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Experimental and theoretical studies on the
formation of pure p-phase polymorphs during
fabrication of polyvinylidene fluoride membranes
by cyclic carbonate solvents+
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The use of highly toxic solvents presents significant risks to both the environment and human health.
Therefore, the adoption of green solvents will be crucial for achieving sustainable membrane production.
This work reports the use of inexpensive environmentally friendly biobased and biodegradable cyclic car-
bonate solvents, namely ethylene carbonate (EC), propylene carbonate (PC), and butylene carbonate (BC),
to fabricate polyvinylidene fluoride (PVDF) membranes. The solvent dependence of the phase inversion
mechanisms, morphology, crystalline structures, and polymorphism of the prepared PVDF membranes
were investigated. Polymorph analysis revealed that membrane fabrication in EC or PC yielded exclusively
the p-phase product, whereas PVDF membrane fabrication in BC yielded a mixture of a and § phase
material. The mechanism of p-phase formation was investigated using molecular dynamics simulation
and shown to depend on the extent of hydrogen bonding at the polymer—solvent interface. The PVDF
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membrane formed in EC exhibited the highest porosity and pure water permeability, and was therefore
tested in direct contact membrane distillation (DCMD), exhibiting promising results in terms of permeate
flux and salt rejection. These results suggest that large-scale production of piezoelectric PVDF mem-
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1. Introduction

The performance of the low-energy intensive separation units
such as membrane separation technologies depends strongly
on the properties of the separatory material interacting with
the chemical constituents of an industrial stream. One group
of interesting materials considered for membrane preparation
is fluoropolymers among which poly(vinylidene fluoride)
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branes using green solvents should be practically feasible.

(PVDF) is the most popular due to its attractive properties and
good processability.

Homopolymeric PVDF contains 59.4 wt% fluorine and
3 wt% hydrogen.' The crystalline phase of PVDF has three
different molecular conformations (TGTG', TTT, and
TTTGTTTG') and five crystal polymorphs: phase I (B-phase),
phase II (a-phase), phase III (y-phase), 8, and e. Phases I, II,
and III (see Fig. 1) are the most frequent crystalline poly-
morphs of PVDF. The a-phase is kinetically favoured, but the
B-phase is the most thermodynamically stable. Detailed infor-
mation on each crystalline polymorph is presented in Table 1.

B-Phase PVDF has useful piezo-, pyro-, and ferroelectric pro-
perties. Piezoelectric PVDF membranes vibrate when an AC
current is passed through them. This property has recently
attracted much interests because it could potentially be
exploited to control membrane fouling. For example, Darestani
et al.” showed that fouling of piezoelectric PVDF membranes
can be controlled by a synergistic combination of piezoelectric
vibration and high crossflow velocity. Similar results were
reported by Zhang et al.,> whose studies on PVDF/acetyl tribu-
tyl citrate/ionic liquid systems revealed that applying an AC
current to PVDF membranes increased the water permeate flux

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The conformations and crystal cells for most frequent crystalline polymorphs of PVDF: (a) and (b) a-phase (c) and (d) p-phase and (e) and (f)

y-phase.

Table 1 Properties of PVDF crystals with different polymorphs

6-8

Polymorph phase Phase I (B-phase) Phase II (a-phase) Phase III (y-phase)
Melting point (°C) 167-172 167-172 179-180
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Cm2m(C(14/2v)) P21/c(C(5/2h)) C121(C(3/2))
Polarity Strong None Intermediate
Lattice constants a=8.58A a=4.96A a=8.66 A
b=4.914 b=9.64 A b=4.93A
o(f.a)=2.56 A c(fa)=4.62 A c(f.a)=2.58 A
B =900 p=97°
Electroactivity High piezo-, pyro-, and ferro-electric None Intermediate
Number of chains per lattice 2 2 2
Density (g cm™) 1.81 1.77 1.80

FTIR peak (cm™)

X-ray diffraction peak (°)
Molecular conformation
Molecular structure

445, 470, 511, 600, 840, 1270

20.26
TTT

KA
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by around 90.6% for a CaCO; aqueous solution and 53.8% for
a Bovine Serum Albumin (BSA) aqueous solution. These
results indicate that vibration reduces the fouling potential of
piezoelectric PVDF membranes during filtration, regardless of
the nature of the fouling materials, but it is most efficient for
systems with larger particle sizes (e.g. CaCOj3). In another work
using the same polymeric system, Cao et al.* observed that
applying a mild AC voltage to pB-phase PVDF membranes
reduced contaminants deposition on the membrane surface
and concluded that this was due to current-induced in situ
vibrations that increased water permeate flux and reduced the
tendency for membrane fouling. Chen et al.® suggested that
the vibrations of piezoelectric PVDF membranes might also
generate waves in the surrounding medium (e.g. water or air),
and developed self-cleaning membranes based on this
concept. Particularly when the velocity of vibration is high,
such vibrations generate lift forces due to shearing, along with
an inertial force acting on the membrane surface and pores.
These forces drive the membrane’s main cleaning mechanism.

As for other polymeric membranes, the phase inversion
method is the most common technique employed for PVDF
membrane preparation in both industry and academia. In this
method, the desired amount of polymer is dissolved in an
appropriate solvent, after which phase separation is induced by
an external factor. Commonly used phase inversion methods
include nonsolvent induced phase separation (NIPs), tempera-
ture induced phase separation (TIPs), vapor induced phase sep-
aration (VIPs) and evaporation induced phase separation (EIPs).

