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ABSTRACT

Novel supported membranes based on polyvinyl alcohol (PVA) were developed using two strategies: first,
by the modification of the PVA network, via so-called bulk modification, with the formation of the selective
layer accomplished through the introduction of fullerenol and/or poly(allylamine hydrochloride), and second,
by the functionalization of the surface with successive depositions of multilayered films of polyelectrolytes,
such as poly(allylamine hydrochloride) and poly(sodium 4-styrenesulfonate) on the PVA surface. The mem-
brane surface modifications were characterized by scanning electron microscopy and contact angle measure-
ments. The modified PVA membranes were examined for their dehydration transport properties by the perva-
poration of isopropyl alcohol-water (80/20% w/w), which was chosen as a model mixture. Compared with the
pristine PVA membrane, the main improvement was a marked increase in permeance. It was found that the
surface modifications mainly gave rise to a higher global flux but with a strong reduction in selectivity. Only
the combination of both bulk and surface modifications with PEL could significantly increase the flux with
a high water content in the permeate (over 98%). Lastly, it should be noted that this study developed a green
procedure to prepare innovative membrane layers for dehydration, making use of only water as a working

medium.

1. Introduction

PVA is a reference hydrophilic polymer known for its economic
advantages, high selectivity to water and dehydration properties by
pervaporation because of its good film-forming properties [1,2]. These
reasons account for why PVA has already been used to prepare sev-
eral series of commercial membranes [3]. Improving the properties
of PVA membranes nevertheless remains a challenging task [4-7].
In this work, two distinct strategies to this end were investigated,
i.e., bulk and surface modifications. Indeed, surface and bulk func-
tionalization can allow for the tailoring of the properties of polymer
materials [8—10]. These modification methods have already been ap-
plied in the field of membrane technology, since they help in de-
veloping membranes with improved parameters, such as anti-fouling
properties and/or improved transport characteristics (flux, selectivity,
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permeance, barrier and mechanical properties) [11-14]. In particular,
nonporous membranes are very sensitive to these modification proce-
dures, which can affect the solution-diffusion mechanism behind gas
separation and pervaporation.

The most suitable and prospective way to study and evaluate the
effects of internal and surface modifications of a pervaporation mem-
brane is to quantify the membrane mass-transfer. According to the so-
lution-diffusion mechanism, there are three steps in membrane mass
transfer:

(1) The upstream-side sorption, preferably favoring one of the com-
ponents of the mixture in the membrane network. In this step, the
membrane coating or surface functionalization can play a signifi-
cant role.

(2) The diffusion of the components through the membrane. In this
step, the available free volume linked to the bulk membrane mod-
ification can play a major role.

(3) The desorption of the components from the downstream side at
low pressure. Usually, this step is assumed to be very fast; hence,
it has a minor effect on the mass transfer.

Pervaporation is a well-known alternative method to classical dis-
tillation for the dehydration of alcohols when azeotropes are formed
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or when close-boiling component mixtures are considered. In such
cases, pervaporation can provide substantially higher selectivity and
thus a significant reduction in energy consumption [1,2]. The mix-
ture of isopropyl alcohol (i-PrOH)-water is often studied as a model
separation system for dehydration by pervaporation, since i-PrOH is
an industrial solvent that can be used as a substitute for ethanol.
i-PrOH is widely applied in such fields as perfumery, cosmetics, and
medicine [15,16]. A 12wt.% water — 88 wt.% isopropanol mixture
forms an azeotropic mixture [17], which makes it difficult to dehy-
drate the alcohol by traditional separation methods (distillation and
rectification). Using traditional separation methods, it is necessary
to add harmful organic solvents that form stronger azeotropic mix-
tures with water, which prohibits the production of a high-purity al-
cohol. In addition, these separation methods are energetically expen-
sive. Therefore, a promising way of dehydrating isopropanol-water
mixtures is pervaporation, which can extract water through a mem-
brane without any additional chemical reagents for dehydration. Var-
ious PVA membranes have already been widely used for the dehy-
dration of isopropanol by pervaporation. However, to prevent strong
swelling of the PVA in the aqueous solution and improve its stabil-
ity, various methods for the modification or cross-linking of PVA
have been attempted, for example, the creation of mixed-matrix blend
membranes based on copolymers PV A/poly(N-isopropylacrylamide)
(PNIPAAm) [18], PVA/sodium carboxymethylcellulose (NaCMC)/
poly [19,20], and PVA/chitosan [21]; cross-linking with polyacrylic
acid (PAA) [22], glutaraldehyde (GA) with concentrated HCI [19,20],
oxalic acid (OA), dimethylol urea (DMU) and tetraethyl orthosilicate
(TEOS) [23]; and the introduction of a zeolite or hydrophilic alumi-
nosilicate filler into the PVA matrix [19,23]. However, PVA mem-
brane performance still needs improvement for industrial separation
processes.

