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Abstract

Poly(vinyl alcohol) (PVA)-ZnO-Al,0; composite films have been prepared by the addition of different compositions of ZnO
and Al,O; through solvent casting method. Fourier transform infrared spectroscopy (FTIR), ultraviolet—visible spectros-
copy (UV-Vis) and photoluminescence spectroscopy (PL) spectra revealed the successful incorporation of ZnO and Al,O4
onto PVA and interactions among ZnO, Al,O; and PVA molecules. PL data indeed showed the enhanced luminescence
property of composite films compared with the PVA. Thermogravimetric analysis (TGA) data showed that thermal stability
of PVA-Zn0O-Al,0; composite films could be greatly improved by the incorporation of ZnO and Al,O; into the system.
The glass transition temperature (T,) were increased for the composite samples using ZnO and Al,Os. Differential scan-
ning calorimetry (DSC) measurements revealed that the melting temperature (T,,) of PVA-ZnO-Al,O; composite films are
significantly higher (~ 12 to 25 °C) than PVA. The photocatalytic measurements exhibited better photocatalytic degradation
ability of PVA-ZnO-Al,0; composites over PVA. Such photocatalytic capacity makes the PVA-ZnO-Al,0; composite
films promising candidates for the removal of organic dyes for water purification.
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Introduction

Polymers and Polymer composites materials are promising
scientific areas owing to their ability to fabricate unique
properties like optical, opto-electronic, high dielectric con-
stant for particular applications such as sensors, capacitors
and photocatalysts [1-5]. Among the polymers, polyvinyl
alcohol (PVA) has attracted extensive attention of research-
ers because of its good film-forming nature, nontoxicity,
biodegradability, excellent mechanical properties and opti-
cal transparency [6—9]. Due to the easy processability, it has
been widely investigated as a host matrix for different kind
of nanofillers [10, 11]. PVA was also employed as a suit-
able polymeric substrate for the photocatalytic waste water
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treatment [8]. Generally, PVA film can be synthesized with
interesting functionalities through solvent casting method
[12]. Using such synthesis technique, researchers are intro-
ducing various dopant materials to prepare composites with
PVA and modulate the properties, such as morphology, opti-
cal property, thermal stability, photocatalytic activity and
so on. The use of metal oxides, such as In,0;, CuO, MgO
and other metal-based materials, for instance, CaF, has also
been found to affect on the physicochemical, morphological,
optical, thermal and sensing property of PVA [6, 13—15].
Thus, the addition of metal oxides can play significant role
to modify the properties of PVA for application purposes. In
this framework, introduction of metal oxides (for instance,
ZnO and Al,05) onto PVA can be a good candidate for pho-
tocatalytic application; as such materials have been inves-
tigated extensively as visible-light photocatalysts for the
organic dye removal [16, 17]. So far, different photocatalytic
oxide materials such as ZnO, CuO, TiO,, and Fe,O; have
been effectively used to degrade different dyes [16, 18-20].
However, very few researches can be found in the literature,
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where ZnO and Al,O; were used alone onto PVA to modify
the mechanical, structural, and bioactive properties along
with their optoelectronic and sensor application [21-24].

Among the oxide materials, ZnO is promising for pho-
tostable UV absorbent and for its biocompatible, lumines-
cence, electrical and electro-optical properties [4, 25]. Due
to such unique characteristics of ZnO and also the modified
zinc oxide (for instance, cesium-doped zinc oxide), it is con-
sidered to be an effective additive to modify the material
properties of PVA [4]. More importantly, ZnO exhibits inter-
esting functionalities due to its large exciton binding energy
(60 meV) and large band gap energy (3.37 eV at room tem-
perature) which makes it as a good choice of photocata-
lyst [16]. Thus, ZnO turned out to be a good photocatalyst
mainly for two reasons: (i) it can enhance photocatalytic
activity, and (ii) it is nontoxic and lacks of creation of the
dangerous by-products [26, 27]. Similarly, Al,O5 also has
unique physical and chemical properties and has been used
as a photocalyst for the removal of various organic pollut-
ants [17, 28]. In this context, the addition of ZnO and Al,O,
onto PVA to prepare PVA-Zn0O-Al,O; composites may be
interesting for its dye degradation properties. Thus, it may be
significant to confirm the incorporation as well as interaction
of ZnO, Al,O; onto PVA as this understanding is essential
for both the theoretical and application point of view. To
the best of our knowledge, there have been no reports on the
synthesis of PYA-Zn0O-Al,O; composite films by the com-
bined use of ZnO and Al,O; to modify the optical, lumines-
cence and thermal properties of PVA. Moreover, there has
been no report in the literature for the degradation of organic
dye from waste water using PVA-ZnO-Al,0O; composite
films as a photocatalyst.

