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This study used a simple drop-casting method to create polymethyl
methacrylate/zinc oxide (PMMA/ZnO) nanocomposite films. The structural,
morphological, and optical properties, and photocatalytic activity of the
produced films were studied. X-ray diffraction (XRD) confirmed that pure
PMMA is amorphous, while the composite film showed clear peaks for the
ZnO hexagonal structure, proving the nanoparticles were added successfully
without forming unwanted phases. Scanning Electron Microscopy (SEM)
presented that ZnO nanomaterial were spread evenly in the PMMA matrix,
changing the surface appearance. Fourier-transform infrared (FTIR) analysis
found that PMMA'’s main functional groups remained after film formation,
with a small shift in the carbonyl band in the composite, suggesting a physical
interaction between ZnO and the polymer chains. Photoluminescence (PL)
spectra showed stronger emission in the nanocomposite films. The films’
ability to break down methylene blue (MB) dye was tested under ultraviolet
and sunlight. After 60 minutes, the PMMA/ZnO film was broken down to
around 69% of the dye under sunlight and 52.5% under UV light. In
comparison, pure PMMA broke down 49.5% under sunlight and only 13%
under UV. These results show that adding ZnO nanoparticles to PMMA films
improves their photocatalytic efficiency, making them promising option for
water treatment.
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1. INTRODUCTION

Industrial wastewater containing
synthetic dyes poses a significant
environmental challenge due to the high
chemical stability and toxicity of these
compounds [1]. Methylene blue (MB),
widely used in the textile and printing
industries, is highly resistant to standard
conventional treatments and severely
threatens aquatic ecosystems upon
release. As a result, there is an urgent
and growing need for highly efficient
and sustainable wastewater treatment
technologies [2]. Photocatalysis has
emerged as a highly promising solution
for the complete degradation of organic
pollutants. It utilizes semiconductor
materials that, upon light irradiation,
generate electron—hole pairs, leading to
the formation of reactive oxygen
species (ROS) capable of mineralizing
dye molecules into less harmful
byproducts [3].

Zinc oxide nanoparticles (ZnO NPs)
are widely recognized as an excellent
photocatalyst due to their distinct direct
optical band gap (~3.37 eV),
exceptional chemical stability, non-

toxicity, and strong ultraviolet (UV)
absorption capabilities [4]. However,
the practical large-scale application of
bare ZnO nanoparticles is often
hindered by their tendency to
agglomerate, difficulty in  post-
treatment recovery, and limited
mechanical stability when used alone.
To overcome these critical limitations,
embedding ZnO NPs into a robust
polymer matrix, such as polymethyl
methacrylate (PMMA), provides an
effective strategy. PMMA is a highly
transparent and chemically stable
polymer with excellent film-forming
properties, improved
nanoparticle dispersion, mechanical
durability, and ease of handling, making

ensuring

it an ideal host matrix for hybrid
nanocomposites designed for advanced
environmental applications [5].

Therefore, the primary objective of
this study is to develop a highly
efficient, scalable, and practically
deployable photocatalytic platform by
fabricating PMMA/ZnO
nanocomposite films using a facile and
cost-effective drop-casting technique.
To highlight the practical contribution

133



Zeina Mossa Dakhel and Khalidah H. Al-Mayalee

JOURNAL OF KUFA-PHYSICS | Vol. 18, No. 1 (2026)

and significance of this work, the
structural, optical, and morphological
properties of the fabricated films were
systematically investigated and
correlated with their photocatalytic
performance. Specifically, the novelty
of this study lies in utilizing these
stable, easily recoverable, and free-
standing solid films to achieve
significantly enhanced degradation of
MB dye under both UV and natural
sunlight irradiation, thereby offering a
sustainable, economical, and large-
scale applicable solution for industrial
wastewater remediation.

2. Experimental Work
2.1 Drop Casting methods

A simple method was used to
fabricate the photocatalytic films.
Before the deposition process, glass
substrates were cleaned with distilled
water and ethanol, followed by
ultrasonication for 15 minutes to clean
them of impurities. The substrates were
then dried in a thermal oven at 90°C for
30 minutes. Before the drop casting
stage begins, to determination the
deposited film's mass, the substrates are
weighed using a sensitive scale before
and after casting process. Aso, the
solution density can be determined by
weighing the container before and after
filling with a known volume. The
dimensions of the used substrates were
2 x 2.5 mm and ranging in thickness
from 1.0 mm to 1.2 mm. Based on these
gravimetric measurements and the
known surface area of the substrate (A),
the average thickness (t) of the
fabricated nanocomposite films was

calculated using the following standard
gravimetric relationship [6, 7]:

m
(t= E)
2.1.1 Preparation of PMMA Films:

