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Abstract
This study involves the synthesis of zinc oxide nanoparticles (ZnO-NPs) and their incorporation into polymethyl meth-
acrylate (PMMA) to produce PMMA/ZnO-NPs nanocomposites. The nanocomposites are prepared using the solution 
casting method, with ZnO-NPs mass contents varying between 1% and 7%. X-ray diffraction (XRD) analysis revealed 
a hexagonal wurtzite structure for ZnO–NPs, which formed a phase-separated structures with the PMMA matrix. Scan-
ning electron microscopy (SEM) images showed that ZnO-NPS were homogeneously distributed throughout the PMMA 
polymer matrix and higher ZnO-NPs content led to increased particle size and agglomeration. Fourier transform infrared 
(FTIR) confirmed ZnO integration. UV-Vis spectra indicated that ZnO-NPs influenced the optical properties of PMMA, 
with ZnO-NPs/PMMA 3% composite showing the highest absorption and good nanoparticle dispersion. Thermogravimet-
ric analysis (TGA) indicated enhanced thermal stability, with composites showing a 12 °C higher degradation tempera-
ture than pure PMMA. Photocatalytic performance was evaluated by degrading an azo dye (Acid Red) under UV light. 
Both ZnO–NPs and PMMA/ZnO-NPs composites achieved up to 99% dye removal at 10 mg/L within 2 h. According to 
the kinetic study, the photodegradation process followed pseudo-second-order model. Optimal dosages were 2.8 g/L for 
ZnO–NPs and 2 g/L for PMMA/ZnO-NPs composites. PMMA/ZnO-NPs composites demonstrated moderate recyclability 
over four cycles, making them suitable for sustainable water purification applications. This work highlights the potential 
of ZnO–NPs/PMMA as cost-effective, thermally stable, and efficient photocatalysts for environmental remediation.
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Introduction

Environmental pollution, particularly in water sources, is 
significantly caused by organic dyes used in the food, cos-
metics and textile industries [1, 2, 3]. Only10-20% of dyes 
with different degrees of toxicity are disposed of due to 
their resistance to degradation and treatment with organic 
and inorganic chemicals, leading to secondary pollution. 
This situation necessitates sustainable and chemical-free 
solution [1]. Nanotechnology offers practical solutions for 
water treatment as nanoscale materials (1–100 nm) display 
unique physical and chemical properties, enhancing surface 
reactivity and surface to volume ratio. An innovative purifi-
cation method involves the combined use of nanostructures 
and photocatalysts [4].

Photocatalytic process have gained significant interest 
because they are sustainable, don’t require chemicals and 
can mineralize dangerous pollutants in water. In contrast 
to other pollutant-transferring processes like adsorption, 
coagulation-flocculation, precipitation, ion-exchange, etc., 
photocatalysis is unique. Under UV or solar radiation, pho-
tocatalysts create reactive oxygen species (radicals or ROS), 
which can convert organic contaminants into CO2 and H2O 
in a process called mineralization [5, 6, 7]. In this process, 
inorganic semiconductors like zinc oxide (ZnO), titanium 
dioxide (TiO2), iron(III) oxide (Fe2O3) vanadium(V) oxide 
(V2O5) and zirconia (ZrO2) are used as photocatalysts [8, 9, 
10]. ZnO, one of the many semiconductors under study, has 
gained attention as a promising option for photocatalytic 
uses because of its intrinsic qualities, including direct band-
gap in the ultraviolet region, low cost, non-toxicity, environ-
mental friendliness and great abundance [6]. ZnO exhibits 
an extensive absorption spectrum range, radiation hardness 
and chemical/thermal stability [11, 12]. Additionally, it has 
a good catalytic activity, an acceptable refractive index 
and strong antimicrobial properties [13]. ZnO has numer-
ous applications including use in transparent electrodes for 
dye-sensitized solar cells, sensors, fillings in a variety of 
materials, UV photodetectors and light-emitting diodes [7], 
blue UV ray emitters and detectors, transparent high-power 
electronics [14], photoelectronic apparatuses [15] and water 
treatment including photocatalysis [12, 16].

