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This study focuses on the development of a green pervaporation (PV) process for dehydrating a wide
range of commercially significant mixtures such as concentrated (and corrosive) acetic acid blends using
mixed-matrix membranes based on polyvinyl alcohol (PVA) cross-linked by low-hydroxylated fullerenol
(C60(OH)12). The effect of C60(OH)12 and various conditions of physical cross-linking on the structure and
internal morphology of composite membranes was investigated by X-ray diffraction and scanning elec-
tron microscopy, and the stability and transport properties of the developed membranes were investi-
gated for acetic acid dehydration at a wide range of feed water contents (5–30 wt.%) and temperatures
(25–60 �C). The supported mixed-matrix membranes exhibited high permeances and water selectivities,
as well as good stability toward feed mixtures, with the best transport properties obtained for a
C60(OH)12(5 wt.%)-PVA supported composite membrane thermally treated at 140 �C for 420 min.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dehydration is an important process in chemical industry, used
either to avoid side reactions and catalyst poisoning or to achieve
enhanced post-synthesis purification, with more than 3000 studies
on dehydration currently reported. Notably, dehydration is a com-
plicated process, since many industrially important alcohols (e.g.,
ethanol, propanol, and butanol), organic solvents (e.g., tetrahydro-
furan, acrolein, dichloromethane, and hexane), and acids (e.g.,
acetic acid and formic acid) exhibit low volatility and strong affin-
ity to water. The above properties can lead to the formation of
azeotropes [1,2], hindering the separation of water by distillation,
which is the most common dehydration technique. Azeotrope
breaking can be realized by utilizing a hybrid process that combi-
nes distillation and pervaporation, presenting a technically and
economically attractive solution that is less expensive than distil-
lation under reduced pressure or dehydration by molecular sieves
[3,4].
According to global organic acid production data [5], acetic acid
(AcOH; both dilute and glacial) is the most widely industrially used
acid (annual global production = 13 million ton), particularly for
the manufacture of chemicals, being one of the top 20 organic
intermediates used in chemical industry. Acetic acid is mainly used
as a reagent for producing compounds such as cellulose acetate,
vinyl plastics, latex paints, and textile finishes, being additionally
required as a solvent and an intermediate [6–9]. Although water
and acetic acid do not form an azeotrope, the separation of their
mixtures by traditional distillation requires a large number of trays
in the distillation column and a high reflux ratio, making this pro-
cedure energy-expensive because of the small volatility differences
between water and AcOH [10]. Pervaporation is a potentially useful
method for separating AcOH/water mixtures [11–13], offering
numerous advantages over existing processes, such as high selec-
tivity for water, low energy consumption for separation of azeotro-
pic mixtures and close-boiling components, and modular and
compact installation using spiral or hollow fiber modules [14].
Moreover, pervaporation is an environmental friendly process,
not requiring the addition of volatile components. However, it
should be noted that at high AcOH concentration, the AcOH/water
mixture is highly corrosive and may alter membrane properties
during dehydration. Therefore, the development of chemically
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Table 1
Prepared PVA membrane samples.

Membrane
name

Type Thickness of
dense layer (mm)

Heat treatment time
(min)/fullerenol
loading (wt.%)

PVA-100 Dense 40 100/0
PVA-100sup Supported 1.5 100/0
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resistant polymeric membranes for acid dehydration is highly
relevant.

This study focuses on the development of green polymeric
membranes that are stable in strongly acidic media and exhibit
high separation performance. Some polymeric membranes for
organic acid dehydration are commercially available, as exempli-
fied by polyvinyl alcohol (PVA)-based PERVAP membranes for
AcOH/water separation developed by Sulzer Chemtech (Switzer-
land). Moreover, it should be noted that the Energy Research Cen-
tre of the Netherlands (ECN, the Netherlands) reported a new
tubular inorganic HybSi�-AR membrane in 2016, which is resistant
to organic acids even at very low pH values and is suited for high-
temperature use [15]. Among the above membranes, nanocompos-
ite polymeric membranes, combining the properties of organic and
inorganic particles, are considered most promising.