The choice of solvent used for the dissolution of PVDF has
become a critical issue in recent years. An ideal solvent should
have good compatibility with the polymer, a high boiling
point, a low molecular weight (to facilitate extraction of
residual solvent from membrane structure), while also being
inexpensive and overall environmentally friendly. The later
property is critical for sustainable membrane production
because the most popular solvents for fabricating PVDF mem-
branes are toxic and harmful to the environment. Xie et al.’
evaluated the sustainability of membrane technology and ana-
lyzed the parameters that negatively affected it. The three sol-
vents most commonly used in industrial membrane pro-
duction at present are N-methyl-2-pyrrolidone (NMP), N,N-di-
methylformamide  (DMF), and N,N-dimethylacetamide
(DMAC). According to the International Agency for Research
on Cancer (IARC),'® all three are potential teratogenic com-
pounds that may cause congenital fetal malformation.'* Other
commonly used solvents include diphenyl ketone (DPK),
which tends to form carcinogenic compounds under UV radi-
ation,"? and phthalate-based solvents, most of which accumu-
late in biological tissues.'*'* The need to move away from
these harmful solvents is amplified by the large volume of
wastewaters generated during industrial membrane fabrica-
tion, which exceeds 50 billion liters annually.”

During the past decade, several green solvents have been
proposed for PVDF membrane fabrication, including glycerol
triacetate (triacetin),"®'” maleic acid dibutyl ester,'® triethyl-
ene glycol diacetate,'® acetyl tributyl citrate,"* tributyl
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citrate,”® methyl-5-(dimethylamino)-2-methyl-5-oxopentano-
ate (Polarclean®),>"** Cyrene®,*® dimethyl isosorbide,>* and
ionic liquids (ILs).>® Wu et al.>® adopted the strategy of mixing
the toxic solvent with a green solvent to decrease the negative
environmental impact of the preparing ultrafiltration mem-
branes. However, two factors must be considered when evalu-
ating these reports and the suitability of green solvents for
PVDF membrane fabrication. First, many of these studies con-
sidered only membrane fabrication without addressing the
overall solvent life cycle. Second, many of these solvents are
only available in limited quantities and are costlier than toxic
solvents.”” Therefore, they are often only suitable for smaller
industrial applications involving high value products. For
example, ILs offer tunable properties based on the wide range
of cations and anions from which they can be prepared.
Although all ILs have negligible vapor pressure and are non-
flammable, their toxicity is poorly characterized, which is a sig-
nificant problem for their potential use as green solvents.”®
Furthermore, their biodegradability depends strongly on the
properties of their constituent cations and anions.>® Another
barrier to large-scale industrial uses of ILs is the difficulty and
cost of their synthesis.

Organic carbonates, which have been known since the
1950s, are an interesting alternative to the above mentioned
solvents. They are available in large quantities at low
prices (the total worldwide production of organic carbonates
in 2007 was around 1 megaton). They are the esters of
carbonic acid that exhibit low (eco)toxicity and complete
biodegradability.>**' Unfortunately, their uses in membrane
preparation are underexplored. To date, studies regarding
organic carbonates are limited to propylene carbonate (PC).
For instance, Su et al.** and Yang et al.*® studied the PVDF
membrane formation by using several solvents, including PC.
Cui et al** studied the effect of diluents mixture (PC/dioctyl
terephtalate) on PVDF hollow fiber membrane characteristics.
Fang et al.*>® used a mixture of PC and diphenyl carbonate for
polymer dope solution preparation and PC solution as an
extruding solvent for the outer layer to prepare dual-layer
PVDF hollow fiber membrane. Recently, Rasool et al.*® studied
the potential of organic carbonates for membrane preparation
via NIPs method using various polymers (not including PVDF)
with organic carbonates and mixtures of organic carbonates
with the toxic solvent NMP. However, PVDF was not used in
their study although it is one of the popular polymers indust-
rially employed for the fabrication of membranes. Meanwhile,
the study by Yadav et al.>” has confirmed that membrane fabri-
cated with ethylene carbonates exhibits the lowest environ-
mental impact and cost as compared with PVDF with toxic sol-
vents (NMP, DMAC and DMF). Moreover, in PVDF membrane
literature, there is still a lack of information about the for-
mation of PVDF membranes, particularly p-phase PVDF, in sol-
vents such as cyclic organic carbonates, and the effect of the
solvent’s chemical structure on PVDF polymorphism.

In this study, we propose the preparation of PVDF mem-
branes using three green, cheap, and biodegradable cyclic car-
bonate solvents: ethylene carbonate (EC), PC, and butylene car-
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Table 2 Cyclic carbonate solvents used to dissolve PVDF and their properties

(0]

L

Ethylene carbonate

Density at 25 °C (g cm ™) 1.3312
Melting point, °C 36.3
Boiling point, °C 248.2
Solubility in water at 25 °C Soluble
Dispersion Force (6, MPa") 19.4¢
Polar Force (6p, MPa’?) 21.7¢
Hydrogen bond force (6, MPa*") 5.1

R, 11.40

e
L

Propylene carbonate

ok
J 9

1,2-butylene carbonate

1.1981 1.14
—55.0 —45.0

241.7 238.7

Soluble Low solubility
20° 16.9°

18.0% 18.97

1.1¢ 9.1

9.94 6.52

“Data collected from Hansen Solubility Parameters: A User’s Handbook.?” ? Data collected from Chernyak.*®

bonate (BC) by a combined NIPs and TIPs method. The chemi-
cal structures and properties of these solvents are presented in
Table 2. Particular emphasis is placed on identifying a scalable
approach for producing pure f-phase PVDF membranes. The
mechanism of p-phase formation in carbonate solvents is
investigated experimentally and confirmed by molecular
dynamics simulation. The physicochemical properties of the
as-prepared membranes are studied and the most promising
membrane application for distilled water production by direct
contact membrane distillation (DCMD) is investigated and
compared with previous publications.

2. Materials and methods

2.1. Materials

Polyvinylidene fluoride (PVDF) polymer (Solef 1015, MW =
534000 ¢ mol™") was kindly supplied by Solvay Specialty
Polymers. The cyclic organic carbonate solvents EC, PC, and
BC were purchased from Tokyo Chemical Industry Co. Ltd and
used without purification. Kerosene was purchased from
Sigma Aldrich Inc. and used as a wetting agent for porosity
measurement.