A white powder of Polymethyl
methacrylate (PMMA) polymer (from
otto bock Health Care, German) and
350,000 g/mol molecular weight were
used to prepare PMMA films and
PMMA/ZnO NPs composite films
using drop casting method. The
polymer density was 0.85 g/cm3.
Initially, PMMA/acetone solution was
prepared by distilled wight (1 g) of
PMMA polymer powder in 50 ml
volume of acetone and stirred for 2h at
500C on magnetic stirrer until the
polymer was completely dissolved,
resulting in a clear and homogeneous
solution of polymer with 2.48 weight
ratio. After that the drop casting process
used to synthesis PMMA film by using
10 ml of each polymer concentration.
The solution was distilled in volume of
0.5 ml for each slide in three stages to
obtain layers of the membrane between
each layer. The sample was placed in a
thermal controlled oven at 90 oC for 5
minutes.

2.1.2 Preparation of PMMA/ZnO
NPs Composite Films:

The  drop-casting  processing
method was used to deposit
PMMA/ZnO nanocomposite films onto
glass substrate. PMMA/ZnO
nanocomposite solution was prepared
by incorporating ZnO nanoparticles
(0.1 g) into a host polymer/acetone
solution with a 2.48 weight ratio. The
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nanoparticles were added gradually
under continuous magnetic stirring to
prevent agglomeration and ensure a
uniform distribution of the ZnO NPs
(0.1g) within 1g PMMA matrix.
Following a specific duration of
ultrasonication, a stable and
homogeneous nanocomposite solution
was obtained, ready for drop casting
deposition process. A multi-stage drop-
casting technique was employed by
dispensed the prepared solutions in
three sequential steps (0.5 ml per layer)
to achieve a uniform and controlled film
layer thickness.

Figure 1: The synthesized film samples
after drying

Among each deposition, the
substrates were annealed in a thermal
oven at 90°C for three minutes to ensure
complete solvent evaporation and
minimize impurities, resulting in high-
quality, dense nanocomposite films.
The final weight percentages of ZnO
nanoparticles (0.1g) in the PMMA
matrix (1g) after solvent evaporation
was 9.10 wt%. After drop casting and
drying processes, the polymer and
composite membranes were weighed,
washed with distilled water, and
carefully scraped from the substrate, as

shown in Figure (1)

2.2 Preparation of Contaminated Dye
Concentration:

Methylene blue dye was prepared in
double-distilled water. The stock
solutions were prepared with a constant
concentration of 1.8x10-3 molar for all
samples.as shown in the image below:

Figure 2: Prepared samples for
photocatalysis, showing a clear color
change indicating dye degradation after
the photocatalysis process.

2.3 Characterization Techniques

The crystal structure of the created
samples was determined by XRD. The
optical properties were investigated
through an  optical  (UV-Vis)
spectroscopy within the wavelength
range of 200 to1100 nm. Scanning
Electron Microscopy (SEM) was
employed to describe the nature of the
surface and determine the shape and
distribution of nanoparticles within the
polymer Finally, the
photocatalytic performance of the
fabricated films was evaluated by
monitoring  the  photodegradation
efficiency of Methylene Blue dye under
both UV and sunlight irradiation.

matrix.

2.4 Results and Discussion

2.4.1 Optical Spectroscopic analysis
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The absorbance curve of the
PMMA and PMMA/ZnO NPs
composite films as a function of
wavelength in the range of 200 to 800
nm are presented in figure 3. As shown
in the figure, the PMMA film with 238
um thick exhibits weak absorption in
the visible region and near UV region
with a sharp absorption edge starting
around 290 nm. This behavior is
expected for PMMA, a transparent
polymer with a wide energy gap, which
does not absorb visible light. The
absorbance spectrum of  the
PMMA/ZnO nanocomposite film with
236 pum thick showed enhanced and
sustained absorption in the near-UV
region and extending further [8]. This
corresponds to the band edge absorption
of ZnO NPs with an energy gap (about
3.2 e¢V). This indicated that the ZnO
NPs (0.1g) are well dispersed within the
polymer matrix, while maintaining
good transparency in visible light.
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Figure 3: UV-visible absorbance of
PMMA (1g) film and PMMA/ZnO
(0.1g) NPs composite film