Furthermore, being enthused by the lack of information
in the literature on PVA-based ZnO-Al,O; composite mate-
rials and their photocatalytic applications, it could there-
fore be significant to develop PVA-ZnO-Al,O; composite
films. Here, we report a simple solvent casting method for
the preparation PVA-ZnO-Al,0; composite films at room
temperature, and their photo-catalytic degradation of meth-
ylene blue (MB) under sunlight irradiation. The enhance
photoluminescence and thermal properties of the prepared
composites have also been reported in the present work.

Experimental

Materials

All the reagents were analytical grade. Polyvinylalcohol
(PVA) (M,, =72, 000, Merck), zinc oxide (ZnO, purity
99.9979%), aluminum oxide (Al,O5, purity 99.997%), ace-

tone [(CH;),CO, >99.5%, Sigma-Aldrich], methylene blue
(Merck) were used as received.
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Synthesis of PVA-Zn0-Al,0; Composite Films

A simple solvent casting method was adopted for the
synthesis of PVA—metal oxides composite films [12]. A
known amount (0.75 g) of PVA was dissolved in boiling
water (15 mL) and stirred well to prepare polymer solu-
tion. The prepared solution was transferred to vacuum rotary
evaporator for casting the solvent. Then, a desired amount
of metal oxides (ZnO and Al,0;) solution was sonicated
for 2 h in separate containers. The sonicated metal oxides
were directly mixed with the aqueous PVA solution in a
rotary evaporator (temperature: 80-90 °C and rotation speed
200 rpm min~") to evaporate the solvent. Finally, the solution
was cast in a glass petri dish and dried at room temperature
for 24 h. After removal of solvent, a uniform metal oxides
dispersed PVA films were obtained. The prepared films
are free from air bubbles and with regular and uniformly
dispersed metal oxide particles. Eight different synthesis
batches were prepared with eight different compositions of
ZnO and Al,O5 with constant amount of PVA (5 wt%) as
presented in Table 1. Different molar concentrations of metal
oxides were used but mixed molar concentrations were kept
constant to 1 M. These composite films were further used for
characterization and application studies (Table 1).

Characterization

Transmission FTIR spectra of PVA and PVA-ZnO-Al,0,
composite films were recorded between 400 and 4000 cm™!
using Shimadzu FTIR prestige 21 spectrometer. All UV-Vis
spectra were obtained on Shimadzu UV-1800 spectrometer
with the range of 200-800 cm™~!. The photoluminescence
(PL) measurements were performed at room temperature
using on Shimadzu RF-3501pc spectrofluorometer. The
thermal characteristics of PVA and composite film samples
were determined by TGA and DSC. The TGA analysis was

Table 1 Synthesis identifiers and various compositions of Al,O; and
ZnO for the synthesis of PVA-ZnO-Al,O; composite films are listed

Synthesis identi-  Al,O; ZnO Product

fier (&) ®

PVA - - PVA film

o 0.90 0.48 Composite film
B 1.05 0.36 Composite film
Y 1.20 0.244 Composite film
o 1.35 0.122 Composite film
€ 0.48 0.90 Composite film
4 0.36 1.05 Composite film
n 0.244 1.20 Composite film
0 0.122 1.35 Composite film
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carried out by measuring the weight loss of sample against
the change of temperature using a Shimadzu TGA-50 ther-
mogravimetric analyzer. For the measurements, 4.0 mg
of sample was heated maintaining the temperature range
between 30 and 850 °C at a rate of 20 °C min~! under N,
gas atmosphere. DSC measurements were performed on a
Shimadzu TA-60A instrument under nitrogen flow (20 mL
min~") in the temperature range 30—250 °C. The heating as
well as cooling rates were maintained with a rate of 10 °C

min~".

