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Abstract: Membrane methods are environmentally friendly and can significantly improve the design
and development of new energy consumption processes that are very important nowadays. However,
their effective use requires advanced membrane materials. This study aims to improve the perfor-
mance of pervaporation polyvinyl alcohol (PVA)-based membrane for isopropanol dehydration. To
achieve this goal, two methods were applied: (1) bulk modification of PVA by Pluronic F127 and
(2) development of supported PVA-based membrane using polyphenylene isophthalamide (PA) as a
substrate with a various porosity. Developed membranes were characterized by Fourier-transform
infrared spectroscopy, scanning electron microscopy (SEM), contact angle measurement, and swelling
experiments. The concentration influence of PA casting solution (12-20 wt.%) on the performance
of porous PA membranes (substrates) was investigated in ultrafiltration of pure water and bovine
serum albumin (BSA) solution as well as by microscopic methods (SEM and atomic force microscopy).
The developed dense and supported PVA-based membranes were tested in the pervaporation dehy-
dration of isopropanol. Optimal transport characteristics were obtained for a supported membrane
with a PVA-based selective layer containing 3 wt.% Pluronic F127 onto an ultrafiltration PA (17 wt.%)
substrate: improved permeation flux 0.100-1.164 kg/ (m? h) and 98.8-84.6 wt.% water content in the
permeate in pervaporation dehydration of isopropanol (12-80 wt.% water).

Keywords: polyvinyl alcohol; composite membrane; Pluronic F127; pervaporation; isopropanol
dehydration

1. Introduction

Membrane separation methods have found many applications in various industrial
processes during the past few decades, such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), electrodialysis (ED), reverse osmosis (RO), gas separation (GS), etc.
Pervaporation (PV) is one of the membrane separation technologies that has attracted
widespread attention in the last century. It is also related to sustainable processes due to
its potential advantages such as its eco-friendly nature; its low-energy requirements; its
ease of operation; and its ability to separate close-boiling components, and isomeric and
azeotropic mixtures [1,2]. The pervaporation separation depends on the diffusion behavior
and the difference in the component solubility through the membrane [3]. In recent years,
pervaporation has been used in a variety of applications such as the separation of organic
mixtures [4,5], the dehydration of aqueous—organic mixtures [6-9], and the purification of
an aqueous solution by removing dilute organic compounds [10,11]. Pervaporation has
many advantages over conventional processes for liquid mixture separation, especially for
the separation of azeotropic mixtures. Although pervaporation has been known for over
70 years, this technique was used commercially after installing a commercial pervaporation
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plant (Gesellschaft fiir Trenntechnik GFT mbH, Hameln, Germany) (GFT) in 1982 and
innovating a new supported membrane [12].

Since the 1980s, commercial applications have been established for alcohol dehydration
systems and other solutions. For isopropanol (IPA) dehydration, Mitsui Zosen of Tokyo,
Japan, at Ohgaki designed and built a plant to dehydrate isopropanol from 87 to 99.7 wt.%
with a capacity of 500 kg/h using GFT PVA-supported membrane. The dehydration of
isopropanol is important because it is needed as a cleaning agent in pharmaceuticals, semi-
conductors, and electronic applications and as an industrial solvent for various cosmetics,
waxes, gums, and oils. However, IPA forms an azeotropic mixture with water (12 wt.% wa-
ter and 88 wt.% IPA) at 80.4 °C under atmospheric pressure, 101.3 KPa (760 mmHg) [13,14].
The separation of an azeotropic water-IPA mixture by the conventional method is energy-
consuming and needs additional chemicals that can cause contamination in the final output.
Pervaporation is a useful technique with strategic and environmental advantages over the
traditional way of separating azeotropic water—IPA mixture [15-20]. It can separate water
through a membrane without adding other reagents.

Polymeric membranes are widely used materials for the pervaporation dehydration
of alcohols [21,22] due to their flexibility, easy film-forming ability, and cost-effectiveness.
The well-known membrane materials used for alcohol dehydration in pervaporation are
water-soluble polymers such as polyvinyl alcohol (PVA) [23], chitosan (CS) [24], and al-
ginate (Alg) [25] due to their environmental safety and high water selectivity. However,
these membranes swell in an aqueous solution, resulting in a decrease in their mechanical
and thermal stability. Thus, the additional cross-linking of these polymers is required to
suppress membrane swelling. The pervaporation performance of alcohol dehydration is
governed by the physical structure and chemical nature of the membrane. For the use of
membranes in pervaporation dehydration, the existence of a significant number of sorption
centers is crucial [21]. Water-selective sorption on the membrane surface happens due to
a functional polar group, leading to dipole-dipole, ion-dipole, and hydrogen bonding
interactions between the membrane surface and water molecules. In addition, the water se-
lectivity can be enhanced by changing the free volume of the membrane. Thus, a membrane
with the tailored properties improves the pervaporation dehydration performance.

