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Solvent toxicity is a major barrier to sustainable fabrication of polymeric membranes. This study intro-
duces three dibasic esters (DBEs) as alternative membrane fabrication solvents that are biodegradable,
non-carcinogenic, non-corrosive, and non-hazardous. The use of DBEs in fabrication processes shifts the
monotectic point in the phase diagram of PVDF/solvent systems towards higher polymer concentrations,
enabling membrane formation by liquid—liquid phase inversion to produce a bicontinuous structure that
confers outstanding performance. The best-performing membrane prepared in this way had an excep-
tional flux of 42.40 kg m™2 h™! and a high rejection rate (>99%) in the decontamination of synthetic
nuclear wastewater. Compared to membranes prepared previously using toxic and non-toxic solvents,
membranes fabricated in DBEs exhibited superior mechanical performance due to their bicontinuous
structure, which effectively distributes external forces throughout the membrane. Moreover, DBEs are
cheaper than toxic conventional solvents and are readily available in bulk, making them attractive options

rsc.li/greenchem

1. Introduction

Nuclear power plants account for 10% of global electricity
generation and produce minimal lifecycle carbon emissions."
However, the growing accumulation of nuclear waste, includ-
ing contaminated wastewater,” poses significant risks to the
environment and human health. Radioactive wastewater is
typically treated using conventional methods such as chemical
precipitation, evaporation, and electrochemical processes.**
However, these techniques are limited in that they cannot
remove all contaminants in a single step and therefore gene-
rate secondary waste that increases operational expenses.’

The most common physicochemical methods for treating
radioactive wastewater are adsorption and ion exchange. These
methods effectively reduce radioactivity levels by targeting the
major nuclides in the wastewater, specifically **Cs and "*”Cs.°
The advantage of such methods lies in their use of readily
available and cost-effective adsorbents such as zeolite, kaolin,
and activated carbon. However, these materials have some
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for industrial-scale membrane production.

limitations including low adsorption rates, low adsorption
capacities, and limited reusability.”

Membrane processes have emerged as a promising alterna-
tive for removing radionuclides with distinct advantages over
conventional methods. Conventional membrane processes
include microfiltration, ultrafiltration, and nanofiltration, all
of which offer simplicity, operational ease, low energy con-
sumption, high decontamination efficiency, and compatibility
with other processes.” However, a significant limitation of
these pressure-driven processes is that they cannot completely
reject radionuclides and the membranes are prone to fouling
issues.’

Membrane distillation (MD) is an alternative thermally
driven separation process that has drawn attention as an
option for decontaminating low- and intermediate-level radio-
active liquid wastes in recent years.>*™* MD has several favor-
able characteristics, including high separation efficiency with
a theoretical separation factor of 100%, mild operating con-
ditions, low fouling tendency, and the ability to utilize waste
heat from nuclear reactors.”

The membrane’s performance and stability strongly affect
the effectiveness of MD processes. An ideal MD membrane
should have high hydrophobicity and pore connectivity as well
as good porosity and a narrow pore size distribution."* MD
membranes are generally made from fluoropolymers such as
polyvinyl difluoride (PVDF), ethylene-chlorotrifluoroethylene
(ECTFE), and polytetrafluoroethylene (PTFE) due to their
favorable physicochemical properties and high hydrophobicity
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relative to non-fluorinated polymers such as polysulfone (PS),
polyethersulfone (PES), and polyvinyl chloride (PVC).'> PVDF
is the most commonly used fluoropolymer for MD membrane
fabrication because of its cost-effectiveness and solution pro-
cessability,'® the latter of which allows membranes to be fabri-
cated using the phase inversion method.'” While this method
is used extensively in both academic and industrial membrane
fabrication, currently used solvents for PVDF membrane pro-
duction have several drawbacks.

The choice of solvent affects both the kinetics and the
thermodynamics of phase inversion, and therefore influences
the properties and performance of the fabricated membrane.
Unfortunately, most solvents currently used for PVDF mem-
brane fabrication are toxic and have negative effects on both
human health and the environment. Accordingly, a recent
study found that solvent toxicity is the main barrier to sustain-
able fabrication of polymeric membranes including PVDF
membranes.'® Consequently, a number of environmentally
friendly solvents have been introduced as alternatives to toxic
conventional solvents for membrane fabrication. Prominent
examples include methyl-5-(dimethylamino)-2-methyl-5-oxo-
pentanoate (Polarclean®),"® dihydrolevoglucosenone
(Cyrene™), tributyl O-acetyl citrate (ATBC),>**" and citric acid
esters.””> Methyl esters have drawn particular interest in this
context (as outlined in Table 1) because their low toxicity and
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high boiling points are both favorable for membrane
fabrication.

To our knowledge, all green solvents that have been tested
in PVDF membrane fabrication to date only dissolve PVDF at
elevated temperatures, necessitating a thermally induced
phase separation (TIPS) membrane fabrication method. Some
of these solvents, like ATBC, are insoluble in water, meaning
that phase inversion can only occur via a TIPS mechanism.?®
However, other solvents such as Polarclean and cyclic carbon-
ates are soluble in the quenching medium (which is typically
water), allowing phase separation to occur via a combination
of thermally- and nonsolvent-induced mechanisms.'®?*
Detailed information on phase inversion methods and mecha-
nisms in PVDF membrane fabrication can be found in a
recently published review article.>®

Controlling membrane morphology is vitally important in
membrane fabrication processes because it directly influences
overall membrane performance. Literature data show that for
TIPS processes, membranes with a bicontinuous morphology
have greater mechanical strength and better pore connectivity
than those with cellular or spherulitic structures, assuming an
equal polymer content. However, achieving a bicontinuous
morphology in TIPS-based fabrication processes is challenging
because it requires phase separation by spinodal decompo-
sition, which typically occurs only if the polymer-solvent com-

