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Abstract We prepared poly(vinyl alcohol) (PVA)/SiO,
and PVA/SiO,/glutaraldehyde (GA) nanocomposite mem-
branes in a single step using the solution casting method.
The structure, morphology, and properties of these
nanocomposite membranes were characterized by Raman
spectroscopy, atomic force microscopy, small- and wide-
angle X-ray scattering, thermogravimetric analysis, differ-
ential scanning calorimetry, and dynamic mechanical
analysis (DMA). The influence of silica and GA loading on
the meso-scale characteristics of the composite membranes
was investigated. The results showed that silica deposited
in the form of small nanoparticles (~1 nm) in the PVA/
SiO, membranes, while bigger submicron particles
(>25 nm) were formed in the PVA/SiO,/GA membranes.
The water uptake of the PVA/SiO, membranes increased
with temperature, but the PVA/SiO,/GA membranes were
completely dissolved above 50 °C. We can therefore con-
clude that the addition of GA deteriorated the properties of
PVA/SiO, membranes. The thermal stability of the PVA/
SiO, membranes increased with the increasing silica
loading with a maximum char yield of 46 % for PVA/SiO,/
4T. Even DMA profiles indicated a promising increase in
Egr (rubbery modulus) from 6 MPa (PVA membrane) to
1015 MPa (PVA/SiO,/4T) at 250 °C, showing high
mechanical strength of these membranes.
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Introduction

Hydrophilic PVA membranes are used in many applications,
most notably in organic/inorganic separations, pervapora-
tion, biomedical applications, catalysis, controlled drug
release, etc. [1-4]. These membranes have a highly hydro-
philic nature, which is considered as an advantage for some
applications, but in most cases it becomes a hindrance due to
the high swelling capacity of the membranes in water. To
enhance the stability and performance of PV A-based mem-
branes, a variety of chemical modifications have been
employed, e.g., cross-linking [5-7], electrospinning [8—10],
blending [11], sol-gel process [12, 13], and grafting [14, 15].

Cross-linking is considered as a suitable way to alter the
physical and chemical properties of membranes. The poly-
hydroxy structure of PVA enables easy cross-linking with
various multifunctional compounds capable of reacting with
—OH groups to obtain three-dimensional networks. A majority
of the commercially available asymmetric PVA membranes
are cross-linked by the phase-inversion technique [16, 17].
Recently, M’barki et al. [18] proposed a unique greener
method to prepare porous polymer membranes by combining
thermally induced phase separation and cross-linking of PVA
in water. Their results showed that cross-linking control was
the key step to obtain a porous membrane morphology. A
different approach was followed by Casimiro et al. [19], who
prepared PVA-supported catalytic membranes for biodiesel
production by the mutual y-irradiation method. They used
adipic acid (AA) and succinic acid (SA) as crosslinkers and a
commercial ion-exchange resin as the catalyst. The results
showed that a slight increase in the y-radiation dose leads to an
increase of the membrane catalytic activity.

Currently, most of the membrane studies are focused
towards easy fabrication of composite membranes in a
single step using methods such as surface segregation [20,
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21], solution casting [22-24], or dip-coating [25, 26]. In the
literature, many kinds of PVA-based hybrid membranes
using silica constituents were reported [27-29], but the
solution casting method is rarely used for directly fabri-
cating PVA/SiO, membranes. In this method, the prepa-
ration of membranes becomes challenging for many
reasons, for example, solidification of the casting solution,
gel formation after using the cross-linking agent, stiffness
due to SiO, loading, etc. Therefore, optimum conditions
have to be maintained to synthesize this kind of composite
membranes with good mechanical and thermal stabilities.

In this work, we develop a single-step solution casting
method for the preparation of PVA/SiO, and PVA/SiO,/GA
nanocomposite membranes. Our idea was to incorporate silica
and GA directly into the PVA matrix in a simple way, which
can be economically viable. Therefore, the PVA/SiO, mem-
branes were synthesized by direct addition of TEOS and HCI
to the PVA casting solution, while the PVA/SiO,/GA mem-
branes were prepared by further adding GA to the PVA-TEOS
solution. Membranes with different contents of silica and GA
were characterized by Raman spectroscopy, small- and wide-
angle X-ray scattering (SAXS/WAXS), atomic force micro-
scopy (AFM), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), dynamic mechanical analysis
(DMA), and water uptake experiments. The effect of silica and
GA incorporation on the properties and morphology of the
nanocomposite membranes was systematically investigated.

Materials and methods
Materials

PVA (hydrolyzed 99+%, M,, = 86000-98000) and GA
(25 % in water) were obtained from Sigma-Aldrich (USA).
TEOS and hydrochloric acid (HCI, 37 wt%) were pur-
chased from Merck Chemicals (Germany). All the chemi-
cals were of analytical grade and used as received.
Deionized water was utilized for all the membrane prepa-
ration experiments.