The PVA-based membrane is attractive for the pervaporation dehydration of organic
mixtures since it shows high selectivity to water, anti-fouling potential, good mechani-
cal properties, film-forming ability, and chemical and thermal resistance [26,27]. PVA is
also a biodegradable non-toxic polymer [28], which makes it possible to develop mem-
branes based on it that do not affect the environment. However, PVA membranes typically
have low mechanical strength and poor stability in aqueous solution due to immoderate
swelling [21]. As a result, separation performance is significantly decreased, and low
stability during long-term operation occurs. Therefore, some studies were devoted to
suppressing membrane swelling and improving the thermal and chemical stability of the
membrane in aqueous solutions, including grafting [29], cross-linking [26,30], and heat
treatment [24,31]. Hybrid membranes based on PVA are widely used for the pervaporation
of water-IPA mixtures. PVA grafted with 30 wt.% of glycidyltrimethylammonium chloride
(GTMAC) was used to separate 10 wt.% water-90 wt.% IPA mixtures by pervaporation
at 30 °C. The permeation flux of 0.0192 kg/(m?h) with a separation factor of 1570 was
obtained [32]. The pervaporation PVA membrane blended with CS was cross-linked by
glutaraldehyde. The membrane was examined for dehydration of IPA, and the membrane
containing 75 wt.% CS had a good mechanical strength and the best transport characteris-
tics: a permeation flux of 0.644 kg/ (m2h) with 100% water in the permeate in pervaporation
dehydration of a 90% isopropanol mixture at 60 °C [33]. Suhas et al. developed a PVA
membrane modified by zeolite particles [34]. It was demonstrated that separation factors of
membranes with zeolite with lower alumina and with higher alumina content were 334 and
568, respectively, for the separation of an IPA-water mixture (10 wt.% water) at 30 °C. B.V.K.
Naidu et al. improved the PVA membrane selectivity in the separation of a water-IPA
mixture by dispersing nanosized polyaniline (PANI) particles in the membrane matrix [35].
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The PVA-PANI nanocomposite membrane successfully separated the azeotropic water—
IPA mixture compared with simple distillation, demonstrating the following transport
characteristics in the pervaporation dehydration of IPA (10 wt.% water) at 30 °C: a per-
meation flux of 0.069 kg/(m?h) and a separation factor of 564. Another attractive method
used to improve the membrane properties and to obtain better permeability is blending
different compatible polymers in various concentrations [36-40] or introducing modifiers
to polymer matrix such as zeolites [41], hetero-polyacids (HPA) [42], titanium dioxide
(TiOy) [19], zeolite imidazolate framework (ZIF) [43], carbon nanoparticles (fullerene and
its derivatives) [31,44,45] and nanotubes (CNTs) [46], graphene oxide (GO) [3], etc.

Pluronic F127 (PL) is an amphiphilic synthetic tri-block copolymer of polyethylene
oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-PEO). It is actively used as
a pore-forming agent and for increasing the hydrophilicity of the membrane surface.
Pluronic F127 solubility in cold water is more significant than in hot water due to the
increased solvation energy and hydrogen bonds at lower temperatures [47]. Pluronic F127 is
considered one of the best additives for polymer membrane matrices due to its amphiphilic
structure. It has good dispersion in both hydrophobic and hydrophilic polymers due to the
different affinity of PEO (hydrophilic) and PPO (hydrophobic) blocks for solvents [48,49].
The addition of Pluronic F127 into polymer membrane matrices controls the hydrophilicity,
roughness of the membrane surface, pore size, porosity, and size of macrovoids in the
membrane substructure [44,50]. Pluronic F127 has been used to improve pervaporation
membrane characteristics in several studies [50-54]. Polysulfone (PSF) dense membrane
was modified by Pluronic F127 and used to separate water—ethyl acetate mixtures [50]. The
addition of 3 wt.% Pluronic F127 into the PSF membrane matrix led to an increase in the
permeation flux by 1.7 and 2.7 times, respectively, with 100% water in the permeate in the
pervaporation of 98 wt.% water—2 wt.% ethyl acetate and 96 wt.% water—4 wt.% ethyl acetate
mixtures. Polystyrene (PS) membranes was developed for the pervaporation of 10 wt.%
aqueous ethanol solution [51]. The pervaporation results obtained demonstrated that PS
modified by 1.5 wt.% Pluronic F127 improved the membrane performance (permeation
flux of 140 g/(m? h) and separation factor of 39). Pluronic F127 was used as a surface
modifier to prepare polyethersulfone (PES) dense membranes using the surface segregation
method for the pervaporation separation of a thiophene-n-octane mixture. At 30 °C
and 500 mg/L sulfur in the feed mixture, the permeability was 3.10 kg/(m?h), with a
separation factor of 3.50 [53]. The pervaporation polyphenylene isophthalamide (PA)
membranes were developed by Pluronic F127 modification and tested to separate an
azeotropic methanol/toluene mixture [54]. The results obtained demonstrated that the
addition of 10 wt.% Pluronic F127 into the PA membrane matrix increased the permeability
of the PA dense membrane by two times and that the methanol content in the permeate
increased by 5 wt.% compared with the pristine PA membrane. Within the framework of
the literature review, it has been found that the Pluronic F127 effect on the performance of
PVA-based membranes is understudied.

Thus, for the first time, PVA was modified by Pluronic F127 for the separation of an
azeotropic water—IPA mixture. This study aims to improve the pervaporation dehydration
performance of PVA membranes by adding Pluronic F127, cross-linking by maleic acid,
and using developed ultrafiltration PA membranes of different porosity as a substrate for
the development of highly efficient supported PVA-based membranes.

2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA, 141 kDa, analysis certificate No 553041-3013) obtained from
ZAO LenReaktiv (St. Petersburg, Russia) was used as a membrane material for the prepa-
ration of dense membranes and a thin selective layer of supported membranes. Polypheny-
lene isophthalamide (PA, Fenylon C2, lot. 12/2018) was obtained from UNIPLAST Ltd.
(Vladimir, Russia) and used to prepare a substrate for the supported PVA membranes.
Maleic acid (MA); isopropanol (IPA); N, N-dimethylacetamide (DMA); and LiCl were
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obtained from Vecton (Saint Petersburg, Russia) and used without additional treatment.
Amphiphilic copolymer polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO-
PPO-PEO) (PL, Pluronic F127, 12.6 kDa) was obtained from Sigma-Aldrich (St. Louis, MI,
USA) and used as a modifier. Bovine serum albumin (BSA, 67 kDa, No A2244, 0050: Albu-
min fraction V (pH 5.2)) was purchased from PanReac AppliChem (Moscow, Russia) and
used for fouling experiments in ultrafiltration. Lavsan (polyester non-woven fabric) was
obtained from ZAO LenReaktiv (St. Petersburg, Russia) and used as mechanical support to
prepare porous PA membranes (substrates).