Currently, no membranes for organic acid dehydration exhibit-
ing excellent transport properties exist. Hence, a lot of research
effort is directed at improving the properties of membrane materi-
als. Material engineering mostly focuses on improving the proper-
ties of well-known hydrophilic materials such as polyvinyl alcohol,
chitosan [16], alginate [17], polyimide, polyphenylsulfone [18], cel-
lulose esters (e.g., by fabricating mixed-matrix membranes based
on polymers with different inorganic and organic particles [16]:
polyelectrolyte complexes [19], and inorganic materials such as sil-
ica and zeolites [18,20]). A previous review [16] summarizes the
main research progress achieved in hydrophilic pervaporation up
to 2007, focusing on the dehydration of AcOH/water mixtures by
pervaporation through various membranes with different types
of cross-linkers and modification methods, e.g., those based on
PVA, Nafion, NaAlg, polycarbonate, tetrahydroxysilane (TEOS),
acrylonitrile/maleic anhydride, and zeolites.

Based on the above reports, we developed a new series of com-
posite supported membranes, using PVA and fullerenol (C60(OH)12)
nanoparticles for cross-linking and promoting their selectivity for
water [21–23]. The use of functionalized fullerene allowed the for-
mation of ether cross-linkages to further improve the chemical
resistance of membranes in acidic feed mixtures.

Herein, we focused on developing and improving the following
aspects:

– Cross-linking utilizing PVA and fullerenol by heat treatment at
140 �C of variable duration (100–420 min).

– Formation of novel supported membranes with thin PVA and
PVA-fullerenol cross-linked active layers coated on a UPM por-
ous support to simultaneously achieve high water selectivity
and high permeance required for industrial applications.

Additionally, it was foreseen that the use of a selective layer
based on water-soluble components such as PVA and fullerenol
in supported membranes might afford ‘‘greener” membranes that
could be used to design energy-efficient processes for the dehydra-
tion of acetic acid.
PVA-1a-100 Dense 40 100/1
PVA-1a-100sup Supported 1.5 100/1
PVA-5a-100 Dense 40 100/5
PVA-5a-100sup Supported 1.5 100/5
PVA-240 Dense 40 240/0
PVA-240sup Supported 1.5 240/0
PVA-1a-240 Dense 40 240/1
PVA-5a-240 Dense 40 240/5
PVA-420 Dense 40 420/0
PVA-420sup Supported 1.5 420/0
PVA-1a-420 Dense 40 420/1
PVA-1a-420sup Supported 1.5 420/1
PVA-5a-420 Dense 40 420/5
PVA-5a-420sup Supported 1.5 420/5

a To simplify membrane naming, ‘‘1” and ‘‘5” correspond to fullerenol loading in
wt.%.
2. Materials and methods

2.1. Materials

PVA with a molecular weight of 141 kDa purchased from ZAO
LenReaktiv (certificate of analysis No. 553041-3013, date of manu-
facture 09.2011) was used as the membrane material, and
C60(OH)12 (Fullerene Technologies, Russia) was used for PVA mod-
ification. A hydrophilic porous membrane based on aromatic poly-
sulfone amide (UPM, pore size 200 Å) was purchased from Vladipor
(Russia) and used as a membrane support. Acetic acid was pur-
chased from Sigma-Aldrich (France).
2.2. Membrane preparation

2.2.1. Dense membranes
PVA composite membranes were prepared according to a previ-

ously reported procedure [21]: the composite membranes (thick-
ness 40 ± 2 mm) with the desired quantity of fullerenol (0–5% w/
w with respect to the weight of the polymer) were prepared by
using a solution casting method and dried by solvent evaporation
at 40 �C for 24 h. Then, the obtained polymer membranes were
cross-linked by thermal treatment at 140 �C during different time
(100, 120, 180, 240, 300, 360 and 420 min). Above the optimal
cross-linking temperature of 140 �C, fullerenol molecules exhibited
decomposition due to OH group loss.