Membrane preparation

Nanocomposite PVA membranes were prepared by the
solution casting method. At first, a 5 wt% solution of PVA
in water was prepared by continuous stirring at 90 °C until
the complete dissolution was achieved. Subsequently,
TEOS, HCI, and GA were directly added to the PVA
solution at room temperature and the stirring was continued
for 4 h. The composition of each solution is specified in
Table 1. The prepared solution was poured into the auto-
matic film applicator (TQC, Germany) equipped with a
glass plate and was fabricated into membranes with uni-
form thickness. The expected reactions and membrane
structures are shown in Schemes 1 and 2.

Table 1 Composition of

. . Membrane code
solutions for the composite

Composition®

Membranes

membranes

PVA/SiO,/1T 1 ml TEOS + 0.5 ml HCI
PVA/SiO,/2T 2 ml TEOS + 0.5 ml HCI
PVA/SiO,/3T 3 ml TEOS + 0.5 ml HCl
PVA/SiO,/4T 4 ml TEOS + 0.5 ml HCI]
PVA/SiO,/4T
PVA/SiO,/GA1 1 ml TEOS + 0.5 ml HCI + 1 ml GA
PVA/SiO,/GA2 1 ml TEOS + 0.5 ml HCI + 2 ml GA
PVA/SiO,/GA3 1 ml TEOS + 0.5 ml HCI + 3 ml GA
PVA/SiO,/GA4 I ml TEOS + 0.5 ml HCI 4 4 ml GA
PVA/SiO,/GA4
PVA/GA1 1 ml GA
PVA/GA2 2 ml GA
PVA/GA3 3 ml GA
PVA/GA4 4 ml GA

PVA/GA4

# Solution mixtures were added to 5 % PVA (100 ml) solution
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Scheme 1 Expected chemical reactions during the formation of the PVA/SiO, membranes

Characterization
Raman spectroscopy

The Raman measurements were carried out on a DXR
Raman microscope (Thermo Scientific, USA). Three
excitation lasers (532, 633, and 780 nm) and four apertures
(slit and pinhole, 25 and 50 pum) were tested. The best
results were obtained using the 532 nm laser with the
50-um pinhole aperture. This configuration was thus used
for all measurements. The laser power was set to 10 mW
and 1000 scans with a 1-s exposure time were recorded for
each spectrum. To check sample homogeneity and elimi-
nate any possible artifacts, at least four spectra at different
points were collected for each sample. Since the bands
relevant to this study are in the range from approximately
800-1700 cm ™', we used the high-resolution grating for all
experiments. This grating provides the spectral resolution
of 2 cm ™! in the range from 70 to 1870 cm ™. The band at
855 cm ™' was not influenced by adding TEOS or GA [30]
and was therefore used for the intensity normalization of
the Raman spectra, when required for evaluation purposes.

Small- and wide-angle X-ray scattering

The SAXS/WAXS experiments were performed on a
SAXSess mc? instrument (Anton Paar, Austria). The
instrument uses a GeniX Microfocus X-ray point source
with a Cu anode (50 kV and 1 mA), single-bounce focus-
ing X-ray optics, and an advanced collimation block. This
configuration enables to measure in point collimation
geometry only. The experiments were performed in the
standard transmission setup, and imaging plates together
with the CyclonePlus® Reader (PerkinElmer, Inc.) were
used for detection. The sample exposure time was 30 min
and four pieces of the membranes were stacked for each
measurement. The range of the scattering vector magnitude

for the used experimental setup starts at about 0.2 nm™"

and goes up to 28 nm ™. It therefore covers both the SAXS
and the WAXS range. The scattering vector magnitude ¢ is
defined as g = (4n/1) sinf), where A is the X-ray wave-
length (0.15418 nm for Cu Ka) and 0 is the half-scattering
angle (Bragg angle). The 1D radial intensity profiles were
created from the measured 2D patterns by azimuthal
averaging using the SAXSquant software (Anton Paar,
Austria), which could be performed thanks to the azimuthal
symmetry of these patterns (indicating the isotropic nature
of the investigated samples).

Atomic force microscopy

The morphological measurements were conducted on the
atomic force microscope Ntegra (NT-MDT, Russia) in the
semi-contact mode. Several semi-contact probes were tes-
ted and the probe HA-NC (also NT-MDT) with a force
constant of 3.5 N/m was chosen as the most suitable for the
morphological mapping of prepared PVA membranes. The
typical scanning frequency was 0.6 Hz and the free oscil-
lating amplitude (FOA) was 1.8 V. The set point amplitude
(SPA) was individually chosen for each sample to the value
of SPA = 0.5-FOA. The NT-MDT software allows the
scanning of four images during one AFM scan. We scan-
ned two topological images (trace and retrace), one phase
image and one magnitude image. The magnitude image
was recorded for each measurement and helped in non-
ambiguous image interpretations. A comparison of the
trace and retrace images allows in excluding artifacts
which could be created by wrong SPA.