2.2. Membrane preparation

Polymer solutions were prepared by dissolving the appropriate
amount of PVDF polymer (15, 17.5 and 20 wt%) in a cyclic
organic carbonate solvent (EC, PC, or BC). The solution was
then stirred at 130 °C until it became clear and homogeneous,
after which it was cast on a glass plate kept at 50 °C using an
automatic film applicator (200 pm thickness) and immersed in
a coagulation bath held at 20 °C. After coagulation, the pro-
duced membranes were rinsed with distilled water and dried
for 24 h.

2.3. Membrane characterization

A Field Emission Scanning Electron Microscope (FE-SEM)
from Carl Zeiss was used to obtain membrane surface and
cross-section images. The membrane samples were freeze-

This journal is © The Royal Society of Chemistry 2021

cracked in liquid nitrogen and mounted on conductive carbon
tape. To reduce sample charging under the electron beam,
samples were coated with a 5 nm thick palladium layer using a
Quorum Q150T-ES Sputter Coater. The SEM images were ana-
lyzed by using Image] software in order to determine the dia-
meter of the spherulites. At least three SEM images for each
membrane were analyzed, and the diameters of a total number
of 100 spherulites were measured. Statistical analysis was
applied in order to determine the spherulites diameter by
Normal (Gaussian) Distribution (i.e. the histogram of the
spherulites diameter).

Pure water permeability (PWP) tests were conducted at
room temperature using a dead-end Amicon stirred cell. The
water fluxes through the membranes were measured at a trans-
membrane pressure of 1 bar. The effective diameter of the fil-
tration area was 40 mm. Due to the strong hydrophobicity of
PVDF, the investigated membranes were first immersed in an
ethanol solution and then washed with water prior to the PWP
experiment. Initially, the membrane was pre-compacted at a
pressure above 1 bar for 10 min to establish a stable permeate
flux before testing. The average water permeate flux was
obtained using three membrane samples prepared under the
same conditions, and each membrane was tested at least three
times. The PWP (L m~> h™" bar "), was determined using the
following equation:

Q

PWP = —————
A-t-AP

(1)
where Q is the volume of water permeated through the mem-
brane (in liters), A is the effective filtration area of the mem-
brane (m?), ¢ is the time corresponding to the volume of col-
lected water (in hour) and AP is the operating transmembrane
pressure fixed at 1 bar for all measurements.

After measuring the dry weight of the membranes, they
were wetted by immersion in kerosene for 24 h, after which
their wet weight was determined using the following equation:

(my—mq)

Px Pp
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Here, m,, and mq are the weights of the wet and dry mem-
branes, respectively. p and p, are the density of kerosene
(0.81 g cm™3) and polymer (1.78 g cm™3), respectively. For each
membrane, the porosity was determined from the average of
five measurements.

X-Ray Diffraction (XRD) was performed using a
PANalytical X’Pert PRO X-ray diffractometer with Cu-K, radi-
ation (wavelength: 0.154 nm) operated at 40 kV and 40 mA.
The samples were scanned in the 260 range of 10° to 40°
at a rate of 0.5° min~' using a silicon-based specimen
holder. The 1/2° divergence slit size was fixed for all
measurements.

Fourier transform infrared spectroscopy of the membranes
was carried out using a Bruker (Vertex 80) spectrometer in
the range of 600-1600 cm™' with a resolution of 2 ecm™,
using the ATR (attenuated total reflection) transmission
mode.

A differential scanning calorimeter (DSC, Q-20, USA) was
used to measure the crystallization temperature (7¢) of the
PVDF/solution samples. To this end, PVDF polymer was first
dissolved in the appropriate cyclic carbonate solvent (EC,
PC, or BC) at the desired concentration (15, 17.5, or
20 wt%) at 150 °C until a homogenous solution formed.
The sample was placed in an enclosed specific experimental
pan and heated to 180 °C for 10.0 min, then cooled to
20 °C at 10 °C min~". The T, value was then determined by
software analysis.

The Liquid Entry Pressure (LEP) is the minimum pressure
that must be applied over a liquid before it penetrates into
non-wetted (dry) membrane pores. LEP measurements for dis-
tilled water and 30 g L' NaCl aqueous solution were per-
formed using a dead-end filtration module. The applied
pressure was gradually increased by 5 kPa every 4 min using
nitrogen gas (N,). Mean values and standard deviations were
obtained by testing three different samples taken from
different parts of the same membrane.

The “bubble-point” test was used to determine the
maximum pore size of a porous membrane using the standard
test method described elsewhere.’® The gas pressure needed
for a liquid to penetrate a pore is inversely proportional to the
pore size. Thus, for a porous membrane, liquid penetration
occurs first through the largest pores. As the gas pressure
rises, water is gradually pushed into the largest pore of the
membrane. Once the gas pressure becomes high enough to
overcome the capillary force of the liquid inside the pores, the
liquid appears on the other side of the membrane. In this
case, the Young-Laplace equation is used to calculate the
maximum pore diameter dp, max (LM):

dp max = 4ycos 0/P (3)

where y (N m™) is the liquid’s coefficient of surface tension, 6
(°) is the contact angle of the liquid on the pore wall, and P
(Pa) is the liquid entry pressure. The pore structure is usually
irregularly shaped, so the size of the pores is defined as the
diameter of a circle whose area is equal to the pores’ cross-
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section. When the wetting effect of the liquid is perfect, the
angle 6 is assumed to be ~0, so eqn (5) is simplified to:

4
dptmax = ?y . (4)

2.4 Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed to
investigate the polymorphism of PVDF polymers in cyclic car-
bonate solvents (EC, PC, and BC). In the first step, the solubi-
lity parameter and density of the pure solvents were estimated.
The formation of f-phase and a-phase PVDF in the three sol-
vents was then investigated, and the simulations’ results were
analyzed by considering the Radial Distribution Function
(RDF), the relative concentration, and hydrogen bonding.

The simulations were performed with Materials Studio
package (BIOVIA Accelrys, version 4.3) using the COMPASS
force field (Condensed phase Optimized Molecular Potentials
for Atomistic Simulation Studies).*” Previous studies have
shown that this force field gives acceptable results for poly-
mers and their solvents."'™**

For each solvent, a simulation box containing 100 solvent
molecules with an initial density of 0.4 g cm™ was constructed
and equilibrated for 1 ns to estimate the density and solubility
parameters of the pure solvents in the NPT ensemble (i.e. with
a constant number of molecules, temperature, and pressure) at
1 bar (Berendsen barostat*’) and 300 K (Nose thermostat®®).
Periodic boundary conditions, the Verlet algorithm,*” and a
time step of 1 fs were used in all MD simulations.

