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PVA-CuO-CaO composites in the film form were synthesized by loading the different compositions of metal
oxides (CuO and CaO) ranging from 5 to 25 wt% via solvent casting approach. The applications of the prepared
composites as photocatalysts were assessed together with the findings of photoluminescence (PL) characteristics,
optical clarity, morphological features, and thermal properties. Fourier-transformed infrared (FTIR), ultra-
violet-visible (UV-vis), and photoluminescence (PL) spectra exposed the systematic and viableintegration of
metal oxides (CuO-CaO) into the PVA matrix in PVA-CuO-CaO composites. The modifications of PL property of
PVA-CuO-CaO composites were recognized rather than bare PVA. The prepared composite films exhibited
excellent optical transparency irrespective of the addition of metal oxides. Both TGA and DSC data showed that
the thermal properties of the composites could be significantly enhanced by incorporating CuO and CaO. DSC
measurements demonstrated that the Tm of PVA-CuO-CaO composites is improved substantially (~7 to 38 °C)
than PVA. The distinct morphological structures of the obtained composites were identified with variations in
CuO and CaO addition remaining diameter in the 30-200 nm range. The photocatalytic assessments revealed the
better photocatalytic performance of PVA-CuO-CaO composites for removing methylene blue (MB) than bare
PVA. By eliminating organic pollutants, the current study may provide a new perspective on the preparation of
water-processable PVA-CuO-CaO photocatalysts for wastewater management.

1. Introduction

Recently, wastewater containing organic pollutants has been a sig-
nificant threat to human and aquatic life. The number of organic con-
taminants like dyes expelled daily from several industries such as textile,
paper, pharmaceuticals, tannery, and bleaching industries, etc. is a
warning issued for the current world, especially for developing coun-
tries. The dyes can remain unchanged in the environment for a long
time. They mostly have a synthetic source and are based on complex
aromatic structures thamake them stable and rigid to biodegrade [1].
Many trials have been conducted by researchers to develop an efficient
material with appropriate wastewater treatment techniques to increase
the efficacy of water purification., Techniques that have been used but
not limited to removing dyes from wastewater include flocculation,
adsorption, filtration, and photodegradation [2-4]. However, these
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wastewater treatment techniques have several drawbacks like low
removal efficacy, and inadequate removal of dyes [5]. To mitigate these
drawbacks, sunlight-induced photocatalytic process could be a great
solution which can eliminate such toxic pollutants from the wastewater
discharge from industries [6,7]. Thus, photodegradation is the emerging
approach to eliminate organic dyes. Therefore, the field of photo-
catalysis has drawn strong interest due to its low cost, high efficiency,
and absence of environmental secondary contamination [8]. Moreover,
photocatalysis is a sophisticated oxidation process that relies on
electron-hole pairs produced by photo absorption in semiconductor
materials. Therefore, it is imperative to design and create novel mate-
rials, such as polymer composites, to use as a photocatalyst in the
removal of organic dyes.

Polymers comprising metal oxides implanted in a host matrix can
potentially develop remarkable features, including morphology and
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thermal properties for certain applications like photocatalysts, sensors,
etc., [9,10]. Among the polymers, PVA (—[-CH2-CHOH-In-) is used
considerably for the synthesis of nanocomposites owing to its simple
processability, exceptionally hydrophilic characteristics, proper film-
forming abilities, and optical clearness [11]. Additionally, PVA can be
employed as a host polymeric material to fabricate nanocomposites
exploiting different kinds of semiconducting materials and metal oxides
[11-13]. Such synthesis of PVA-based metal oxide composites can be
accomplished through the solvent casting method with promising
functionalities and for useful applications like wastewater treatment
[11,14]. Different metal oxides such as TiO,, ZnO, Fe;O3, Al;,03, and
CuO have been successfully employed in PVA to produce composites for
wastewater treatment until now [9,15-18].

The use of metal oxides as photocatalysts has achieved a noteworthy
impact on the degradation of organic dyes [7,19]. So, researchers are
attempting to introduce metal oxides with the polymers to create a novel
photocatalyst to remove contaminated dyes from the wastewater
[20,21]. Among the metal oxides, CuO is a very promising material as a
photocatalyst to degrade organic dyes from contaminated water [23].
Further, CuO is a transition metal oxide that has already been used in
different applications like chemical and gas sensors, high-temperature
superconductors, and photocatalysis [22-24]. The bandgap of CuO is
1.5 eV and it is a p-type semiconductor [25]. These characteristics of
CuO may be beneficial in increasing the photocatalytic performances in
the form of a composite with the polymers. Similarly, as a metal oxide,
CaO is inexpensive, highly basic that is also non-corrosive, benign to the
economy, and simple to work with. Recently, CaO nanoparticles have
been used as an active catalyst, such as to remove contaminated heavy
metal ions in water and photocatalysts [26,27].Therefore, we hypoth-
esize that combined use of these two metal oxides (CuO and CaO) may
contrive a synergistic effect to and enhance the organic dye degradation
capability of the photocatalysts compared to only one metal oxide.