Table 1 Prepared membranes using fluoropolymers and methylated solvents

Solvent
Boiling point
Polymer Type Properties Hazard (°C) Configuration  Ref.
PVDF ATEC Water soluble solvent 228-229 FS 22
PVDF DCAC Clear liquid, colorless H319 218 FS 26
PVDF TBC Clear and viscous liquid 225 FS 27
ECTFE TEC Clear liquid, light yellow color 294 HF 28
PVDF FS 22
PVDF ATBC Colorless, slight and sweet odor, soluble in 327 FS & HF 20
organic solvents HF 21
FS 22
PVDF/PMMA  GTA Clear liquid, colorless, fatty odor 258-260 HF 29
PVDF HF 30
HF 31
HF 32 and 33
PVDF TEGDA Colorless, odorless H302, H315, H319, 286 FS 34
H335
PVDF Polarclean  Clear, slightly yellow liquid 278-282 HF 19
PVDF DBM Clear, virtually colorless liquid, ester-like odor ~ H317, H373, H411 281 FS 35
ECTFE TOTM Viscous, light yellow color 414 FS 36
PVDF TEP Clear liquid, colourless, odorless H302, H319 215 FS 37
HF 38
PVDF v-BL Clear liquid, colorless, unpleasant odor H302, H318, H336 204 HF 39
PVDF DMS High water-soluble solvent, colorless liquid, H319 200 FS This study
DMG biodegradable — 216
DMA H319 227

ATEC: acetyl triethyl citrate, DCAC: diethyleneglycol monoethyl ether acetate, TBC: tributyl citrate, TEC: triethyl citrate, ATBC: tributyl O-acetyl
citrate, GTA: glycerol triacetate, TEGDA: triethylene glycol diacetate, Polarclean: methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate, DBM:
maleic acid dibutyl ester, TOTM: trioctyl trimellitate, TEP: triethyl phosphate, y-BL: y-butyrolactone, DMS: dimethyl succinate, DMG: dimethyl
glutarate, DMA: dimethyl adipate, FS: flat sheet, HF: hollow fiber. Hazard codes: H302: harmful if swallowed, H315: causes skin irritation, H317:
may cause an allergic skin reaction, H318: causes serious eye damage: H319: causes serious eye irritation, H335: may cause respiratory irritation,
H336: may cause drowsiness, H373: may cause damage to organ, H411: toxic to aquatic life with long lasting effects.
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patibility is moderate and the polymer concentration is low
(below the monotectic point).

The use of solutions with low polymer concentrations often
yields membranes with insufficient mechanical strength.
Increasing the polymer concentration increases mechanical
integrity but can cause the final membrane to adopt a spheru-
litic structure instead of the desired bicontinuous morphology.
This could be avoided by identifying a polymeric system with
an elevated monotectic point that would undergo liquid-
liquid (L-L) phase separation at high polymer concentrations.
Researchers studying TIPS processes have therefore sought to
identify solvents with broader binodal curves but have
achieved only limited success. This has prompted some
groups to redirect their focus towards binary or mixed solvent
systems to more effectively control the breadth of the binodal
curve.”

Dibasic esters (DBE) are methylated solvents that are non-
carcinogenic, non-corrosive, non-hazardous, of low toxicity,
and not volatile organic compounds (VOCs).** Three DBEs,
namely dimethyl succinate (DMS), dimethyl glutarate (DMG),
and dimethyl adipate (DMA), are available on commercial
scales and are used as plasticizers, coating materials, paint
removers, and resin/polymer cleaning solvents among other
things. The size of the DBE market was estimated to be around
$440.9 million in 2021 and it is projected to grow by 42.4% by
2028. Consequently, DBEs are readily available on large scales
globally.*!

To date, there have been no publications on membrane for-
mation using DBEs. However, some studies have focused on
the production of thermoreversible gels of PVDF and various
organic diesters [(CH,), — (COOEt),] by Dikshit et al**** In
addition, Dasgupta and Nandi introduced different diester
groups, namely diethyl adipate, diethyl suberate, and diethyl
azelate, to produce micro- and mesoporous PVDF membranes
suitable for separating impurities of different sizes (ranging
from nano to macro) and different chemical properties.**

This study describes the fabrication of PVDF membranes
using three biodegradable methylated solvents from the DBE
family: DMS, DMG, and DMA. The membranes were fabricated
via a TIPS process requiring no additives, membrane supports,
or modification steps. All three solvents are shown to yield

Table 2 Properties of solvents used in this study
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broad binodal curves, allowing L-L phase separation to occur
over a wide range of polymer concentrations. The prepared
membranes were tested by evaluating their efficiency in decon-
taminating synthetic nuclear wastewater using an MD process.
Remarkably, the utilization of the aforementioned solvents
endowed the fabricated membranes with an interconnected
structure, leading to interesting properties of high flux, rejec-
tion, and mechanical strength. The remarkable synergistic
combination of high flux and rejection observed in this study
suggests that methylated DBE solvents have great potential for
fabricating PVDF membranes with interconnected structures
that could be tremendously valuable in MD processes, particu-
larly for the efficient treatment of nuclear wastewater.

2. Methodology

2.1. Materials

The PVDF polymer (Solef 1015, My, = 534000 g mol™') was
generously provided by Solvay Specialty Polymers. The solvents
used in this work, namely dimethyl succinate (DMS), dimethyl
glutarate (DMG), and dimethyl adipate (DMA), were procured
from Sigma Aldrich. Their properties are listed in Table 2.
Ethanol with a purity of 96% was acquired from VWR
International. Salts used in the filtration experiment, namely
sodium chloride (NaCl, M,, = 58.44 g mol™"), sodium nitrate
(NaNO;, M,, = 84.99 g mol™"), cesium chloride (CsCl, My, =
168.36 g mol~ "), cobalt(u) nitrate hexahydrate (Co(NOj3),-6H,0,
My = 291.03 g mol™"), strontium chloride hexahydrate
(SrCl,-6H,0, My = 266.62 g mol™") were procured from Sigma
Aldrich. All chemicals were used as supplied without further
purification.