The integration of ZnO at low percentages within polymer 
matrices enhances flexibility, formability, and cost-effec-
tiveness, though the consolidation process is not yet fully 
understood [11]. Researchers are increasingly interested 
in hybrid materials that merge polymer-based and ZnO-
based components for these benefits [4, 17, 18]. Several 
papers report on nano-ZnO coupled with various polymers, 
including poly(N-isopropylacrylamide), polyester, hybrid 
polymers, polyethylene glycol or Pluronic F127 [4], hyper-
branched polyimide (HBPI) [19], poly(amide–imide) [20], 

polystyrene [21], high-density polyethylene composite [22], 
biocompatible poly( N -isopropylacryl- amide) (PNIPAAm) 
[23] and Cs/PVP blend [24]. Among the available poly-
mers, poly(methyl methacrylate) (PMMA) is widely used 
in a variety of applications [4] due to its low cost, chemical 
stability, visible light transparency, hydrophobic qualities 
and favorable mechanical characteristics [6, 11, 25]. PMMA 
also exhibits a refractive index of n = 1.49; high mechani-
cal flexibility, thermal stability, and chemical resistance [26, 
27], as well as non-toxicity, excellent surface resistivity, low 
UV absorption and high thermal stability [28].

The novelty of this study, among other works, lies in 
the incorporation of low concentrations (1–7%) of ZnO 
nanoparticles into poly(methyl methacrylate) (PMMA) 
using the casting method. This approach enhances photo-
catalytic efficiency while maintaining cost-effectiveness. 
Unlike previous studies, our work emphasizes the improved 
thermal stability of PMMA through optimized ZnO-NPs 
dispersion. Furthermore, recyclability tests over four cycles 
demonstrate the long-term applicability of the PMMA/ZnO-
NPs nanocomposites in water treatment. The inclusion of 
detailed kinetic modeling (pseudo-second-order), dosage 
optimization and exploring the optimal ZnO-NPs loading 
for enhanced photocatalytic performance further distin-
guishes this work, providing practical insights often over-
looked in similar studies.

Materials and methods

Materials

Poly(methyl methacrylate) (PMMA) was purchased 
from Fisher Scientific [29]. Zinc acetate dihydrate 
[Zn(CH3COO)2.2H2O], Chloroforme, sodium hydroxide 
(NaOH 2 M), and silver nitrate (AgNO3) were also acquired 
from Fisher Scientific. The AR dye is an azo dye (Nylosan 
Red N-2RBL), with a molecular weight of 587.97 g mol− 1 
and a solubility of 80 g L− 1 [30], was acquired from Var-
ian. UV lamp (Model VL-6.C,6  W-254  nm tube, 230  V 
50/60Hz, power:12 W, made in France) was used for the 
photocatalytic degradation of AR dye and the generation of 
hydroxyl radicals.

Synthesis of ZnO-NPs

A 0.46  M solution of zinc acetate dihydrate 
[Zn(CH3COO)2.2H2O] was prepared by dissolving it in 150 
mL of distilled water at 50–55 °C. The solution was then 
stirred for two hours, and the pH was gradually increased 
from 5.7 to 9.0 by adding 70 mL of 2 M NaOH. The reacted 
mixture was stirred until a chemically homogeneous 
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solution was achieved, resulting in a milky white pre-
cipitate, which was then separated by centrifugation at 
4000 rpm for 20 min. It was dried for 15 h at 110 °C in an 
oven, then calcined by heating rate of 15 °C/min for 2.5 h 
at 450 °C. The product was repeatedly rinsed using distilled 
water until clear, verified with AgNO₃ testing (absence of 
precipitation), and centrifuged at 4000 rpm for 20 min each 
time. Next, it was dried for 24 h at 80 °C, ground in a mor-
tar, and sieved to a particle size of less than 90  μm. The 
resulting ZnO nanopowder was recovered and identified by 
SEM, XRD, FTIR, and TGA.