The simulation boxes containing PVDF surfaces in contact
with the solvent were constructed using the equilibrium
density of the solvent to investigate the interactions between
the solvent and the PVDF surface. For this purpose, supercells
for different crystalline polymorphs (i.e., a-PVDF and j-PVDF)
were created using the appropriate crystalline coordinates (see
Table 1), repeating periodically along the x, y and z-axes. The
corresponding crystal sizes are listed in Table S.1,T and details
of the simulation box setup are presented in Table S.2.1 As an
example, the simulation boxes for the a and § PVDF phases in
contact with the EC are shown in Fig. 2.

The simulation boxes were equilibrated using the NVT
ensemble (i.e. a constant number of molecules, volume, and
pressure) for 300 ps, after which the MD simulation was run
for 10 ns using the NPT ensemble at 300 K and 1 bar to obtain
the final equilibrium PVDF surface and solvent molecule dis-
tribution. Structures were sampled at 10 ps intervals along the
MD trajectory. Finally, all possible hydrogen bonds between
the solvent molecules and the PVDF surface were calculated.®

The interactions of EC, PC, and BC with the PVDF surface
were evaluated by computing the RDF at 300 K. The RDF rep-
resents the probability density of finding atoms j at a distance
r from atom i, averaged over the equilibrium density, and can
be expressed as follows:

_dNy(r)

av(n (5)

g;i(r)

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Simulation box for p-phase PVDF in EC (a) front view and (b) top view; and a-phase PVDF in EC (c) front view and (d) top view. Carbon,
fluorine oxygen, and hydrogen are shown in grey, cyan, red, and white, respectively.

where d(N;(r)) is the average number of times the j atoms are
found in a spherical shell of thickness dr at a distance r from
atoms 1.

2.5. Direct contact membrane distillation (DCMD)

The membrane with the highest porosity and pure water per-
meability was used for desalination by DCMD using a lab-scale
set-up (Fig. S.1f). The membrane was placed between two
chambers of a stainless steel flat sheet module (model
CPR920, Convergence Industry B.V; Netherlands). DCMD was
initially performed using distilled water with an electrical con-
ductivity below 4.5 pS cm™" to detect potential leakage in the
set-up. The permeate flux (/) was obtained from eqn (6) by
monitoring the mass of permeate over time using a precision
balance (PCE Iberica S.L. Instruments, model PCE-BSH 10000)
connected to a computer:
Q

Jw = _t (6)

where Q is the volume of water permeated through the mem-
brane (in kg), A is the effective membrane superficial area
(0.006 m?), and ¢ is the time corresponding to the volume of
collected water (in hour).

The feed and permeate temperatures were controlled by an
electromantle thermostat (model EMX5000/SCE,
Electrothermal; UK) and a recirculation chiller (model CFT-75,
VESLAB instruments. Int.; USA), respectively. The feed and dis-
tillate were circulated co-currently through their respective
channels using Magnetic Coupling Water Pumps (Xylem
Flojet, HPR6/8, Totton Pumps Ltd, UK). TMU thermometers
(Papouch store s.r.o.; Czech Republic) with USB interfaces
were installed at both the inlets and outlets of the membrane

This journal is © The Royal Society of Chemistry 2021

module and were connected to a computer, in which a soft-
ware automatically recorded the inlet and outlet temperatures
every 30 s. The permeate inlet temperature (T} ;,) was main-
tained at 20 °C, while the feed inlet temperature (7;,) was
varied from 40 to 80 °C. Distilled water and an aqueous solu-
tion of 30 g L™' NaCl were used as feed. Both the feed and
permeate flow rates were kept constant at ~0.51 L min~". The
electrical conductivity of both the feed and permeate solutions
was measured with a conductivity meter (edge, model HI2003,
Hanna instruments Inc., USA) and used to determine the
corresponding salt concentrations and salt separation factor
(#) based on following equation:

Cp initial +Cp final
— 2 ).
ﬂ(%) =1 Ct initial +C final 100 (7)
2
where Cp’ initialy CP; finaly Cf, initialy and Cp, final It the initial and

final NaCl concentrations in the permeate and the feed solu-
tions, respectively.

3. Results and discussion

The group contribution method was used to determine the
solubility parameters of the cyclic organic carbonates (EC, PC,
and BC) for PVDF. Based on these parameters, it is expected
that PVDF, which has a solubility parameter of § = 23.2 MPa’?>
(6p = 17.1 MPa®?, §p = 12.6 MPa%®, &, = 10.6 MPa’? R, =
5)**72 should be soluble in BC but not in PC and EC (see
Fig. 3a). However, it is worth considering the impact of the
temperature on solvation and the accuracy of the Hansen solu-
bility parameter. As noted by other researchers, calculated

Green Chem., 2021, 23, 2130-2147 | 2135
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Fig. 3 (a) Solubility region of PVDF in the Hansen space (hydrogen bonds (5), intermolecular force (5p) and dispersion force (5p)) and the positions

of ethylene carbonate (EC), propylene carbonate (PC), and butylene carbonate (BC) and (b) vapor pressure of some popular polar aprotic solvents

for membrane preparation and cyclic carbonates examined in this study.

solubility parameters represent only rough approximations of
a system’s actual behavior.’® In this study, increasing the
temperature enhanced the solvation power of the studied
cyclic carbonates. The three solvents (EC, PC, and BC) dis-
solved PVDF at elevated temperatures (130 °C), allowing mem-
brane formation to be achieved by the TIPs method. These sol-
vents are water-soluble, allowing phase inversion to be
induced by solvent/nonsolvent exchange (NIPs). Consequently,
both the TIPs and NIPs mechanisms contributed to the
studied membrane formation process.