2.2.2. Supported membranes
The thin selective layer of supported membranes was produced

by casting a 2 wt.% aqueous solution of PVA without and with full-
erenol (1 and 5 wt.% with respect to polymer) onto the surface of
the UPM support and drying at room temperature. The fabricated
layer had a thickness of 1.5 ± 0.3 mm, as determined by scanning
electron microscopy (SEM) measurements, and its cross-linking
was achieved by heating the membrane at 140 �C for various times
(100, 240, and 420 min), making use of the optimized results
obtained for dense membranes.

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. The prepa-
ration conditions and names of the thus fabricated membranes are
listed in Table 1.

2.3. Sorption experiments

In gravimetric sorption experiments, membrane films of known
weight were immersed in a liquid at 20 �C. Three days later, the
excess liquid was removed, and the membranes were weighed.
This procedure was repeated until the weight of the swollen films
remained constant. The degree of equilibrium swelling or liquid
sorption of the polymer membrane, S (g liquid/100 g dry polymer),
was calculated as:

S ¼ ðmS �m0Þ=m0; ð1Þ
where mS is the weight of the swollen membrane, and m0 is the
weight of the dry membrane.
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2.4. Wide-angle X-ray diffraction

The X-ray diffraction (XRD) patterns of investigated membranes
were recorded at room temperature using a Bruker D8 DISCOVER
diffractometer (Cu Ka radiation, 40 kV, 40 mA, step size = 0.05�,
scan rate = 5 s/step) for 2h = 5–70� in the Bragg-Brentano geome-
try. Rietveld refinement was performed using the GSAS package
[24] with EXPGUI interface [25], and peak shape was described
by the pseudo-Voigt function.

2.5. SEM characterization

Dense and supported membranes were submerged in liquid
nitrogen for 5 min and fractured perpendicularly to the surface.
The prepared specimens were imaged using a scanning electron
microscope (Zeiss Merlin) at a voltage of 1 kV.

2.6. Contact angle determination

Changes of surface hydrophilicity/hydrophobicity were investi-
gated by measuring the contact angles of polymer membranes
with water droplets. These measurements utilized the sessile drop
method and a device named ‘‘Contact angle and surface tension
meter revision 1.31.”

2.7. Pervaporation experiments

Transport properties were studied using a laboratory cell in
steady state regime at 25–60 �C (Fig. 1).

A downstream pressure of <10–2 kPa was maintained using a
vacuum pump, being controlled by a pressure gauge. The permeate
was collected in a liquid-nitrogen-cooled trap, weighed, and ana-
lyzed by gas chromatography. The utilized gas chromatograph
(SHIMADZU GC-2010) was equipped with an HP-PLOT/U column
and a thermal conductivity detector to perform quantitative anal-
ysis of the feed/permeate. The concentration of feed mixtures dur-
ing pervaporation was kept always constant to carry out
pervaporation process at the same conditions to avoid the nonre-
producibility of the transport parameters during the separation
of the same feed mixture. The average stage cut was below 5%.

The membrane permeation flux, J (kg/m2 h), was determined as
the amount of liquid transported through a unit membrane area
per hour (Eq. (2)):

J ¼ W
A� t

; ð2Þ
P mbar

Fig. 1. Experimental pervaporation set-up ( thermostat and water batch – memb
where W (kg) is the weight of liquids that permeated the mem-
brane, A (m2) is the effective membrane area, and t (h) is the mea-
surement time.

The effectiveness of pervaporation-based binary mixture sepa-
ration can be expressed by the separation coefficient b (Eq. (3))
and the process separation index (PSI; Eq. (4)) [26]:

b ¼ Yi=ð1� YiÞ
Xi=ð1� XiÞ ð3Þ

PSI ¼ J � ðb� 1Þ ð4Þ
where Yi and Xi are mass fractions of the favored compound i in the
permeate and in the feed, respectively. PSI (kg/(m2 h)) is a quantity
commonly used to compare pervaporation performances of various
membranes with different separation and transport properties.

Each measurement was performed at least three times, and
average values were recorded for later analysis. The following
mean accuracies were determined for transport parameters. Dense
membranes: ±0.5% for selectivity, ±8% for flux; supported mem-
branes: ±0.2% for selectivity and ±5% for flux.