Nowadays, to avoid the drawbacks of single metal oxide use in
preparing nanocomposites, researchers have focused on the use of mixed
metal oxides [9]. Such an attempt is beneficial because of the efficient
charge separation that can be achieved by coupling two metal oxide
particles with different energy levels and also to increase the efficiency
of photocatalysts. For instance, the researcher synthesized PVA-ZnO-
Al,03 composites for efficient photocatalytic applications [9]. Consid-
ering the potential use of photocatalysts for the removal of organic dyes,
adding CuO and CaO to PVA to develop PVA-CuO-CaO composites may
be notable in this regard. Confirming the incorporation and interaction
of CuO and CaO onto PVA may therefore be crucial, as this identification
is required from an application perspective.

To the utmost of our acquaintance, no reports have been published
on the fabrication of PVA-CuO-CaO composites whereby the optical,
luminescence, morphology, and thermal characteristics of PVA are
modified by simultaneously using CuO and CaO. Furthermore, no report
can be found in the literature on the degradation of MB from wastewater
utilizing PVA-CuO-CaO composite films as a photocatalyst. Moreover, it
would be worthwhile to develop PVA-CuO-CaO composite films given
the lack of literature on PVA-based PVA-CuO-CaO composites and their
photocatalytic applications. In this instance, we describe a straightfor-
ward solvent casting technique for synthesizing PVA-CuO-CaO com-
posite in the film form and their photocatalytic removal of MB in the
presence of direct sunshine. The enhanced photoluminescence, thermal
possessions, and unique morphological features of the fabricated com-
posite films have also been testified in the extant work.

2. Experimental section
2.1. Materials
The chemicals were analytical category and were used as received.

Polyvinylalcohol (PVA) (Mw = 72,000), Calcium oxide (CaO, 99.995
%), copper oxide (CuO, 99.995 %), and acetone ((CH3)2CO, > 99.5 %)
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were attained from Sigma — Aldrich and were used without advance
refinement.

2.2. Synthesis of PVA-CuO-CaO composite films

The PVA-CuO-CaO composite films were prepared following the
modified procedure reported by the researchers [9]. Five distinctive
synthesis batches were prepared by mixing a constant amount of 0.5 g
PVA and five different ratios of CuO and CaO (5 to 25 wt%). These metal
oxides were taken according to their weight percent relative to PVA
weight and divided equally among them. More clearly, the compositions
of CuO and CaO were taken keeping their amount 1:1 ratio for each
weight percent (5-25 wt%) used in the synthesis process. Each sample
was identified according to their weight percent as «, f, v, 8, 6 as pre-
sented in Table 1.

The polymer solution was made using a conventional method, which
involved dissolving 0.5 g of PVA in 15 mL distilled water at 60 °C while
vigorously stirring. To cast the solvent, the prepared solution was put
into a vacuum rotary evaporator. In another flask, the required volume
(weight percent) of metal oxides (CuO-CaO) for each synthesis batch
was dissolved in water and subjected to two hours of sonication. After
that, the metal oxides and PVA solution were combined in a rotary
evaporator that was kept between 80 and 90 °C. Finally, the blend was
placed into a glass petri dish and dried for a whole day at 30 °C. After
solvent exclusion, air bubble-free, uniformly dispersed PVA films con-
taining evenly distributed metal oxide particles were produced.

2.3. Characterization

FTIR spectra were attained by a Shimadzu FTIR spectrophotometer
Prestige-21, functioning in the frequency range of 4000-400 cm ™ *. The
UV-visible data were taken using a Shimadzu UV-1800 with a 200-800
cm™! range. FESEM/EDX experiments were accomplished on a JEOL
JSM 7600F set with EDX. The platinum coating was used to make the
sample for the FESEM experiment. Thermal analyses of PVA and PVA-
CuO-Ca0 composites were performed by TGA exploitation a Shimadzu
TGA-50 analyzer. Samples were heated in a platinum crucible between
25 to 850 °C for the measurements, with a heating rate of 10 °C/minute
and a flow rate of 20 mL/minute of Ny. Using differential scanning
calorimetry (DSC) in a Shimadzu TA-60A equipment, the glass transition
temperatures (Tg), melting temperatures (Tm), and related enthalpies
(AHm) during phase change were evaluated at 25 to 250 °C in a Ny
atmosphere. Both heating and cooling rates were possessed constant at
10 °C/min.