A key advantage of cyclic carbonates in membrane prepa-
ration is their low vapor pressure. Fig. 3b compares the vapor
pressure of some polar aprotic solvents that are widely used in
membrane preparation to that of cyclic carbonates (the
thermodynamic correlations used to estimate the vapor
pressure are presented in the ESI together with Table S.37).
The vapor pressures of EC, PC, and BC are much lower than
those of the polar aprotic solvents, indicating that cyclic car-
bonates are preferable from both safety and sustainability
perspectives.

3.1 Membrane characteristics

The TIPs process is a non-equilibrium process, so its analysis
requires consideration of temperature effects. In particular,
the cooling conditions are a key kinetic parameter that deter-
mines the spherulitic structure of the formed PVDF mem-
brane. In this study, we kept the polymer solution and quench-
ing bath temperature constant, at room temperature 20 + 2 °C,
for two reasons. First, other research studies have already
investigated the effects of varying these parameters,''%%3
and second the change of the quenching bath temperature
affects energy consumption and environmental impact of
membrane fabrication, both of which are important for sus-
tainable membrane fabrication.

All prepared membranes in this study exhibit a spherulitic
structure. Fig. 4a and b shows the morphology, spherulitic
size, and spherulitic distribution of the PVDF membranes pre-

2136 | Green Chem., 2021, 23, 2130-2147

pared with cyclic carbonate solvents. This can be attributed to
the phase inversion mechanism (i.e., solid-liquid phase inver-
sion) of semi-crystalline PVDF in cyclic carbonate solvents.
Due to the favorable interaction between PVDF and the sol-
vents (EC, PC, and BC), PVDF crystallization occurs before
liquid-liquid phase separation, resulting in a spherulitic struc-
ture. Fig. 4c shows the crystallization temperature of PVDF in
EC, PC, and BC at different concentrations (15, 17.5, and
20 wt%). A decrease of the crystallization temperature can be
seen with the increase of the alkyl chain length of the cyclic
organic carbonate solvents but it maintains almost the same
with the increase of the PVDF concentration.

The nucleation density is an important parameter in solid-
liquid phase inversion because spherulites form by growing
from a nucleus into lamellae that in turn gives rise to a sheaf-
like structure known as axialites, which finally develop into
spherulites.>® For the same solvent, the nucleation density is
directly proportional to the polymer content of the solution.
The effect of the polymer concentration (15, 17.5, and 20 wt%)
on the morphological structure of the PVDF membrane is pre-
sented in Fig. 4a and b. As can be seen, the nucleation density
clearly increases with the increase of the polymer concen-
tration, and the final spherulite size decreases with the
increase of the nucleation density. The reduction in spherulite
size and the volume of the inter-spherulite spaces is confirmed
by a concomitant decrease in the overall membrane porosity,
as shown in Fig. 5a. Similar trends were observed in other
studies for PVDF membranes prepared with toxic solvents.>
Additionally, spherulites formed at higher polymer concen-
trations exhibited more uniform structures. The polymer’s
crystallization depends on the magnitude of the crystallization
driving force (i.e. the difference in the polymer’s chemical
potential in the crystalline and solution phases). At low
polymer concentrations, the driving force is not strong enough
to induce the growth of all formed nuclei, resulting in the for-
mation of some fully developed sphereulitic with some smaller
spherulitic structures (Fig. 4a and b).

This journal is © The Royal Society of Chemistry 2021
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(a) Morphologies together with histograms and comparison of normal Gaussian distribution of the spherulites diameter (Left) when using

ethylene carbonate (EC), propylene carbonate (PC) and butylene carbonate (BC); (b) 3D graph comparing the spherulitic size and (c) crystallization
temperatures of PVDF membranes prepared with different polymer concentrations and solvent alkyl chain lengths, and (c) crystallization tempera-
ture of PVDF membranes prepared with different polymer concentrations and solvent alkyl chain lengths.

Changing the solvent’s chemical structure affected the final
morphological structure of the membrane as shown in Fig. 4a.
Specifically, increasing the solvent’s alkyl chain length
increased the solvent’s compatibility with PVDF (Fig. 4a). This
in turn decreased the crystallization temperature (Fig. 4c) and
strengthened the thermodynamic driving force of nucleation,
leading to an increased nucleation density (Fig. 4a). This
phenomenon results in a decrease of both the spherulitic size
and the inter-spherulitic space. As stated before, these changes
in membrane morphology affect the overall porosity.
Lengthening the alkyl side chain of the solvent structure
reduced the volume of the inter-spherulitic spaces and a
decrease of the overall porosity (see Fig. 5a).

The PWP of the prepared PVDF membranes with different
solvents and different polymer concentrations is shown in
Fig. 5b. As reported previously, longer alkyl side chain of the
solvent molecule reduced the spherulitic size, the inter-

This journal is © The Royal Society of Chemistry 2021

spherulitic space, and the overall porosity. This results in a
decline of the PWP. A similar trend was observed upon
increasing the polymer concentration. Higher polymer con-
centrations tended to increase the nucleation density, redu-
cing the volume of the inter-spherulitic spaces, overall poro-
sity, and PWP. However, this trend was not followed in the
case of EC prepared with 20 wt% PVDF. In this case, the
PWP was actually greater than that of the membrane pre-
pared with 17.5 wt% PVDF. This unexpected result can be
attributed to a significant reduction of the thickness of the
membrane’s skin layer at the higher polymer concentration
(i.e. 20 wt%), which is readily apparent in the SEM images
presented in Fig. S.2a.}

3.2 Polymorphism experimental observation

The XRD and FTIR spectra of the PVDF membranes prepared
with different solvents and polymer concentrations are pre-
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Fig. 5 (a) Porosity and (b) PWP of the PVDF/EC, PVDF/PC and PVDF/BC
membranes prepared with different polymer concentrations.

sented in Fig. 6. The B-phase predominates in the membranes
prepared with EC and PC solvents because the only visible
peak for these membranes is that at 20.26°. The FTIR spectra
of these two membranes prepared with EC and PC supported
the finding that the p-phase predominated in these cases
because their transmittance peaks were registered at 840 cm ™
and 1275 em™',>”*® indicating p-phase formation. Meanwhile,
no peaks were detected at 488, 532, 615, 766, 795, 854, 976,
1383, and 1423 cm',>>*° indicating the absence of the
a-phase. Similar results were obtained for the membranes pre-
pared with different polymer concentrations, indicating that
the polymer concentration did significantly affect the poly-
morph distribution.