A promising approach to improve the performance of membrane
materials is the functionalization of membranes by the deposition of
nanoscale layers on the surface of a selective polymer layer of the sup-
ported membrane [24,25]. The creation of an ultrathin film on the sur-
face can be realized by such classical methods as the Langmuir—Blod-
gett technique and the synthesis of self-organizing layers [26]. How-
ever, these approaches have significant drawbacks: First, the Lang-
muir—Blodgett technique requires expensive equipment to create lay-
ers, and this method does not apply to all polymers. Second, the
self-assembled layer method is not suitable or useful for multi-layer
fabrication [26]. To create a multi-layer film on the membrane surface,
a relatively modern approach is applied, which is layer-by-layer (LbL)
deposition [27-30]. This method is simple, inexpensive and suitable
for many polymer materials; it is also easily automated. With this ap-
proach, various substances can be applied to the membrane mater-
ial: polyelectrolytes [31], metallic nanoparticles [32], silicon nanopar-
ticles [33] and many others. One of the promising directions to im-
prove the performance of membranes is the deposition of polyelec-
trolytes onto the polymer film because of the unique properties of the
deposited layers. Such a layered deposition leads to a charged film sur-
face with a highly hydrophilic property, and consequently, a stronger
affinity for water molecules. A dense electrostatic layer should only
cause a moderate swelling of these membranes while in contact with
water, which makes polyelectrolytes attractive for the functionaliza-
tion and coating of pervaporation membranes [31].

The efficiency of pervaporation membranes can be significantly
improved by varying the type of polyelectrolyte pairs and the appli-
cation conditions (the deposited bilayer numbers, ionic strength and
pH [34-36]). For example, alcohol/water pervaporation separation
by polyelectrolyte multilayer membranes prepared via electrostatic
layer-by-layer (LbL) adsorption of cationic (polyvinylamine (PVA))
and anionic (polyvinylsulfonate (PVS), polyvinylsulfate (PVS) and

polyacrylate (PAA)) polyelectrolytes has been described [37]. It was
shown that the hydrophilic PVA/PVS membrane had optimal trans-
port properties for the separation of a feed with low water content
(<20wt.%), while the less hydrophilic PVA/PAA membrane was suit-
able for the separation of mixtures with higher water concentrations.

For better adhesion between the dense membrane and polyelec-
trolytes, an effective method that can be applied is the plasma treat-
ment (e.g., O, and Ar) of the pristine membrane surface to create
negative charges. Films based on plasma-treated polydimethylsilox-
ane (PDMS) have been further functionalized by the LbL deposition
of more than 5 bilayers of poly (diallyldimethyl ammonium chloride)
(PDADMAC) and poly(styrene sulfonate) (PSS) [38]. The optimal
plasma treatment conditions for the films were chosen to obtain a full
surface coating, resulting in defect-free and hydrophilic PDMS sur-
faces, as confirmed by SEM images and contact angle measurements

This work aimed at improving the transport properties of PVA
membranes for the dehydration of isopropanol by using two comple-
mentary strategies: bulk and surface modifications.

Several types of additives were considered for bulk modification,
namely, fullerenol and poly(allylamine hydrochloride). Based on pre-
vious studies [39-43], fullerenol was chosen as one of the modifiers
and cross-linking agents. During the chemical cross-linking of a mem-
brane based on a PVA-fullerenol composite with maleic acid, the per-
meability of a membrane increased significantly with a slight decrease
in selectivity during the separation of ethanol-water mixtures [42] be-
cause of the changes in the degree of crystallinity, surface polarity and
free volume [42,41]. Poly(allylamine hydrochloride) has been used to
improve the dispersion of carbon nanoparticles as well as to increase
the adhesion of nanolayers of polyelectrolytes deposited on a mem-
brane surface by LbL assembly.

The surface modification of mixed-matrix PVA membranes was
accomplished by LbL deposition coating with 10 or 20 bilayers of
polyelectrolytes: poly(allylamine hydrochloride) as the polycation and
poly(sodium 4-styrenesulfonate) as the polyanion. This modification
method is very promising for the functionalization of membrane sur-
faces with thin functionalized layers (10-100nm) and can lead to
significant changes of surface properties, such as an increased hy-
drophilicity, which can greatly modify the performance and transport
characteristics of the membrane.

The transport properties of the membranes were studied with iso-
propyl alcohol (80 wt.%) — water (20 wt.%) feed mixtures in pervapo-
ration. Scanning electron microscopy and contact angle measurements
were used to characterize the membrane surface before and after per-
vaporation experiments to evaluate the stability of the thin active lay-
ers. The transport properties of the developed membrane were com-
pared with a commercially available analogous PVA membrane, i.e.,
PERVAP™ 1201, for isopropanol dehydration.

2. Materials and methods
2.1. Materials

The membrane material used was PVA with a molecular weight
of 141kDa from ZAO LenReaktiv (certificate of analysis Ne
553041-3013, date of manufacture 09.2011). The polyhydroxylated
fullerene, C4,(OH),, (Fullerene Technologies, Russia), was used for
bulk and surface PVA modifications. Maleic acid (MA) from
Sigma-Aldrich (France) with a purity of >99.0% was used as an addi-
tional cross-linking agent for the PVA membranes. Isopropyl alcohol
(i-PrOH) obtained from Vekton (Russia) was used without additional
treatment. Poly(allylamine hydrochloride) (PAH, M,, ~50,000) and
poly(sodium 4-styrenesulfonate) (PSS, M, ~70,000) purchased from
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Sigma—Aldrich (France) were used as the cationic and anionic poly-
electrolytes, respectively. For all of the experiments, deionized water
(MilliQ® water) was used for the polyelectrolyte solutions.