2.2. Membrane Preparation
2.2.1. Dense Membranes

Dense PVA and PVA-PL membranes (thickness 40 + 2 um) were prepared by casting
the 2 wt.% PVA aqueous solution with/without 35 wt.% MA (with respect to the PVA
weight) and Pluronic F127 (0, 1, 2 and 3 wt.% with respect to the PVA weight) into a Petri
dish and dried at 40 °C for 24 h. The obtained membranes with MA were cross-linked by the
following heat treatment at 110 °C for 120 min. The optimal concentration of Pluronic F127
was limited to 3 wt.%, since the higher concentration of Pluronic F127 led to a deterioration
in mechanical properties of membranes and poor dispersion in polymer solution.

2.2.2. Porous Membranes

The porous PA membranes were prepared via non-solvent induced phase separation
(NIPS) (by immersion in a precipitation bath with distilled water at 25 °C) using lavsan as
a mechanical support. PA solutions of different concentrations (12, 15, 17, and 20 wt.%) in
DMA containing ~0.7 wt.% LiCl (for solution stabilization) were kept for 4 days at —5 °C.
Then, the solution was casted onto a glass plate with fixed lavsan. Then, the glass plate
was submerged in a water bath and the DMA extracted from PA. After the film formation,
the membranes were left for 12 h in distilled water for complete DMA extraction.

2.2.3. Supported Membranes

The supported membranes with a thin selective layer were prepared by casting 2 wt.%
PVA aqueous solution with/without 35 wt.% MA and Pluronic F127 (3 wt.% with respect
to PVA weight) onto the surface of the ultrafiltration PA membrane prepared from the
different concentrations of the casting solution (12, 15, 17, and 20 wt.%). The supported
membranes were then dried at 22 £ 2 °C (room temperature) to form a selective layer
with a thickness of 1.5 & 0.3 pm, as determined by scanning electron microscopy. Cross-
linking of the selective PVA layer was also obtained by thermal treatment at 110 °C for
120 min. PA was chosen as a substrate due to several reasons: (i) the good adhesion to
PVA when forming a stable selective layer for the pervaporation application, (ii) good
membrane forming properties and the ease of variation in the membrane porous structure,
(iif) mechanical and chemical stability, and (iiii) economic accessibility.

The abbreviations used in this work to describe PVA-based membranes are presented in
Table 1. For ease of membrane designation, the substrate is indicated after the slash (/) sign.

2.3. Membrane Investigation Methods
2.3.1. Scanning Electron Microscopy (SEM)

The morphology of both the cross-section and the surface of membranes were obtained
by Zeiss Merlin SEM (Carl Zeiss SMT, Oberhochen, Germany) operating at an accelerating
voltage of 1 kV and a beam current 100 pA. The membranes were fractured perpendicular
to the surface after five minutes of immersion in liquid nitrogen. There was no conductive
coating to avoid the modification of morphology by a deposited layer.
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Table 1. The PVA-based membrane samples.
Cross-Linker Modifier Casting Solution
Membrane Type Concentration
Type  Content (Wt.%) Type Content (wt.%) (wt.%)
PVA Dense - - - - 2
PVA-PL (1 wt.%) Dense - - PL F127 1 2
PVA-PL (2 wt.%) Dense - - PL F127 2 2
PVA-PL (3 wt.%) Dense - - PL F127 3 2
PVA-MA Dense MA 35 - - 2
PVA-MA-PL (1 wt.%) Dense MA 35 PL F127 1 2
PVA-MA-PL (2 wt.%) Dense MA 35 PL F127 2 2
PVA-MA-PL (3 wt.%) Dense MA 35 PL F127 3 2
PA-12 Porous - - - - 12
PA-15 Porous - - - - 15
PA-17 Porous - - - - 17
PA-20 Porous - - - - 20
PVA/PA-12 Supported - - - - 2/12
PVA/PA-15 Supported - - - - 2/15
PVA/PA-17 Supported - - - - 2/17
PVA/PA-20 Supported - - - - 2/20
PVA-MA /PA-17 Supported MA 35 - - 2/17
PVA-MA-PL Supported MA 35 PL F127 3 2/17

(3 wt.%)/PA-17

2.3.2. Atomic Force Microscopy (AFM)

The atomic force microscopy (NT-MDT NTegra Maximus atomic force microscope with
standard silicon cantilevers with the rigidity of 15 Nm~!, NT-MDT Spectrum Instruments,
Moscow, Russia) was applied to analyze the surface roughness of the selective layer of the
fabricated membranes.

2.3.3. FTIR Spectroscopy (FTIR)

The Fourier transform infrared (FTIR) spectra of the dense membranes based on PVA
and its composite with Pluronic F127 was obtained with a resolution of 0.5 cm ! at 22 4-2 °C
in the spectral range 4000-500 cm~! on an FTIR spectrometer (BRUKER-TENSOR 27,
Bremen, Germany).

2.3.4. Ultrafiltration

The permeability of the porous PA membranes was estimated during the ultrafiltration
using a dead-end ultrafiltration cell (scientific and production cooperative "BIOTEST",
Kirishi, Russia) with an effective surface area of 28.26 cm?, as shown in Figure 1.

All ultrafiltration experiments were performed at ambient temperature (22 & 2 °C)
with a stirrer velocity of 500 rpm and a transmembrane pressure of 1 bar. The membranes
were initially pressurized at 1 bar for 1 h before ultrafiltration to obtain a steady water
flux during the ultrafiltration. The pure water flux (Jy) was calculated from the following
Equation (1):

Vv
AxA

where V indicates the permeate volume (L), A is the effective membrane area (m?), and At
is the ultrafiltration time (h).

Bovine serum albumin (BSA) 0.5 wt.% solution in a phosphate buffer (pH = 7.0-7.2)
was used to determine the membrane rejection efficiency. The concentration of BSA in
the permeate and feed was estimated by spectrophotometry at a wavelength of 280 nm,
corresponding to the BSA solution’s maximum absorbance using a Spectrophotometer

J @
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PE-5400 UV (“ECROCHEM”, Moscow, Russia). The rejection coefficient (R) of BSA was
calculated from the following Equation (2):

R= (1 - &> % 100%, )
Cr

where Cp and Cf (g/L) are permeate and feed concentrations.

i :_.,‘.r.-* % manGmEter

nitrogen gas magnetic stirring
Figure 1. The scheme of the filtration setup.