Photocatalytic Experiments

We evaluated the photocatalytic ability of PVA and
PVA-Zn0O-Al,0; composite films following the degrada-
tion of MB under sunlight irradiation. The experiments
were carried out in a same day to ensure similar illumina-
tion power of sunlight on the samples. For measurement, the
photocatalyst sample (50 mg) was suspended in MB solution
(Cy=5 mg L™"). To obtain absorption—desorption equilib-
rium between the photocatalyst and the organic dyes, the
reaction system was magnetically stirred for 30 min in the
dark place and afterwards placed for sunlight irradiation.
The stirring was kept continued after subsequent sunlight
irradiation to reach the photocatalyst particles suspended
during the measurements. At certain time intervals of solar
irradiation, the aliquots of the mixture were removed and
centrifuged at 3000 rpm for 20 min to separate the solid pho-
tocatalyst. Once the centrifugation is completed, the super-
natant was collected for UV-Vis measurements to observe
the adsorption and degradation behavior of MB. The charac-
teristic absorbance data of MB at 664 nm was used to assess
the % of degradation. The degradation efficiency of the
photocatalyst was calculated using the following equation
[29]: Degradation efficiency (D(%))={A(MB),—A(MB)}/
A(RhB),x 100. Where, A(MB), and A(MB), denote the
absorbance of MB at 664 nm in the dark and under sunlight
irradiation, respectively.

Results and Discussion
Interaction of Metal Oxides (ZnO, Al,0;) on PVA
FTIR Spectra and Identification

Figure 1 shows the FTIR spectra of the samples of PVA and
PVA-Zn0O-Al,0; composite films collected from different
synthesis batches, presented in Table 1. All the characteristic
peaks (see Table 2) of PVA were observed in PVA film [6,
30]. In the PVA spectrum, a broad and strong absorption at
3000-3600 cm ™!, peaking at 3432 cm™! were observed. Such
peak corresponds to the symmetrical stretching vibration of
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Fig.1 FTIR spectra of PVA and PVA-ZnO-Al,O; composite films
obtained from different synthesis batches (a—0). The syntheses were
performed by the addition of different amount of ZnO and Al,O; as
presented in Table 1

O-H, originating from the intermolecular and intramolecular
hydrogen bonds in PVA. The peak found at 2920 cm™" is
assigned to the C—H stretching vibrations of —-CH,— skel-
eton. A strong band at 1093 cm™ is assigned to stretching
vibration of C-O in the C—O-H groups. The bands at 1431
and 1377 cm™! are appeared for the bending and wagging
vibrations of CH, groups respectively. The C-H wagging is
seen at 1266 cm™".

The peaks found at 1735 and 1664 cm™! is assigned to
C=C stretching and C=0 stretching, respectively. For all the
samples of PVA-ZnO-Al,O; composite films, the frequency
of the symmetrical stretching vibration of hydroxyl group
shifted to lower wave number (33463428 cm™!) than that
of PVA film, indicating slightly reduced hydrogen bonding
among the PVA chains [31]. When metal oxides (ZnO and
Al,Oj) are interacted with the PVA matrix, they may form
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Table 2 Characteristic FTIR

Peak designation
peaks PVA and PVA-ZnO-

Peak values of the corresponding samples

. (em™)
Al,O; composite films
PVA « B y 5 3 4 H 0
O-H stretching 3432 3421 3421 3423 3426 3421 3421 3419 3412
C-H stretching 2920 2946 2943 2941 2942 2941 2941 2941 2941
C=C stretching 1735 1731 1730 1729 1734 1728 1730 1730 1729
C=0 stretching 1664 1645 1647 1647 1645 1648 1648 1647 1654
C-O stretching 1093 1096 1095 1096 1098 1094 1093 1093 1093
C-H wagging 1266 1267 1266 1264 1263 1263 1261 1261 1261
CH, bending 1431 1433 1425 1430 1430 1428 1429 1425 1425
CH, wagging 1377 1377 1377 1374 1379 1375 1376 1375 1376
OH OH type —-(CH=CH), CO-[34]. The weaker and the shoulder
o YT 0 form of this band are due to the presence of isolated car-
\ bonyl groups [35]. The bare metal oxides, ZnO and Al,O;
CH2 \ Q CH2 showed absorption bands around at 272 nm and a shoul-
O Y der band around at 348 nm. Similar absorption bands for
CH2 \“ CH2 ZnO and Al,0O; was reported in references [36, 37]. For the