A hydrophilic porous support based on an aromatic polysulfone
amide (UPM, pore size 200 A, from Vladipor, Russia) was chosen to
prepare the supported membranes with a thin PVA top layer. The com-
mercial supported membrane “PERVAP™ 1201” (a cross-linked PVA
membrane for the dehydration of mixtures containing up to 80 wt.%
water) was purchased from Sulzer Chemtec Co. and tested to compare
transport parameters.

2.2. Preparation of supported membranes

PVA composites were prepared according to a previously reported
procedure [42]: the required quantity of maleic acid (MA) (35% w/w
with respect to the weight of the polymer), fullerenol (0 or 5% w/w
with respect to the polymer weight) and/or polyelectrolyte (4.7% w/
w with respect to the polymer weight) were added in a 2wt.% PVA
water solution using ultrasonic treatment with a frequency of 35kHz
for 40 min. The maximum loading of fullerenol was limited to 5 wt.%,
with higher concentrations leading to poor dispersion in membranes
and causing defects and inferior mechanical properties.

All studied membranes were produced by casting a 2 wt.% aqueous
solution of PVA with 35wt.% MA or its composite solutions (PVA/
polyelectrolyte/MA, PVA/fullerenol/MA, PVA/fullerenol/polyelec-
trolyte/MA) onto the surface of the commercial ultrafiltration support
(UPM-20) and drying at room temperature for 24 h for solvent evap-
oration. The choice of the UPM-20 support was based on an earlier
study [44] and was due to the good mechanical properties (maximum
tension 26.52+2.58 MPa, elastic modulus 0.44+0.034 GPa, and maxi-
mum deformation 13.34+3.51%) and chemical resistance of UPM-20
since other supports (including polyacrylonitrile (PAN)) could be hy-
drolyzed at high temperature. The thin-coated PVA layer had a thick-
ness of 1+0.3 um, as determined by scanning electron microscopy
(SEM) measurements, and its cross-linking was achieved by heating
the membrane at 110 °C for 120 min [42].

2.3. LbL deposition technique

PAH (10 >mol/L) and PSS (10 2mol/L) were used as the polyelec-
trolyte solutions. The pH of the PAH solution was adjusted to 4 be-
cause this polyelectrolyte is fully ionized at this value.

Multilayer PELs were deposited using a ND Multi Axis Dip Coater
ND-3D 11/5 (Nadetech). This dip coater possessed a wide speed im-
mersion range (from 1 to 2000 mmminfl) and ensured good repro-
ducibility of the thin films.

The membrane was clamped and immersed in each PEL solution
for 10. The polycation solution of PAH was deposited first and then
the membrane was removed and rinsed thoroughly with water for 1s/
15 times, 5s/3 times and 15s/1 time, successively. After the mem-
brane was immersed in the PSS solution for 10 min, the same water
rinsing process of the membrane was repeated. The successive rins-
ing steps after the PEL deposition ensured the removal of excess poly-
electrolyte and prevented cross-contamination of PEL solutions. In
this way, one bilayer of polyelectrolyte on the surface of the mem-
brane (or one cycle of self-assembly membrane) was completed. Sim-
ilarly, additional bilayers were deposited until the required number of
bilayers was reached. Because the polycation (PAH) was previously
introduced into the polymer matrix, the polyanion (PSS) had been

first deposited on the surface. The deposition consisted of 2 to 20 bi-
layers of polyelectrolytes (PSS/PAH) on the surface of the membrane.

2.4. Plasma treatment

Plasma surface modifications were conducted using a microwave
post-discharge reactor consisting of a cylindrical glass chamber (3
cm in diameter) pumped through a primary pump. The residual vac-
uum was 10 >mbar. A 2.45GHz microwave generator was used to
generate the plasma. The plasma atmosphere consisted of an Ar and
0O, gas mixture with a flow rate of 400 sccm and 40 sccm, respec-
tively. Plasma gases were fed into the system via gas flow meters.
The PVA sample was placed downstream from the plasma a 30cm
from the plasma outlet (Fig. 1). After the plasma treatment, the system
was vented to atmospheric pressure, and then the sample was removed
from the reactor. For the present study, the plasma power was 80 W,
and the processing time was varied in a range from 30 s to 5 min. The
optimum processing time was 2 min.

As shown in Fig. 1, the plasma treatment was carried out using
an Ar-O, (10:1) plasma created in a Smm (id) quartz tube with a
2.45 GHz microwave generator. This microwave power was optimized
for effective surface membrane modification at 80 W [38]. All modifi-
cations were conducted at 4 mbar. The post-discharge entered a 28 mm
(id) Pyrex tube 30 cm downstream from the plasma gap.