2.4. Photocatalytic investigations

The PVA-CuO-CaO nanocomposite films photocatalytic tests were
carried out by treating MB in the presence of sunlight and following the
approach according to the technique described in reference [9]. The use
of direct sunlight irradiation for the photocatalytic experiments does not
require any cost for the light source. The simple experimental set-up is
already explained in reference [20]. In order o support similar irradia-
tion power of sunlight, the investigations were conducted for each

Table 1
Synthesis identifier and composition of the CuO and CaO expended in synthesis
process are listed:

Synthesis CuO and CaO addition (wt%) Type of Product
identifier

PVA — PVA film

[ 5% Composite film
i 10 % Composite film
% 15 % Composite film
8 20 % Composite film
€ 25 % Composite film
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sample at an identical time and in the same environment. 20 mg of
photocatalytic sample was suspended in MB solution for the tests (Co = 2
mg/L). The mixture was then constantly agitated for 30 min in a dark
environment to reach the absorption-desorption balance between the
photocatalyst sample and MB, prior to using the sunlight treatment.
Following specified periods of exposure to sunlight illumination, the
mixture aliquots were eradicated for centrifugation at 3000 rpm for 20
min. Following centrifugation, the obtained supernatant was exposed to
UV-vis measurements to perceive the removal performance of MB. The
distinct absorption signal of MB at 664 nm was utilized to determine the
percentage of dye exclusion. Finally, degradation efficacy was recog-
nized by exploiting the technique previously described in reference [9].

3. Results and discussion
3.1. FTIR spectra and analysis

FTIR analysis was carried out to comprehend the potential interac-
tion between the PVA matrix and metal oxide (CuO-CaO) particles.
Fig. 1 displays the FTIR peaks of PVA and PVA-CuO-CaO and the cor-
responding characteristic peaks are listed in Table 2. The O-H stretching
vibration of PVA is attributed to a strong and broad absorption band at
3000-3600 cm ™}, peaking at 3343 cm™!. A similar broader peak due to
O-H stretching vibration was reported in reference [28]. At 2911 cm’l,
the band corresponding to C-H asymmetric stretching vibration was
observed. Peaks identified at 1660 and 1712 cm ™ correspond to C = C
stretching and C = O stretching vibration (vinyl acetate group of PVA),
respectively. The signal at 1266 cm ™ is due to C-H wagging, while the
strong peak at 1094 cm ! is related to the stretching vibration of C-O in
the C-O-H groups [29]. The CH; groups exhibited bending and wagging
vibrations at 1435 and 1331 cm™!, respectively. For all PVA-CuO-CaO
composites, the occurrence of the symmetrical stretching vibration of
the ~OH group moved to an upper wave number (3374-3431 cm 1) than
PVA film, suggesting somewhat reduced hydrogen bonding with the
PVA structure [6,8]. This type of interaction is mostly vital for the
uniform dispersion of the CuO-CaO particles in the whole polymer
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Table 2
Typical FTIR peaks PVA and PVA-CuO-CaO composites.

Peak designation Peak values of the corresponding samples (cm ')

PVA o i} % d €
O-H stretching 3343 3431 3397 3383 3379 3374
C-H stretching 2911 2929 2926 2933 2942 2942
C=C stretching 1660 1645 1560 1564 1563 1546
C=0O stretching 1712 1739 1720 1735 1715 1611
C-O stretching 1094 1091 1096 1092 1094 1094
C-H wagging 1266 1263 1265 1264 1267 1264
CH; bending 1435 1438 1436 1437 1448 1450
CH; wagging 1331 1262 1263 1261 1270 1233

matrix without letting agglomeration. In addition, the identification of
characteristic peaksfor Cu-O and Ca-O at 632-418 cm ™! in PVA-CuO-
CaO composite samples confirming the incorporation of CuO and CaO
in the PVA matrix [30,31].

3.2. UV-vis spectra and analysis

The room temperature UV-visible spectra of CuO, CaO, and PVA-
CuO-Ca0 nanocomposite films are shown in Fig. 2. These UV-visible
data were used to comprehend the integration of metal oxides with PVA
structure in PVA-CuO-CaO composites. The corresponding band gap of
these materials was determined using a UV-visible study. In this case,
water was used as a solvent to record the UV-vis measurements.

The spectra show a broad absorption band around 275 nm for CuO
and CaO (Fig. 2a), and its higher magnification graph is shown in the
inset of Fig. 2b. In the case of PVA-CuO-CaO composites films, the ab-
sorption bands were identified at 353-340 nm (Fig. 2c¢) whereas, for
PVA there is no peak found at the range 300-800 nm. PVA exhibits its
typical band at 189 nm, as shown in our previous report [6]. This implies
a bathochromic shift or red shift of UV-visible peaks from pure PVA and
infers substantial incorporation of metal oxides (CuO-CaO) into PVA.
Similar absorption bands due to the integration of PVA with metal ox-
ides and/or nanoparticles were also previously reported in reference
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Fig. 2. UV-vis spectra of a) CuO and CaO, b) Magnified UV-vis spectrum of corresponding CuO and CaO samples (inset) to identify both the peaks more clearly, and

¢) PVA-CuO-CaO composite films.

[9,11,32].