2.2. Membrane fabrication

Dope solutions were prepared by adding PVDF to each of the
three tested solvents (DMA, DMG, and DMS) at a fixed concen-
tration of 18 wt%. The solutions were then stirred continu-
ously at 110 °C until they became homogeneous and transpar-
ent. Flat sheet membranes with a fixed thickness of 300 pm
were then cast at a casting temperature of 50 °C. After casting,
the nascent membranes were immersed in a coagulation bath

Properties DMS DMG DMA
Chemical structure o (o} (o} o}
0 :
o) H 3
Hic” o” o 0 o cHs
o o
Molecular weight (g mol™) 146.14 160.17 174.2
Melting point (°C) 16-19 -38 8
Boiling point (°C) 200 216 227
Density (g cm™) 1.117 1.09 1.06
Water solubility (g 1) 122.9 63.1 25
Hazard statements H319 — H319

H319 - causes serious eye irritation.

This journal is © The Royal Society of Chemistry 2023
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of 30% ethanol in distilled water for 5 minutes before being
transferred to a coagulation bath filled with water and left to
soak for 1 day to extract the residual solvent. The membranes
prepared using DMS, DMG, and DMA are denoted as PVDF/
DMS, PVDF/DMG, and PVDF/DMA, respectively.

2.3. Solubility parameter

The solubility parameter, ¢ reflects the contributions of the
dispersive interaction (64), the polar interaction between per-
manent dipoles (6p), and hydrogen bonding to solubility. The
solubility parameters of each solvent used in this study were
calculated using the group contribution method as described
in an earlier publication.”” The solubility distance parameter,
Ra, was calculated using the following expression:

Ra = [4(5dp - 5(‘],5)2 + (613,13 — 51:),8)2 4 (6h4p _ 61’1,5)2]0.5 (1)

The polymer-solvent interaction parameter was calculated
using the Flory-Huggins interaction parameter, which was
expanded by incorporating the Hansen solubility parameter
using the following equation:

V.
2= [ap = 8as)” +0.25(8pp — 5ps)*+0.25(8hp — 6ns)’] (2)

Here, V, represents the solvent’s molar volume, while &,
and & are the solubility parameters of the polymer and solvent
respectively. R denotes the gas constant (8.3145 J mol™" K™*)
and T represents the temperature in K.

2.4. Characterization

The phase diagram is a key tool for understanding the thermo-
dynamics of phase separation. In this study, phase diagrams
were constructed for multiple polymer/solvent systems with
five polymer concentrations ranging from 10 wt% to 30 wt%
which is a typical PVDF concentration range for fabricating flat
sheet and hollow fiber membranes.'*?%>*3%%¢ The cloud point
was determined using a polarizing microscope by placing a
minute quantity of the polymer solution between microscope
slides. The sample was then heated to 200 °C and held at this
temperature for 5 minutes until the polymer solution was com-
pletely molten. It was then cooled to room temperature at a
controlled rate of 6 °C min~'. The cloud point temperature
was recorded as the temperature at which circular or snow-
flake-like bright spots were first observed. To ensure accuracy,
measurements were repeated five times to obtain the average
temperature.

The crystallization temperature was assessed using differen-
tial scanning calorimetry (DSC, Q20). A sample weighing 5 mg
was subjected to controlled heating to 200 °C at a rate of 10 °C
min~'. It was then briefly held at this temperature before
being cooled at 10 °C min~'. The temperature at which the
exothermic peak reached its maximum was recorded as the
crystallization temperature.

Fourier transformation infrared (FTIR) spectra were
acquired using a Bruker Vertex 80 spectrometer operating in

7262 | Green Chem., 2023, 25, 7259-7272
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attenuated total reflection (ATR) mode. The spectral range
extended from 400 to 1600 cm™* with a resolution of 2 em™.

X-ray diffraction analysis (XRD) was performed using a
PANalytical X'Pert PRO X-ray diffractometer operating at 40 kv
and 40 mA with a Cu-K, radiation wavelength of 0.154 nm. A
slit size of 1/2° was used for all measurements and samples
were scanned in reflection mode within the 26 range of 10° to
40° at a scanning rate of 0.3° min™".

The membrane surface and cross-sectional structures were
analyzed using a field emission scanning electron microscope
(FE-SEM). To obtain clear cross-section images, the samples
were freeze-fractured in liquid nitrogen before being coated
with a 5 nm thick palladium layer using a Quorum Q150T-ES
Sputter Coater.

The membrane thickness was measured using a digital
micrometer. Five measurements were taken at different spots
on the membrane and the resulting measurements were
averaged.

The membranes’ liquid entry pressure (LEP) was deter-
mined using a dead-end filtration cell. Pure water was pushed
against one face of the membrane by gradual pressurization
with nitrogen gas, increasing the pressure at a rate of 0.2 bar.
The LEP was then recorded as the pressure at which the first
droplet was observed on the membrane face opposite the
water.

The overall porosity (¢) was determined using a gravimetric
method. The membranes were weighed in a dry state (mg) and
after being immersed in kerosene for 1 day (wet state, m,,). The
overall porosity was then calculated using the following
equation:

(mw — ma) /px

0= G — ma)fpx + mafoy

x 100 (3)

Here, p is the density of kerosene (0.81 g cm™) and p,, is
the density of the PVDF polymer (1.78 g cm ™).

The contact angle, i.e., the angle between the tangent to a
water droplet and the surface of the membrane, was measured
using the sessile drop method with an Ossila contact angle
goniometer. In brief, a 3 pL water droplet was placed on the
membrane surface and imaged at high resolution to determine
the contact angle. To obtain reliable and statistically signifi-
cant results, the measurements were repeated at least five
times at different locations on the membrane. The mean
contact angle was then determined, providing a representative
measurement of the membrane’s wetting behavior and surface
properties.