2.5. IR spectroscopy

The spectra were recorded at 25°C with a resolution of 1cm!
on an IR-Fourier spectrometer (BRUKER-TENSOR 27) from
400-4000cm™ .

2.6. Pervaporation experiments

A laboratory cell was used under steady-state conditions for the
investigation of membrane transport properties at room temperature
(20°C).

The pervaporation setup is presented in Fig. 2. The feed entered the
cell (1). After separation by the membrane (2), the permeate (4) was
condensed in a trap (3) cooled with liquid nitrogen (5). A downstream
pressure of <10 'kPa was achieved by a vacuum pump (7) and con-
trolled by a pressure controller (6). The permeate (4) was collected in
a liquid nitrogen trap (5). The composition of permeate and feed was
analyzed by gas chromatography using a SHIMADZU GC-2010 chro-
matograph.

The membrane permeation flux, J (kg/(m2 h)), was calculated as
the amount of liquid vaporized through a unit of the membrane area
per hour and was calculated as (Eq. (1)) [45]:

w

=A><t
(1)

where W (kg) is the mass of the liquid that penetrated the membrane,
A (mz) is the membrane area, and 7 (h) is the time of the measurement.

Each measurement was carried out at least three times to ensure
good accuracy of the transport parameters, i.e., £0.5% for selectivity
and £2% for flux.
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Fig. 1. Schematic representation of the plasma afterglow reactor.
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Fig. 2. Scheme of the pervaporation set-up: 1-cell with the feed, 2-membrane, 3-cold trap, 4-permeate, 5-trap with liquid nitrogen, 6-pressure controller, and 7-vacuum pump.

2.7. Scanning electron microscopy

SEM micrographs of the membrane cross-sections were obtained
using a Zeiss Merlin scanning electron microscope. The supported
membranes were submerged in liquid nitrogen and fractured perpen-
dicular to the surface. The prepared samples were observed using
SEM at 1kV.

2.8. Contact angle determination

The contact angle measurements of the thin selective layer of the
supported membranes were carried out as described in [46] to study

the change in the surface properties (hydrophilicity) during modifica-
tion.

2.9. Total organic carbon (TOC) analysis

The TOC measurements were carried out by a TOC analyzer (Shi-
madzu TOC-VCSH). The sensitivity of the apparatus was in the
102 ppm range. The membranes were placed into deionized water to
carry out a drip washing test (up to 24h). Samples of the water were
analyzed to measure the carbon concentration (mg/L). The concentra-
tion of carbon in water was measured by the combustion of the sam-
ple in the combustion gas, followed by carbon dioxide analysis in the
IR chamber. Several injections of the sample were made to obtain an
average value and to calculate the standard deviation (SD) and the
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variation coefficient (CV). If the SD was higher than 0.1 or the CV
was higher than 2%, then the measurement was repeated.

3. Results and discussion
3.1. Transport properties after membrane modification

The application of bulk and/or surface modifications was expected
to significantly modify and improve the membrane separation proper-
ties. One of the ways to change the polymer free volume (bulk), and at
the same time, to functionalize the selective top surface is through the
creation of a mixed—matrix membrane. In previous studies, we found
that the addition of fullerenol to PVA has led to an increase in surface
hydrophilicity (shown by contact angle measurements), a decrease in
the free volume (shown by pervaporation results) and a change in
crystallinity (shown by X-ray) [39,42,41,44].

For this study, the chosen reference membranes were chemically
cross-linked supported membranes based on PVA and a
PV A-fullerenol (5%) composite. The supported membrane containing
fullerenol was found to exhibit the best transport properties for the de-
hydration process, as shown in previous investigations [39,42,41,44].
For these chemically cross-linked supported membranes, two new
modification approaches were developed: surface modification, us-
ing plasma treatment and layer-by-layer (LbL) deposition of poly-
electrolytes, and bulk modification, which introduces nanoparticles of
PAH into the polymer matrix.

3.1.1. Plasma modification

One of the effective and promising methods to increase the adhe-
sion of a polyelectrolyte nanolayer to a membrane surface is plasma
modification. This process can be considered as a method of surface
pretreatment; in industry, it is widely used for treating surfaces of
various materials before printing, gluing, coating or adhesion. Plasma
treatment may also remove any contaminants from the surface, and in
some cases, change the chemical structure of the surface. Thus, this
surface modification by plasma treatment can significantly affect the
characteristics of the thin selective PVA layer of the membranes. For
this paper, the membrane plasma treatment was performed according
to a procedure published previously using plasma obtained from oxy-
gen (O,) and argon (Ar) gases. The modified membranes were then
investigated for the separation of i-PrOH/water mixtures (80—20 wt.%)
by pervaporation at 20 °C to evaluate the influence of the plasma treat-
ment. The structure of the selective thin PVA layer of the supported
membranes treated by plasma was investigated before and after perva-
poration by IR spectroscopy to study the stability of membrane surface
during the dehydration process of i-PrOH. Additionally, the spectrum
of the untreated PVA membrane was obtained for comparison with a
plasma-treated membrane to study the change in the structure of PVA
under plasma treatment.