Preparation of PMMA/ZnO-NPs nanocomposites

To prepare the nanocomposite samples, initial solutions 
were formed by dissolving PMMA granulate (3.96, 3.88, 
3.80 and 3.72 g) in 25 mL of chloroform solvent and stirring 
for one hour at 25 °C. Separately, ZnO solutions (0.04, 0.12, 
0.2 and 0.28 g) were prepared in 25 mL of chloroform sol-
vent under the same stirring conditions. Then, the PMMA 
solutions were added to the ZnO solutions and mixed for 
three hours at 40 °C to evaporate the solvent, yielding ZnO/
PMMA nanomaterials with ZnO contents of 1%, 3%, 5% 
and 7%. The prepared samples were ground using an agate 
mortar and sieved to obtain a particle size of less than 90 μm 
before further characterization. The resulting nanocompos-
ites were identified by SEM, XRD, FTIR, and TGA.

Photocatalytic degradation

AR dye (Nilosan Red N-2RBL) was selected for photo-
degradation. First, the catalysts (ZnO-NPs or ZnO-NPs/
PMMA)/ dye suspensions were stirred slowly in the dark 
for 30 min to ensure that the catalysts powders and acid red 
dye were well mixed and had reached equilibrium. Then, 
the suspnsions were placed in a dark box under the UV light 
positioned at a height of 10  cm (UV lamp with a wave-
length of 254 nm, power of 12 W) and stirred using multiple 
magnetic stirrers at a speed of 300  rpm. The characteris-
tic absorbance of AR at 501 nm was used to calculate the 
decomposition ratio.

The synthesis processes of ZnO-NPs and PMMA/ZnO-
NPs nanocomposites are comprehensively summarized in 
Fig. 1. This figure outlines the preparation methods, materi-
als involved, and their integration, offering a clear depiction 
of how these nanomaterials are fabricated for enhanced dye 
degradation efficiency.

Characterizations

The properties of the obtained samples were determined 
using different conventional techniques. XRD analysis 

was conducted with an X’Pert PRO MPD diffractometer. 
FTIR measurements were performed using a SHIMADZU 
IRSpirit QATR-S spectrometer. Absorbance measurement 
was examined using UV-vis − 2401 PC-Shimadzu, Japan. 
SEM images and data were obtained using a Quattro ESEM 
system. TGA was performed using SDT Q600 TATGA, 
under a nitrogen flow rate of 10 mL/min, with a heating rate 
of 10 °C/min and a temperature range of 25 to 600 °C.

Results and discussion

Morphology study

Figure 2 shows SEM pictures of pure ZnO-NPs and PMMA/
ZnO-NPs nanocomposites with varying ZnO content 
(1–7%). The SEM image confirms the successful incorpora-
tion of ZnO nanoparticles within the PMMA matrix, with 
an estimated average particle size of approximately 97 nm 
(Imagej software [31]). The nanoparticles appear well-dis-
persed, with some agglomeration, indicating that the nano-
composite maintains its nanoscale features. The surface of 
PMMA polymer appears smooth and highly viscous [2, 32, 
33]. The surface of the ZnO layer looks to be made up of 
tiny granules [11], which accumulate in abundance because 
of the high surface energy of the nanoparticles [34]. The 
latter exhibit a narrow size distribution and can form vari-
ous morphologies, including cubic or hexagonal shapes 
[35], rod-like formations [29], spindle-shapes with exis-
tence spherically deformed particles [7, 8]. Incorporating 
ZnO-NPs into the PMMA polymer matrix alters the mor-
phological surface of the as-prepared products. The ZnO 
nanoparticles are homogeneously distributed throughout the 
polymeric matrix. With increased ZnO content, particle size 
tends to increase [2, 32], which increases its good dispersion 
[34]. Furthermore, the agglomeration of ZnO nanoparticles 
within the polymer matrix results from enhanced particles 
interaction due to the increased ZnO loading [35]. The addi-
tion of ZnO-NPs also increases the hydrophilicity of the 
particles, making them more porous and giving the impres-
sion of having a somewhat smooth surface [33].