The membranes prepared with BC exhibited different
trends. The XRD spectra indicated the decrease of the p-phase
formation as the polymer concentration was increased from 15
to 20 wt%. There were no clear o peaks in the FTIR spectra of
the membrane formed with 15 wt% polymer concentration,

2138 | Green Chem., 2021, 23, 2130-2147
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but the FTIR data clearly indicated the coexistence of the o
and f-phases for the membranes prepared with higher
polymer concentrations 17.5 and 20 wt%. Additionally, the
relative abundance of the a-phase increased with the polymer
concentration. It may be explained by the relatively long alkyl
side chain of BC that weakens the forces favoring oriented
dipole packing, preventing adoption of the TTT conformation
and leading to a preference for the thermodynamically more
stable a-phase (TGTG) conformation.

The formation of the f-phase can be attributed to the
strong electrostatic interaction of the PVDF chain with EC and
PC solvents. The polarity of the solvent, the dipole-dipole
interactions, and the hydrogen bonding at the interface
between PVDF nuclei and the solvent molecules will all favor
the conformation that optimizes the packing of the CH,-CF,
dipoles (i.e. the TTT conformation).®" The role of the solvent
polarity in p-phase formation was highlighted by Gregorio
et al.®® and Hassankiadeh et al.>' As shown in Fig. 7, cyclic car-
bonates have greater dipole moments than other solvents com-
monly used in membrane fabrication. This favors the for-
mation of the all-trans (TTT) conformation and subsequently
f-phase predomination. Large solvent dipoles will be stabilized
by the net dipole of B-PVDF more strongly than by the non-
polar a-phase. In the p-phase, PVDF has a permanent dipole
moment of 2.1 Debye per monomer unit, whereas the dipole
moment per monomer unit of the a-phase is only 1.3 Debye.*?
When a solvent with a high dipole moment interacts with
PVDF, strong electrostatic interactions will favor the formation
of locally extended chain coils. Therefore, the all-trans confor-
mation (i.e. the B-phase) is readily formed in solvents with
high dipole moments. Conversely, when PVDF is dissolved in
solvents with a lower dipole moment, the solvent interacts less
strongly with PVDF and results in the formation of unex-
panded or shrunken globules favoring therefore the twisted
a-phase conformation.®*

It must be mentioned that hydrogen bonding at the inter-
face of PVDF and solvent is another key factor governing
B-phase formation. Interfacial hydrogen bonds are formed
between hydrogen or fluorine atoms in PVDF and the solvent.
To clarify the contribution of such interfacial hydrogen
bonding in the formation of p-phase PVDF in carbonate sol-
vents, MD simulations were performed as stated previously.

3.3 Polymorphism simulation observation

The density and the solubility parameter of the pure cyclic
organic carbonate solvents were calculated from the results of
MD simulations with the COMPASS force field and are shown
in Table 3. The simulations’ results of the solubility parameter
were underestimated by 11.3 to 16.9%; however the density
simulations’ results agree well with the experimental indicat-
ing that MD described the solvents’ behaviors reasonably well.
The interactions between the solvents (EC, PC, and BC) and
PVDF surfaces (o and p-phase) were then investigated by MD.
The relative concentrations of EC and p-PVDF in contact with
each other in the simulation box before and after the simu-
lation are shown in Fig. 8a. Before the simulation, the relative

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 XRD (left) and FTIR (right) data of the PVDF membranes prepared with different polymer concentrations with (a and b) EC, (c and d) PC and
(e and f) BC solvents.
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E 3 Table 3 Simulation-based and experimental density and solubility
E 2 parameter of the three cyclic organic carbonate solvents
ER
a 0 ( . (S((])lubilgt)}of %arameter
Density (g ecm™ em™7)™
E & L 0 8 8 8 C &L L L L
S FFF SRR R - N
9 Solvent Simulation Exp. Simulation Exp.
Solvent
EC 1.27 £ 0.02 1.33 26.22 + 0.80 29.55
Fig. 7 Dipole moments of various solvents and cyclic organic PC 1.17 £ 0.02 1.19 23.63 + 0.60 27.21
carbonates. BC 1.11 + 0.02 1.14 22.38 + 0.40 26.93
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concentration of EC in the simulation box indicates that the
solvent molecules were evenly dispersed; their minimum dis-
tance from the PVDF surface is 3 A (see Fig. 2) and there is no
sharp peak in their relative concentration diagram (Fig. 8a).
However, at the end of simulation, two peaks of 1.79 and
32.99 A (because of the periodic boundary conditions used in
the MD simulation) appeared in the relative concentration of
EC (red line), confirming that the solvent molecules oriented
themselves close to the P surface. Additionally, there are
regular sharp peaks in the relative concentration of solvent
molecules in contact with PVDF before the simulation and at
its end, confirming that the crystal structure of p-phase PVDF
is stable during the MD simulation. A snapshot of the simu-
lation box at the end of simulation (see Fig. 8a) also indicated
that the crystal structure of p-PVDF was stable.

Fig. 8b shows the relative concentrations of three different
solvents (EC, PC and BC) in contact with the f-phase PVDF
surface in the simulation box at the end of the simulation.
There are two sharp peaks at 1.79 and 32.99 A, indicating
that solvent molecules accumulated near the B-PVDF surface.
This can be attributed to an attraction between the solvent
molecules and the B-PVDF surface that is similar in magni-
tude for all three solvents. The degree of solvent accumu-
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lation at the surface decreased in the order EC > PC > BC.
This indicates that EC exhibited a greater number of inter-
actions with the p-phase than PC and BC at shorter
distances.