In Fig. 3, the IR spectra of the PVA membrane (Fig. 3(a)), and
a PVA membrane after plasma treatment for 2 min before and after
the pervaporation experiment (Fig. 3(b, c¢)) are presented to study the
changes in the structure of the pristine membrane after plasma treat-
ment.

It was found that the spectra in (b) and (c) are nearly identical,
which indicates the stability of the PVA membrane structure treated
by plasma during pervaporation.

The following features were observed in the IR spectra of the PVA
membranes (Fig. 3):

— The wide bands at 3300 and 1660cm™ " refer to the vibrations of
trace H,O.

— The stretching vibrations of the CH, bonds correspond to the ab-
sorption in the 2800-3000 cm’! region, the deformation vibrations
of the —CH, groups appear in the region of 718cm " and are lo-
cated in the spectral region 1150-1350 cm ! [47]. The absorption
bands with maxima at 1100 and 1300cm ', according to [48], cor-
respond to vibrations associated with the C—O—H group.

Substantial changes in the IR spectra were observed after the
plasma treatment of PVA: (1) a consecutive decrease is observed in
the intensity of the bands (in the row: PVA membrane (Fig. 3(a)),
PVA membrane treated by plasma before pervaporation (Fig. 3(b))
and after pervaporation (Fig. 3(c))) and (2) the position of individual
bands (for untreated and plasma-treated membranes) that are attrib-
uted to stretching vibrations of —OH and —CH bonds, leading to
their almost complete disappearance due to the dehydration and oxi-
dation of the PVA molecule under O,/Ar plasma treatment.

The transport properties of the untreated and plasma-treated mem-
branes are presented in the Table 1.

As can be seen from Table 1, the plasma treatment applied to the
PV A membrane leads to a marked reduction of the pervaporation flux
without any improvement in the selectivity compared with the pristine
membrane, which could be caused by the oxidation and dehydration
of PVA.

Earlier studies have shown that the introduction of fullerenol to the
PVA matrix led to an increase in the membrane selectivity property
with respect to water because of changes in membrane structure and
crystallinity [39,42,41]. Therefore, the modification of the PVA mem-
brane by fullerenol was carried out in the present work, and the mod-
ified membrane was subjected to the plasma treatment. The transport
properties of the obtained membranes for the separation of the i-PrOH/
water mixture (20 wt.% water, 80 wt.% i-PrOH) at 20 °C are also pre-
sented in the Table 1. Similar to the membranes based on pure PVA,
a decrease in flux was observed: the composite PVA-fullerenol (5%)
membrane after plasma treatment exhibited a flux reduced by a factor
~3 with comparable water selectivity. No significant drop in selectiv-
ity was observed compared with those of the PVA membranes without
fullerenol, which was due to the change in the surface property of the
membranes (increased hydrophilicity of the surface because of the in-
creased number OH-groups), as well as a greater cross-linking of PVA
chains because of the fullerenol modification [42].

These results are in good agreement with a previous study on other
polymers showing that oxygen plasma treatment can lead to the etch-
ing of the polymer surface [49], which could lead to a decrease in
the flux and selectivity towards water molecules of PVA membranes.
Thus, it is confirmed that the plasma treatment of PVA membranes is
not an effective modification method to prepare PEL-modified mem-
branes.

3.1.2. LbL deposition

Taking into account the above results, the layer-by-layer (LbL)
technique of polyelectrolyte deposition was applied directly without
any plasma treatment to further enhance the charge density of the
PVA surface and favor the transport of water molecules. The surface
of the mixed-matrix PVA membranes presented in this section were
coated with 10 or 20 bilayers of polyelectrolytes: poly(allylamine hy-
drochloride) as the polycation (noted PAH) and poly(sodium 4-styre-
nesulfonate) as the polyanion (noted PSS). The pervaporation trans-
port properties of these membranes presented in Fig. 4 were obtained
with the model mixture i-PrOH (80 wt.%) — water (20 wt.%) at 20 °C.

The results of Fig. 4 (A) show that the surface modification by de-
position of 10 PEL bilayers leads to an increase in flux for the two
types of membranes compared with those of the pristine PVA and



Pervaporation of the i-PrOH/water mixture (20 wt.% water, 80 wt.% i-PrOH) at 20°C

using pristine and plasma-treated supported membranes.

Flux, Water content in permeate
Supported membrane kg/ (m2 h) (wt.%)
Pristine PVA 0.102 99.5
PVA/plasma treatment 0.047 95.6
PV A-fullerenol (5%) 0.118 98.9
PVA-fullerenol (5%)/plasma 0.036 98.2