Two main factors contribute to the agglomeration of ZnO 
particles: (1) the high concentration of particles in a lim-
ited volume of the polymer matrix; and (2) the formation 
of Zn–O–Zn linkages between particles. This is evident in 
the microscopic images shown in Figs. 2 for PMMA/ZnO-
NPs nanocomposites with varying ZnO content of 1, 3 and 
5% [35]. As the ZnO-NPs content increases from 1 to 5%, 
the nanocomposite surface becomes rougher, with some 
tiny particles accumulated as white spots of ZnO on the 
surface. This accumulation demonstrates adhesion between 
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group in the chain [9, 36, 37]. As the ZnO content in the 
PMMA matrix rises, the intensity of peaks associated with 
ZnO becomes more noticeable [37, 38, 39]. In contrast, 
the broad amorphous peak of the nanocomposite becomes 
weaker due to its interaction with ZnO. This interaction 
reduces intermolecular contact and decreases the degree of 
crystallinity of the amorphous region [24].

The XRD pattern indicates that the ZnO nanoparticles 
resemble the hexagonal Wurtzite structure, with most dif-
fraction peaks matching the JCPDS 36-1451 data [39, 40, 

ZnO-NPs and the PMMA polymer matrix, alongside some 
degree of separation in the polymeric system [3, 32].

Phase analysis

Figure  3(a) displays the XRD spectra of pure ZnO-NPs, 
PMMA and PMMA/ZnO-NPs nanocomposites with vary-
ing ZnO amounts (1–7%). The amorphous nature of PMMA 
is evident in the XRD pattern, where a broad peak appears 
at 2θ = 13.38°, due to the presence of a bulky pendant ester 

Fig. 1  Synthesis procedure of ZnO-NPs and ZnO-NPs/PMMA nanocomposites
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the characteristic bonds identified for these compounds 
[38, 29]. The characteristic peaks of pure PMMA appear at 
wavenumbers 474, 752, 987, 1141, 1190, 1238, 1387, 1436, 
1722, 2951, and 2995 cm− 1 [29]. The distinct peak located 
between 1120 and 1010  cm− 1 is attributed to the stretch-
ing vibration of C = O = C in PMMA [13]. The band at 
1722 cm− 1 represents the distinctive peak of PMMA, which 
is associated with the carbonyl (C = O) group [33, 43, 44].

After preparing the PMMA/ZnO-NPs nanocompos-
ites, a shift in the stretching vibration of C = O group from 
1722  cm− 1 to 1725  cm− 1 was observed due to the incor-
poration of ZnO into the PMMA matrix. The presence of 
ZnO-NPs is confirmed by distinctive peaks at 474,460 and 
444 cm− 1 [13, 29, 45], which correspond to the stretching 
vibration of the Zn-O bonds and become more pronounced 
with increased ZnO doping [43].

Additionally, sp2 C-H bonds are observed at 2951 and 
2995  cm− 1 [29, 43], whose intensity increases due to the 
interaction between ZnO-NPs and PMMA matrix [43]. The 
FTIR spectra of both PMMA and PMMA/ZnO-NPs nano-
composites confirm the presence of all characteristic bonds, 