The band gap of metal oxide and composites was estimated using the
equation reported in reference [6,8]. The determined band gap of the
PVA-Cu0O-CaO composites is 3.50 eV-3.65 eV, while the value for CuO
and CaO is 4.54 eV and 4.59 eV, respectively [33,34]. The obtained band
gap for CuO is greater than the value reported in the literature. How-
ever, such band gap variation for CuO with possible explanation is re-
ported in reference [35]. Such variations in the band gap of metal oxides
and composites denote their strong interaction in the matrix. Further, it
is possible to anticipate from the band gap of composites that the
incorporation of CuO and CaO with PVA significant impacted the light
absorption [11]. This observation supports the idea that the presence of
CuO and CaO may enhance the photodegradation ability of PVA-CuO-
CaO composite films than PVA alone.

3.3. Effect of CuO and CaO on photoluminescence properties

PL measurements can provide additional evidence for the interaction
between PVA and metal oxides.

Room temperature photoluminescence spectra of PVA and PVA-CuO-
CaO composites at 350 nm excitation wavelength are shown in Fig. 3.
PVA displayed a strong photoluminescence emission in visible range
325-400 nm, with a peak identified at 363 nm (Fig. 3a). The n*— n
electronic transition of ~OH groups that results from the isotactic, syn-
diotactic, and atactic forms PVA molecules is caused by this emission
[32]. As observed in Fig. 3¢, the emission spectrum of CuO-CaO occurs at
centered around 369 nm and 466 nm. Here, the peak observed at 369 nm
corresponds to the near-band edge transition of metal oxides (CuO-CaO)
[36]. The peak identified at 466 nm, may associated with the deep-level
emission of metal oxides (CuO-CaO) that usually occurs in the case of
semiconductive materials [37].

Two notable peaks identified at 367-370 nm and 466-468 nm for

PVA-CuO-CaO composite samples correspond to shifts in syndiotactic
and isotactic PVA, respectively (Fig. 3b). As a result, a peak emission
corresponding to red shifting is noticed for all composites competed
against PVA. These findings clearly show that CuO and CaO have been
incorporated into PVA and such existence of CuO-CaO primarily re-
organizes the delocalized n-electrons of —OH groups inside the PVA
structure. These outcomes are in line with earlier studies [9,38]. Such
types of materials (CuO, CaO) also have an impact on Stokes shift of
PVA-CuO-CaO composites. The stokes shifts PVA-CuO-CaO composites
were found at 17-29 nm. An analogous stoke shift of PVA-based mate-
rials was reported earlier, and it explained how the inorganic materials
influence the stokes shift of PVA [39,40]. Thus, all of these results
further indicate the interaction of CuO and CaO with PVA films.

3.4. Optical transparency

The optical clearness of prepared PVA-CuO-CaO films was realized
by UV-visible spectroscopy (see Fig. 2). Composite films were explored
in the wavelength range of 200-800 nm to assess optical transmission,.
There is no absorption band in the visible region for all the composite
films, demonstrating the very worthy optical transparency in the visible
light limit [41]. The observed high optical transparency of PVA-CuO-
CaO films makes them potential candidates for electrical devices as
polarizer films.

To observe the optical transparency more clearly, the optical images
of PVA and all composites were acquired, as shown in Fig. 4(a-f). The
measured thickness of the films is about 145 ym and was placed on color
fonts in print on paper. From the images, it is noticeable that the optical
transparency of composite films is outstanding regardless of the extent
of CuO-CaO addition in the synthesis process. However, with the in-
crease in the addition of CuO-CaO into the PVA, slight decrease of the
optical transparency further implies the formation of PVA-CaO-CuO
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Fig. 3. PL data of (a) PVA, (b) PVA-CuO-CaO composites, and (c) CuO-CaO.
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Fig. 4. Optical images of the a) PVA and b) PVA-CuO-CaO composite films. Panels (b-f) represent the composites synthesized at distinctive addition of CuO and CaO

(5-25 wt%).

composite films.
3.5. Morphology of PVA-CuO-CaO composites

The morphological structures of the prepared composites were
considered from their FESEM micrographs. For example, the represen-
tative FESEM images of PVA-CuO-CaO composites acquired from 5 wt%,
15 wt%, and 25 wt% are exhibited in Fig. 5(a-c). The images showed
that composite films are comprised of nanostructures in the 30-200 nm

range. For further understanding, the better enlargement images of
respective composites are displayed in Fig. 5(d-f). In the case of lesser
addition of CuO-CaO (5 and 10 wt%, synthesis batch a and f), the
spherical-shaped composite structures are noticeable. The typical image
is exhibited in Fig. 5a and its subsequent greater magnification data is
shown in Fig. 5d. The higher rise of CuO-CaO amounts to 15 weights %,
the composite shape is slightly elongated from their spherical shape
(marked as a black circle) with sharp tails around the structure (Fig. 5b)
which are more clearly visible in Fig. 5e; however, a few spherical shape

Fig. 5. FESEM image of (a) PVA-CuO-CaO composites (synthesis batch a, 5 wt% CaO-CuO addition), its (b) better magnification, (c¢) PVA-CuO-CaO composites
(synthesis batch vy, 15 wt% CaO-CuO addition), its (d) enhance magnification, and (e) PVA-CuO-CaO composites (synthesis batch ¢, 25 wt% CaO-CuO addition), its (f)

higher magnification.