Water uptake measurements
The water uptake studies were carried out at temperatures

from 30 to 90 °C with a 20 °C step. The membranes were
placed in deionized water, heated to 30 °C and kept at this
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Scheme 2 Expected chemical reactions during the formation of PVA/SiO,/GA membranes

temperature for 1 h at ambient pressure. The wet mem-
branes were then wiped with a filter paper and weighted.
Temperature was then increased by 20 °C and the whole
process was repeated until the data were acquired at all
desired temperatures.

Thermogravimetric analysis

Dynamic TG analyses were performed to assess the rela-
tive thermal stabilities of the polymer membranes. The
TGA curves were obtained on a TGA Q500 thermogravi-
metric analyzer (TA Instruments, USA). Samples of about
5 mg were heated at a rate of 10 °C/min in N, atmosphere.
The weight of the samples was measured as a function of
temperature/time.

Differential scanning calorimetry
A DSC Q200 differential scanning calorimeter (TA
Instruments, USA) was used to measure the phase transi-

tion behavior of the membranes. Samples of about 5 mg
were weighed into a DSC aluminum pan. Dynamic heating

@ Springer

scans were carried out from 50 to 300 °C at a heating rate
of 10 °C/min in N, atmosphere.

Dynamic mechanical analysis

The temperature dependence of the storage modulus was
determined by DMA using a DMA Q800 instrument (TA
Instruments, USA). Membrane samples with a size of
13 x 0.8 mm and a thickness of about 1 mm were used to
measure the mechanical properties. Experiments were
conducted in N, atmosphere at three different frequencies
(1, 10 and 20 Hz) starting from ambient temperature up to
250 °C with a heating rate of 5 °C/min.

Results and discussion
Raman spectroscopy
The Raman spectra of the pure PVA, PVA/SiO,, and PVA/

Si0,/GA membranes were measured and the assignment of
the major Raman bands is summarized in Table 2. In the
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Table 2 Assignment of Raman bands for PVA, PVA/SiO,, and PVA/
Si0,/GA membranes

Frequency Assignment

(em™")

856 C-C stretching [31, 33, 34]

919 C-C stretching [30, 31, 33, 34]; increase in the
intensity can be related to the decrease of the
crystallinity, i.e., represents non-crystalline
conformation of the PVA carbon backbone

980 Si—OH stretch [31, 32]

1071 C-O stretching, O-H bending [30, 31]

1093 C-O stretching, O-H bending [30, 31, 33]

1124 very weak in this spectrum; C—O and C—C stretching
[31]; C—O-C stretching in the cross-linked network
[30]; indicative of the amorphous phase [30, 31]

1147 C-0O and C-C stretching [30, 31, 33]; indicative of
the crystalline phase [30, 31, 34]

1365 C-H and O-H bending [30, 31, 34]

1442 C-H and O-H bending [30, 31, 33, 34]
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Fig. 1 Raman spectrum of pure PVA

pure PVA membrane spectrum (Fig. 1), strong character-
istic bands were observed at 856, 919, 1147, and
1442 cm™". The bands at 856 and 919 cm ™" are due to the
C—C stretching of the PVA polymer backbone. The band at
919 cm ™! corresponds to the amorphous phase (non-crys-
talline conformation of the PVA carbon backbone), while
the band at 856 cm™' is independent of the crystallinity
[30] and was therefore used for intensity normalization, as
mentioned in the experimental section. The bands at 1365
and 1442 cm™' result from the C-H and O-H bending
vibrations and the bands at 1147 and 1124 cm™' corre-
spond to the C—C and C-O stretching in the crystalline and
the amorphous phase of the PVA matrix, respectively.
The spectra of the pure PVA, PVA/SiO,/2T, and PVA/
Si0,/4T membranes are compared in Fig. 2a. It is clearly
visible that the incorporation of silica reduced the crys-
tallinity of the membranes. The “crystalline” band at
1147 cm™" decreased and the “amorphous” band at
1118 cm™" increased with the increasing silica loading.
The intensity ratio of the bands at 916 and 856 cm™'
increased with the increasing SiO, content, also indicating
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Fig. 2 Comparison of Raman spectra of PVA and a PVA/SiO,;
b PVA/SiO,/GA membranes

a decrease of the crystallinity. A new feature in the spec-
trum is the weak scattering band at 980 cm™' corre-
sponding to Si—-OH vibrations [31, 32]. A significant
shoulder appears around 1337 cm ™' for PVA/SiO,/2T and
then forms a second maximum for PVA/SiO,/4T. The
same trend was observed by Martinelli et al. [30] for PVA
membranes with various contents of GA and silica. The
band at 1094 cm™' completely disappeared upon the
addition of TEOS. Since this band is related to O-H
vibrations, this could be evidence that the OH groups in
PVA reacted with TEOS. The small band that would rep-
resent unreacted OH groups is probably overlapped by the
neighbouring strong and broad band at 1118 cm™".