41]. As shown in Fig.  3(a), a series of plane-derived dif-
fraction peaks for ZnO are observed at (100), (002), (101), 
(102), (110), (103), (200), (112), (201), (004), and (205) cor-
responding to 2θ values of 28.66°, 31.03°, 31.80°, 32.68°, 
34.45°, 36.28°, 42.74°, 47.57°, 50.75°, 56.62°, 60.69°, 
62.89°, 66.40°, 67.98°, 69.11°, 72.60° and 76.98° [24, 38, 
39, 42]. ZnO nanoparticles incorporated into the PMMA 
matrix does not alter or create new diffraction peaks, nor 
does it eliminate any PMMA peaks. Figure  3(b) displays 
the main characteristic peaks of ZnO wurtzite structure 
for PMMA/ZnO-NPs nanocomposites with varying ZnO 
amounts (1–7%). The intensity of these peaks increases with 
increasing the ZnO amount. Because of the strong boundar-
ies between the C = O groups in the PMMA matrix and Zn2+ 
ions, the ZnO-NPs-filled PMMA composite displays phase-
separated structures [36, 37, 38].

Bonding analysis

Figure  4 shows the FTIR spectra for pure PMMA, ZnO-
NPs, and PMMA/ZnO-NPs nanocomposites. Table  1 lists 

Fig. 2  SEM results of ZnO and PMMA/ZnO-NPs nanocomposites with varying ZnO content of 1%, 3% and 5%

 

1 3



Journal of the Australian Ceramic Society

random scission of the polymer main chain at 389 °C with 
mass loss of 97.42% [37].

The thermal stability of PMMA improved by incorporat-
ing ZnO-NPs at filler contents of 1, 3, 5 and 7 wt% ZnO. 
Three decomposition steps are observed with ZnO incorpo-
ration. The first decomposition step occurs within the range 
of 100–230 °C [14, 45], with mass loss of 3.78%, 5.14%, 
3.36% and 5%, represented by DTG peak at 143 °C, 176 °C, 
154  °C and 183  °C, respectively (Table 2). This is attrib-
uted to the evaporation of residual solvent and probably the 
depolymerization step initiated at weak head-to-head link-
ages, formed by combination of vinylidene chain ends from 
disproportionation [14, 47].

The second decomposition step occurs within the range 
of 230–300 °C [14, 45], with mass loss of 2.66%, 3.67%, 
2.48% and 5.45%, corresponding to the decomposition of 
terminal vinyl groups [14]. The third main decomposition 
step occurs within the range of 300–450 °C [14, 45], with 
mass loss of 90.81%, 87.79%, 85.94% and 76.82%, rep-
resented by the DTG peak at 393 °C,393 °C, 394 °C and 
401 °C, respectively (Table 2). According to the derivative 

indicating that the addition of ZnO does not affect the chem-
ical structure of the polymer [38]. The wide peak located 
between 3200 and 3700 cm− 1, specifically at 3675 cm− 1, is 
ascribed to the stretching vibration caused by the OH groups 
on the ZnO-NPs surface, likely due to residual water and 
sodium hydroxide used during synthesis [13, 35]. The disap-
pearance of the OH vibration peak at 3% ZnO is likely due 
to optimal nanoparticle dispersion and strong ZnO-PMMA 
interactions, leading to complete hydroxyl passivation. At 
other concentrations, either insufficient embedding (1%) 
or nanoparticle agglomeration (5%, 7%) allows hydroxyl 
groups to remain detectable [46].

Thermal analysis

Thermogravimetric analysis (TGA) of pure PMMA and 
PMMA/ZnO-NPs nanocomposites is shown in Fig. 5a. The 
thermal degradation of the nanocomposites occurs in three 
steps [45], involving the scission of H–H linkage at 181 °C 
with mass loss of 1.35%, the vinylidene end group, and 

Fig. 3  (a) XRD patterns of pure ZnO, PMMA and PMMA/ZnO-NPs nanocomposites samples, (b) main characteristic peaks of ZnO wurtzite 
structure for PMMA/ZnO-NPsnanocomposites with varying ZnO amounts (1–7%)
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thermogravimetry (DTG) peak (Fig. 5b), the decomposition 
initiated by random scission of the polymer backbone due 
to the transfer of radicals to unsaturated chain ends [14, 47].