M.M. Rahman Khan et al.

structures also remain at this stage. It seems the tendency to increment
of length of the composite structure with the increase of metal oxide
addition. These outcomes are steady with previous descriptions for
polymer-based metal oxide composites [18,31]. Such tendency is also
visible for the 20 wt% addition as presented in Fig. S1. For the highest
25 wt% addition of CuO-CaO (synthesis batch ¢), the composite shape
changes to a sheet-like structure with the increase of both length and
diameter (Fig. 5¢). The higher magnification image of such structure is
located in Fig. 5f. Thus, for the higher addition of CuO-CaO, the com-
posite morphology is changed from spherical shape to sheet-like struc-
ture. Such morphological changes with the inclusion of semiconducting
materials with PVA are reported in reference [11]. Nonetheless, with the
variation of the appropriate amount of CuO-CaO addition, the size and
shape of the PVA-CuO-CaO composites can be controlled with the
diameter range of 30-200 nm.

To intensify the analysis of incorporation of CuO-CaO with PVA
together with the morphological reflections, EDX measurements were
accomplished for PVA-CuO-CaO composites. For example, Fig. 6 ex-
hibits the EDX spectrum of PVA-CaO-CuO composites obtained from
synthesis batch ¢ (25 wt% CaO-CuO addition). Peaks of Ca and Cu
together with the element C and O in the spectrum endorse their exis-
tence in the composites and supplement reasonably with FTIR and
UV-visible evidence. An additional peak appears around 2.2 keV due to
the presence of Pt. A similar peak position for the Pt is reported by other
researchers [42]. This peak may arise due to the platinum coating of the
sample used for FESEM/EDX measurements. From the EDX spectra, it is
possible to observe for the composite sample, a that atomic % of Cu and
Caare 2.64 and 0.19, respectively (inset of Fig. 6). EDX results of the rest
of the composite films are given in Fig. S2.

3.6. Thermal properties

The influence of metal oxides (CuO-CaO) on the thermal character-
istics of the PVA was assessed by TGA investigation. Fig. 7 displays the
TG curves for PVA and PVA-CuO-CaO nanocomposite films recorded in a
nitrogen atmosphere. As seen from Fig. 7, the thermal degradation of
PVA and the lowest addition (5 wt%) CuO-CaO samples (synthesis batch
a) occurs in three distinct steps and for the higher addition (10 to 25 wt
%) samples (synthesis batch p to €) there are four distinct degradation
steps are noticeable. The % of weight loss identified for each degrada-
tion step together with the respective temperature range is listed in
Table 3.
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Fig. 7. TGA curves of PVA and PVA-CuO-CaO composites (a-€).

The weight loss for the first degradation step is attributed to the
removalof physically absorbed moisture and partial dehydration of PVA
Chains [43]. A similar degradation step owing to the removal of phys-
ically absorbed moisture from the materials is reported in reference
[44,45]. The corresponding % of weight loss is found at 5 % and 6 %-11
% for PVA and PVA-CuO-CaO nanocomposites films, respectively
(Table 3). For PVA the second degradation steps are observed at
226-393 °C and the corresponding weight loss is 44 %, while for the
composites such degradations are identified at 211-380 °C and the
weight losses are 43-48 %. The second degradation step signifies the
heating settlement of the polymer composition [46]. Third degradation
step is seen for PVA and PVA-CuO-CaO composites are 395-518 °C and
331-514 °C, respectively, related to the disintegration temperature of
PVA [47]. The mass loss at this stage is 48 % for PVA and 28-39 % for all
composite samples. It was observed that the weight loss decreased for all
composites demonstrating the improved thermal stability of PVA-CuO-
CaO composites compared to pristine PVA. The cause of improved
thermal stability of composites is due to the inclusion of CuO-CaO with
PVA matrix. The addition of metal oxides into PVA may constrain the
mobilities of polymer chains resulting in the lowering of mass loss for
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Fig. 6. EDX spectrum of PVA-CuO-CaO composites obtained from synthesis batch & (5 wt% CaO-CuO addition).
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Table 3
TGA data for PVA and PVA-CuO-CaO composites.