Atomic Force Microscopy (AFM) was performed using a
Dimension ICON system (Bruker, USA) to assess the morpho-
logical characteristics of membrane samples. AFM experi-
ments were conducted at room temperature with a relative
humidity of approximately 50% using tapping mode imaging
with sharp silicon tips (RTESPA-300) having well-defined
spring constants of 40 + 5 N m ™",

The gas-liquid replacement method was used to determine
the membranes’ pore size distribution. Briefly, membranes

This journal is © The Royal Society of Chemistry 2023
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were wetted by immersion in a wetting liquid (GQ-16) with a
surface tension of 16.0 dyne per cm and then mounted in the
sample module of a PSDA-20 membrane pore size distribution
measurement instrument (Gaogian Function Co., Nanjing,
China). Nitrogen gas was then introduced into the module at a
pressure of 0.05 MPa. The acquired data, including bubble
point and pore size measurements, were analyzed using
custom software developed in-house.

The mechanical properties of the PVDF membranes were
characterized by measuring their tensile strength and elongation
at break. The thickness of the flat sheet membranes was first
measured using a thickness gauge. A rectangular membrane
sample with a length of 5 cm and a width of 0.5 cm was then
tested in a tensile stress-strain meter (SH-20, SUNDOO, China).
After recording the sample’s initial length (L,), it was slowly
elongated at a constant speed until it reached the point of frac-
ture. The length of the membrane (L) and the corresponding
tensile force (F) displayed on the tensimeter were recorded at the
moment of rupture. This test was performed three times on
membranes prepared under identical conditions.

Tensile strength (o) was calculated using the following
equation:

a(MPa)zg (4)

The elongation at break (¢) was calculated as follows:

e(%):L ; Lo 100 (5)
0

2.5. Membrane distillation experiments

Air gap membrane distillation (AGMD) experiments were con-
ducted using a laboratory-scale setup with a stainless steel flat
sheet module (model CPR920, Convergence Industry B.V.,
Netherlands). In this module, the membrane is placed in
between two chambers, one on the feed side and one on the
permeate side. During the experiments, the permeate inlet
temperature (T, jn) was maintained at 20 °C, while the feed
inlet temperature (7%, i,) was varied between 50 and 80 °C. The
feed solutions used were aqueous solutions of NaCl (35 g L™).
The feed and permeate flow rates were maintained at a con-
stant value of approximately 1.50 L min™". The membrane flux
was calculated using the following equation:

-2 7—1 v
Jogm 2 h ) = (6)
where V is the permeate collected in kg, A is the membrane
effective area (m?), and ¢ is the time taken in hours.

The conductivity of the feed and permeate solutions was
measured using a conductivity meter (edge, model HI2003,
Hanna Instruments Inc., USA). The salt concentration and salt
rejection factor (a) were then determined using the following
equation:

a(%):(l - %) % 100 )

p

This journal is © The Royal Society of Chemistry 2023
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where Cy, and C;, are the concentrations of the bulk feed and
permeate solutions, respectively. All of the prepared mem-
branes (PVDF/DMS, PVDF/DMG, PVDF/DMA) were first tested
in an AGMD configuration. The membrane that achieved the
best performance in the AGMD experiments in terms of flux
and salt rejection was selected for further testing in a direct
contact membrane distillation (DCMD) configuration using
four feed solutions: distilled water, a 35 g L™ NaCl solution, a
35 g L' NaNO; solution, and simulated nuclear wastewater
(SNWW). To mimic the chemical composition and physico-
chemical properties of real-world nuclear wastewater, the
SNWW solution contained CsCl (Cs"), Co(NOs),-6H,0 (Co**)
and SrCl,-6H,0 (Sr**) at concentrations of approximately
100 ppm each in 35 g L' NaNOj;. To assess the membrane’s
performance, the concentrations of Cs*, Co®" and Sr** in the
feed and permeate solutions were determined using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
with an Agilent 5800 instrument. ICP-OES enables accurate
quantification and identification of trace elements by analyz-
ing the emission spectra generated from the sample. The
nuclide rejection value was calculated as follows:

L. C
Rejection(% ) :(1 - g) x 100 (8)
i
where Ct is the final concentration of nuclides in the permeate
and C; is the initial concentration of nuclides in the feed side
in ppm.

3. Results and discussion

3.1. Solubility of PVDF in dibasic ester solvents

The mutual compatibility between PVDF and the tested solvents
was evaluated by calculating two key parameters: the Hansen
solubility distance parameter (Ra) and the Flory-Huggins inter-
action parameter (y). In both cases, a lower value of the para-
meter indicates greater compatibility between the polymer and
the solvent. The values of these parameters for PVDF in the
three dibasic ester solvents are provided in Table 3.

The three dibasic ester solvents have similar molecular
structures, differing only in the number of methylene units in
their backbones. However, these relatively minor differences
had clear effects on their solubility parameters and solvation
power: DMS, which has the shortest alkyl chain, had the
lowest values of both Ra and y. Moreover, both parameters

Table 3 Hansen solubility parameters for PVDF and the tested solvents

54 (MPa¥?) &, (MPa'?) 4, (MPa'®)  Ra x
PVDF  17.20 12.50 9.20 — —
DMS 17.19 7.78 10.55 491 032
DMG  17.17 6.91 9.94 564  0.47
DMA  17.15 6.21 9.42 6.29  0.66

dq: dispersion forces, d,: polar force, dy: hydrogen force, y: Flory-
Huggins interaction parameter.
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increased with the length of the solvent backbone chain, indi-
cating a gradual reduction in compatibility between the
polymer and the solvent. These results are consistent with the
experimental observations presented in the phase diagrams
(Fig. 1), as discussed below.