3. Results and discussion

The transport characteristics of thermally cross-linked dense
and supported PVA membranes and those of their composites with
low-hydroxylated fullerenol were studied for the separation of
water/AcOH feed mixtures by pervaporation. Two membrane types
were used: �40-mm-thick dense membranes (to accurately capture
the transport properties of pristine PVA and PVA-fullerenol mixed-
matrix membranes) and supported membranes (with a thin selec-
tive layer �1.5 lm thick), with the demonstrating the possibility of
producing industrially interesting high-permeance membranes.
Finally, an in-depth stability test of PVA-5-420sup membrane in
close-to-industrial conditions investigated the performance of
PVA-fullerenol mixed-matrix membranes at feed water contents
of 10–30 wt.%.

3.1. Stability and sorption

Cross-linking conditions were further optimized based on the
results of our previous studies, i.e., 100-min thermal cross-
linking of PVA and PVA-fullerenol membranes at 140 �C [22,23].
Membranes highly selective for water and resistant to aggressive
mixtures (especially AcOH/water mixtures) were obtained by
increasing the heating time from 100 to 420 min to achieve more
extensive PVA cross-linking.
rane – permeate – cold trap – vacuum pump – atmospheric pressure).
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Fig. 2. Dependence of sorption degree on cross-linking heating time.

Table 2
Pervaporation of an AcOH/water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C
using dense membranes.

Membranes
(140 �C, 100 min)

Flux
(kg/(m2 h))

Water content in
permeate (wt.%)

PSI
(kg/(m2 h))

PVA-100 0.023 89.6 1.76
PVA-1-100 0.021 92.0 2.15
PVA-5-100 0.020 93.9 2.89
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The equilibrium swelling of dense polymer membranes was
studied to (i) determine the sorption characteristics for compo-
nents of the separated mixture and explain the mechanism of pen-
etrant transport through the membrane and (ii) determine the
degree of polymer chain cross-linking and increase the extent of
thermal cross-linking to enhance membrane selectivity for
pervaporation-based separation of AcOH/water mixtures. Fig. 2
shows the results obtained for PVA and PVA-fullerenol membranes
thermally cross-linked at 140 �C for 100, 120, 180, 240, 300, 360,
and 420 min.

Differences in the sorption properties of polymer membranes
directly affect their transport properties. As shown in Fig. 2, the
degree of dense membrane swelling in water decreased with
increasing fullerenol loading and heating time. Expectedly, the
effect of heating time on cross-linking was not linear, with major
swelling reduction occurring after �120 min. Interestingly, mem-
branes containing fullerenol (even at a low loading of 1 wt.%)
exhibited a larger swelling decrease. The sorption of pure acetic
acid was found to be very low for all membranes, equaling
�2 wt.% and showing that water was the active agent responsible
for membrane swelling. Further, we studied membranes heated
for 100, 240, and 420 min to identify the temperature dependence
of transport properties for the separation of AcOH/water mixtures
by pervaporation. In our previous works [22,23], we revealed that
membranes heated for 100 min could potentially be used to sepa-
rate industrially important mixtures, with changes of membrane
sorption characteristics significantly reduced after 240 min of
Fig. 3. Schematic structures of den
heating. After heating for more than 420 min, the swelling degree
remained unchanged, indicating full polymer chain cross-linking.

3.2. Pervaporation through dense and supported membranes based on
PVA and PVA-fullerenol composites thermally treated at 140 �C for
100 min

The transport characteristics of dense and supported mem-
branes based on PVA and PVA-fullerenol composites thermally
cross-linked at 140 �C for 100 min were determined in the perva-
poration of an acetic acid/water mixture (10 wt.% water, 90 wt.%
AcOH) at 40 �C, with the obtained results presented in Table 2.

The transport properties were first determined for
�40-mm-thick dense membranes, revealing that increasing fuller-
enol content decreased the flux through these membranes and
increased their selectivity. Fullerenol-containing PVA membranes
exhibited up to 4% higher selectivities than those containing
pristine PVA, exhibiting fluxes that were only 10% lower and
thus showing promise for further application in acetic acid
dehydration. To obtain membranes with higher permeances,
supported membranes with a thin selective layer (<1.8 mm) were
successfully prepared, allowing high-performance industrial-scale
pervaporation (Fig. 3).