The spectra of samples PVA/SiO,/GA1l, PVA/SiO,/
GA2, and PVA/SiO,/GA4 are compared with that of pure
PVA in Fig. 2b. The intensity of the band at 1147 cm™'
decreased with the increasing GA content and, simultane-
ously, a slight increase in the 1118 cm™' band intensity
was observed, clearly indicating a decrease of the mem-
brane crystallinity. However, the decrease of the crys-
tallinity was gradual in the case of PVA/SiO,/GA
membranes, in contrast with the PVA/SiO, samples.

The addition of GA resulted in the emergence of several
new bands, especially at the highest GA content (sample
PVA/SiO,/GA4). These bands were at 1710, 1676, 1638,
1256, 1201, and 804 cmfl, respectively, and can be
attributed to various vibrations in pure GA [30]. Martinelli
et al. [30] measured the Raman spectra of PVA cross-
linked by various amounts of GA and suggested that only a
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limited amount of GA was incorporated into the PVA
network. We would therefore suggest that the observed
bands originate from GA molecules that did not fully
incorporate into the cross-linked network. This is supported
by the fact that the intensity of these bands increased with
the increasing GA content, in agreement with [30]. Fur-
thermore, several of these bands (1710, 1256, 1201, and
804 cm™ ') were not observed at the lowest GA content
(PVA/Si0,/GALl), supporting the assumption that a small
amount of GA incorporates into the membrane. The band
at 1369 cm~! broadens to lower wavenumbers, although
this effect is less notable for PVA/SiO,/GA than for the
corresponding PVA/SiO, membranes, probably indicating
a lower incorporation of silica into the membrane structure
when GA is present. This assumption was confirmed by
SAXS.

Small- and wide-angle X-ray scattering

Figure 3a—c show the SAXS profiles of the PVA/SiO,,
PVA/SiO,/GA, and PVA/GA samples, respectively. The
profile of pure PVA is shown in all cases for comparison.
The profiles are expressed as dependencies of the scattering
intensity on the scattering vector magnitude g on a log—log
scale. The corresponding WAXS profiles are shown in
Fig. 4a—c and expressed as dependencies of the scattering/
diffraction intensity on the 20 angle.

The WAXS profile of the pure PVA membrane shows
several crystalline peaks that could be well assigned to
crystallographic planes of the monoclinic PVA system [35,
36]. The crystalline peaks are superimposed on a broad
amorphous halo corresponding to the amorphous phase.
Thus, the WAXS profile verified the semi-crystalline nat-
ure of the pure PVA membrane.

The nanometer-scale structure can be estimated from the
SAXS profile. The peak in the SAXS profile of the pure
PVA membrane at g of approximately 0.6 nm~' is an
evidence for the nanophase separation of the material, i.e.,
mixed crystalline and amorphous regions with dimensions
in the range of nanometers, in accordance with the litera-
ture [37]. The corresponding approximate d-spacing cal-
culated from the position of the peak maximum is: d = 27/
Ggmax = 27/0.7 = 9 nm. The pronounced peak shows that
the structure is well ordered with a relatively narrow dis-
tribution of both the size of the crystallites and their
spacing. If we assume small crystallites randomly dis-
tributed in an amorphous polymer matrix [37], their size
and average distance can be estimated from the SAXS
profile. For this purpose, we utilized the Irena software
package for small-angle scattering analysis [38]. If the
crystallites are assumed to be spherical, the SAXS profile
fitting provides an average diameter of about 6 nm with an
average d-spacing of about 8 nm.

@ Springer

2 1 :
(a) {|Structures/particles of comparable size asthe | | | !
10%= i|crystallites in pure PVA, less ordered structure
84 H 5 T % 5% n b R H T 1
63 Crystaliites of PVA|
_— 44 -1
=' -1 (qmax =06nm ) i
& & Fine silica nano
3. 3_| . |structures/particles
g 10 83 : '
[7/] - H
c 8 : ! i
[ 4+ !
- ] i
£ — PVA ;
270 — PVA/SIO,/AT i
1024 — PVA/SIO,/2T :
83 PVA/SIO,/3T
6] — PVAISIONMT | || i} Y
4 T T T UL I T T 1 L I
2 3 4 56789 2 3 4 56789
0.1 1 10
2— ISRR]
4 ] I Formation of larger structures (> 25 nm)]:
10 = \\ T 1 1 1 Lt : T & &
65 H Pod st i
— 4 ; Crystallites/particles in
= - modified membranes of about
© 2 : the same size as in pure PVA
~ H : T R
Bg 103_ N 3 s 12 e
s 83 Wt Y No significant population of
67 WG i rticles in contrast
c ] : ine nanopa
K 4 Lo [to PVA/SIO, samples
£ 1 — PVA ey 7 L1l
27 — PVA/SIO,/GA1 g N, /
10?— — PVA/SIO,IGA2 | N
83 PVA/SIO,/GA3 ] ; i
®] — PVAISIO,GA4 | | i} au R
4 t 111 T Tt 111
2 3 4 56789 2 3 4 56789
0.1 1 10
3 i
(©
2 \\
— 1000—
=] ]
. o
3 5_ H H . H DRI
Q T No significant population of
g 37 fine nanoparticles in contrast
o 2] : to PVA/SIiO, samples
= — PVA AR i
100— — PVA/GA1 P/
J — PVA/GA2 : :
64 PVA/GA3 | L ;
51 — PVA/GA4
4 T T
2 3
0.1 10