treatment

PVA-fullerenol (5%) membranes. However, the water selectivity is
significantly reduced for the supported membranes after the LbL de-
position (the water contents in the permeate are 65.7 and 85.6 wt.%)
(Fig. 4 (B)). The PVA-fullerenol (5%)/LbL-10 membrane has a high
water selectivity compared with that of the PVA/LbL-10 membrane
because of the introduction of fullerenol into the polymer matrix, as
fullerenol is both a modifier and a cross-linking agent. The increase
in the flux for the PVA and PVA-fullerenol (5%) membranes con-
taining 10 PEL layers can be ascribed to the formation of small hy-
drophilic meshes induced by the higher charge density of PEL that
can favor the penetration of water molecules versus the larger, less
polar i-PrOH molecules [34]. To further modify the transport proper-
ties of the composite membranes on the UPM support and to investi-
gate the dependence of the i-PrOH/water separation transport charac-
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Fig. 3. The IR spectra of the pristine PVA membrane (a), PVA/plasma treatment membrane before pervaporation (b) and the membrane after pervaporation (PV) (c).
Table 1 teristics on the bilayer number, the number of polyelectrolyte bilayers

was increased up to 20. The data presented in Fig. 4 show that, con-
versely to the first case, the increase in the number of polyelectrolyte
bilayers up to 20 led to a decrease in the PV A-fullerenol (5%)/LbL-20
membrane flux compared with those of the pristine membranes (Fig.
4(A)). Meanwhile, the separation factor for water was not improved
over the case of the 10-bilayer sample (a water concentration in the
permeate of approximately 71.4 wt.%). Thus, the 10 PEL bilayer coat-
ing on the membrane surface obtained by LbL deposition was chosen
as the preferred surface modification for testing the strategy of bulk
modification by PELs to improve the membrane dehydration proper-
ties. The decrease in the transport properties of the membranes with
20 PEL bilayers could be explained by the following factors. It is
known that the membrane flux is inversely proportional to the PEL
charge density for polar solutes [34]. The deposition of 20 PEL bilay-
ers on the PVA membrane surface led to an increase in the thickness
of the PEL layer exceeding 60 nm. This led to an increase in the PEL
cross-linking density and to an inhibited diffusion path for the pene-
trants in the PEL layer to the selective layer based on PVA, ultimately
leading to a decrease in the membrane flux. On the other hand, the for-
mation of the polar meshes in the PEL layer facilitated water sorption
by the membrane as well as an increase in surface hydrophilicity, lead-
ing to increased water content in the PEL layers that simultaneously
caused i-PrOH penetration and a decrease in selectivity.
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Fig. 4. Dependence of flux (A) and water content in the permeate (B) on the modification method (pristine, LbL deposition of 10 bilayers (LbL-10) or 20 bilayers (LbL-20)) of the
supported membrane based on PVA or composite PVA-fullerenol (5%) during the pervaporation of a i-PrOH/water mixture (20 wt.% water, 80 wt.% i-PrOH) at 20°C.

3.1.3. Bulk modification of the PVA network with a polyelectrolyte

The mass transfer through a membrane is closely related to the
available free volume in the active layer. Therefore, a way to increase
this free volume without overly reducing selectivity is to introduce
modifications of the polymer network at the nanoscale, for instance,
by introducing nanoparticles or by adding another type of polymer
chain to the pristine polymer matrix. The expected effect was a de-
crease in the strength of the hydrogen bonding of the PVA network
while keeping the polar character of the matrix. Therefore, poly(ally-
lamine hydrochloride) (PAH) was chosen for further investigation. In
addition, the introduction of PAH should contribute to the stabiliza-
tion of the PEL bilayer through interactions with the PSS component
of the PEL bilayers.

Mixed-matrix membranes based on PVA modified by fullerenol
(5wt.%) and/or PAH (4.7wt.%) were prepared for this section. The
transport characteristics of the obtained supported membranes based
on PVA and its composites were determined by pervaporation of the
binary mixture isopropanol (80 wt.%) — water (20 wt.%) at 20 °C. The
results are presented in Table 2.

The data presented in the above table show that the introduction
of PAH into the bulk PVA polymer matrix led to a marked increase
in flux (~2times) compared with that of the pristine PVA membrane;
however, at the same time, a significant decrease in the water con-
tent in the permeate was observed. This fact is attributed to polar PAH
chains that disrupted the H-bonding organization of PVA. Compared
with the introduction of fullerenol into PVA (Table 1, Section 3.1.1),
the PAH effect on mass transfer appeared to be stronger. The com-
bined dispersion of PAH and fullerenol into the PVA matrix also re-
sulted in an increase in flux compared with the unmodified mem-
brane, as well as an increase in water selectivity (99.1 wt.% in perme-
ate), because of the cross-linking of the PVA matrix by the fullerenol.

Table 2
Pervaporation of the i-PrOH/water mixture (80 wt.% i-PrOH / 20 wt.% water) at 20°C
using supported membranes after bulk and/or surface modifications.

Flux, Water content in permeate
Supported membrane kg/(m2 h) (Wt.%)
Pristine PVA 0.102 99.5
PVA-PAH 0.224 92.8
PVA- fullerenol (5%)-PAH 0.213 99.1
PVA-PAH/LbL-10 0.261 68.4
PV A-fullerenol (5%)-PAH/ 0.286 98.4

LbL-10

A surface modification by the LbL deposition was applied to the
supported membranes to further improve the transport properties. It
was shown that the membranes based on the PVA-PAH and
PV A-fullerenol-PAH composites after the LbL modification have
higher flux values than those of the PVA/LbL-10 and PV A-fullerenol
(5%)/LbL-10 membranes (Fig. 4) with significantly improved wa-
ter selectivity values, especially for the composite membranes with
fullerenol and PAH. Only for the dispersion with two modifiers
(fullerenol and PAH) in the polymer matrix and after the LbL de-
position of 10 bilayers could a high water content in the permeate
(98.4wt.%) and a high flux (0.286 kg/(m2 h)) be obtained.