The antifouling performance of porous PA membranes was established using BSA
solution. The fouling experiments were characterized by the flux recovery ratio (FRR) to
investigate the membrane antifouling performance and their efficiencies after washing by
distilled water using the following Equation (3):

FRR = 122 4 100%, ©)

wl

where [y and Jy; are the flux of pure water before and after the membranes fouling with
BSA solution, respectively.

2.3.5. Pervaporation

The pervaporation experiments were operated using a laboratory cell with the effective
membrane area of 9.6 cm? at 22 + 2 °C in a steady-state regime (Figure 2). The permeate
was collected in a glass trap cooled by liquid nitrogen.
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membrane cell

manometer

retort stand

vacuum pump liquid nitrogen

Figure 2. The scheme of the pervaporation setup.

The pervaporation performance was mainly assessed by two parameters: the perme-
ation flux (J) and the separation factor (8). The permeation flux (J) was determined using
the following Equation (4):

]:S*At' @

where Ag represents the permeate weight (kg) collected in a glass trap during the operating
time At (h) and S is the effective membrane area (m?).
The separation factor () was defined using the following Equation (5):

PZU
P,
p= T, ©

Fipa

where Py and Pjpy are the weight fractions of water and isopropanol in the permeate,
respectively, and where Fyy and Fjp4 are the weight fractions of water and isopropanol in
the feed, respectively.

Finally, the pervaporation data were recorded after reaching a stable state of mass
transfer, which means that the equilibrium membrane swelling was achieved. The perva-
poration data were steady under stable operating conditions. In addition, pervaporation
experiments under the same operating conditions were repeated three times and averaged.

2.3.6. Contact Angle Determination

The contact angle values were obtained by the sessile drop method using a contact
angle meter (OCA 20, DataPhysics instruments GmbH, Filderstadt, Germany) at 22 42 °C
to evaluate the hydrophilic-hydrophobic balance of the membrane surface.
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2.3.7. Swelling Experiment

The sorption of penetrating substances occurs due to the activity gradient, when the lig-
uid mixtures encounter the membrane surface. Sorption is a thermodynamic phenomenon
in which equilibrium is reached when the chemical potential of substances are sorbed by
the polymer matrix and becomes equal to the chemical potential of those substances in the
bulk solution. The sorption of penetrating substances depends on the solubility of these
substances into the membrane matrix.

To determine the equilibrium swelling degree (sorption) of polymer membranes, films
of known weight were immersed into a liquid (IPA-water mixture 88/12 wt.%) at 22 £+ 2 °C.
After 24 h, the membrane films were weighed after removing excess liquid with the filter
paper. The previous procedure was repeated until the swollen films remained steady in
weight. The swelling degree (S) (g of liquid /100 g of dry polymer) was calculated using
the following Equation (6):

Sm — So
0

S= * 100%, (6)
where S, is the weight of the swollen membrane and Sy is the weight of the dry membrane.
The sorption experiment was repeated three times for each membrane.

3. Results and Discussion
3.1. Development and Study of Dense PVA Membranes

Pluronic F127 was added into dense PVA membranes cross-linked by MA or without
additional treatment to improve the membrane’s transport properties for pervaporation
dehydration of isopropanol. The pervaporation separation of components using dense
membranes can be explained by the solubility-diffusion mechanism, where structure,
morphology, swelling characteristics, and free volume of the membranes are essential
factors. To evaluate the effect of Pluronic F127 addition and chemical cross-linking by MA
on the membrane properties, various analysis methods (FTIR, SEM, swelling experiments,
and contact angle measurement) were applied.

3.1.1. Transport Properties of Dense PVA Membranes Modified by Pluronic F127

The transport properties of dense PVA membranes with/without chemical cross-
linking by MA and modified by Pluronic F127 were tested in the pervaporation of the
azeotropic water-IPA (12/88 wt.%) mixture (Figure 3).

As shown in Figure 3, the permeation flux of PVA-based membranes increases with the
rise in Pluronic F127 content in the membrane matrix. The addition of Pluronic F127 to the
membrane increased the membrane surface’s hydrophilicity (confirmed by water contact
angle data below). Additionally, it acts as a pore-forming agent (shown by SEM data below),
which leads to an increase in membrane permeability. All membranes were 99.9 wt.% water
selective due to the high affinity of PVA for water because of its hydrophilic functional
—-OH groups [55]. It should be noted that the PVA membrane containing 3 wt.% Pluronic
F127 possessed optimal transport characteristics: a permeation flux of 0.017 kg/(m?h) and
a high water concentration in the permeate (99.9 wt.%).

Chemically cross-linked by MA PVA-PL (3 wt.%) membrane was obtained to improve
the stability and for the promising industrial use of this membrane for separation of dilute
mixtures [56]. The cross-linking of pure PVA was also carried out to compare the transport
properties with the modified membrane. Chemically cross-linked PVA and PVA-PL (3 wt.%)
membranes were also tested in pervaporation of the azeotropic water-IPA (12/88 wt.%)
mixture (Figure 3). It was demonstrated that cross-linking of dense PVA and PVA-PL
(3 wt.%) membranes by MA slightly reduces the permeability from 0.008 to 0.007 kg/(m? h)
for a membrane based on pristine PVA and from 0.017 to 0.015 kg/ (m? h) for a membrane
based on PVA-PL (3 wt.%) composite. The cross-linking of PVA by MA results in converting
the extensive hydrogen bonding in PVA to a covalent bond. The covalent bond structure
changes the inner structure (free volume) of the membrane [57]. The chemical cross-
linking of PVA membranes also led to a decrease in the size and number of cavities in the
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membrane cross-sectional morphology (confirmed by SEM data below) and an increase in
the membrane resistance to water (confirmed by contact angle measurements below).