The direct energy gap (Eg) values of
the PMMA (1g) and PMMA (1g)/ ZnO
(0.1g) nanocomposite film with a
thickness of about (236 pum) and 280
um respectively, were calculated by
using the were the Tauc plot method,

((ahv))

A2=B(hv-E_g), where (B) is constant,
(hv) is the energy of the incident
photon, and (a) is the absorption
coefficient and can be can be written as
(0=(2.303*A)/d) , (d) is the film
thickness [8] and presented in Figure 4.

based on the equation

The results shown in Figure 4 revealed
that the band gap of the PMMA
polymer film was 4.21 eV and the
optical band gap of PMMA/ ZnO
nanocomposite film recorded (4.18 eV)
value and. The value of PMMA/ ZnO
NPs film is greater than the gap of pure
Zn0O (3.2 eV) and less than the gap of
pure PMMA. This increase is due to the
quantum  size effect of ZnO
nanoparticles, the dielectric matrix
(PMMA) effect, and absence of charge
transfer. Similar energy gaps were
observed in PMMA/ ZnO NPs films in
the literature [9].
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Figure 4: Energy gap of PMMA
(1g)/Zn0O (0.1 g) nanocomposite film

2.4.2 PL Spectroscopy Analysis

Photoluminescence (PL) spectra of
pure PMMA and the PMMA/ZnO NPs
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composite films showed in Figure 5.
PMMA film exhibited a relatively weak
and broad emission peak at 350-380
nm, representing m — =w* electronic
transitions in the carbonyl group (C=0),
which are well-known emissions in
amorphous PMMA  chains. The
spectrum also decreases rapidly beyond
400 nm due to the film's Ilow
photoactivity compared to solutions,
acting primarily as a transparent host
for the inorganic fillers [10].
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Figure 5: PL emission spectra of
PMMA and PMMA/ZnO composite
samples.

Figure (5) revealed the significant
improvement in emission peaks of the
PMMA/ZnO NPs composite PL curve
compared to the pure PMMA. The first
peak appears at ~340 nm in a ultraviolet
region, and this due to the near-band
edge exciton recombination of the ZnO
NPs. The second distinct and enhanced
peak at ~560 nm corresponding to deep-
level oxygen vacancy defects. Also,
there is a characteristic emission near-
infrared region at ~815 nm. [I11]
PMMA/ZnO film exhibits strong PL
peaks in the visible and near-infrared
regions due to crystal defects in ZnO
and energy transfer from PMMA,

demonstrating the formation of an
optically active compound suitable for
low-power optics applications. PMMA
film alone shows weak and limited
emission only in the violet region.

2.4.3 FTIR Spectra

The recorded FTIR spectrum of the
PMMA polymer and PMMA/ZnO
composite films are included in Figure
(6). The chemical interactions and
functional groups within the of PMMA
polymer appears in both PMMA and the
PMMA/ZnO samples, including the
broad hydroxyl (O-H) stretching group
at ~3439 cm™!, aliphatic C-H groups
appear at ~2990 cm™!, and the sharp,
high intensity peak at ~1735 cm™ which
is attributed to the tensile carbonyl
group (C=0) vibration. [12] However,
the interaction between ZnO and
PMMA matrix produces noticeable
shifts and intensity changes in the FTIR
spectrum, particularly in the lower
wavenumber region. This behavior
corresponds to the characteristic Zn—O
metal-oxide  stretching  vibration.
Furthermore, the slight shift in the
carbonyl and ether (C—-O-C) peaks at
1147 cm™ suggests a strong interfacial
interaction and hydrogen bonding
interactions between ZnO NPs surface
and PMMA matrix. These spectral
features  confirm  the  effective
nanoparticles integration with the
polymer host matrix and formation a
stable nanocomposite structure without
the emergence of unexpected chemical
impurities [13].
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Figure 6: FTIR Spectra of PMMA, and
PMMA/ZnO composite

2.4.4 XRD Analysis

The XRD patterns of the prepared
PMMA and PMMA/ZnO films are
demonstrated in Figure (7). The pure
PMMA film exhibits amorphous nature
and the disordered arrangement of its
polymer chains. This behavior is
consistent with what is documented for
PMMA polymer in the scientific
literature [14]. In contrast, the
PMMA/ZnO film demonstrated sharp
and distinct diffraction peaks at angles
of approximately The PMMA/ZnO film
exhibited pronounced and well-defined
diffraction peaks at angles of
approximately 31.6°, 34.2°, 36.2°,
47.3°, 56.35°, 62.65°, 66.4°, 67.75°,
and 68.9° corresponding to the (100),
(002), (101), (102), (110), (103), (200),
(112), and (201) crystal planes,
respectively. These values indicate the
polycrystalline nature of ZnO NPs and
represented to be the hexagonal
wurtzite structure (JCPDS card no. 36-
1451). The results of XRD analysis
indicate the successful incorporation in
the PMMA matrix without any
secondary phases appearing [15].