Thus, on the basis of the performed experiments, it was estab-
lished that the mixed-matrix membrane based on the composite
PV A-fullerenol (5%)-PAH (4.7%)-MA (35%) supported on UPM and
modified with 10 polyelectrolyte bilayers by LbL deposition (mem-
brane PV A-fullerenol (5%)-PAH/LbL-10) has the best transport prop-
erties for the dehydration of i-PrOH (20 wt.% water, 80 wt.% i-PrOH)
by pervaporation.

3.2. Study of the stability of the supported membrane with the
selective PVA-fullerenol (5%)-PAH/LbL-10 layer

To verify the stability of the polyelectrolyte nanosized multilayer
in the PV A-fullerenol(5%)-PAH/LbL-10 membrane on the UPM sup-
port, contact angles were measured by the static sessile drop method,
and the membrane morphology was studied by scanning electron mi-
croscopy (SEM).

The optical and SEM images at different magnifications of the
PVA-fullerenol (5%)-PAH/LbL-10 membrane are presented in Fig. 5.

The presented images (Fig. 5) demonstrate the absence of defects
and continuity of the surface and cross-section of the thin selective
layer and PEL layers. It can be seen that PV A-fullerenol (5%)-PAH/
LbL-10 membrane has a flat homogeneous membrane surface without
any defects or distortions. The pictures of the membrane cross-section
demonstrate the continuity and uniformity of the distribution of the
thin selective PVA layer and the upper PEL layer.

Additional cross-sectional SEM micrographs were taken for the
PVA-fullerenol (5%)-PAH membrane (Fig. 6(a)), as well as the
PVA-fullerenol (5%)-PAH/LbL-10 membrane before (Fig. 6(b)) and
after pervaporation (Fig. 6(c)), to demonstrate the existence and the
stability of the PEL bilayers.

In the cross-sectional SEM micrograph of the supported mem-
brane PVA-fullerenol(5%)-PAH membrane (Fig. 6 (a)), only two dis-
tinguished areas were noticed: (1) the region of the porous UPM sup-
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Fig. 5. Optical and SEM images of the PVA-fullerenol (5%)-PAH/LbL-10 membrane.

port and (2) the selective thin non-porous PVA layer; while the
PVA-fullerenol(5%)-PAH/LbL-10 membrane modified by 10 PEL bi-
layers (Fig. 6 (b, ¢)) contained an additional area (3) that corresponds
to the polyelectrolyte layer. A similar white nanosized PEL layer has
also been demonstrated by Klitzing et al. [35] (cf. Fig. 12, p. 194). The
size of the polyelectrolyte multilayer was determined to be ~60nm
by SEM. The presented images for the PVA-fullerenol(5%)-PAH/
LbL-10 membrane before (b) and after (c) pervaporation are identical,
which shows that there were no changes to the selective PVA layer
and the deposited polyelectrolyte layers before and after pervapora-
tion. As expected, the layer-by-layer assembly is stable upon contact
with water-organic solutions.

Another confirmation of the stability of the thin PEL layer was ob-
tained from the unchanged surface properties of the membrane: the
contact angle measurements demonstrated the same values for water

before and after the pervaporation experiments, equal to (72+3)°
and (72+1)°, respectively. These data show that the contact angle of
the membrane is not altered by the pervaporation experiment, which
proves that the polyelectrolyte layers are anchored onto the surface of
the PVA membrane.

Finally, the water stability of the PEL layer created on the PVA
was tested in pure water to understand if the water concentration in
the feed could be an issue or not. For this purpose, tentative extrac-
tions/dissolutions of the PEL layer by immersion in pure water (neu-
tral pH, 24h in deionized water) were carried out, followed by TOC
analysis of the used water. It must be emphasized that these experi-
ments, while simple in theory, are, from a practical point of view, dif-
ficult to carry out because of the tedious control of any carbon pol-
lution linked to the experiments and to the pristine PVA-supported
membrane as well. However, regardless of the water sample, after
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Fig. 6. Cross-sectional SEM micrographs of the supported membranes: PV A-fullerenol(5%)-PAH (a), and PVA-fullerenol(5%)-PAH/LbL-10 before (b) and after (c) pervaporation.

immersion, no significant carbon peak could be detected after 10 days.
The successive measurements gave an extremely low value of carbon,
comparable with those of the blank water samples. The TOC analy-
sis demonstrated that the carbon content in water does not exceed the
measurement error (0.013mg/L), which indicated the stability of the
membrane in water. The SEM micrograph of the membrane cross-sec-
tion, obtained after the immersion experiment and the TOC measure-
ment, is shown in Fig. 7.