=
>
.
9]
L)

0.010

Permeation flux, kg/(m” h)

0.008
[ 0.007

0.005

Figure 3. The permeation flux of dense PVA-based membranes in pervaporation separation of the
azeotropic water—-IPA (12/88 wt.%) mixture. The water content in the permeate for all membranes
was 99.9 wt.%.

Thus, the chemically cross-linked PVA-MA-PL (3 wt.%) membrane had optimal transport
characteristics for the pervaporation dehydration of the azeotropic water—IPA (12/88 wt.%)
mixture, despite a slight decrease in permeability (from 0.017 to 0.015 kg/(m? h)). To
use it efficiently in the industry, it is necessary to develop a supported membrane with a
thin selective layer based on the PVA-MA-PL (3 wt.%) composite on a porous substrate.
Porous PA substrate was developed separately and optimized (Section 3.2) to improve the
separation process efficiency.

3.1.2. Structure Characteristics of Dense PVA Membranes Modified by Pluronic F127

The structure and morphology of the dense membrane play essential roles in the
pervaporation separation. The dense PVA membranes with/without chemical treatment
and modified by Pluronic F127 have been studied by various analysis methods such as FTIR,
SEM, swelling experiments, and contact angle measurement to investigate the changes
in structural characteristics. The FTIR spectra of Pluronic F127, PVA, PVA-PL (3 wt.%),
PVA-MA, and PVA-MA-PL (3 wt.%) membranes are presented in Figure 4.

In the spectrum of pure PVA, the broadband at 3278 cm ! is attributed to the hydroxyl
groups (OH) and the stretching band at 2911 cm ™! refers to the CH, stretching [58,59]. The
peaks at 1710 cm ! have been ascribed to the stretching vibration of C=0 of the residual
acetate groups [59-61]. The absorption band at 1413 cm ™! ascertained the existence of
symmetric bending of CH,. Additionally, the peak at 1324 cm~! corresponds to vibrations
for the CH and OH modes [59]. The peak at 916 cm~! was assigned to CH, rocking,
while the peak at 843 cm ™! was assigned to C-C stretching vibrations of the planar zigzag
carbon backbone.
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Figure 4. FTIR spectra of Pluronic F127, PVA, PVA-PL (3 wt.%), PVA-MA, and PVA-MA-PL
(3 wt.%) membranes.

When the Pluronic F127 was added to the PVA membrane matrix, the peaks at 3278,
2911, 1710, 1324, 916, and 843 cm~! were slightly shifted. It was also noted that the peak
intensity at 1537 cm ! increased with the addition of Pluronic F127. These slight changes
may be due to the superimposition of PVA and modifier peaks as well as the low content
of Pluronic F127 in the membrane matrix.

In the spectrum of PVA-MA membranes, there are changes in the peaks in the spectral
range 800-2000 cm 1. The intensive stretching band at 1710 cm ! indicates the existence
of an ester carbonyl group [56,62]. The absorption peak at 1641 cm~! is a clear indication
of the presence of -CO-CH=CH- stretching, which confirms the interaction of PVA with
unsaturated MA, causing the formation of an unsaturated ester due to cross-linking of
polymer chains [56]. The modification with 3 wt.% Pluronic F127 of PVA-MA membrane
led to less intensity and the shift in peak at 3282 to 3267 cm ™!, indicating the cross-linking
of polymer chains. Peaks at 1710 and 1633 cm ™! corresponding to an ester carbonyl group
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and -CO-CH=CH- stretching, respectively, are also observed for the PVA-MA-PL (3 wt.%)
membrane. FTIR spectra of PVA-MA and PVA-MA-PL hybrid membranes confirmed the
formation a cross-linking network. The changes in PVA FTIR spectra obtained by adding
Pluronic F127 or/and MA significantly affected the membrane performance.

The morphology of dense PVA and PVA-MA membranes modified by Pluronic F127
was investigated using SEM (Figure 5).

PVA-PL (1 wt.%) PVA-MA-PL (1 wt.%)

PVA-PL (2 wt.%) PVA-MA-PL (2 wt.%)

PVA-PL (3 wt.%) PVA-MA-PL (3 wt.%)

Figure 5. SEM cross-sectional micrographs of dense PVA and PVA-MA membranes modified by
different contents of Pluronic F127 (0-3 wt.%).
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Figure 5 demonstrates that the morphology of the pristine PVA membrane without
any modification is smooth and flat. The addition of 1 wt.% Pluronic F127 into the PVA
membrane matrix led to some cavities forming. With increasing Pluronic F127 content
in the PVA matrix, the number of cavities decreased but their size became larger. The
chemically cross-linked by MA PVA membrane (PVA-MA) had a rough cross-sectional
structure compared with the untreated PVA membrane (Figure 5). The chemical cross-
linking of PVA-PL (1, 2, 3 wt.%) membranes by MA decreased the number and the size of
the formed cavities. MA acts as a cross-linking agent, leveling the effect of Pluronic F127.
This may be why the cross-linked PVA membranes by MA have slightly lower permeation
flux than uncross-linked PVA membranes (Figure 3).

The surface properties of PVA membranes (with/without the chemical cross-linking)
were investigated by measuring the water contact angle to estimate the changes due to
the addition of Pluronic F127. The water contact angles of PVA and PA-MA membranes
modified by Pluronic F127 (1, 2, and 3 wt.%) are presented in Figure 6.

PV A uncross-linked
0 PV A cross-linked with MA
o 60}
<
=0
=
- 50 =
2
=
=}
O 40}k
30 F

0 1 2 3
Pluronic 127 content in PVA matrix, wt. %

Figure 6. The dependence of the water contact angle value on the Pluronic F127 content in the
PVA membrane.