Fig. 1a shows the Hansen solubility sphere, which suggests
that only DMS should in principle be able to dissolve PVDF.
However, this expectation was not borne out by experiment:

c

PVDF/DMS

PVDF/DMG
PVDF/DMA
d
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PVDF did not dissolve in any of the three solvents at room
temperature. This outcome is consistent with previous reports
suggesting that solubility parameter calculations provide only
rough estimates of solvating power rather than exact measure-
ments.>* The solvating power of the DBEs increased with the
temperature, enabling dissolution of the PVDF and the for-
mation of a clear homogeneous polymer solution. Phase separ-
ation then occurred upon cooling the resulting solutions. The

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Polymer concentration (%)

Top

Bottom

e
o
PVDF/DMS
5
s
2
g . PVDF/DMG
E :
P\ ; PVDF/DMA

10 15 20 25 30 35 40
260()

(a) Solubility sphere of PVDF in Hansen space together with the positions of the three solvents examined in this work (DMS, DMG and DMA).

(b) Cloud points and crystallization temperatures of PVDF/DMS, PVDF/DMG and PVDF/DMA. (c) Cross-sections and upper and lower face mor-
phologies of the fabricated membranes. (d) FTIR spectra and (e) XRD patterns of membranes fabricated in DMS, DMG, and DMA.
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new solvents should thus permit membrane fabrication using
the TIPS approach, like other environmentally friendly solvents
that have been used in PVDF membrane fabrication.

Fig. 1b presents a phase diagram showing the cloud point
and crystallization temperature vary as functions of the
polymer concentration for polymer concentrations between
10 wt% and 30 wt%. Remarkably, there are no intersections
between the cloud point and crystallization curve (monotectic
point) throughout this concentration range. This indicates that
all of the studied PVDF/solvent systems underwent liquid-
liquid phase separation at polymer concentrations below
30 wt%. Membranes formed by such phase separation pro-
cesses would be expected to have a coherent and intercon-
nected structural morphology, and could thus offer outstand-
ing performance in diverse applications.

The phase diagrams also reveal a clear trend in cloud point
temperatures: as the solvent alkyl chain length increases, the
compatibility between PVDF and the solvent falls, causing the
cloud point to shift towards higher temperatures. This is con-
sistent with the previously discussed trends in the Hansen
solubility and Flory-Huggins parameters.

3.2. Membrane properties

Fig. 1c and S1f present cross-sectional views and the mor-
phologies of the upper and lower faces of PVDF membranes
fabricated using the three tested DBE solvents. The SEM
images showed that all of the prepared membranes had bicon-
tinuous structures with interconnected cellular voids through-
out their cross-sections together with sheaf-like structures on
their top and bottom surfaces. This morphology indicates a
predominantly L-L phase separation process, in accordance
with the phase diagram presented in Fig. 1b. As can be seen in
Fig. 1b the cloud points temperatures are higher than the crys-
tallization temperatures indicating that the polymer-solvent
will experience the L-L phase separation. In this method the
polymer solution separates to polymer-rich and polymer-lean
phases, resulting in PVDF with a bicontinuous structure.
Moreover, the membranes have a uniform porous structure
throughout and can thus be classified as symmetric mem-
branes. This symmetry together with their interconnected
voids and sheaf-like structures should increase their per-
meability and selectivity, making them interesting candidates
for use in diverse membrane processes including membrane
distillation. Fig. 1d shows the FTIR spectra of PVDF mem-
branes fabricated with the tested DBE solvents. The spectra
exhibit distinct transmittance peaks at 532, 613, 762, 795, 854,
975, 1148, 1209, and 1382 cm™*, indicating that all membranes
consist predominantly of the a-phase PVDF polymorph. To
verify the crystalline structure of the fabricated PVDF mem-
branes, they were analyzed by XRD. The resulting XRD patterns
(see Fig. 1e) have 26 peaks at angles of 17.6, 18.3, 19.9, and
26.6 degrees, which is characteristic of a-phase PVDF, in
accordance with the FTIR data. Moreover, the XRD patterns
had no discernible peaks associated with the p and y phases,
indicating that the prepared membranes consist exclusively of
a-phase PVDF.
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The formation of a pure a-phase crystal in the PVDF mem-
branes can be attributed to the dipole moment of the solvents
used in this study, which are reportedly below 3 Debye."”
When PVDF dissolves in a solvent with a low dipole moment
solvent, there are minimal interactions between the solvent
and the PVDF polymer chain. This causes the PVDF chains to
form unexpanded or shrunken globules, leading to the for-
mation of the a-phase crystal.*® Conversely, solvents with
higher dipole moments (e.g., cyclic carbonates) interact more
strongly with the PVDF chain, leading to the adoption of a zig-
zag configuration that favors the formation of the p-phase.** It
is worthwhile to consider that in both case scenarios, the
solvent dissolves the PVDF polymer. Yet, the strength of the
interaction dictates whether the chain orientation in the PVDF
polymer occurs or not.

Fig. 2a shows the tensile strength and elongation at break
of the fabricated PVDF membranes. It is clear that the three
DBE solvents had differing effects on the membrane’s
mechanical properties: the PVDF/DMA membrane had the
highest tensile strength, while the PVDF/DMG membrane had
the lowest tensile strength and elongation at break. The
superior mechanical properties of the PVDF/DMA and PVDF/
DMS membranes can primarily be attributed to their intercon-
nected bicontinuous structure, which extends throughout their
cross-sections. This bicontinuous structure facilitates the
effective distribution of external forces applied to the mem-
brane, thereby enhancing its mechanical strength. The PVDF/
DMG membrane has a comparatively low tensile strength and
elongation at break because it has a higher mean pore size
(Fig. 2f) and a less interconnected structure than the PVDF/
DMA and PVDF/DMS membranes.

Fig. 2b compares the mechanical strength of the mem-
branes prepared in this work to that of previously reported
PVDF flat sheet membranes fabricated using polymer solutions
with concentrations of 15 wt% to 25 wt%. It is clear that the use
of biodegradable DBE solvents yields membranes with greater
mechanical strength than those prepared with both convention-
al toxic solvents and previously reported environmentally
friendly alternatives. The higher mechanical strength reported
in dibutyl phthalate (DBP) can be attributed to the significantly
higher polymer concentration. In this context it is worth noting
that while phthalates containing plasticizers are widely used to
prepare PVDF membranes via TIPS, these substances have
strong adverse effects on human health and environment.>*>*>*

Fig. 2c-f provide detailed information on the surface rough-
ness, pore size, porosity, contact angle, thickness, and liquid
entry pressure of the prepared membranes. All of the fabri-
cated membranes exhibit high porosity (x79%), indicating the
presence of significant void volumes within the membrane
structure. Furthermore, altering the solvent used in the fabri-
cation process did not substantially change the membranes’
overall porosity.