Fig. 7.

SEM  micrograph  of the
ported-fullerenol(5%)-PAH/LbL-10 membrane after immersion in water (TOC experi-
ment).

cross-section  of the PVA-sup-

The SEM image shows the presence of three layers, i.e., the UPM,
the PVA-fullerenol(5%) and the PAH/LbL-10 layer, after aging in wa-
ter, as described above (Fig. 6).

Additionally, these results allow one to make the conclusion that
the stability of the PAH/PSS layers strongly depends on the kind of
substrate used for their deposition and on the adjusted pH. Indeed,
it has been reported that this pair of polyelectrolytes deposited on a
porous substrate based on polyethylene terephthalate fleece with poly-
acrylonitrile decomposed when the water content in the feed mixture
was higher than 20 wt.% [34] at pH=2.1. However, the high stability
of the PAH/PSS layers was sustained when a nonporous polyvinyl al-
cohol-based system was used as a support layer at pH=4.

3.3. Comparison of the transport properties of the supported
membrane with the selective PVA-fullerenol (5%)-PAH/LbL-10 layer
with those of the commercially available analog, Pervap™ 1201

The  transport  properties of the best PVA-sup-
ported-fullerenol(5%)-PAH/LbL-10 membrane were compared with
the commercially available analog — the supported membrane “PER-
VAP™ 12017 from the company Sulzer Chemtech. The manufacturer
reports that this type of membrane allows the dehydration of organic
mixtures with a water content up to 80 wt.%. The commercial mem-
brane PERVAP™ 1201 and PERVAP™ 1201/LbL-10 (modified by
PEL deposition) were tested for pervaporation of the same i-PrOH/
water mixture (80/20 w/w) at 20°C. A comparison of the transport
properties of the obtained membranes during the separation of the iso-
propanol-water mixture is presented in Table 3.

The PERVAP™ 1201 exhibits a very high selectivity but also a
very low flux. The application of the PEL coating on this commer-
cially available membrane did not lead to significant changes in the
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Table 3

Comparison of the transport properties of the obtained PVA-fullerenol (5%) and
PVA-fullerenol(5%)-PAH/LbL-10, PERVAP™ 1201 and PERVAP™ 1201/LbL-10
membranes for the pervaporation of the i-PrOH (80 wt.%) - water (20 wt.%) mixture at
20°C.

Flux, Water content in permeate
Supported membrane kg/ (m? h) (Wt.%)
PVA- fullerenol (5%) 0.118 98.9
PVA-fullerenol (5%)-PAH/ 0.286 98.4
LbL-10
PERVAP™ 1201 0.034 99.9
PERVAP™ 1201/LbL-10 0.039 99.9

transport properties of the membrane compared with those of the orig-
inal membrane (a slight difference in the fluxes with the same water
selectivity). This should be linked to the high cross-linking density of
the pristine polymer network. These data reveal that the flux of the de-
veloped PVA-fullerenol (5%)-PAH/LbL-10 supported membrane ex-
ceeds the flux of the PERVAP™ 1201 membrane by 8.5 times and
the flux of pristine composite PVA- fullerenol (5%) membrane by 2.4
times while allowing a high selectivity level (a water content in the
permeate of 98.4 wt.%).

Accordingly, it can be concluded that the developed
PVA-fullerenol (5%)-PAH/LbL-10 supported membrane possesses
improved transport characteristics compared with those of PVA and
PERVAP™ 1201. The modification strategies are therefore quite
promising and give an interesting perspective for developing new
green pervaporation membranes.

4. Conclusions

In this study, it was shown that the simultaneous application of
bulk and surface modifications is a promising strategy to create
high-performance mixed-matrix membranes for dehydration by perva-
poration.

The application of a plasma surface pretreatment to PVA, for im-
proving the adhesion of PEL layers to the membrane surface, should
be avoided, because it leads to a significant decrease in the membrane
flux. However, even without plasma pretreatment, a thin PEL coating
stable to pervaporation conditions could be obtained. This was shown
by consistent properties, SEM views and comparable contact angle
measurements after PV experiments.

It was found that the preferred number of LbL deposited PEL
(PAH/PSS) layers on the surface of composite PVA-supported mem-
branes was 10 bilayers since an increase to 20 PEL bilayers led to a
significant decrease in selectivity and flux. The decrease in transport
properties was explained by an increase in the surface polarity leading
to increased water content in the PEL layers.

It was shown that the best transport characteristics for pervapora-
tion dehydration were achieved through the combination of two mod-
ification methods: the use of bulk modification (the introduction of
two modifiers, fullerenol and PAH, into the PVA matrix) and surface
modification (LbL deposition of 10 PEL bilayers) techniques. The
highly effective mixed-matrix supported membrane based on compos-
ite PVA-fullerenol (5%)-PAH (4.7%)-MA (35%) with a modified sur-
face coating of 10 PEL bilayers was developed. The obtained mem-
brane had a flux 8.5 times higher than that of the commercially avail-
able analog PERVAP™ 1201 (Sulzer) for the pervaporation separa-
tion of the i-PrOH-water mixture.
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