The data in Figure 6 demonstrate that the contact angle remarkably decreases with the
increase in Pluronic F127 content in PVA and PVA-MA matrices. This indicates a practical
enhancement in the membrane surface hydrophilicity due to the addition of Pluronic F127.
Pluronic F127 consists of hydrophilic polyethylene glycol (PEG) blocks and hydrophobic
polypropylene glycol (PPG) blocks. The hydrophobic PPG groups are embedded in the
PVA chains and stay fixed in the membrane matrix, while the hydrophilic PEG groups are
released on the membrane surface. Thus, the surface of PVA membranes becomes more
hydrophilic due to an increase in the number of hydrophilic blocks of PEG of Pluronic F127
on the membrane surface. Additionally, it should be noted that chemically cross-linked
membranes have slightly higher contact angle values compared with the uncross-linked
membranes. This may be due to the levelling effect of MA on Pluronic F127, resulting in
lower surface hydrophilicity.

The solubility-diffusion mechanism is used to explain the transport of components
through the dense membranes during the pervaporation process. In this mechanism,
three main stages of the process can be distinguished: (1) component sorption on the
membrane surface, (2) component diffusion through the membrane, and (3) component
desorption from the opposite membrane side. Since the first stage of the solubility-diffusion
mechanism is component sorption, the equilibrium swelling of membranes based on PVA
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and its composites with Pluronic F127 (with/without chemical cross-linking) was estimated
to evaluate the penetration of components (water and IPA) through the membrane during
the pervaporation. The degree of swelling for PVA-based membranes in an IPA-water
mixture (12 wt.% water) is presented in Figure 7.

»l —— PV A uncross-linked
—@— PVA cross-linked with MA
. 20
< 19
g |
Eo 18 F
=
= 16 .
= i 15
z 14 u
14}
13
12
12
[] 2 [ " [ " [ ] "
0 1 2 3

Pluronic F127 content in PVA matrix, wt. %

Figure 7. Degree of swelling for PVA-based membranes in the azeotropic water—IPA (12/88 wt.%) mixture.

The data presented demonstrate that the addition of Pluronic F127 into the PVA and
PVA-MA matrices increases the degree of swelling. This may be due to the amphiphilic
nature of Pluronic F127, which contains hydrophobic PPG parts and hydrophilic PEG
parts. Additionally, it can be seen that the degree of swelling of cross-linked PVA by MA
membranes is slightly lower than that of uncross-linked ones. This is because the cross-
linking of PVA by MA suppresses the swelling of PVA in water and due to the leveling
effect of MA on Pluronic F127. These results are consistent with the contact angle data
(Figure 6).

For the industrial application of dense PVA membranes, it is necessary to create a
supported membrane with a thin selective layer based on PVA deposited on a porous
substrate, improving the membrane performance. A thin selective layer based on PVA-MA-
PL-F127 (3 wt.%) was chosen due to its optimal characteristics (as obtained in Section 3.1).
The PA porous membrane was used as a substrate. In order to obtain supported membranes
with increased productivity, it was very important to optimize the porous membrane
(substrate) separately by choosing the right material, concentration, and conditions of its
preparation and by optimizing its properties. The next section describes a new porous
PA-based substrate that has been developed and optimized for supported PVA membranes
modified by Pluronic F127.

3.2. Development and Study of Porous PA Membranes (Substrates)

A porous PA substrate was prepared from a PA solution of different concentrations
(12-20 wt.%) to select the optimal porosity and surface properties and to obtain a defect-free
thin PVA layer. The structural characteristics of the prepared PA membranes (substrates)
were studied by SEM and AFM methods. The transport properties of porous PA substrates
were evaluated by ultrafiltration of pure water and the bovine serum albumin (BSA)
solution to estimate its productivity.
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X1

X2

X3

(a) PA-12

3.2.1. Structure of PA membranes (substrates)

The inner morphology of porous PA membranes was analyzed by SEM. The SEM
cross-sectional micrographs of porous membranes (substrates) obtained from a PA solution
of various concentrations (12, 15, 17, and 20 wt.%) are presented in Figure 8.

(b) PA-15 (c) PA-17 (d) PA-20

Figure 8. The SEM cross-sectional micrographs of porous PA membranes (substrates) prepared from
a PA solution of various concentrations (a) 12 wt.%, (b) 15 wt.%, (c) 17 wt.%, and (d) 20 wt.% at
different magnification (X; = 1.00 K, X; = 25.00 K, and X3 = 50.00 K).

Figure 8 demonstrates that the macrovoids of the PA membrane decrease significantly
with increasing concentration of the casting PA solution from 12 to 20 wt.%. In addition,
the upper layer of the membrane (selective layer) becomes denser and thicker as the
concentration of PA in the casting solution increases. The following steps can explain the
mechanism of pore formation on the surface of the membrane: upon immersing the support
with the casting polymer solution in the coagulation bath with non-solvent (water), the
solvent in the casting solution spreads out into the coagulation bath while the non-solvent
spreads into the PA casting solution. This process continues until the non-solvent has
wholly replaced the solvent in the casting solution [63]. An increase in the concentration of
the PA solution leads to an increase in the polymer solution viscosity; consequently, the
exchange rate of non-solvent (water)-solvent (DMA) decreases during phase inversion,
which leads to slower precipitation of the PA on mechanical support lavsan [64].

The surface characteristics of the PA membranes (substrates) were detected by AFM.
AFM images with a scan size of 15 x 15 pm of PA membranes (substrates) prepared from
PA solution of various concentrations (12, 15, 17, and 20 wt.%) are presented in Figure 9.

Based on AFM images, the roughness characteristics of the surfaces of PA membranes
(substrates) were calculated in terms of the root-mean-squared roughness (Rq) and average
roughness (Ra) (Table 2).

As can be observed from the data in Table 2, the average surface roughness and
the root-mean-squared roughness decrease with an increase in the PA casting solution
concentration from 12 to 20 wt.%. These surface changes can contribute to a more uniform
deposition of a thin dense layer based on PVA and its composites with Pluronic F127.
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Figure 9. AFM images of the porous PA membranes (substrates) prepared from a PA solution of
different concentrations: (a) 12 wt.%, (b) 15 wt.%, (c) 17 wt.%, and (d) 20 wt.%.

Table 2. Surface parameters of PA substrates.

