of the PVDF fibers that make up ENMs. Conse-
quently, the selectivity porosity, and properties of ENMs, which depend
primarily on the inherent properties of the PVDF structure for their
determination, are significantly affected by the degradation and
destruction of the PVDF fiber structure. An incentive to reduce the hy-
drophobicity of ENMs would be the generation of new
oxygen-containing functional groups. Therefore, the reduction of LEP
values of irradiated ENMs (see Table 1) decreased the salts separation
and decontamination factors of the nuclides during MD experiments.

In summary, radiation-induced changes can significantly affect the
performance of ENMs during salt desalination and SNWW decontami-
nation since the PVDF structure is the primary determinant of the
permeability and efficiency of ENMs.
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Table 3
Performance of previously reported membranes in SNWW treatment.
Filtration type Membrane name Condition Flux (Lbm 2 h™1) a (%) Ref
Nanofiltration ESNA1LF Cr (III) at 450 ppm 4.66 76.6 This study
My: 200-300 Da Co (II) at 450 ppm 65.7
Cs (II) at 450 ppm NaNOs at 35 g/L 52.1
P=9barT=22°C 88,4
NANO-SW 18.54 74.2
My: 300 Da 71.3
42.3
81.5
TriSep™ TS40 17.32 83.4
My: 200Da 79.4
66.2
91.3
TriSep™ TS80 15.65 87.1
My: 150 Da 89.4
79.1
93.2
Microdyn NP010 63.54 47.2
My: 500 Da 34.2
11.6
21.3
Microdyn NP030 13.76 33.2
My: 1000 Da 24.6
7.3
13.4
AFC 40 Co (II) at 100 ppm 250 97 [55]
P =25 bar pH =3
MWCNTs-interlinked GO Sr (II) at 0.047 mmol/L pH = 10 210.7 93.4 [56]
P = 0.4 MPa
TiO2—doped ZrO, Co (II) at 1 ppm 35~40 L/(m?h-bar) 99.6 [57]1
Sr (II) at 13 ppm 99.2
Cs (II) at 7 ppm 75.5
0.2-0.8 MPa
VMD PP Sr (I) at 10 ppm 6.71 99.60-99.74 [10]
Co (II) at 11 ppm 6.30 99.67-99.82
Tz 70 °C
Tp: 20 °C
VMD PTFE Cs(II) at 100 ppm 5.4 98.66 [58]
Co(II) at 100 ppm 99.03
Sr(II) at 100 ppm 97.83
NaNO3 at 80 g/L
Tz 75
P,: 4 kPa
DCMD PVDF-NMP-CO,-III Cr(III) at 450 ppm 19.70 99.9804 [59]
Co(II) at 450 ppm 99.9785
Cs(II) at 450 ppm 99.8548
DCMD PVDF-PESS DL-ENM NaNOs at 35 g/L 70.80 99.9941 This study
Tz 70 °C 99.9916
Tp: 20 °C 99.9852
AGMD PVDF-PESS DL-ENM 41.96 99.9885
99.9872
99.9815

14



M. Essalhi et al.

3299 1398 1070879

(@)
~OH group CH, deformation

[FVDFPES-OR

PVDF/PES

T

Intensity |a.u]

~

V
CIL stretching (2800 - 3100 e J/

C=0iC=C (1660 - 1680 cn™') e

[PVDI

JEDE

TR
d

¥ wagging

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
‘Wavenumber (cm™)
320

1070879

(b)

No band: -OH CHy deformation

FVDF/PES-OH

[PvDRPES

Intensity [a.u]

LY

CHy stretching (2800 - 3100 co™')

PVDI

A
33

A
A
g
§

No band: C-0/C-C

F wagging
T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Intensity [a.u]

Journal of Membrane Science 700 (2024) 122726

687.8 53208 286
© Fls
PVDE/PESS Ols Cls
PVDF/PES-OH
L i
(|
PVDF
1
No© peak
ENM-Reference 1
A
T T T ; : :
1200 1000 800 600 400 200 0

Binding Energy (eV)
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4. Conclusion

This study demonstrates the efficacy of using electrospinning and
combining two different polymers with different hydrophobicity to
produce DL-ENM. These ENMs showed superior performance in desali-
nation and radionuclide decontamination using DCMD and AGMD
especially DL-ENMs.

In both DCMD and AGMD experiments, the DL-ENMs, especially the
PVDF/PES, exhibited improved morphological and physical properties,
resulting in significantly improved flux performance. Incorporating a
PESS hydrophilic layer further enhanced the performance of the DL-
ENM, achieving 1.49 to 1.47 times higher treatment efficiencies
compared to SL-ENMs in various scenarios.

Despite achieving a low conductivity of 50 pS/cm and relatively high
permeate fluxes for unirradiated ENMs, the influence of irradiation on
the permeability and selectivity of irradiated ENMs was considerable.
The separation factor of ENMs decreased by 2% upon exposure to
Gamma radiation. The result of this study indicates that PVDF, a widely
used fluoropolymer membrane in MD, is less suitable for long-term
nuclear wastewater decontamination in real-life scenarios due to the
instability of the polymer upon exposure to Gamma radiation. Never-
theless, this study demonstrated a better performance in terms of flux
and rejection in comparison with the previously reported data and
commercial membranes.
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