0 Al,O4
O ZnO

Fig. 2 Probable hydrogen bonds of ZnO and Al,O; with PVA. Figure
shows the lateral section of PVA molecule. The broken lines indicate
the hydrogen bonds

bonds with the hydroxyl groups of PVA, which reduce the
hydrogen bonding among PVA molecules. A possible inter-
action of ZnO and Al,O; with the PVA molecules is shown
in Fig. 2:

Furthermore, the characteristics peak of metal oxides
(ZnO and Al,05) at 843-851 cm™" appears in the FTIR spec-
tra of all PVA-ZnO-Al,O; composite samples. Similar peak
of ZnO and Al,O; was also observed by other researchers
[32, 33]. Thus FTIR results confirm the incorporation of
Zn0O and Al,O; in the PVA matrix and their interaction with
PVA molecules.

UV-Vis Spectra and Identification

The interaction of PVA with metal oxides (ZnO and Al,O5)
in composite films and their optical band gap were estimated
by UV-Vis spectroscopy as presented in Fig. 3 (a, b and
c). In the case of PVA film, the characteristics absorption
bands observed around at 200-240 nm, is assigned to the
carbonyl-groups associated with ethylene unsaturation of the
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composite films, absorption spectra were observed around
at 379 nm for the intrinsic band-gap absorption of transi-
tion metal oxides corresponds to the electron transitions
from the valence band to the conduction band [38]. Such
peak indicates a bathochromic shift or red shift of PVA
and implies the strong interactions between PVA and metal
oxides (ZnO and Al,O3). Such kind of absorption peaks due
to the interaction of metal oxides with PVA was also pre-
viously reported in reference [21]. Concerning the optical
band gap estimation of the samples, we observed the char-
acteristic absorption maxima of metal oxides (ZnO-Al,05)
and PVA-ZnO-Al,0; composite films in the range of
377-380 nm. The optical band gaps of all the samples were
obtained from the absorption maxima using the band-gap
equation (E =hc/A, where E, h, c, and A represent the band-
gap energy, Planck’s constant, the velocity of light, and the
wavelength of absorption maxima, respectively). The optical
band gap of the PVA-ZnO-Al,O; composite samples and
bare ZnO-Al,O; were observed in the range of 3.26-3.29
and 4.46 eV, respectively. In PVA-ZnO-Al,0; compos-
ites, it can be seen that the addition of different amounts
of ZnO and Al,O; can significantly affect the absorption of
light. When ZnO and Al,O; were added onto the PVA, the
absorption maxima decreases intensely in the visible region
due to shielding of light absorption by PVA matrix. Simi-
lar shielding of light absorption was previously observed
for graphene—ZnO composite materials [39]. Finally, based
on the above results, it is assumed that the photocatalytic
absorption and degradation ability of bare ZnO-Al,0O; are
better than it’s composites with PVA. However, the addition
of ZnO and Al,O; may able to improve the photocatalytic
performance of PVA—ZnO-Al,0; composite films than PVA
alone.
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Fig.3 UV-Vis spectrum of a PVA, b ZnO, Al,O; and ¢ PVA-ZnO-Al,0; composite films («—0)
Photoluminescence Property 400 —
(a) @
The interaction among ZnO, Al,0; and PVA in 2" — 1
PVA-AI,05;—Zn0O composites can be further confirmed by 300:x /L —_—
PL measurements. Figure 4 represents the room tempera- . —3
300 350 400 450 500 550 4 8 =

ture PL spectra of PVA—-AI,0;—Zn0O composite films with
different Al,0; and ZnO ratio at excitation wavelength
378 nm. A sharp UV emission (320-400 nm) is observed
for pure PVA (inset a of Fig. 4) which is corresponded
to 1 — n electronic transition of the —OH groups for iso-
tactic, syndiotactic and atactic configurations of PVA,
originating from stereo-regularity of the —OH groups
[15, 21, 22]. A red shifting of peak emission compared
to PVA is seen for all the composite film samples, which
exhibits broadband blue emission (420-440 nm) (inset b
of Fig. 4). This observation reveals the incorporation of
ZnO and Al,O; into PVA matrix as well as rearrangement
of delocalized n-electrons of —OH groups in PVA. The
broad blue emission in the composites may be related to
the different deep level transitions like zinc interstitial,
Zn;— zinc vacancy, V,, and/or conduction band, CB—
zinc vacancy, V,, in ZnO [15, 21, 31, 40]. Looking at the
PL spectra, it is evident that the intensity depends upon