Surface Parameters

Membrane Average Roughness, Root-Mean-Squared Roughness,
Ra (nm) Rq (nm)
PA-12 30.3 37.9
PA-15 24.0 30.2
PA-17 18.7 24.0

PA-20 4.20 5.30
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3.2.2. Transport Properties of PA Membranes (Substrates)

The influence of the concentration of the PA casting solution (12, 15, 17, and 20 wt.%)
on the performance of porous PA membranes (substrates) was investigated in ultrafiltration
of pure water and bovine serum albumin (BSA) solution (Table 3).

Table 3. Transport properties of porous PA membranes (substrates) in ultrafiltration.

Membrane Pure Water Flux (Jw), Flux of BSA (J), o o
(Substrate) 1/(m2h) /(m2 h) R, % FRR, %
PA-12 580 276 33 58
PA-15 392 123 82 70
PA-17 233 76 99 76
PA-20 63 59 99 87

The data demonstrate that the pure water flux (Jyy) and flux of BSA (J) of the PA mem-
branes (substrates) decrease with increasing polymer concentration (from 12 to 20 wt.%)
in the casting solution, but the rejection coefficient and flux recovery ratio increase. The
membrane permeability and rejection are associated with membrane porosity [65]. Thus,
increasing the concentration of the casting solution leads to a decrease in the macrovoids
and porosity and to the formation of a thicker and denser skin layer (confirmed by SEM,
Figure 8), resulting in a less permeable but more selective (with higher rejection coefficient)
asymmetric porous membrane [66].

The flux recovery ratio (FRR) of PA membranes (substrates) increases with the increase
in PA casting solution concentration (Table 3). This can be explained by the fact that PA
membranes (substrates) with smaller pore sizes are less prone to protein contamination
during the ultrafiltration and usually have higher FRR values. In addition, a decrease in
the surface roughness of PA membranes (substrates) (shown by AFM images, Figure 9)
also contributes to less contamination of the PA membrane surface and to an easier ability
to wash off proteins from the membrane surface.

During the ultrafiltration, optimal transport properties were obtained using the PA
porous membrane (substrate) prepared from the 17 wt.% PA casting solution on lavsan.
This PA membrane (substrate) has sufficiently high permeability for water and BSA as well
as rejects BSA (99 %) and FRR (76 %).

3.3. Development and Study of Supported PVA Membranes
3.3.1. Transport Properties of Supported PVA /PA Membranes

The transport properties of supported PVA membranes using porous PA membranes
prepared from different concentrations (12, 15, 17, and 20 wt.%) as a substrate during the
pervaporation of the azeotropic water-IPA (12/88 wt.%) mixture are presented in Figure 10.

The data in Figure 10 demonstrate that the use of the PA-12 ultrafiltration membrane
as a substrate results in an increase in PVA /PA-12 permeability but a decrease in selectivity.
On the other hand, an increase in the PA concentration in the casting solution leads to an
increase in water content in the permeate but a decrease in membrane permeability. The
best transport properties are demonstrated by a supported PVA membrane on the PA-17
substrate with a permeation flux of 0.04 kg/ (m? h) and water content in a permeate of
96.9 wt.%. Thus, the PA-17 ultrafiltration membrane was chosen as a substrate for the
development of a supported PVA-based membrane.
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Figure 10. The permeation flux and water content in the permeate of supported PVA/PA membranes
using PA membranes prepared from solutions of various concentrations (12, 15, 17, and 20 wt.%) as
the substrate.

3.3.2. Transport Properties of Supported PVA-MA-PL (3 wt.%)/PA-17 Membrane

The supported PVA-MA-PL (3 wt.%) membrane on a porous PA-17 membrane was
prepared to achieve high permeability for the industry potential. The choice of PVA-MA-PL
(3 wt.%) as a thin layer and porous PA-17 membrane as a substrate depends on the study
of structure, physicochemical properties, and transport properties of both membranes
(Section 3.1, Section 3.2, and Section 3.3.1). The supported membrane based on PVA-MA
was also developed for a comparison with the modified PVA-MA-PL (3 wt.%) membrane.
The resulting membranes were tested in pervaporation separation of the azeotropic mixture
of water-IPA (12/88 wt.%) (Figure 11).
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Figure 11. The dependence of permeation flux and water content in the permeate on Pluronic
F127 content of PVA-MA /PA-17 membranes in pervaporation separation of an isopropanol-water
(12/88 wt.%) mixture.
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The use of a PA-17 substrate for the development of supported membranes led to
an increase in the membrane permeation flux maintaining a high water content in the
permeate compared with dense membranes. This is because the thickness of the supported
membrane’s selective layer is skinny compared with a dense membrane. Using the PA-17
membrane as a substrate increased the permeability from 0.007 kg/(m? h) for a dense PVA-
MA membrane (Figure 3) to 0.038 kg/(m? h) for the supported PVA-MA /PA-17 membrane
(Figure 11). Moreover, the addition of 3 wt.% Pluronic F127 increased the permeability to
0.1kg/ (m? h) and water content in the permeate to 98.8 wt.%. This is because Pluronic
F127 increases the membrane surface hydrophilicity (Figure 6).

3.3.3. Study the Stability of the Supported PVA-MA-PL (3 wt.%)/PA-17 Membrane

The stability of the PVA-MA-PL (3 wt.%)/PA-1 7 membrane was studied because
it exhibited high permeation flux and high water content in the permeate (Figure 11).
The transport properties of this membrane were studied in the separation of water—IPA
mixtures up to 80 wt.% water in the feed (Figure 12).
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Figure 12. The dependence of the permeation flux and water content in the permeate on the water
content in the feed (12-80 wt.%) during pervaporation separation of the water-IPA mixture using
PVA-MA-PL (3 wt.%)/PA-17 membrane.

The permeability of the membrane and the permeate’s water content vary depending
on the feed composition. With high water content, the membrane tends to swell, increasing
the membrane free volume. Therefore, the membrane permeability increases with the rise in
water content in the feed mixture, but the permeate’s water content decreases. However, the
membrane still has high selectivity: the water content in the permeate decreased from 98.8
to 84.6 wt.% with increasing water concentration in the feed mixture from 12 to 80 wt.%.