Fig. 3 SAXS profiles of a PVA/SiO,, b PVA/SiO,/GA, and ¢ PVA/
GA membranes

With the increasing silica (TEOS) loading, the crys-
talline peaks decrease in intensity or vanish (Fig. 4a),
indicating a decrease in the crystallinity of the membranes.
For PVA/SiO,/3T and PVA/SiO,/4T, all peaks corre-
sponding to crystalline PVA virtually vanished. This
observation correlates very well with the results of Raman
spectroscopy. The SAXS profiles of the PVA/SiO, samples
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provide further information. First, the fact that the peak of
PVA did not vanish indicates that there still exists phase
separation on the nanometer scale with similar dimensions
as in the pure PVA structure. However, we can hardly talk
about semi-crystalline structure because, as discussed
above, the crystallinity of the PVA/SiO, membranes
decreased or virtually vanished with the increasing silica

loading. With the increasing SiO, loading, the peak of
PVA becomes broader and shifts to lower values of ¢,
which indicates that the structure is less ordered than that
of the pure PVA membrane, presumably with a wider
distribution of the particle sizes. The shift of the peak
position to lower values of g does not necessarily mean that
the average d-spacing grows, but it can also be caused just
by the less sharp structure factor profile due to the less
ordered structure. The new broad shoulder at higher scat-
tering vectors, which is not present in pure PVA, indicates
the presence of fine nanoparticles/nanostructures (with
dimensions down to about 1 nm), which must be silica or
silica-containing particles/structures distributed in the
polymer matrix. The above observations are clear evidence
that silica is extensively incorporated into the PVA struc-
ture. Furthermore, a successful formation of organic—
inorganic composites of PVA and silica was already
reported and studied by SAXS and FTIR in [39], where the
same reaction of PVA with TEOS was used for the com-
posite preparation.

Figure 4b shows the WAXS profiles of the PVA/SiO,/
GA samples. It can be seen that when TEOS and GA are
added, the intensity of the crystalline peaks decreases, as in
the previous case. However, the influence of increasing the
GA concentration on the crystallinity is not that strong as in
the case of TEOS, in a good agreement with the results of
Raman spectroscopy. Figure 3b shows the SAXS profiles
of the PVA/SiO,/GA membranes. In this case, the situation
is completely different compared to the PVA/SiO, mem-
branes. The peak corresponding to the PVA crystallites
does not shift, which means that their size is preserved. No
significant shoulder at higher scattering vector g is present,
which means that silica does not incorporate into the
polymer in the form of fine nanoparticles. The steep rise of
the scattering intensity towards low ¢ originates from the
presence of bigger particles (at least 25 nm). Such particles
did not form in the PVA/SiO, membranes. Thus, in the
case of PVA/SiO,/GA membranes, silica prefers to form
bigger particles, presumably together with GA. This cor-
relates very well with the TGA results, which showed that
the PVA/SiO,/GA membranes are less stable than the
PVA/SiO, membranes and that their thermal stability did
not even increase in comparison with the pure PVA
membranes. These findings correspond very well with the
AFM results, which showed the presence of such big par-
ticles in the PVA/SiO,/GA samples, whereas the mor-
phology of PVA/SiO, was similar to that of pure PVA.

Figures 3c and 4c show the SAXS and WAXS profiles
of the PVA/GA samples, which were additionally prepared
for selected supplementary analyses. It can be observed
from the SAXS profiles that the addition of GA leads to a
gradual decrease of the peak corresponding to the
nanocrystallites. In the case of PVA/GA3 and PVA/GA4,
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the peak totally vanished. The WAXS profiles of the PVA/
GA samples (Fig. 4c) confirm the decrease in crystallinity
with the increasing GA content. It can therefore be con-
cluded that a sufficiently high concentration of GA pre-
vents the formation of the fine semi-crystalline structure.
This indicates that GA effectively reacts with the hydroxyl
groups of PVA and cross-links the PVA chains when the
GA concentration is sufficiently high. The GA side chains
and cross-links then prevent the formation of the
nanocrystallites, which form in pure PVA. This is a dif-
ferent situation compared with the PVA/SiO,/GA samples,
where the SAXS peak did not vanish even at the highest
GA concentration (only its intensity was reduced). Simul-
taneously, the crystallinity determined by WAXS did not
decrease that intensely as in the case of the corresponding
PVA/GA samples. These observations further support the
conclusion that GA preferably reacts with TEOS (silica)
and not with PVA. Therefore, it can be concluded that GA
is not a suitable cross-linking agent of PVA in the presence
of TEOS and that the cross-linking is significantly more
effective when TEOS is not present.