Inorganic Chemistry Communications 170 (2024) 113287

Sample Temperature (T) and % of weight loss (WL) at four different steps

First step Second step Third step Fourth step Residual weight (%)
T (°C) WL (%) Temp. WL (%) T (°C) WL (%) T (°C) WL (%)

PVA 46-108 5 226-393 44 395-518 48 - - 3

o 49-105 7 223-380 44 386-514 39 - - 10

p 49-151 11 213-356 44 357-487 33 479-789 7 5

Y 47-117 8 211-361 48 363-487 33 584-770 6 5

8 47-124 7 212-330 43 331-484 31 483-798 8 11

€ 68-186 7 205-344 43 348-506 28 585-760 8 14

composites, which ultimately endures a relaxed disintegration progres-
sion [48]. Such effects correspond well with the enhancement of the
thermal stability character of PVA-CuO-CaO composites due to the in-
clusion of oxide materials with the PVA [9]. A sudden weight loss was
observed at the fourth step for the composite samples prepared with the
higher addition (10 to 25 wt%) of metal oxides. The degradation tem-
perature and weight losses are 479-798 °C and 6-8 %, respectively.
Such disintegration step is instigated by the further breakdown of the
polymer assembly consequently endures decomposition with the
development of carbonaceous matter and persists continually, providing
the plateau line in the TGA graph [49]. No discernible discrepancy of
weight losses was found in the composite samples except for the sample
synthesized from the least amount of PVA (5 wt%) where the fourth
degradation phase did not occur like PVA.

The TGA results of the PVA-CuO-CaO composites revealed a residual
mass that was estimated to be 5 to 14 %, whereas the identified mass for
PVA films was very low at 3 %. The obtained residual mass is ascribed to
the existence of non-disintegrated polymer chains, alkenes, and other
organic molecules [46]. The presence of higher residual mass for the
composite sample may be because the inorganic metal oxides (CuO-
CaO) can function as a catalyst surface that inhibits the breakdown or
basically the integration of metal oxides with PVA composed the com-
posites disallowed to condensation-degradation process. Hence, ac-
cording to the TGA data, the thermal stability of PVA-CuO-CaO
composites has been significantly increased by the addition of CuO-CaO.
Among the PVA-CuO-CaO samples, the greater residual value of 14 %
identified for the highest addition of CuO-CaO synthesis batch, ¢ in-
dicates its better thermal stability nature compared to other samples.

The DSC thermograms of PVA and PVA-CuO-CaO composites are
presented in Fig. 8. Table 4 lists the obtained glass transition tempera-
ture (Tg), melting temperature (Ty,), melting enthalpy (AHp), and
crystalline behavior of the corresponding samples. During the heating
cycle, both PVA and PVA-CuO-CaO nanocomposite films display com-
parable thermal responses with three evident features as a function of
temperature. The first peak is ascribed to the T recognized at 45.78°C
and 34.96-40.24°C for PVA and PVA-CuO-CaO composites, respec-
tively. Because of the presence of moisture, the Tg value for PVA is lower

Table 4
The melt onset temperature, T, Tr,, AHy, and crystallinity (X.) of PVA and
PVA-CuO-CaO composites are listed.

Sample  Melt Tg (° T © AHp, Crystallinity X,
OnsetTemperature Q) Q) J/g) (%)
“Q

PVA 169.90 45.78 191.40 32.21 23.24

o 181.25 38.68 198.43 35.88 25.89

i} 189.72 34.96 208.38 36.26 26.16

% 199.20 36.79 218.15 30.51 21.83

3 210.43 40.24 221.60 16.96 12.23

€ 215.07 37.50 229.50 15.92 11.49

than that of its typical value [50].

The incorporation of CuO-CaO nanoparticles decreased the T value
of PVA in PVA-CuO-CaO samples. The cause of this decline may be due
to the aggregation of CuO-CaO nanoparticles, which weakens the
polymeric network strength and intermolecular connection between
PVA chains [9,11,46]. The second peak was identified at 84.85°C and
78.3-110 °C for PVA and composite samples, respectively. This peak is
designated to the thermal effect due to moisture evaporation from the
materials and hydrogen-bonded water [9]. The third one pertains to the
melting of the crystallites of the polymer network and is represented by
the melting temperature (T,) found at 191.40 °C for PVA, which in-
creases from 198.43 °C to 229.50° C for PVA-CuO-CaO composite
samples with the increase of composition of CuO-CaO from 5 to 25 wt%
(Fig. 8b). This is due to the reduced mobility of the polymer chains after
being attached to the metal oxides particle surface. The significant dif-
ference in melting temperature (Ty,) between the pure PVA and the PVA-
CuO-CaO indicates the significant interaction between metal oxides and
—OH groups of PVA in composites [9,48].