The RDFs of solvent molecules with PVDF surfaces are
shown in Fig. 8c and d. There is no sharp peak in the RDF of
solvent molecules with the PVDF surface because not surface.
However, the PVDF the to access have all solvent molecules
could result confirm that a number of solvent molecules are
located 1.9 A away from the PVDF surface, which can be
explained by interfacial hydrogen bonding. The tendency of
solvent molecules to be found at the PVDF-solvent interface
again decreases in the order EC > PC > BC.

The RDFs of solvent atoms with H and F atoms of PVDF
chains are shown in Fig. 9. The RDF plot for O atoms in
solvent molecules and H atoms of -PVDF at the interface
(Fig. 9a) shows a relatively small peak at 2.7 A. The largest and
smallest peaks at this point were observed for EC and BC,
respectively. Similarly, the results plotted in Fig. 9b indicate a
relatively small peak at 2.7 A in the RDFs for solvent H atoms
and B-PVDF F atoms and this was larger for EC compared to
PC and BC peaks. The RDFs of solvent O and H atoms with
the H and F atoms of the a-PVDF surface displayed in Fig. 9c

2.5 4

Relative concentration

0.5 -

-5 5 15 25 35
Distance (A)

(b)
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@

(a) Relative concentrations of EC in contact with p-phase at the beginning and end of the simulation; (b) the relative concentrations of sol-

vents in contact with the p-PVDF surface along the simulation box at the end of simulation; RDF of solvent molecules with (c) p-PVDF and (d)

o-PVDF surfaces.
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Fig. 9 RDFs of (a) solvent O atoms with H atoms of -PVDF, (b) solvent H atoms and p-PVDF F atoms, (c) solvent O atoms with H atoms of «-PVDF,
(d) solvent H atoms with a-PVDF F atoms, and (e) snapshot of the simulation box showing the hydrogen bonding in EC in contact with the p-PVDF

surface.

and d also show a relatively short peak at 2.7 A being the
longest and shortest peaks at this distance for EC and BC,
respectively. These results confirm that the number of hydro-
gen bonds between the solvent and the o-PVDF surface is
maximized in EC and minimized in BC. In other words, as the
solvent’s carbon chain length increases, the accessibility of the
surface to the solvent molecules (and thus the number of inter-
facial hydrogen bonds) decreases. This was also observed for
the B-PVDF surface. Therefore, the results in Fig. 9 confirm
that the number of hydrogen bonds between the solvent and
the PVDF surface is maximized in EC and minimized in BC,
for both a- and B-PVDF. This is consistent with our experi-
mental results and expectations; BC has a longer alkyl side

This journal is © The Royal Society of Chemistry 2021

chain that disrupts interfacial interactions and therefore
cannot interact strongly with the PVDF chain and promotes
the p-phase orientation.

The simulation box observed for EC in contact with the
B-PVDF surface at the end of the simulation shown in Fig. 9e
clearly demonstrates extensive hydrogen bonding between
solvent molecules and also between solvent molecules at the
surface and the polymer chain (pink lines). Previous studies®
have shown that C-O and C-F moieties are hydrogen bond
acceptors that form C-H.--F-C and C-O---H-C interactions.
The hydrogen bonds between the solvent molecules and the
polymer surface are thus formed between O and H atoms of
solvent and H and F atoms of -PVDF.

Green Chem., 2021, 23, 2130-2147 | 2141
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To evaluate the stability of the PVDF structures in contact
with various solvents, the RDFs of the H and F atoms of PVDF
chains were calculated and the results are shown in Fig. 10.
The RDFs of the B-phase surface in contact with various sol-
vents (see Fig. 10a) were identical, indicating that j-PVDF has
a stable structure in all three solvents. Five peaks are observed
at the same distances (r) for the three solvents, confirming the
presence of the p-phase polymorph. However, the intensity of
the peaks indicates that the relative abundance of the p-phase
content decreases in the order EC > PC > BC. In other words,
increasing the solvent’s alkyl side chain lengths reduces the
intensity of the RDF peak, indicating a reduced relative abun-
dance of f-PVDF.

At the end of the simulation, the RDFs for EC with the two
phases (x and f) of the PVDF surface were very similar, indicat-
ing that over the course of the simulation, the a-phase was par-
tially transformed to the p-phase when in contact with EC. One
would therefore expect PVDF polymer to adopt p-phase crystal
conformations in the presence of EC, and that the relative
abundance of B-PVDF structure would depend on the solvent’s
alkyl side chain length.

The number of hydrogen bonds at the surface-solvent inter-
face was estimated based on the number of contacts within 3 A
for each solvent and PVDF polymorph. There was little vari-
ation in the numbers of hydrogen bonds formed with EC for
the two surfaces due to their similar contact surfaces (Table 4).
However, it was clear that the number of hydrogen bonds
decreased as the length of the solvent alkyl side chain
increased. This can be attributed to the fact that longer alkyl
side chains interrupt the interactions of solvent O atoms with
PVDF H atoms. Therefore, EC interacts strongly with PVDF
chains and promotes their orientation in the f-phase while BC
is less effective in this role.

The simulation boxes for the three solvents in contact with
the o-PVDF surface are shown in Fig. S.3.7 It is clear that the
a-phase of PVDF is converted into the p-phase and it is stable
in that state in the solvent EC, whereas there are depressions
and changes in the structure of the a-phase PVDF surface in
PC and BC. In addition, the results presented in Fig. S.31 also

g(r)

r(A)

(a)
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Table 4 Numbers of hydrogen bonds at the surface-solvent interface
for different PVDF polymorphs and solvents

Number of interfacial hydrogen bonds

Solvent o-PVDF $-PVDF
EC 75 76
PC 72 74
BC 71 69

confirm that the PVDF polymer chain in contact with EC
always adopts the f-phase structure, and that the polymer’s
B-phase ratio decreases as the solvent alkyl side chain length
increases.