The steep rise of the SAXS profiles (Fig. 3c) towards
low g values indicates the formation of bigger domains (at
least 25 nm) in the PVA/GA membranes (same as in the
case of the PVA/SiO,/GA samples). These domains are
formed either by unreacted free GA or some ordered
structures on larger scale due to the effective GA cross-
linking.

Atomic force microscopy

The morphology of the pure PVA membrane and the
composite PVA/SiO,/4T and PVA/SiO,/GA3 membranes
was studied by AFM and is presented in Figs. 5, 6, and 7.
The surface of pure PVA on the microscale is finely
homogeneous, as seen in Fig. 5a. The closely packed semi-
crystalline PVA structure is shown in Fig. 5b on a finer
scale, although the fine nanometer structure is beyond the
resolution capabilities of the instrument due to the size of
the AFM tip which is at least 10 nm.

At the microscale, the PVA/SiO,/4T membrane
showed a homogeneous morphology (Fig. 6a), which is
very similar to that of the pure PVA membrane
(Fig. 5a). At the finer scale, the morphology of the
composite membrane (Fig. 6b) showed to be smoother
than that of the pure PVA membrane (Fig. 5b). This can
also be clearly observed by comparing the z-axis of the
AFM images in Figs. 5 and 6. The given conclusions are
in a very good agreement with the SAXS analysis, which
showed the presence of fine nanometric particles in the
PVA/SiO, composite membranes and no formation of
bigger particles.

@ Springer

On the other hand, the surface of the PVA/SiO,/GA3
sample showed large domains with a relatively broad size
distribution (from tens to hundreds of nanometers), see
Fig. 7. This confirms the presence of large particles, which
were also observed by SAXS for all PVA/SiO,/GA sam-
ples. These particles are formed by GA and silica that did
not get incorporated into the polymer.

Water uptake

The water uptake (W,) was calculated using the following
equation:

Wu:WS_Wd7
Wa

where W, and W, are the weights of swollen and dry
membranes, respectively.

Figure 8 shows the effect of temperature on the water
uptake properties of the PVA/SiO, membranes. Recently,
Xie et al. [40] reported a significant decrease in the water
uptake of PVA/MA/TEOS hybrid membranes from 154 to
43 % when the temperature was raised from 21 to 100 °C.
However, our PVA/SiO, membranes have shown a gradual
increase in W, with the increasing temperature, as shown in
Fig. 8. The W, values ranged from 16-20 % at 30 °C to
60-117 % at 90 °C. For example, PVA/SiO,/3T showed an
increase of the water uptake from 18 to 117 % when the
membrane was heated from 30 to 90 °C. The PVA/SiO,
membranes show a good balance between the
hydrophilicity and the thermal stability, as will be
demonstrated in the TGA section. On the other hand, the
PVA/SiO,/GA membranes were completely dissolved
when the temperature was raised above 50 °C. This cor-
responds well with the fact that the molecular structure of
the PVA/SiO,/GA membranes is not effectively reinforced
and that their thermal and mechanical stability is relatively
poor. It was shown that the binding of PVA with TEOS and
GA was not effective enough to form a stable structure,
which caused an increase in hydrophilicity, but reduced the
thermal stability. The excess hydrophilic nature of the
PVA/SiO,/GA membranes resulted in the dissolution of the
membranes at higher temperatures.

Thermal analysis

The thermal degradation of pure PVA membranes showed
two distinct steps in the TGA curve (Fig. 9). The first step
occurred between 200 and 330 °C (with a sharp decrease
around 260 °C) with a major weight loss of 69 %. The
second step followed between 330 and 520 °C with a
weight loss of ~15 %. Previous studies have shown that
the decomposition of PVA begins with chain “stripping”,
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Fig. 6 AFM topological images of PVA/SiO,/4T membranes on a micron and b submicron scale

i.e., the elimination of water accompanied by the formation
of polyene structures, as shown in Fig. 9. At higher tem-
peratures (>350 °C), these polyene structures are further
converted to low-molecular weight aliphatic products [41—
43].

The presence of silica in the PVA matrix improved the
thermal stability of the PVA/SiO, membranes (Fig. 10a).
Furthermore, the distinct two-step degradation pattern of
pure PVA did not occur in this case. Instead, a slow and
gradual degradation pattern was observed for the PVA/
SiO, membranes, which was due to their less ordered,
predominantly amorphous structure. Although it is difficult
to define a clear initial decomposition temperature from the
TGA curves due to the continuous weight loss, it was still

possible to distinguish two weight loss stages. The first
stage occurred in the temperature range from 50 to about
450 °C with the maximum weight loss of ~70 % observed
for PVA/SiO,/1T and the minimum weight loss of ~35 %
for PVA/SiO,/4T. For the 2T, 3T, and 4T samples, the first
stage continuously passed into the second stage corre-
sponding to the chain degradation. The char yield values of
the PVA/SiO, membranes increased with the increasing
silica loading, with the maximum char yield of 46 %
observed for the PVA/SiO,/4T membrane.