The main random chain scission increases from 389 °C 
in neat PMMA to 401 °C in 7 wt% ZnO, due to the ability 
of nanoparticles to prevent volatile degradation products. 
Two mechanisms explain this increase: first, steric obstructs 
the motion of polymer chains, which lowers the chain scis-
sion-promoting interactions with surrounding moieties and 
thermally induced strain on the polymer backbone [37]. The 
second mechanism involves the localization of charge from 
ZnO-NPs surfaces (the charge arising from the carbonyl 
dipole), which may promote bond scission and destabilize 
polymer units, including vinylidene decomposition. Both 
mechanisms thus involve disruption of the chemical and 
physical environment of the polymer [37, 45].

Table 1  Main bands appeared in PMMA/ZnO-NPs samples from 
FTIR spectra with their corresponding attributions
Wave numbers (cm− 1) Assignments
2995 Stretching mode in PMMA CH2
2951 Stretching mode in PMMA C–H
1722 Stretching vibration of C = O 

group of ester
1436 Asymmetric bending mode in 

PMMA O–CH3
1387 Twisting mode in PMMA CH2
1238 C-O stretching vibration
1190 Stretching mode O–CH3 in PMMA
1141 C-O-C vibration of the methoxy 

group of PMMA
987 C-C stretching of PMMA
841 C-O-C stretching vibration
752 Bond CH2
444, 460 Characteristic peaks of ZnO
474 Zn–O in ZnO

Fig. 4  FTIR spectra of pure PMMA, ZnO-NPs and PMMA/ZnO-NPs nanocomposites samples
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Photodegradation of acid red dye by UV irradiation

The photodegradation performance of ZnO-NPs and 
PMMA/ZnO-NPs nanocomposites was evaluated by 
degrading AR dye in water under UV irradiation. The per-
centage degradation of AR dye was determined using the 
following relationship:

% of Degradation = (C0 - Ct)/C0 × (100%) = (A0- At)/
A0 × (100%),

where C0 and Ct are the initial dye concentration and con-
centration after irradiation, respectively, and A0 and At are 
the corresponding initial absorbance and absorbance after 
irradiation [50, 51, 52]. Parameters affecting the degrada-
tion such as catalyst dosage, initial dye concentration, con-
tact time and recycling process, were investigated.

Effect of catalyst dosage (loading( on the degradation rate 
of AR dye

The effect of catalyst dosage on the degradation rate of AR 
dye was investigated by varying the catalyst amount from 
0.4 g/L to 4 g/L under the following conditions: pH = 7, tem-
perature = 22 °C, contact time t = 2 h, C0 = 20 mg/L, and vol-
ume = 25 mL. The UV–Vis absorbance spectrum of AR dye, 

Optical properties

UV-Vis spectroscopy (190–1100  nm) reveals that embed-
ding ZnO nanoparticles into a PMMA matrix significantly 
alters the composite’s optical properties (Fig. 6). ZnO, with 
a direct bandgap of ~ 3.37 eV, strongly absorbs in the UV 
region, making it suitable for photocatalysis [48]. In addi-
tion to the intrinsic absorption edge near 368 nm (3.37 eV), 
a broader absorption feature around 450–500  nm was 
observed, which can be attributed to sub-bandgap transi-
tions involving intrinsic defects (e.g., oxygen vacancies or 
zinc interstitials) commonly present in ZnO nanostructures 
[48]. PMMA, being highly transparent, reduces the overall 
absorbance when used as a matrix. Among the composites, 
ZnO-NPs/PMMA 3% exhibits optimal light absorption, sug-
gesting well-dispersed nanoparticles with minimal aggrega-
tion. This uniform dispersion enhances UV absorption and 
promotes efficient charge separation, thereby improving 
photocatalytic activity. In contrast, higher loadings (5% and 
7%) tend to induce nanoparticle agglomeration, decreasing 
the active surface area and reducing photocatalytic effi-
ciency [49].