From the DSC curve, calculating the degree of crystallinity is an
essential technique for comprehending the changes in the structural
features impacted by CuO-CaO. The following equation was utilized to
evaluate the degree of relative crystallinity of the PVA and PVA-CuO-
CaO composites [9]:

0 04 04 I
- 14 1
-2 -2
= z
£ 3] -3 £
. |lb] '
51= x T T 515 : : r -5 r
50 100 150 200 250 50 100 150 200 250 150 200

Temperature (°C)

Temperature (°C)

Temperature (°C)

Fig. 8. DSC curves of (a) PVA and PVA-CuO-CaO composites (a-€) for both the heating and cooling cycles. (b) Theromograms of corresponding samples only for
heating cycles. (c) magnified thermograms displaying the melting temperature (T,,) of respective samples for better clarity.
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X. = (AHp/AHp,) X100

Where Xc denotes the degree of crystallinity, AHm is the enthalpy of
melting achieved from the DSC curve, and AHm, is the enthalpy of
melting of 100 % crystalline PVA (AHm, is 138.6 J/g) [51]. The assessed
value of AHp,, for PVA was 32.21 J/g and the calculated degree of
crystallinity was 23.24 %. The AHp, values are from 15.92 to 36.26 J/g
for PVA-CuO-CaO composites, corresponding to the crystallinity
11.49-26.16 %. The determined degree of crystallinity of PVA and PVA-
CuO-CaO composites is listed in Table 3. It is seen that the crystallinity
slightly increases for the lower addition of metal oxides (5-10 wt%);
however, the degree of crystallinity decreases for the higher loadings
(15-25 wt%). The increasing trend of the degree of crystallinity leads to
decreasing amorphization, while the decreasing trend is associated with
an increase in amorphization. Such a change in crystallinity suggests the
certainty of integration between PVA and CuO-CaO, which in turn leads
to the reduction in contacts with polymer network [52].

3.7. Photocatalytic performances

The samples of CuO-CuO, PVA, and all PVA-CaO-CuO composites
were tested by the photodisintegration of MB under direct sunlight
treatment. Composite film’s water resistivity was tested at various
temperatures and found to be water resistant up to 67 °C, which is lower
than the temperature commences from the sunlight illumination [11].
Fig. 9 and Fig. 10 depict the UV-vis absorption spectra illustrating the
disintegration of MB using CuO-CaO, PVA, and PVA-CaO-CuO com-
posites as a photocatalyst, respectively. From the absorption spectra of
these materials, it can be seen that the absorption bands are diminishing
as the time interval increases, exhibiting an efficient removal of MB for
the corresponding samples (Fig. 9 and Fig. 10). The UV-vis spectra of
MB encompassing 20 mg of CuO-CaO in direct sunlight illumination at
various time intervals are shown in Fig. 9a. A similar type of time in-
tervals for the removal of MB using PVA-based composite materials was
reported in reference [11,53]. It was identified that absorption maxima
dropped progressively as the irradiation period increased, and 100 %
removal ensued after only 120 min of time extent. A similar outcome for
the removal of organic dyes was identified by other researchers utilizing
metal oxide-based materials [54-56]. For instance, a 97 % removal of
RhB was observed using Ceg gsFeq 0502/NiO/rGO (CFN-rGO) materials
in 130 min of sunlight irradiation, 80.5 % removal of crystal violet and
42 % removal of phenol was observed using ZnO and NiFe;O4 in 140
min exposure time of sunlight [54,55]. When PVA film was used, only
65 % of the MB was removed after 480 min (Table 5), demonstrating its
poor capacity for degradation (Fig. 9b). Similar behavior of PVA film for
the removal of MB was reported in reference [11].

The PVA-CuO-CaO composite samples were applied as a photo-
catalyst, exploiting the identical experimental atmosphere to assess the
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photocatalytic potential of bare CaO-CuO and PVA. It is evident from
Fig. 10 (a-e) that the absorption maxima drops gradually over specified
time intervals for the PVA-CuO-CaO samples. Such a gradual decline
shows the substantial blue shift which eventually approaches close to
zero over the course of 480 min of solar radiation. Notably, no
discernible disparity of absorption maxima was seen among the com-
posites (Fig. 10 (a-e)). The apparent shift in absorption maxima of
composites reveals the enduring adsorption of MB to samples and
eventually approaches full degradation. Such PVA-CuO-CaO composite
films are reusable up to 3 times for the removal of MB as shown in
Figure S3. Relating to the mechanism and possible explanation of the
removal of MB using PVA-based composite materials was previously
reported in reference [11].

As shown in Table 5, the composite samples obtained from the
synthesis batch (a-¢) showed 98.15-99.44 % dye removal after 480 min
that are far better than the PVA film. Such outcomes are consistent with
the previous reports for the removal of MB utilizing PVA-based com-
posites [57,58] Thus, these findings indicate that the PVA-CuO-CaO
composites can act as an excellent photocatalyst for the degradation of
organic dyes compared to bare polymers. Therefore, a considerable
synergistic enrichment outcome of the photocatalyst was identified for
composites. This is owing to the notable interplay between the metal
oxides (CuO-CaO) and PVA matrix. The similar impact of inorganic
materials with the PVA for the removal of MB was testified by other
researchers [9,11].