The earlier onset of the weight loss of samples 2T, 3T,
and 4T in comparison with pure PVA suggests that the
chain stripping process starts at a lower temperature, which
means that at the beginning, water can cleave off more
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easily from the polymer chains in these samples than in the
case of pure PVA. This was ascribed to the lower crys-
tallinity going hand in hand with a disturbed regularity of
hydrogen bonding in contrast with the regular hydrogen
bonding between the PVA chains in the crystallites of pure
PVA. The lower crystallinity is caused by the incorporation
of small silica nanoparticles which are homogenously
distributed throughout the PVA matrix, as discussed above
in the SAXS/WAXS and AFM sections. However, further
thermal degradation is slowed down due to the strong
chemical bonding between the silica nanoparticles with a
high surface area and PVA via its OH groups (see
Scheme 1). Some reports also suggested the migration of
silica nanoparticles to the surface to form SiO,/PVA char,
which acts as a heating barrier and protects the PVA matrix
inside [44, 45]. On the basis of the TGA analyses, it can
thus be concluded that the nanoscale deposition of ther-
mally stable silica has effectively enhanced the overall
thermal stability of the PVA/SiO, membranes.

The difference in the degradation processes of the PVA and
PVA/SiO, membranes was clearly seen in derivative ther-
mogravimetric (DTG) curves (Fig. 11a). There are two
obvious degradation peaks of pure PVA, one sharp peak at
268 °C and a broad peak above 350 °C. The significant
change in the shape of the degradation peaks of the PVA/SiO,
membranes was evident. The main degradation peak of PVA
(at 268 °C) was not observed for the PVA/SiO, membranes,
whereas two minor peaks with lower intensities were observed
at ~150 and ~450 °C. In the PVA/SiO, membranes, the
elimination reaction spans over a wide temperature range and
starts sooner, as discussed above. The first peak obviously
corresponds to the fast onset of the elimination reactions in the
PVA/SiO, membranes. However, the second peak, corre-
sponding to the second degradation stage, shifted to higher
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Fig. 10 TGA thermograms of a PVA/SiO,; b PVA/SiO,/GA
membranes

temperatures with respect to pure PVA, exhibiting enhance-
ment in the thermal stability. During this stage, the elimination
reactions are accompanied by several chain-scission reac-
tions, cyclization, and side reactions. Peng and Kong [44]
identified the degradation products as low-molecular weight
polyenes, acetaldehyde, benzenoid derivatives, furan, ace-
tone, and acetic acid. It can be observed that the second peak is
superimposed on a background originating from the first
degradation stage. The overlap of the two stages can be better
observed from the integral dependencies (TGA).

The degradation behavior of the PVA/SiO,/GA mem-
branes was similar to that of the pure PVA membranes
(Figs. 10b, 11b). In other words, the incorporation of GA
only had a small influence on the membrane thermal sta-
bility. The membranes exhibited a weight loss of about
70 % in the first stage (50-350 °C), with a further loss of
25 % in the second stage as shown in Fig. 10b. In this case,
GA and TEOS did not bind effectively with the PVA
network, which lead to the formation of bigger particles
(confirmed by SAXS and AFM) instead of the small
nanoparticles formed in the PVA/SiO, samples. Therefore,

100 200 300 400 500 600
Temperature (°C)

Fig. 11 DTG curves of a PVA/SiO,; b PVA/SiO,/GA membranes

the thermal stability did not increase upon silica addition,
contrary to the PVA/SiO, membranes.

The only significant change in the TGA curves of PVA/
Si0,/GA compared to pure PVA was the broader first stage
of the weight loss corresponding to the elimination reac-
tions. This correlates very well with the decrease in crys-
tallinity of the PVA/SiO,/GA membranes in comparison
with pure PVA, which was proved by WAXS and Raman
spectroscopy (see Figs. 2, 4). However, the first weight loss
stage of PVA/SiO,/GA is not that broad as in the case of
PVA/SiO,, which reflects the fact that the crystallinity of
the PVA/SiO, membranes is lower than that of the corre-
sponding PVA/SiO,/GA membranes (compare the WAXS
spectra in Fig. 4 and the Raman spectra in Fig. 2). Thus,
the width of the temperature range of the first decompo-
sition stage reflects very well the crystallinity of the sam-
ples: the most crystalline PVA showed the fastest
decomposition, followed by the less ordered PVA/SiO,/GA
samples with a slower decomposition, and finally by the
most amorphous PVA/SiO, samples.
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DSC profiles of PVA and PVA/SiO, are shown in
Fig. 12a. PVA exhibited a clear melting transition (7},,) at
223 °C, whereas Ty, of the PVA/SiO, membranes ranged
from 176 to 204 °C, i.e., were lower than that of the pure
PVA membrane. The melting peaks of the PVA/SiO,
membranes decreased in intensity and shifted to lower
temperatures with increasing silica loading. This decline is
clearly seen for PVA/SiO,/IT, but as the silica loading
increases, the endothermic melting peak becomes broader
and totally vanishes for the PVA/SiO,/3T and PVA/SiO,/
4T membranes. Both the decrease of Ty, and the broaden-
ing of the melting peak can be attributed to the reduced
crystallinity due to the incorporated SiO, nanoparticles.
Bin et al. reported this kind of behavior for PVA-VGCF
and PVA-MWNT composites [46].