Intensity (a.u)

ZTH;BV)
Figure 7: X-ray diffraction of the
PMMA and ZnO/PMMA composite
film.

2.4.5 Morphology Analysis

Figure 8 (a) displays the scanning
electron microscopy (SEM) image of
the pristine PMMA film, revealing an
interconnected network of polymer
fibers with a highly porous architecture.
This morphology is characteristic of
amorphous PMMA polymer
membranes [16]. Conversely, Figure 8
(b) demonstrates that the PMMA/ZnO
nanocomposite  film  exhibits a
drastically altered topography,
featuring a more continuous, densified,
and cohesive surface with distinct
micro-pores distributed across the film.
The altered surface morphology is
primarily attributed to the uniform
dispersion and embedding of ZnO
nanoparticles within the polymer
matrix. The incorporation of ZnO NPs
effectively filled the interstitial spaces
of the original fibrous network, leading
to a highly integrated and densified
composite structure [17, 18]. While the
dense polymer coating and the micro-
scale resolution restrict the direct
measurement of individual nano-sized
ZnO particles from these specific
micrographs, the overall structural
transformation successfully confirms
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the excellent integration of the filler
within the matrix without macroscopic
phase separation.

SEM MV: 20.0 kV Det: SE NanoLAB-MOS! SEM HV: 20.0 kV Det: SE
SEM MAG: 1.00 kx  Date(midly): 122925 50 pm SEM MAG: 1.00 kx  Date{misly): 122925 S0 pm
sRC

Figure 8: SEM photograph the (a) PMMA film (b) PMMA/ZnO composite film.

2.4.6 Photocatalytic Application activity under UV light [19]. The
photodegradation was calculated using
the relationship ((A_0.-A)/A_0x100 %
,A_0 is the initial MB centration), and
its value was of the pure polymer film
was about 23.5 % after one hour of UV
irradiation, with reaction rate constant
(k) of 0.0045 min-1 (Table 1). These
enhanced results are  primarily
attributed to the direct photolysis of the
dye under UV light and physical
adsorption onto the porous polymer
surface [20].

The photocatalytic efficiency of
PMMA and PMMA/ZnO films with
thicknesses of about 238 um and 236
um, respectively, was evaluated by
monitoring the absorbance spectra of
Methylene Blue dye under UV light
irradiation as shown in figure (9) for
different irradiation times (0, 15, 30, 45,
60 min). The experimental results in
figure 9 revealed that the pure PMMA
films exhibit reasonable photocatalytic

PMMA Film- UV Light — O min PMMA/ZnO Film- UV Light

=0 min

Absorbance (a.u)
Absorbance (a.u)

400 500 600 700 800 400 = 500 : ] 600 ] ?(l}u 800
Wavelength (nm) Wavelength (nm)
Figure 9: Absorption spectra of methylene blue and its photocatalytic degradation
profiles using PMMA film, and PMMA/ZnO nanocomposite film under UV light for
different irradiation times.

Figure (9) also illustrates the photocatalytic response over time with
PMMA/ZnO  nanocomposite  film low degradation efficiency reached to
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21.5% and the rate constant (k) about
0.0043 min™'. The marked decrease in
the photo-degradation efficiency value
for the PMMA (1g)/ZnO NPs (0.1g)
film compared to the pure PMMA film
might be attributed to the wight
variation of component, ZnO particles
may cluster in small area (defects)
within the polymer and act as light
scattering centers, resulting in a relative
decline 1in overall photocatalytic

performance [21].