Wavelength/om

Intensity

550
Wavelength/nm

450 500

Fig.4 PL spectra of PVA (inset a) and PVA-AI,0;—ZnO composite
films. Inset b represents the magnified PL spectra of corresponding
PVA-Al,0;—ZnO composite samples to identify more clearly the
intensity dereferences among them
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the amount of Al,0; and ZnO in the composites. A maxi-
mum PL emission was found for the composite of samples
a. The PL intensity decreases linearly (a— 8) with the
increasing of Al,O; content and decreasing of ZnO con-
tent (Fig. 4) in the composites. So, there is a possibility
of generating nonradiative recombination centers with the
increase of Al content in the composite samples which
renders the intensity of PL [41]. Besides, the n-type ZnO
can trap electrons and permits more holes to recombine
through the interface of PVA and ZnO, thus enhanced
luminescence is attained. An opposite trend is realized
with the addition of excess ZnO (e—0). Such behavior
may due to the blocking of most of the electrons around
ZnO surface that restricts the recombination process of
the composites [42, 43]. The above results indicate that
the synthesized PVA-Al,0,—ZnO composite films can be
a promising candidate for light-emitting diode, solar cell,
laser, and sensor [15, 23, 24].
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Thermal Properties

The TGA thermograms of PVA and PVA-ZnO-Al,0,
composite films are presented Fig. 5 and the correspond-
ing thermal degradation properties are listed in Table 3. We
observed a three-step decomposition process for both PVA
and PVA-Zn0O-Al,0; composite films, demonstrating the
three separate stages of weight loss at their corresponding
degradation temperature range under nitrogen atmosphere.
The first decomposition step was noticed at 93—-179 °C and
50-179 °C and the corresponding weight loss was found
4 and 0.4-2% for PVA and PVA-Zn0O-Al,0; composite
samples, respectively due to the loss of moisture and partial
dehydration of PVA chains [6, 44].

For PVA, the second degradation step was identified
at 291-382 °C and the weight loss is 31%. However, at
the second step of PVA-ZnO-Al,0; composite films, the
mass loss was observed 9.2-20% in the temperature range
227-361 °C. Such degradation step can be attributed to

4.54
4.04

3.54
3.04
2.54 |

200 400 600 800 1000
Temperature (°C)

0
0

Fig.5 TGA curves of a PVA and b PVA-ZnO-Al,0; composite films (a—0)

Table 3 Decomposition

. Samples Temperature (T) and % of weight loss (WL) at three decomposition steps

temperature and % of weight

loss of PVA and PVA- First step Second step Third step

Zn0O-Al,O; composite films

obtained from TGA analysis. TCO WL (%) TCO WL (%) TCO WL (%)

iﬁpiﬁﬂif;ggi“;‘;‘ﬁ;ﬁ PVA 93-179 4 291-382 31 485-608 13

loss for different degradation A 58-125 2 334-361 20 458-620 2.3

steps are listed B 62-141 1.3 245-354 17 493-614 1.5
r 79-179 1.1 227-334 9.2 489-626 1.1
A 50-151 1.6 236-346 16.6 509-614 0.4
E 75-165 0.8 244-335 13 488-613 1
Z 92-175 0.8 245-348 19 514-614 1
H 65-152 0.9 245-334 14 452-565 1.8
(S} 73-160 0.4 244-350 15 482-634 1.8
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the heating arrangement of the polymer structure [45].
Certainly, the major weight loss was found at this sec-
ond step both for PVA and PVA-ZnO-Al,0; composite
films. However, weight loss is much lower for compos-
ite samples compared to PVA indicating the more ther-
mal stability nature of composite films. These results are
consistent with the previous report for the synthesis of
PVA-metal oxide composites [6]. The third decomposi-
tion step was occurred at 485-608 °C and 452-634 °C and
the corresponding weight losses were recognized 13% and
0.4-2.3% for PVA and PVA-ZnO-Al,0O; composite films,
respectively. The weight loss observed for such step may
correspond to the further degradation of polymer struc-
ture which subsequently undergoes decomposition forming
carbonaceous matter and remains constant subsequently
showing the plateau behavior [46].