Theabovemixed-matrix supportedmembranes compriseda thin
selective layer deposited onto a porous ultrafiltration support based
on aromatic polysulfone amide (UPM), which provided good
mechanical strength and did not limit the downstream mass
transport (Fig. 3). Fig. 4 shows a cross-section of the supported
PVA-5-100sup membrane, revealing the uniform structure of the
dense PVA-fullerenol top layer and demonstrating the excellent
adhesion of this top layer to the spongy porous support. SEM
imaging found no indication of PVA penetration into pores and
determined the top layer thickness as �1.5 ± 0.3 mm. Notably, a
similar SEM image was obtained for the PVA-100sup membrane
(not shown here).

The transport properties of supported membranes were subse-
quently characterized in pervaporation-based dehydration of an
AcOH/water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C, with
the obtained results presented in Table 3.

Introduction of fullerenol preserved the selectivity trend
observed for dense membranes, with higher loadings increasing
the permeate water content (by up to 3%). In addition, the low
thickness of the supportedmembranes expectedly gave rise to high
permeance, increasing the flux 6–9-fold (Tables 2 and 3). However,
for a thickness decrease from 40 to 1.5 mm, the flux increase was
less pronounced than expected, which could be explained by a
combination of several phenomena, e.g., more extensive cross-
linking of the thin dense layer could be achieved at the same heat-
ing temperature. Moreover, the selectivity of all supported mem-
branes decreased by �6%, probably due to the significantly
increased water flux. Nevertheless, this series of supported mem-
branes achieved promising PSI values (Table 3; calculated using
Eq. (4)) [26]. The PSI decrease with the rise fullerenol content in
PVA membranes occurs due to the flux fall because of the cross-
linking between the PVA and fullerenol. To increase the PSI the
se and supported membranes.



Fig. 4. Cross-sectional SEM micrograph of the PVA-5-100sup membrane showing
the dense PVA layer covering the surface of the porous UPM support.

Table 3
Pervaporation of an AcOH/water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C
using supported membranes.

Membranes
(140 �C, 100 min)

Flux
(kg/(m2 h))

Water content in
permeate (wt.%)

PSI
(kg/(m2 h))

PVA-100sup 0.180 83.5 8.02
PVA-1-100sup 0.162 84.3 7.67
PVA-5-100sup 0.112 86.6 6.40
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effects of cross-linking at higher temperatures were further inves-
tigated to develop another series of supported membranes with
higher selectivities and fluxes.

3.3. XRD data

The obtained XRD results corresponded to the well-known crys-
tal structure of PVA [27] (Fig. 5). However, preliminary Pawley fit-
ting of the obtained data showed that the crystalline domains of
these samples exhibited a certain preferred orientation, as
reflected by the much higher intensity of the �101 peak compared
Fig. 5. Crystal structure of PVA viewed along and perpendicular
to that of the 101 peak. The layered structure of PVA, with layers
parallel to the [�101] plane, is presented in Fig. 5, being different
from the more common fiber-like orientation along the b axis
[28], which would not change the abovementioned peak intensity
ratio.

Taking into account this observation, Rietveld refinement of the
obtained data was performed using the March-Dollase model [29]
to describe the preferred orientation. Since the above texture
implies platelet-like crystallite shape, the possibility of anisotropic
peak broadening in the same direction was taken into account.

The amorphous polymer content was determined as the inten-
sity ratio of the amorphous halo and crystalline phase peaks in the
2h range of 12.5–30� (corresponding to 001, �101, 101, and 002
peaks). Peak fitting was performed with Fityk software [30].