The membrane stability was also investigated during the pervaporation separation of
the azeotropic mixture of water-IPA (12/88 wt.%) for five days (Figure 13).

The permeation flux of membrane slightly changed from 0.1 to 0.158 kg/(m?h) and
the water content in the permeate changed from 98.8 to 94.1 wt.%. However, the membrane
was found to have a high degree of stability over time, and membrane swelling could
explain the slight changes.
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Figure 13. The dependence of permeation flux and water content in the permeate of PVA-MA-PL
(3 wt.%)/PA-17 membrane on time during pervaporation separation of the azeotropic mixture of
water—IPA (12/88 wt.%) for five days.

3.4. Comparison of Supported PVA-MA-PL (3 wt.%)/PA-17 Membrane Performance with Other Studies

The comparison of a supported PVA-MA-PL (3 wt.%)/PA-17 membrane in pervapora-
tion dehydration of isopropanol with developed PVA-based membranes in other studies
was carried out under close conditions to the present work (Table 4).

Table 4. Comparison of PVA-based membranes in pervaporation dehydration of isopropanol.

Cross- Water in Permeation Separation
Membrane Linker Modifier Support Feed, T, °C Flux, F p tor (B) Reference
€ wt.% kg/(m2h) acto
PVA-MA-PL .
(3 wt.%)/PA-17 MA PL F127 PA 12 22 0.100 589 This work
CS-PVA /PVDF GA Cs PVDF 10 30 0.070 683 [67]
PVA/PVP-PMA GA PMA - 10 30 0.036 29,991 [68]
PVA-CA CA - - 10 30 0.053 291 [69]
PVA-USF USF - - 10 30 0.095 77 [70]
PVA/GA GA - - 10 30 0.040 21
PVA-NaAlg (711
(75:25)/GA GA - - 10 30 0.039 91
PVA-MA-PL .
(3 wt.%)/PA-17 MA PL F127 PA 20 22 0.296 218 This work
PVA-CS MA Cs UPM-20 20 22 0.233 69
PVA-fullerenol MA CS/Fullerenol ~ UPM-20 20 2 0.241 121

(5 Wt.%)-CS (20 wt.%)

PVA-fullerenol
(5 wt.%)-CS MA CS/Fullerenol  UPM-20 20 ” 0510 o
(20 wt.%) /LbL-5SS €8

[17]

PVDF—polyvinylidene fluoride, PVP—polyvinyl pyrrolidone, PMA—phosphomolybdic acid, GA—
glutaraldehyde, CA—citric acid, USF—urea formaldehyde/sulfuric acid, PSS—poly(sodium 4-styrenesulfonate),
UPM-20—substrate based on aromatic polysulfone amide.
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It was found that the supported PVA-MA-PL (3 wt.%)/PA-17 membrane exhibited a
relatively higher permeation flux and separation factor in the pervaporation separation
of a water—IPA mixture (12 and 10 wt.% water) compared with the membranes described
in [69-71]. However, the developed membrane has a lower separation factor with higher
permeability even at 22 °C compared with C5-PVA/PVDF and PVA/PVP-PMA mem-
branes [67,68]. According to our knowledge, there is no reported PVA membranes for
isopropanol dehydration at 22 °C and 12 wt.% water content in the feed to make a full
and clear comparison. However, at 22 °C and 20 wt.% water content in the feed, the
PVA-MA-PL (3 wt.%)/PA-17 membrane has a higher permeation flux and/or separation
factor compared with the PVA-based membranes described [17]. However, this membrane
had a lower permeation flux than the reported PVA-fullerenol (5 wt.%)-CS (20 wt.%)/LbL-
5755, CS membrane in [17], but this membrane had higher selectivity. Thus, in this work, a
supported PVA-MA-PL (3 wt.%)/PA-17 membrane with improved transport properties
and stability for pervaporation dehydration of IPA was successfully developed.

4. Conclusions

In this study, dense and supported PVA membranes with improved transport prop-
erties were developed in order to increase the efficiency of the pervaporation process for
waste water application, which belongs to the sustainable processes and is an excellent al-
ternative to the traditional processes of separating liquid mixtures of low molecular weight
substances. The introduction of Pluronic F127 into the PVA membrane led to a change in
the membrane properties: the formation of rougher inner structure with cavities, surface
hydrophilization, and increased swelling in water—IPA mixture. All of these changes led
to improved transport properties of modified membranes for isopropanol dehydration by
pervaporation. The addition of 3 wt.% Pluronic F127 into dense PVA membrane increased
the permeation flux from 0.008 to 0.017 kg/(m?h), maintaining 99.9 wt.% water in the
permeate. The cross-linking of the PVA-PL (3 wt.%) membrane by MA increased the mem-
brane stability in an aqueous solution but slightly decreased the membrane permeability
(0.015 kg/(m?h)).

The productivity of the developed cross-linked dense PVA membranes was further
improved using a created porous PA membrane as a substrate. The membrane perfor-
mance was influenced by the PA membrane’s porosity (the concentration of the PA casting
solution). The application of an ultrafiltration PA-17 membrane as a substrate increased
permeation flux of the supported PVA-MA membrane to 0.04 kg/(m?h). Further improve-
ment in the performance of the supported PVA membrane was obtained by adding 3 wt.%
Pluronic F127. The optimal transport characteristics were obtained for a supported mem-
brane with a PVA-MA-PL (3 wt.%) selective layer onto an ultrafiltration PA (17 wt.%)
substrate: 0.1-1.164 kg/(m?h) permeation flux and 98.8-84.6 wt.% water content in the
permeate in the pervaporation dehydration of isopropanol (12-80 wt.% water). This de-
veloped membrane exhibited a higher permeation flux and/or separation factor in the
pervaporation dehydration of IPA (12 and 20 wt.% water) even at ambient temperature
(22 °C) compared with the PVA-based membranes described in the literature [17,67-71].
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