Comparing the samples for all three decomposition steps,
we observed that the addition of ZnO and Al,O5 had signifi-
cantly influenced on the % of weight loss of PVA (Table 3).
The observed improved thermal stability may be for inter-
actions between PVA and metal oxides (ZnO and Al,O5).
The interactions between PVA and metal oxides (ZnO and
Al,0O3) may cause the slow degradation process, and restrict
the motions of polymer chains, thus decrease the weight loss
of PVA [47]. Similar interactions between metal oxides and
polymer, as a result of improvement of the thermal stabil-
ity nature were reported in reference [48]. However, among
all the PVA-Zn0O-Al,0; composite samples (a—0), no sig-
nificant difference of the % of weight loss was observed,
although the sample y and a had experienced slightly lower
and higher weight loss, respectively at the second stage. This
result indicates the higher and lower thermal stability nature
of the samples y and a respectively compare to other com-
posite samples.

(@)2———m——————
14
0

mW

e

—

PVA
[ a—*\
r—

——p
30 60 90 120 150 180 210
Temperature (°C)

DSC curves of PVA and PVA-ZnO-Al,0; compos-
ite films (x to 0) are shown in Fig. 6. The cooling cycle
behavior is shown in above of the heating cycle of each sam-
ple. During heating cycle, PVA shows three endothermic
peaks, whereas PVA-ZnO-Al,0; composite films exhibit
different thermal response with two distinct characteristic
features as a function of temperature. The first endother-
mic step observed at 48.11 and 39-75.55 °C for PVA and
PVA-ZnO-Al,0; composite films respectively is attributed
to the glass transition temperature (T,). The glass transition
temperature of PVA is generally occurs at 86 °C, however
in our case occurred at about 48.11 °C due to the presence
of moisture [49]. The incorporation of metal oxides (ZnO
and Al,0O;) in the PVA matrix increases the Tg value in the
range of 8.89-18.55 °C for the composite samples of o,
along with a higher energy requirement as seen from the
clear peak like shape of glass transition. Only the exception
was observed for the samples  and 6, where the T, value
decreases by 9.11 °C for f and almost same for 8 compared
to PVA. Similar results are also observed in reference [6]. It
is well-known that glass transition process is influenced by
molecular packing, chain rigidity and linearity. The increase
of T, value with the incorporation of ZnO and Al,O; for the
composite samples (except f and 0) may be because of the
strong interactions between the PVA and the metal oxides
(ZnO and Al,0O5). Such intercalations cause a decrease in
mobility of polymer chains which lead to the variation of the
glass transition temperature. The observed increase in T, of
the PVA is very similar to the results mentioned in literature
[46]. The second endothermic peak observed at 76.38 and
83 °C for PVA and the sample P respectively is attributed
to removal of free (moisture) as well as hydrogen bonded
water [50]. Similar kind of peak was reported for PVA and
PVA-metal oxide composites [6]. We also found exothermic

(b) 3 ; : ; ,
2]
14
0
-1
24
34—

mWwW

50 100 150 200
Temperature (°C)

250

Fig.6 DSC thermograms of a PVA and b PVA-ZnO-Al,O; composite films obtained from different synthesis batches («—0). The thermograms
were recorded during both heating and cooling cycles. The cooling cycle behavior are shown in above of the heating cycle of the same materials

@ Springer



Journal of Polymers and the Environment

peak in the thermograms recorded during the cooling cycle
(Fig. 6). The third endothermic peak in the DSC thermogram
around at 170 °C for PVA corresponds to the melting tem-
perature (T,) of PVA. Similar endothermic peak (melting
temperature) was identified in the range of 192-195 °C for
the composites (Table 4). It is clear that PVA-ZnO-Al,0,
composite films melt significantly at higher temperature
(~12 to 25 °C) as compared to PVA. A similar trend of
increase in the melting temperature has been observed in
cellulose nanocrystals doped PVA [51], metal salts/metal/
metal oxide added PVA [46], and PVA—iron oxide nano-
composites [52]. However, among the PVA-ZnO-Al,0;
composite samples (a—0), no significant difference of the
melting temperature was identified.