The results of XRD analyses are summarized in Table 4. Even
though the parameter variation was close to the precision limit
of laboratory XRD analysis, it could be concluded that both the
overall crystallinity and the thickness of crystallites increased after
heat treatment, with addition of fullerenol additionally enhancing
crystallinity. This trend correlates with the observed variation of
membrane pervaporation characteristics, suggesting that the crys-
talline polymer part plays an important role in determining these
properties. In the future, a larger range of membranes should be
investigated to test this hypothesis, in addition to the acquisition
of higher-quality (synchrotron) diffraction data.
3.4. SEM analysis

SEM was employed for visualizing the inner morphology of
membranes, with the corresponding cross-sectional micrographs
of membranes based on PVA and PVA-fullerenol composites pre-
sented in Fig. 6.

Cross-sectional SEM imaging revealed that the degree of rough-
ness significantly increased with increasing fullerenol content and
heating time (Fig. 6), indicating reduced membrane flexibility and
being in agreement with XRD data, which states that the degree of
crystallinity for heat-treated membranes increases with increasing
fullerenol concentration and heating time. SEM imaging of
to the b direction. The [�101] plane is oriented horizontally.



Table 4
Results of XRD analyses.

Sample a (Å) b (Å) c (Å) b (�) RMD S ize of crystallites (nm) Size perpendicular to [�101] (nm) Crystallinity (%)

PVA-100 7.81(1) 2.534(6) 5.515(5) 91.2(1) 0.508(3) 6.5(1) 58.3
PVA-240 7.818(8) 2.541(5) 5.508(6) 90.9(1) 0.480(4) 7.9(3) 63.5
PVA-420 7.813(8) 2.552(5) 5.494(6) 90.9(1) 0.479(5) 8.2(4) 61.2
PVA-1-420 7.804(8) 2.544(6) 5.502(3) 90.9(1) 0.479(2) 8.1(1) 61.9
PVA-5-420 7.806(7) 2.538(4) 5.496(5) 90.8(1) 0.485(4) 8.5(3) 70.1

Fig. 6. Cross-sectional SEM micrographs of membranes based on PVA and PVA-fullerenol composites heated at 140 �C for 100 (a), 240 (b), 420 (c) min.

Table 5
Water contact angles measured at 20 �C.

Membranes (heated at 140 �C) Contact angle (�)

100 min 240 min 420 min

PVA 53.6 ± 1.7 58.1 ± 1.5 59.75 ± 1.3
PVA-1% fullerenol 35.0 ± 2.9 38.6 ± 2.6 41.9 ± 1.9
PVA-5% fullerenol 22.2 ± 2.1 25.6 ± 2.2 28.5 ± 1.4
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fullerenol-free membranes was conducted and discussed in our
previous work [21].

3.5. Contact angle measurements

Contact angle measurements were performed using the static
sessile drop method to study the changes in surface membrane
morphology, with results presented in Table 5. Water is the best
standard liquid for initial contact angle measurements, helping to
determine the hydrophilicity of the membrane surface. Table 5
shows that water contact angles decreased with increasing fuller-
enol concentration, indicating that membrane surfaces became
more hydrophilic due to the increased amount of polar groups
thereon. Conversely, membrane surfaces became less hydrophilic
at increased heating times due to profound cross-linking between
PVA chains and fullerenol that reduced the number of hydroxyl
groups, in agreement with the decreased sorption observed at ele-
vated treatment temperatures. Thus, we concluded that addition of
fullerenol (even in low amounts) significantly contributed to the
increase of surface polarity.
3.6. Pervaporation through dense and supported PVA membranes
thermally treated at 140 �C for 100, 240, and 420 min

Initially, supported composite membranes heated for 100 min
were prepared, with the effects of 240- and 420-min heating on
pervaporation performance further investigated.

The pervaporation characteristics of dense and supported mem-
branes based on pristine PVA thermally cross-linked at 140 �C for
100, 240, and 420 min were tested in the separation of an AcOH/
water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C, with results
presented in Table 6.



Table 6
Pervaporation of an AcOH/water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C through dense and supported PVA membranes.