The contact angle measurements showed that all of the
newly fabricated membranes had high contact angles. As the
DBEs used in this study are water-soluble, the prepared mem-
branes were thoroughly washed with water to remove any
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Fig. 2 (a) Tensile strength and elongation at break values of the prepared membranes, (b) comparison of the tensile strength of the PVDF mem-

branes prepared in this study to that of previously reported PVDF flat sheet membranes prepared from polymer solutions with concentrations of
15 wt% to 25 wt% (PVDF/DBP,*®> PVDF/ATEC,?? PVDF/TEC,?? PVDF/ATBC,? PVDF/DCAC,?® PVDF/DPK,>® PVDF/DPC,>” PVDF/CO,*® PVDF/TEGDA®).
(c), (d), and (e) AFM and surface roughness data for PVDF/DMS, PVDF/DMG, and PVDF/DMA membranes, respectively, (f) thickness, liquid entry
pressure (LEP), porosity, contact angle, and mean pore size values of the prepared membranes.

residual solvents. Consequently, the final membranes con-
sisted solely of pure PVDF, which is inherently hydrophobic.
The differences in the membranes’ hydrophobicity can thus be
attributed to differences in their surface roughness; the
contact angle increased in parallel with the alkyl chain length
of the DBE solvents (see Fig. 2c-e). It should be noted that
further experiments using DBE solvents with longer alkyl
chains will be needed to draw a definitive conclusion about
the relationship between chain length and membrane hydro-
phobicity. However, increasing the alkyl chain length may also
reduce the solvating power of the DBE solvent, which would in
turn affect the conditions needed for membrane fabrication
and the accessibility of the solvent, making it hard to evaluate
the impact of longer chains in practice.

7266 | Green Chem., 2023, 25, 7259-7272

The liquid entry pressure (LEP) is a key membrane property
in MD processes; it is essential to ensure that the operating
pressure remains below the LEP to avoid pore wetting and a
loss of membrane selectivity. The LEP values of the prepared
membranes are presented in Fig. 2f, which shows that the
PVDF/DMG membrane had the highest pore size and the
lowest LEP, while the PVDF/DMA membrane had the lowest
pore size and the highest LEP.

3.3. Membrane distillation performance

The performance of the three prepared membranes was
initially evaluated using an air gap membrane distillation
(AGMD) setup with feed temperatures of 50 °C to 80 °C and a
fixed flow rate of 1.50 L min~". Fig. 3a shows that the fluxes of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Flux and salt rejection of the prepared membranes when exposed to a 35 g L™ NaCl feed solution in AGMD. (b) Final permeate conduc-
tivities for PVDF/DMS, PVDF/DMG, and PVDF/DMA membranes in the AGMD configuration. (c) AGMD and DCMD performance of PVDF/DMA mem-
branes using SNWW in 35 g L™ NaNOs. (d) Final concentrations of nuclides (Cs*, Co?*, and Sr?*) in the AGMD permeate. (e) Final concentrations of
nuclides (Cs*, Co?*, and Sr?*) in the DCMD permeate. (f) Stability of PVDF/DMA membranes in extended experiments using feed solutions of 35 g
L' NaCl, 35 g L™ NaNOs, and SNWW containing 35 g L™* NaNOs. (g) Nuclide separation performance of the PVDF/DMA membrane in terms of
rejection percentage (%). (h) Final concentrations of Cs*, Co?*, and Sr?* in the permeate during the final 3 hours of the long-term stability
experiment.
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all three membranes increased exponentially with the feed
temperature. The PVDF/DMG membrane achieved the highest
permeate flux (37.3 kg m~> h™") while maintaining a salt separ-
ation factor above 98%. However, the final conductivity of the
PVDF/DMG membrane permeate exceeded 200 pS cm™* at a
feed temperature of 50 °C and increased to above 400 pS cm ™"
at higher feed temperatures (70 °C and 80 °C) (see Fig. 3b).
Thus, although the PVDF/DMG membrane achieved high
AGMD performance in terms of permeate flux, its separation
efficiency was poor and the conductivity of its permeate
exceeded the upper limit recommended by the World Health
Organization (WHO) (400 pS cm ™). This outcome is consistent
with the fact that the PVDF/DMG membrane had the largest
average pore size of those prepared in this work (Fig. 2f).

The PVDF membrane prepared using DMA as the solvent
had more favorable membrane performance, with both high
flux (29.7 kg m™ h™" at 80 °C) and good separation efficiency
(Fig. 3a and b); the final conductivity of the permeate from
this membrane was around 1 pS cm™".

The PVDF/DMA membrane had a higher separation factor
than the PVDF/DMG membrane because of its smaller mean
pore size. Moreover, it achieved a higher flux than the PVDF/
DMS membrane (26.9 kg m™> h™" at 80 °C) because of its lower
membrane thickness, which facilitates vapor transport across
the membrane. The PVDF/DMA membrane was therefore
selected for evaluation in the decontamination of synthetic
nuclear wastewater (SNWW).

SNWW decontamination was performed under a range of
operating conditions with feed temperatures of 50 °C to 80 °C
while the permeate temperature was maintained at 20 °C. The
results obtained (see Fig. 3c) revealed that both AGMD and
DCMD membrane fluxes increased with the feed temperature;
the permeate flux in the AGMD configuration reached 29.2 kg
m~> h™" at 80 °C, while a significantly higher maximum of
53.5 kg m™> h™" was achieved in the DCMD configuration.
This difference can be attributed to the different mass transfer
mechanisms in AGMD and DCMD. In AGMD, vapor is trans-
ported from the permeate side to the condensation surface via
natural convection within the air gap, driven by the tempera-
ture difference between the two sides of the membrane.
However, the need for the vapor to cross an air barrier reduces
the permeate flux significantly. Conversely, in DCMD the
permeate liquid is in direct contact with the permeate side of
the membrane, so the vapor does not have to cross an air gap.
This enables a higher permeate flux than is possible in AGMD.