The photocatalytic performance of
the pure PMMA and PMMA/ZnO
nanocomposite  films further
investigated under natural sunlight

was

irradiation, as shown in figure (10). The
experimental
remarkable difference in performance
compared to the UV-light results. The
pure PMMA film showed an acceptable
absorbance of the MB over 60 minutes.
This is due to the wide spectrum of
sunlight, which includes UV radiation
that leads to self-photolysis of the dye,
in addition to the thermal effect of the
solar radiation, which may enhance the
adsorption of the dye on the porous
polymer surface [20]. The calculated
degradation efficiency value of the
PMMA film under natural sunlight was

results illustrated a

47.1% and a rate constant of 0.0106
This
performance significantly outperforms
that of the polymer film under artificial
UV light, due, as mentioned previously,
to the broad spectrum of sunlight and
the solar thermal effect, which
promotes faster dye adsorption [22]. On
the other hand, The PMMA/ZnO film
exhibited a significantly enhanced
performance, with the degradation
efficiency value increasing to 56% and
the rate constant value was 0.0137
min~' under sunlight.

min' as shown in Table 1.

jance )

Figure 10: Absorption spectra of
methylene blue and its photocatalytic
degradation profiles using PMMA Film
and PMMA/ZnO nanocomposite film
under sunlight for different irradiation
times.

Table 1: Absorption values, the rate of
decomposition, and the degradation
reaction rate of methylene blue dye
using PMMA Film, and PMMA/ZnO
NPs composite film under sunlight and
UV light.

Film Sample Ao(atOmin) | A (at 60 | Decay ratio % | k *10°

min) o vl
(min)

Under sunlight

PMMA 1.04 0.55 47.1 10.62

PMMA/ZnO 1.07 0.47 56.0 13.7

Nanocomposite

Under UV light

PMMA 1.15 0.88 23.5 4.46
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PMMA/ZnO 1.21
Nanocomposite

0.95 21.5 4.03

Figure 11 shows that the degradation
efficiency under UV and natural
sunlight light of the film samples
increases with increasing exposure time
to light, and the PMMA/ZnO
nanocomposite exhibited faster under
sunlight than UV light. The results
show that the best catalytic performance
is achieved when the ZnO NPs are
combined with PMMA polymer under
sunlight, due to its homogeneous
distribution of ZnO nanoparticles and
small size, which improves electron
transfer efficiency. However, the
PMMA/ZnO nanocomposite film has a
larger surface area that allows for
greater absorption of visible light,
making it particularly effective with
methyl blue dye that interacts strongly
with light [22]. The results highlight the
potential of using PMMA/ZnO NPs
films as effective catalysts in the
treatment of wastewater containing
organic dyes, particularly when
utilizing natural sunlight.

11

0.9

0.7

A/A,

=PMMA Film- Sunlight
0.5 ——PMMA/ZnO NPs Film- Sunlight
w—ePIVIMA Film- UV Light
——PMMA/ZnO NPs Film- UV Light

03

0 10 20 30 40 50 60 70
Light Time (min)

Figure 11: The degradation efficiency
rate of PMMA and PMMA/ZnO
nanocomposite films as a function of
exposure UV and sunlight light time.

Conclusions

Thin films of pure polymer (PMMA)
films and a composite film
PMMA/ZnO  NPs  films  were
successfully fabricated using the drop-
casting method. The study showed that
the incorporation of zinc oxide
nanoparticles into the polymer matrix
significantly alters its structural and
functional properties. X-ray diffraction
(XRD) analysis
amorphous structure of the PMMA
polymer alongside the pure hexagonal
crystalline phase of the ZnO
nanoparticles, indicating successful
dispersion of the nanoparticles without
the formation of secondary phases.
Scanning electron microscopy (SEM)
images also revealed a porous surface

confirmed  the

structure ideal for dye adsorption and
light trapping, while FTIR results
indicating the effective incorporation of
nanoparticles. The photoluminescence
(PL) spectra identifying fundamental
oxygen vacancies that facilitate charge
separation. The pure polymer film
exhibited acceptable efficiency under
both light sources driven by direct
photodegradation of the dye and
physical adsorption. Whereas, the
PMMA/ZnO composite films showed a
slight decline in performance under UV
light, which is attributed to variations in
the weights of the components and the
agglomeration of ZnO particles in
limited areas, causing them to act as
light-scattering centers rather than
absorbing light. In contrast, the
composite film achieved significantly
superior and enhanced performance
under natural sunlight, outperforming
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the pure film under sunlight (which, in
turn, benefited from the broad spectrum
of sunlight and the thermal effect in
accelerating adsorption). This superior
performance of the composite film
under sunlight is attributed to the
homogeneous distribution and small
size of the nanoparticles, which
improved electron transport, as well as
the large surface area that allowed for
higher absorption of visible light. These
results confirm that the best synergy
between the polymer and the
nanoparticles is achieved under natural
sunlight, making the PMMA/ZnO
nanocomposite films a promising and
highly = effective = material  for
environmental applications, including
the treatment of water contaminated
with organic pollutants.
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