Heating time Dense PVA membranes treated at 140 �C Supported PVA membranes treated at 140 �C

Flux (kg/(m2 h)) Water content in permeate (wt.%) PSI (kg/(m2 h)) Flux (kg/(m2 h)) Water content in permeate (wt.%) PSI (kg/(m2 h))

100 min 0.023 89.6 1.76 0.185 83.5 8.24
240 min 0.012 93.8 1.62 0.133 87.4 8.17
420 min 0.009 98.8 6.66 0.102 92.1 10.60
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The obtained data show that heat treatment significantly
increased the selectivity of dense and supported PVA mem-
branes (by up to 9%), also increasing the flux through supported
membranes 9- to 10-fold. Therefore, comparison of these results
with those achieved after basic treatment at 140 �C for 100 min
shows that it is possible to increase the flux by a factor of 5–6
while concomitantly increasing pervaporation selectivity by up
to 3%.

Thus, based on pervaporation experiment results and PSI fac-
tors, optimal thermal cross-linking conditions were shown to cor-
respond to 140 �C and 420 min, achieving highly selective
separation of the AcOH/water mixture.
Temperature, °C

.%

Fig. 7. Dependence of water flux (black curve) and concentration in the permeate
(red curve) on temperature during the pervaporation of a water/AcOH mixture
through the PVA-5-420sup membrane. Open symbols show membrane parameters
determined after completing this set of experiments at the initial temperature of
25 �C to evaluate membrane resistance after exposure to high temperature.
3.7. Pervaporation through supported membranes based on PVA and
PVA-fullerenol composites thermally treated at 140 �C for 420 min

Tables 2 and 3 demonstrate that the introduction of fullerenol
increases selectivity by promoting cross-linking. Therefore, to fur-
ther improve the selectivity of supported membranes, we studied
the transport properties of thermally cross-linked supported mem-
branes based on PVA-fullerenol (1 and 5 wt.% with respect to poly-
mer) annealed at 140 �C for 420 min, with results shown in Table 7.

The data in Table 7 show once more that fullerenol incorpora-
tion increases pervaporation selectivity, slightly decreasing the
flux (by 10%) due to cross-linking of PVA polymer chains and
increasing the PSI factor 1.78-fold (to 18.71 kg/(m2 h)). Hence, it
can be concluded that the best combination of transport properties
was obtained for the PVA-5-420sup membrane. However, to further
evaluate the application potential of this supported membrane for
acetic acid dehydration, additional experiments were carried out,
taking into account the variation of feed temperature and feed
water content.
3.8. Effect of operating parameters on the transport properties of PVA-
5-420sup

Two parameters were investigated to study the transport prop-
erties of the above novel composite membrane to evaluate its
potential applications in an industrial process. The influence of
feed temperature (25, 40, 50, 60 �C) was analyzed because indus-
trial processes benefit from low-temperature operation due to
using waste heat streams, and separation of AcOH/water feed mix-
tures was performed for a wide range of water contents (up to
30 wt.%) to evaluate membrane stability at relatively high water
levels.
Table 7
Pervaporation of an AcOH/water mixture (10 wt.% water, 90 wt.% AcOH) at 40 �C
through supported membranes based on PVA and PVA-fullerenol composites.

Supported membranes
(140 �C, 420 min)

Flux
(kg/(m2 h))

Water content in
permeate (wt.%)

PSI
(kg/(m2 h))

PVA-420sup 0.102 92.1 10.60
PVA-1-420sup 0.095 93.2 11.62
PVA-5-420sup 0.087 96.0 18.71
3.8.1. Effect of temperature on the transport properties of PVA-5-
420sup

Pervaporation experiments for the separation of a water/AcOH
mixture (10/90 w/w) at different temperatures (25, 40, 50, and
60 �C) were performed to determine membrane stability, with
the effect of temperature on flux and selectivity shown in Fig. 7.