The DSC profiles of the PVA/SiO,/GA membranes
(Fig. 12b) showed a similar melting transition as the pure
PVA membrane with only a small decrease in T,,. This is in
agreement with the smaller decrease in crystallinity com-
pared to the PVA/SiO, samples. The increase in GA con-
centration had a relatively small effect on the endothermic
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Fig. 13 DMA curves of a PVA/SiO,; b PVA/SiO,/GA membranes

transition of the PVA/SiO,/GA membranes. This correlates
well with the already discussed fact that the influence of
GA concentration on the crystallinity of the PVA/SiO,/GA
membranes is not that strong as in the case of the PVA/
SiO, membranes.

Dynamic mechanical analysis

DMA analysis was performed to investigate the thermo-
mechanical properties of the nanocomposite membranes.
The temperature dependence of the storage modulus (E')
was measured in the range from 30 to 250 °C. At higher
temperatures (>200 °C), where the material enters the
rubbery phase, the storage modulus is referred to as rub-
bery modulus, Eg.

In the case of PVA/SiO, membranes, E' increased with
the increasing silica loading as shown in Fig. 13a. The
membranes displayed a higher E’ in the initial stages from
30 to 70 °C, followed by a flat mid-region between 70 and
120 °C. A subsequent increase in E’ was observed at higher
temperatures (>200 °C) for the 2T, 3T, and 4T samples.
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The inset graph in Fig. 13a shows a zoom of the plot for
higher temperatures, i.e., the dependencies of rubbery
modulus, Er versus temperature for the PVA/SiO, mem-
branes. Depending on the silica loading, Er values ranged
from 17 to 1015 MPa at 250 °C. PVA/SiO,/4T exhibited
the highest Ex value of 1015 MPa and PVA/SiO,/1T dis-
played the lowest Eg of 17 MPa. The Egr value of pure
PVA was 6 MPa at 250 °C. We can thus conclude that the
silica loading clearly improved the mechanical strength of
the membranes.

On the other hand, the presence of GA has shown an
adverse effect on the PVA/SiO,/GA membrane strength
(Fig. 13b). The inset graph in Fig. 13b shows a detail of the
plot for higher temperatures. These membranes followed a
reverse trend, i.e., the PVA/SiO,/GA1 membrane exhibited
the highest Ex of 28 MPa at 250 °C and the other mem-
branes showed a decrease of Eg with the increasing GA
concentration down to 15 MPa in the case of PVA/SiO,/
GAA4. This can be explained based on our previous con-
clusions. In the PVA/SiO, membranes, the silica incorpo-
rates into the membrane structure in the form of small
nanoparticles and binds with the PVA polymer, whereas in
the presence of GA, larger separated particles of GA and
silica were observed. The presence of these larger
nanoparticles resulted in the inferior thermo-mechanical
stability of these membranes.

Conclusions

We successfully prepared PVA-based nanocomposite
membranes with various silica and GA loading (PVA/SiO,
and PVA/SiO,/GA) via the solution casting method.
Membranes with and without GA displayed considerably
different characteristic features. SAXS/WAXS, AFM and
Raman spectroscopy confirmed the incorporation of fine
silica nanoparticles (~1 nm) into the PVA/SiO, mem-
branes. These membranes showed a significant improve-
ment in the water uptake, thermal stability, and mechanical
strength compared to the pure PVA and PVA/SiO,/GA
membranes. The PVA/SiO,/3T membrane with high silica
loading exhibited the best thermo-mechanical stability with
Egr of 1015 MPa (at 250 °C, DMA). In the case of PVA/
Si0O,/GA membranes, GA preferably reacted with TEOS
forming submicron particles (>25 nm) contrary to PVA/
SiO, membranes, which reduced the thermal stability of
these membranes. The comparison of structural and
thermo-mechanical characteristics of the PVA/SiO, and
PVA/SiO,/GA membranes indicates that the homogeneous
incorporation of small silica nanoparticles (~ 1 nm) played
a crucial role in improving the properties of the PVA/SiO,
membranes. These membranes are both hydrophilic and

thermally stable, which are important criteria for the
application of PVA-based membranes. Furthermore, they
are produced without any cross-linking agent such as GA,
which makes the process simpler and cost-effective.
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