3.4 DCMD experiments

Among all prepared PVDF membranes with different cyclic car-
bonate solvents, the one prepared with EC and a polymer con-
centration of 20 wt% (PVDF/EC-20) exhibited the highest poro-
sity and PWP. Its DCMD performance was therefore investi-
gated. Table 5 shows the measured LEP values of this PVDF/
EC-20 membrane for distilled water and 35 g L™ NaCl
aqueous solution. These data are comparable to those of com-
mercial membranes commonly used in membrane distillation
confirming the suitability of the membrane PVDF/EC-20 in
this technology. For instance, TF1000 (Gelman) and FALP
(Millipore) have LEP values of 48 and 48.3 kPa, respectively.®®
Fig. 11(a) shows the effects of the inlet feed temperature on
the DCMD permeate flux (J,,) and the salt rejection factor ()
when using as feed distilled water and NaCl (35 g L™") aqueous

Table 5 Characteristics of the PVDF membrane prepared with the
cyclic organic solvent EC and 20 wt% PVDF polymer (PVDF/EC-20):
total thickness (8), liquid entry pressure (LEP), and maximum pore size

dp, max
5 (um) LEPy o (kPa) LEP;5 o -1 (vac) (kPa) dp, max (M)
165.0 £ 7.1 52.5+3.5 70.0+7.1 1.932 +£ 0.26

8

—EC
7 —PC
6 ! ~—BC
A EC (8-PVDF)

r (A)
(b)

Fig. 10 RDFs of H and F atoms of (a) p-PVDF and (b) a-PVDF (the RDF of B-PVDF in EC is included for comparative purposes).
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Fig. 11

when using as feed distilled water and NaCl (30 g L™") aqueous solution (T,

solutions. Exponential (Arrhenius-type) relationships between
the DCMD permeate flux and the feed temperature were
observed. As a result, the permeate flux increased by 81.56%
for distilled water and 83.34% for 30 g L™ (NaCl) aqueous
solution when the feed temperature increased from 50 to
80 °C while maintaining the permeate temperature at 20 °C. It
is well known that in membrane distillation process, the oper-
ating feed temperature is the predominant parameter affecting
the permeate flux due to the exponential increase of the vapor
pressure with temperature. This trend has been observed in
various studies.®””7® In addition, for the saline solution, the
permeate flux was decreased by 25.5% and 16.3% at 40 °C and
80 °C, respectively, compared to the corresponding permeate

This journal is © The Royal Society of Chemistry 2021

(a) Permeate flux, J,, and salt rejection factor () of the PVDF/EC-20 flat-sheet membrane as a function of the inlet feed temperature (T¢;,)

in = 20 °C) and (b) as a function of time for T; i, = 80 °C, T, i, = 20 °C.

flux obtained for distilled water. This reduction of the perme-
ate flux upon the adding of NaCl to the aqueous feed solution
is attributed to the reduced water vapor pressure of the feed
solution and to the concentration polarization effect.’® As can
be seen in Fig. 11(b) both the permeate flux and the salt rejec-
tion factor were maintained stable with time. In general, the
salt rejection factors were above 99.97% and the electrical con-
ductivity (€2,¢) of the permeate was below 23.8 pS cm™.
Compared to other PVDF membranes prepared with other sol-
vents for membrane distillation summarized in Table 6, the
PVDF/EC-20 membrane prepared with the green cyclic carbon-
ate solvent EC exhibit a competitive DCMD desalination
performance.
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4. Conclusions

PVDF membranes with differing morphologies and properties
were prepared using inexpensive, green, biodegradable cyclic
carbonate solvents (EC, PC, and BC). The effect of the polymer
concentration in the dope solution was investigated observing
the formation of spherulitic structures. The spherulite size
decreased as the polymer concentration and alkyl chain length
of the solvent was increased (EC < PC < BC). The porosity and
pure water permeability of the prepared membranes decreased
as the spherulite size was decreased. When using the solvent EC
or PC, PVDF crystals were formed solely in the p phase, indepen-
dently of the PVDF concentration. However, with the solvent
BC, these were formed as mixtures of a and p phase crystals.
Molecular dynamics simulation yielded results consistent with
the experimental data. The PVDF membrane prepared with the
solvent EC and 20 wt% PVDF (PVDF/EC-20) exhibiting the
highest pure water permeability and porosity was further tested
in DCMD experiments. Stable and competitive DCMD desalina-
tion performance (a permeate flux up to 25.6 kg m~> h™ with a
salt rejection factor below 23.8 uS cm™') was obtained for this
membrane. The achieved results in this study indicate that
cyclic organic carbonates are attractive green solvents for PVDF
membrane fabrication for different applications (membrane
distillation, microfiltration, etc.).

Nomenclature

A Effective filtration area of membrane (m?)

Cefina ~ Final (NaCl) concentration in the feed solution
(gL™

Ctinitiar  Initial (NaCl) concentration in the permeate solution
(gL™

Cpfinai  Final (NaCl) concentration in the permeate solution
(gL™

Cpyiniia  Initial (NaCl) concentration in the permeate solution
(gL™

d(Ny(r) Average number of times the j atoms are comprised

in a spherical shell of the thickness dr at a distance r
from atoms i

dp, max ~Maximum pore diameter (pum)

(") Probability density of finding atoms j at a distance r
from atom i

Jw Water flux (kg m™> h™")

Q Volume of water permeated through the membrane
(kg)

mq Weights of the dry membranes (g)

My, Weights of the wet membranes (g)

P Liquid entry pressure (kPa)

Tc Crystallization temperature (°C)

Tt, in Feed inlet temperature (°C)

T Melting temperature (°C)

Tp, in Permeate inlet temperature (°C)

t Time corresponding to a certain volume of collected

water (h)

This journal is © The Royal Society of Chemistry 2021
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p Salt rejection factor (%)
5 Solubility parameter (MPa®?)
5o Dispersion Force (MPa’?)
Sp Polar Force (MPa’?)
Ou Hydrogen bond force (MPa®?)
Pp Density of polymer (g cm™)
Pl Density of kerosene (g cm™>)
AT Temperature difference (°C)
0 Water contact angle (°)
Qp s Final electrical conductivity (uS cm ™)
Y Coefficient of surface tension of the liquid (N m™)
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