Fig. 7 shows that the flux through the PVA-5-420sup membrane
increased with increasing temperature, as expected, with the per-
meate water content decreasing to 80 wt.% above 40 �C. After com-
pleting experiments at 60 �C, the system was returned to 25 �C to
check for hysteresis effects. As a result, the membrane still exhib-
ited high selectivity (98 wt.% water in the permeate, flux = 0.04 kg/
(m2 h)), showing well-reproducible performance and suitability for
continuous operation at several temperatures.
3.8.2. Effect of feed water content on the transport properties of PVA-
5-420sup

To assess the opportunities and prospects of applying the
abovementioned PVA composite membrane in a real industrial
hybrid process successively combining distillation and pervapora-
tion steps [3], its stability was investigated at high feed water con-
tents. The mixture exiting the distillation column may have a
water content above 10 wt.%, requiring the membrane to be stable
under such conditions. Thus, the transport properties of PVA-5-
420sup were investigated for AcOH/water mixtures containing up
to 30 wt.% of water.

Finally, the results obtained for PVA-5-420sup were compared to
the pervaporation properties of a commercially available mem-
brane, i.e., PERVAPTM 1201 provided by Sulzer, known for its good
dehydrating performances in acidic media. The results of this com-
parative analysis are shown in Figs. 8 and 9.

At low water contents, both membranes exhibited high perme-
ate enrichment (>95 wt.%) (Fig. 8). At higher feed water content,
the selectivity of the PVA-5-420sup membrane decreased (85 wt.%
water in permeate), whereas that of the PERVAPTM 1201 membrane
remained unchanged (�99 wt.% water in permeate).
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In both cases, the water content curves significantly differed
from the vapor-liquid equilibrium curve (dashed line) of the
water-AcOH system (Fig. 8), indicating the high selectivity of these
membranes for concentrated acid dehydration.

The data presented in Fig. 9 show that the PERVAP 1201 mem-
brane exhibited a low flux irrespective of the feed water content.
Conversely, the flux through the developed PVA membrane con-
taining 5 wt.% fullerenol always exceeded that through the PERVAP
membrane, significantly increasing with increasing feed water
content (up to 10-fold).

To evaluate membrane resistance to high water levels, pervapo-
ration experiments with PVA-5-420sup were carried out again at a
low feed water content (10 wt.% water), revealing that the dehy-
dration performance of this membrane was still very high and
achieving permeate enrichment of up to 92 wt.% water, with the
corresponding flux increasing to 0.2 kg/(m2 h) (initially, 96 wt.%
water in the permeate and a flux of 0.08 kg/(m2 h) were obtained).
This hysteresis effect could be caused by significant membrane
swelling in the previous experiment, resulting in a more plasti-
cized polymer matrix.

However, it should be emphasized that despite the slight
reduction of membrane selectivity, the transport properties of
PVA-5-420sup remained at a very high level, especially for concen-
trated acidic mixtures. Hence, this membrane showed stability and
high selectivity for the dehydration of acetic acid, exhibiting supe-
rior performance compared to that of the commercially available
PERVAPTM 1201 membrane.
4. Conclusions

Novel and thermally cross-linked PVA-based supported mem-
branes containing up to 5 wt.% C60(OH)12 were prepared, featuring
dense selective layers of �1.5 mm thickness to achieve high mem-
brane permeance and high selectivity for water.

This study provides two types of very interesting results
directly linked to fullerenol nanoparticles introduced at controlled
low amounts. The first set of results is related to the physical
properties of the modified PVA mixed matrices:

– the polymer matrix is highly crystalline, as shown by XRD
analysis;

– the surface polarity is significantly increased by modification
with fullerenol, as revealed by the decreased contact angle; and

– the high degree of cross-linking results in low water sorption
and high stability in acidic medium.

The second set of results is related to the improved pervapora-
tion performances of the PVA mixed-matrix membrane series:

– PVA-fullerenol nanocomposite prepared in water allow the
preparation of supported PVA membranes with a thin dense
layer (about 1.5 mm thick) exempt from defects, resulting in
high selectivity and high permeances;

– the relationship between flux and selectivity can be very
well controlled by choosing appropriate thermal treatment
conditions; and

– high stability in concentrated acetic acid mixtures makes these
membranes promising candidates for potential industrial
application.

These results are clearly linked to the homogeneous distribu-
tion of fullerenol nanoparticles in the PVA matrix and the low level
of their aggregation, which allow defect-free supported mem-
branes with excellent dehydrating properties to be prepared.
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