Fig. 3d and e show that the PVDF/DMA membranes
achieved good performance in nuclide removal from SNWW in
both DCMD and AGMD configurations: the nuclide concen-
trations in the permeate were below 0.7 parts per million
(ppm), compared to around 100 ppm in the initial SNWW.

The PVDF/DMA membranes exhibited excellent flux and a
high rejection capability in DCMD experiments, and had
better mechanical properties than the other membranes
(Fig. 2a and b). Therefore, to evaluate their practical utility in
nuclear wastewater treatment, experiments were conducted to
determine the stability of their performance and their resis-
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tance to fouling and degradation in the DCMD configuration.
Multiple feed solutions were used for this purpose, starting
with distilled water to ensure that the membranes were defect-
free and exhibited no leakage. The membranes were then
tested with solutions containing 35 g L ™! NaCl and NaNO;, fol-
lowed by SNWW containing 35 g L™ NaNO;. In all cases, the
temperatures of the feed solution and permeate were main-
tained at 70 °C and 20 °C, respectively.

As shown in Fig. 3f, the PVDF/DMA membrane had a stable
flux throughout the experiment, indicating low susceptibility
to fouling. Moreover, it achieved outstanding rejection capa-
bilities, maintaining a rejection rate above 99.5% for the 35 g
L' NaCl and NaNO; solutions. After being operated for
12 hours under these conditions, the feed solution was
changed to SNWW containing 35 g L' NaNO;. The flux
remained above 40 kg m~> h™" when using the SNWW, with no
significant reduction in the removal of NaNOj; salt, indicating
that the presence of the nuclides did not adversely affect the
membrane’s performance. Furthermore, the PVDF/DMA mem-
brane achieved high nuclide removal efficiency, with removal
rates of 99.96% for Cs*, 99.90% for Co**, and 99.93% for Sr*".

The MD results show that the PVDF/DMA membrane per-
forms well in SNWW decontamination, with exceptional flux
rates and high stability over the course of the experiments. To
further characterize the membrane’s capabilities, a compara-
tive analysis was conducted by benchmarking the obtained
results against reported results for commercially available MD
membranes and membranes prepared in lab-scale studies (see
Table 4). This revealed that the PVDF/DMA membrane was out-
standing in several aspects. First, it achieved a substantially
higher flux (42.40 kg m~> h™") than any other membrane when
using a 35 g L™ NaCl feed solution. Second, it displayed excel-
lent salt rejection capabilities, with removal rates above 99.9%
for both NaCl and NaNO;. Finally, it demonstrated effective
nuclide separation capabilities, demonstrating its suitability
for treating nuclear wastewater. Together with its favorable
mechanical properties (see Fig. 2), these results show that the
PVDF/DMA system is a very promising option for the sustain-
able fabrication of membranes to be used in decontaminating
nuclear wastewater by DCMD.

The exceptional separation performance and mechanical
properties of the PVDF/DMA membrane can be attributed to
the favorable properties of the green DBE solvent, which
shifted the monotectic point of the polymer/solvent system
upwards with respect to the polymer concentration, allowing
phase inversion to occur by L-L phase separation. This
resulted in the formation of a membrane with a bicontinuous
structure that confers outstanding performance.

As mentioned in the introduction section, green solvents
must be readily available in large quantities at reasonable
prices to be practically useful. Fig. 4, therefore, shows the costs
of conventional toxic solvents and previously reported green
solvents for PVDF membrane fabrication. It has been noted
that NMP and DMF, which are commonly used solvents for
TIPS and NIPS processes, tend to be relatively expensive com-
pared to other solvents, particularly toxic ones, despite their

This journal is © The Royal Society of Chemistry 2023
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Table 4 Performance of selected membranes in nuclear wastewater treatment by MD
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Membrane material

Solvent

Configuration Condition Separation performance

Flux

(kg m™>h™") Ref.

Commercial PP (Wochi, WHPP96-21, —

China)

Commercial PP (Wochi, WHPP96-21, —

China)

PES

PS

Commercial TF200
Commercial PTFE

Commercial PVDF

Commercial PP

PVDF

PVDF

NMP
NMP

NMP
DMAC
DMF

DMA

HF (VMD)
HF (VMD)

FS (DCMD)

HF (VMD)
HF (DCMD)

FS (DCMD)

FS (DCMD)

FS (DCMD)

Tf:
Tf!

Tf:
TP
TfZ
Tf:

70°C  Co (11 ppm): R = 99.67-99.82%

70°C  Sr (10 ppm): R = 99.74-99.6%

55°C  °°Co, *’Cs, ®Sr (1 mS em™): R > 99.5%
:21.5°C *°Co, *’Cs, ®°Sr (1 mS em™'): R > 99.5%
):

0Co, *7Cs, ¥°Sr (1 mS em™): R > 99.5%

90°C  Cs(1) (20 ppm): R = 99.98%
47.5°C Cs’, Sr**, Co®" (20, 100 ppm): R ~ 100%

(DF =10°)

:27°C 100 g L' NaNOs: R > 99%

Co*", sr**, Cs" (100 ppm): DF = 10°
50 g L' NaNOs: R = 99.4%
5000 mg L™ B: R = 99.7%