The increase in T, of the composite samples may be
for the increase in the crystallinity of the sample. PVA is
considered to be crystallized as a result of arrangement of
polymer chains in an ordered fashion to each other. The
addition of ZnO-Al,O5 in PVA matrix may cause strong
interaction of polymer chains with the metal oxide surface,
which may facilitate to align polymer chains in an ordered
manner. Such alignment and crystallization of the polymer
chains within the individual PVA films enhanced the melting
temperature of composite samples [7]. Besides, the crys-
tallinity of PVA in the composite films may increase due
to the interactions between the main chain of PVA and the
metal oxides (see FTIR discussion). Thus, the heat resist-
ance of the PVA-ZnO-Al,0; composite films increases,
leading to increase of the melting temperatures [51]. Thus
it can be concluded that the combined addition of ZnO
and Al,O; increases the thermal stability of all prepared
PVA-ZnO-Al,05 composite films. Similar observation of
the improved thermal stability of composites was reported
by doping nano aluminium oxide and zinc oxide in poly
(methyl methacrylate) [46].

The degree of crystallinity of all prepared samples was
calculated using the following equation [6]:

Table 4 Effect of heating—cooling cycles on the thermal properties of
PVA-ZnO-Al,05 composite films and their calculated crystallinity

Sample T, (peak) (°C) T, (peak) AH_, J g‘l) Crystallinity
O] (%)

PVA 48.1 170.0 20.29 14.64
o 65.7 194.4 5.95 4.29
B 39.0 193.1 6.46 4.66
Y 57.0 182.1 0.92 0.66
) 59.6 193.7 4.81 3.47
€ 58.5 194.7 3.95 2.85
4 75.6 191.7 6.67 4.81
n 71.9 193.3 4.56 3.29
0 48.0 192.6 6.68 4.82
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where AH,, is the measured enthalpy of melting from the
DSC thermogram and AH,_° is the enthalpy of melting
for 100% crystalline PVA (AH,° is 138.6 J g71) [6, 53].
The value of melting enthalpy for PVA is 20.29 J ¢! and
such value decreases from 0.92 to 6.68 J g~! for composite
samples indicating decrease in crystallinity. The calculated
degree of crystallinity of all samples is listed in Table 4.
The crystallinity of PVA was found 14.64%, whereas for the
composite samples (a—0) the crystallinity lies in the range of
0.66-4.82%. Similar kind of decrease in crystallinilty with
the addition of metal oxides with PVA was reported in refer-
ences [6, 52, 53].

Photocatalytic Activity

The photocatalytic ability of the ZnO-Al,0;, PVA and
PVA-Zn0O-Al,0; composite films was identified by observ-
ing the photodegradation of organic dye (MB) under sun-
light irradiation. For instance, the time dependent UV-Vis
absorption spectra of MB are shown in Fig. 7, where the
photocatalytic activities of bare ZnO-Al,O;, PVA and the
composite samples of o and e toward MB are presented. The
changes in the absorption spectra of MB state the change in
concentration of respective sample. If the absorption spectra
decrease apparently, it demonstrates an effective adsorption
of MB on the composites. It is clear from Fig. 7 b and c that
there is obvious decrease in the absorption maxima for sam-
ples o and € and the absorption maximum decreased gradu-
ally with an appreciable blue shift and it finally reached zero
after 240 min of irradiation. However, there is no signifi-
cant variation of absorption maximum was seen between the
two composite samples, only slight difference of absorption
maximum was observed after 30 and 60 min of irradiation.
The blue shift in the absorption maxima of the samples indi-
cates the gradual adsorption of MB to the samples leading to
its complete degradation. Similar degradation phenomenon
of MB using different catalysts was previously reported by
other researchers [54]. Such gradual degradation of MB
was confirmed by color changes in reaction mixture from
blue to light blue with absorption band shift from 664 to
616 nm. Additionally, on continued irradiation of sunlight,
the solution color changed into colorless which confirms the
complete degradation of organic dye from its conjugated
structure.