3.8. Kinetic studies

The reaction kinetics was studied for the degradation of methylene
blue (MB) solution by observing the UV-vis absorbance data under
sunlight irradiation. For this study, a pseudo-first-order kinetic model
was examined. From Fig. 10 (a-e), it is obvious that the concentration of
MB decreases linearly as a function of sunlight illumination time. The
corresponding % of MB removal after a certain time interim is listed in
Table 5. These data are useful for the kinetic model of MB degradation
using the equation (1). This equation was used by other researchers to
examine the pseudo-first-order kinetic model for MB degradation [59].

—In ([C1/[Clo) = kobs t M

Where [C], represents the initial concentration of MB (mg/1), [C] is
the concentration of MB at a certain reaction time, t (min), and kops is the
rate constant of pseudo-first equation (m ™). So. a plot of the —In ([C]/
[Clp) vs. time is presented in Fig. 11, from where the obtained results of
rate constate, kops and the correlation coefficients, R? for pseudo-first
equation can be appreciated. The value of kgps is found as 0.0084
min~!, 0.0094 min~?, 0.0083 min~!, 0.0098 min~?, and 0.0107 min?
for composite sample, o, B, v, & and €, respectively. It was observed that
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Fig. 9. Variations in the UV-vis spectra of MB solution by a) CuO-CaO and b) PVA films.



M.M. Rahman Khan et al.

Inorganic Chemistry Communications 170 (2024) 113287

3.0 T T T T 3'0 v v v v 3°0 T T T T
a) b)’ )
2.54 i 251 [ Biank l} . .
2.0- ——Dark
® 2.04 g~ ——30 min g
g 1 8 15] [—60min 1 = i
£ 151 £ 151 | —oomin £
= 3 ——120 min 1) J
_2 1.0 1 2 109 | —240min 2
“ < —— 480 min “«
0.5 i 0.5+ ] i
0.0 0.0
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 530 600 630 700 750 800
\"avelength/nm V\"avelength/nm Wavelength/nm
3.0 T T T T 3.0 T T r T
d) e)
25 2.5
2.0
3
_§ 1.5
=3
z 1.0
<
0.5
0.0
400 450 500 550 600 650 700 750 800 400 430 500 550 600 650 700 750 800
‘Wavelength/nm Wavelength/nm
Fig. 10. (a-e) Variations in the UV-vis spectra of MB solution in the existence of PVA-CuO-CaO composite films (a-¢).
Table 5 the rate constant is higher for the composite sample € prepared with the
able

The % of MB removal pertaining to irradiation time of sunlight treatment for all
samples are listed:

higher loading of CuO-CaO Fig. 11). Similar behavior of the rate con-
stant for the degradation of MB was reported in reference [59].

Sample % of removal in different time intervals (in minutes) 4. Conclusions
30 60 90 120 240 480
Ca0-CuO 10.06 45.54 95.65 08.43 _ _ PVA-CuO-CaO composite films were successfully fabricated by
PVA 4.02 6.67 11.96 20.13 28.53 65.47 adding varying amounts of CuO and CaO with effective photocatalytic
o 11.68 18.49 26.10 46.23 70.24 98.18 performance using the solvent casting method. The results of FTIR,
P 18';; 2323 :gg; 22'33 gz'gz ZZ'EZ UV-vis, and PL spectroscopy demonstrated the strong interaction of
5 18.85 39.63 49.66 71.81 86.19 09.15 metal oxides (CuO and CaO) with PVA. The better photoluminescence
€ 20.74 39.63 48.65 76.60 89.97 99.44 property of PVA-CuO-CaO composites was seen than PVA alone. The
optical transparency of the composite samples was superb. TGA data
6
y=0.0084x
5 y=0.0094x R?=0.992
_ R2=0.991
4 y=0.0098x $Rr2-0.985
=) —
&) y=0.0107x R’=0.966
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Fig. 11. Plot of pseudo first-order model for MB degradation using PVA-CaO-CuO composite films under solar irradiation (Cyp = 2 mg/L).
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revealed 28-39 % weight loss for the PVA-CuO-CaO composites signif-
icantly lower than PVA (48 %). Such a substantial decline in weight loss
displayed the enhanced thermal stability of the prepared composite
films. The melting temperature (T,,) of composites could be greatly
enhanced by ~ 7 to 38 °C compared to the polymer. The morphological
distinction was observed for composite samples with diameters in the
range of 30-200 nm. The photocatalytic enactment showed the superb
photocatalytic activity of PVA-CuO-CaO composites for the degradation
of MB compared to PVA owing to the inclusion of CuO and CaO into the
PVA. All of these results provide straight evidence for the modification
of photoluminescence, morphological features, and thermal properties
of PVA-CuO-CaO composites. Additionally, photocatalytic capability
exhibits a promising prospect in the fabrication of PVA-CuO-CaO pho-
tocatalysts for wastewater treatment.
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