:70°C  Cr (450 ppm): R = 99.98%

:20°C  Co (450 ppm): R = 99.97%

Cs (450 ppm): R = 99.85%
35 gL' NaCl: R > 99.5%
35 g L' NaNOs: R > 99.5%

:70°C  Cs (100 ppm): R = 99.96%

:20°C  Co (100 ppm): R = 99.90%

Sr (100 ppm): R = 99.93%
35 g L' NaCl: R > 99.9%
35 g L' NaNOj;: R > 99.9%

6.30
6.71
0.16
0.08
0.15-0.16

6.82
19.00

830

19.70

15.46

11.24
42.40

59
60

10

12

This study

PP: polypropylene, PES: polyethersulfone, PS: polysulfone, PTFE: polytetrafluoroethylene, NMP: N-methyl pyrrolidone, DMAC: N,N'-dimethyl
acetamide, DMF: dimethyl formamide, DMA: dimethyl adipate, FS: flat sheet, HF: hollow fiber, VMD: vacuum membrane distillation, DCMD:
direct contact membrane distillation, T feed temperature, T},: permeate temperature, B: boron, DF: decontamination factor, R: rejection.
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Fig. 4 Price comparison of the selected toxic and non-toxic solvents for PVDF membrane fabrication via TIPS processes. Prices were obtained
from the website of Sigma-Aldrich (https://www.sigmaaldrich.com/SE/en) and TCI chemicals (https://www.tcichemicals.com/SE/en) Sweden in

June 2023.
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favorable solvating properties. In contrast, the solvent
employed in this work, DMA, was the most economical of the
considered green solvents. This cost advantage further empha-
sizes its attractiveness as a green solvent for membrane
fabrication.

4. Conclusion

The results presented here demonstrate the potential of
dibasic ester solvents - specifically, DMS, DMG, and DMA - as
biodegradable non-toxic options for PVDF membrane fabrica-
tion. Phase diagram analysis showed that the use of these sol-
vents shifts the monotectic point of the PVDF/solvent system
towards higher polymer concentrations, thereby enabling the
formation of membranes via a L-L phase inversion mecha-
nism. This resulted in the formation of a unique bicontinuous
structure, which was confirmed by SEM to be present through-
out the membranes’ entire cross-section. Furthermore,
measurements of the membranes’ mechanical properties
showed that they displayed outstanding mechanical strength,
ranking among the best reported PVDF flat sheet membranes
in this respect. A notable advantage of these membranes over
those prepared using both green and toxic solvents is their
bicontinuous structure, which effectively distributes external
forces within the membrane and thus contributes to this good
mechanical performance.

In MD experiments, the best performing membrane (PVDF/
DMA) exhibited exceptional performance with a stable flux of
approximately 42 kg m™> h™" and a consistent rejection rate of
99.9% for 35 g L' NaCl and NaNO; feed solutions over an
18-hour testing period. This flux value exceeds those reported
for other PVDF membranes under comparable conditions,
emphasizing the remarkable efficiency of the PVDF/DMA
membrane. The PVDF/DMA membrane also achieved high
rejection factors for three common radionuclides (Cs*, Co*",
and Sr*), highlighting its potential utility in nuclear waste-
water decontamination by MD.

DBEs are available on large scales at prices that are below
those of toxic solvents and comparable to those of recently
reported green solvents. Given the outstanding properties of
the membranes obtained using these solvents, they are well
positioned for use in industrial-scale membrane production.

Abbreviations

AFM Atomic force microscopy
AGMD Air gap membrane distillation
ATBC Tributyl O-acetyl citrate

ATEC Acetyl triethyl citrate

(6(0) Cyclohexanone

Cyrene Dihydrolevoglucosenone

DBE Dibasic ester

DBM Maleic acid dibutyl ester

DBP Dibutyl phthalate
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DCAC Diethyleneglycol monoethyl ether acetate

DCMD Direct contact membrane distillation

DEP Diethyl phthalate

DMF Dimethyl formamide

DMS Dimethyl succinate

DMG Dimethyl glutarate

DMA Dimethyl adipate

DMAC N,N'-Dimethyl acetamide

DPC Diphenyl carbonate

DPK Diphenyl ketone

ECTFE Ethylene-chlorotrifluoroethylene

FESEM Field emission scanning electron microscope

FTIR Fourier-transform infrared spectroscopy

GTA Glycerol triacetate

ICP-OES Inductively coupled plasma optical emission
spectrometer

MD Membrane distillation

NIPS Non-solvent induced phase separation

NMP N-Methyl pyrrolidone

PES Polyether sulfone

Polarclean Methyl-5-(dimethylamino)-2-methyl-5-
oxopentanoate

PP Polypropylene

PS Polysulfone

PTFE Polytetrafluoroethylene

PVDF Polyvinyldene fluoride

SNWW Simulated nuclear wastewater

TBC Tributyl citrate

TEC Triethyl citrate

TEGDA Triethylene glycol diacetate

TIPS Thermal induced phase separation

TOTM Trioctyl trimellitate

TEP Triethyl phosphate

y-BL y-Butyrolactone

FS Flat sheet

HF Hollow fiber

VMD Vaccum membrane distillation

XRD X-ray diffraction

Symbols

A Effective filtration area of membrane (m?)

C, Final concentration in the feed solution (g17")
Cr Initial concentration in the permeate solution (g 17"
F Tensile force (N)

J permeate water flux (kg m™> h™")

L Length of the membrane after broken (cm)

L, Initial length of the membrane (cm)

myg  Weights of the dry membranes (g)

m,, Weights of the wet membranes (g)

LEP liquid entry pressure (bar)

R Gas constant (8.3145 ] mol " K™)

Ra  Solubility parameter distance

R,  Surface roughness (nm)

¢ Root mean square roughness (nm)

T Temperature (K)
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Crystallization temperature (°C)
Feed inlet temperature (°C)
Permeate inlet temperature (°C)
Collected permeate (kg)

Molar volume of the solvent (cm® mol™)
Time (h)

Salt rejection factor (%)
Solubility parameter (MPa'/?)

84  Dispersion force (MPa'/?)

8,  Polar force (MPa'?)

8, Hydrogen bond force (MPa'?)

€ Overall porosity (%)

c Tensile strength (MPa)

pp  Density of polymer (g cm™)

p Density of kerosene (g cm™?)

X Flory-huggins interaction parameter
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