We observed that in the absence of the photo-catalyst,
the degradation of MB is hardly occurred (only about 2%)
on sunlight irradiation. In the presence of bare ZnO-Al,O;,
after a time span of only 10 min, 96% degradation of MB is
realized, this gradually reached 100% after 30 min irradia-
tion. This demonstrates that metal oxides ZnO-Al,O5 have
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Fig.7 Changes in the UV—-Vis absorption spectra of MB aqueous solution in the presence of a ZnO-Al,O;, b PVA film, ¢ PVA-ZnO-Al,0,

(sample ), and d PVA-ZnO-Al,05 composite films (sample €)

excellent photocatalytic ability under sunlight. However,
PVA-Zn0O-Al,04 composite films exhibited comparatively
lower and higher degree of photocatalytic degradation abil-
ity than bare ZnO-Al,O5 and PVA, respectively; it took
120 min for the complete degradation. In case of PVA film,
complete degradation of MB occurs after 480 min. Such
results prove that ZnO-Al,O; itself have higher degrada-
tion ability than PVA-ZnO-Al,0O; composites and are able
to significantly increase the photocatalytic performance of
its composites with PVA. This may be explained as follows:
Zn0O-Al,0O; significantly interact with the PVA matrix and
weaken the intermolecular hydrogen bonding among the
polymer chain (see FTIR discussion). When the ZnO-Al,0,
incorporate to the PVA matrix, a layer may formed in the
surface of ZnO-Al,O; structure and this shields the light
from the surface of the PVA-ZnO-Al,0; composite films,
reducing the photo absorption of ZnO-Al,0; and thus
decreasing the photocatalytic degradation ability [41]. The
mechanism of the photocatalytic degradation process for
the PVA-ZnO-Al,O; composite films can be clarified as
follows:

Under sunlight (hv) irradiation, ZnO and Al,O; are
excited to generate electrons—holes pairs which are power-
ful oxidizing and reducing agents, respectively.

ZnO + hv - h* + e"and ALLO;+ ho - h* + e~

The photo generated holes, then react directly with the
organic pollutants (MB) or with surrounding water mole-
cules to generate hydroxyl radicals (primary oxidant). At the
same time the photo generated electrons subsequently react
with surrounding water and oxygen molecules to generate
hydroxyl and superoxide radicals. The presence of oxygen
can prevent the re-combination of hole—electron pairs. The
oxidative and reductive reactions are expressed as follows:

OH™ + h* - -OHandO, + e~ - O,~
For a complete reaction, the final products of the reaction
are CO, and H,O [54]:

MB +-OH — products (CO, + H,0)

When ZnO-Al,0; incorporates into the PVA structure,
the polymer layer may restrain the adsorption of the MB

@ Springer
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molecules on the surface of catalysts reaction and lower the
photocatalytic degradation. Thus it may be concluded that
although the photocatalytic ability is different for composites
and metal oxides, however, both of them can be substantially
used for the removal of organic dye for water purifications.

Conclusions

Poly(vinyl alcohol) (PVA)-ZnO-Al,0; composite films
have been successfully prepared by the addition of differ-
ent compositions of ZnO and Al,O; using a simple solvent
casting method. The data obtained by FTIR measurement
show the possible incorporation of metal oxides (ZnO and
Al,03) in PVA. The interaction of metal oxide with PVA
is further confirmed by the UV-Vis measurements, indi-
cating the bathochromic shift of the absorption peaks of
composite samples. Such strong host polymer and metal
oxides interactions were also supported through PL studies,
where the enhanced luminescence property of composite
films was observed compared with the PVA. The thermal
stability of PVA-ZnO-Al,0; composite films was greatly
improved by the incorporation of ZnO and Al,O; into the
system. The glass transition temperature (T,) were increased
for the composite films compared to PVA. DSC measure-
ment also revealed the higher melting temperature (Tm)
(~22 to 25 °C) of the PVA-ZnO-Al,0; composite films
than PVA. The photocatalytic measurement demonstrates
that PVA-ZnO-Al,0O5 composite films have the better deg-
radation ability of MB than PVA.

All of the data are direct evidence that, the luminescence
and thermal properties of the PVA-ZnO-Al,0O5 composite
films can be improved by using together ZnO and Al,O;.
Moreover, the photocatalytic performance indicates that
PVA-ZnO-Al,0; composite films can be promising candi-
dates for the removal of organic dyes for water purification.
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