Table 2  TG/DTG results of PMMA/ZnO-NPs nanocomposites
Sample Step1 100–230 °C Step2 230–300 °C Step3 300–450 °C Residue

Wt% loss DTG Wt % loss Wt % loss DTG Wt%
Pure PMMA 1.35 180 0.36 97.42 389 0.87
PMMA/ZnO(1%) 3.78 143 2.66 90.81 393 2.75
PMMA/ZnO(3%) 5.14 176 3.67 87.79 393 3.4
PMMA/ZnO(5%) 3.36 154 2.48 85.94 394 8.22
PMMA/ZnO(7%) 5 183 5.45 76.82 401 12.73

Fig. 5  (a) TGA curves and (b) their corresponding DTG curves of pure PMMA and PMMA/ZnO-NPs nanocomposites
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above the 2.8 g/L and 2 g/L dosage limiting values is attrib-
uted to the increased turbidity of the solution after UV light 
exposure, which inhibits photon energy absorption neces-
sary for generating more hydroxyl radicals [56].

Effect of AR dye concentration

The effect of AR dye concentration on the degradation 
efficiency was investigated by varying the AR dye concen-
tration from 10 mg/L to 40 mg/L under the following con-
ditions: pH = 7, temperature = 22  °C, t = 2  h, catalyst mass 
m = 50 mg, and volume = 25 mL. Our results (Fig. 8(a), (b), 
(c)) indicate a continuous decrease in the degradation rate 
with increasing initial concentration of AR dye from 10 to 
40 mg/L, as follows: from 99.9 to 67.45% for ZnO-NPs and 
to 63.55% and 60.62% for PMMA/ZnO-NPs1% and 7%, 
respectively. The photocatlytic observations of dye solution 
with various initial concentrations are shown before treat-
ment (Fig. 8(d), (e), (f)) and after treatment (Fig. 8(g), (h), 

shown in the inset of Fig. 7, exhibits a broad peak around 
500 nm. Figure 7 shows that the degradation rate of AR dye 
increases significantly with increasing catalyst dosage, after 
which it begins to stabilize and then slowly decreases. The 
highest AR dye degradation rate for pure ZnO-NPs was 
80.55% at a dosage of 2.8 g/L. For 1% and 7% ZnO contents 
in PMMA matrix, the degradation rate initially increases to 
52.45% and 50.5%, respectively, at 2  g/L dosage, then it 
begins to stabilize and slowly decreases to 51.3% and 47% 
at 4 mg/L dosage. This suggests that the optimum dosage of 
ZnO-NPs is 2.8 g/L, and for PMMA/ZnO-NPs1% and 7% 
contents, it is 2 g/L. The initial amount of the solute influ-
ences the optimum catalyst loading, since an increase in dos-
age results in more active surfaces and more active sites on 
the catalyst surface. However, at higher photocatalyst dos-
ages, light dispersion occurs, which reduces UV light pen-
etration and photoactivated suspension volume, rendering 
them inappropriate under low irradiance or group lighting 
[53, 54, 55]. This drop in the rate of AR dye mineralization 

Fig. 6  Absorbance spectra of PMMA/ZnO-NPs nanocomposites
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Effect of contact time

The effect of contact time on AR dye degradation is inves-
tigated under the following conditions: pH = 7, tempera-
ture = 22 °C, catalyst mass m = 50 mg, volume = 25 mL, and 
initial AR dye concentration = 20 mg/L. The contact time is 
varied from 0 to 120 min in photocatalytic and photolytic 
tests (Fig. 9). Before irradiation (t < 0 min: under dark con-
ditions), a small initial amount in dye elimination efficiency 
is observed, which can be attributed to the adsorption of AR 
dye onto the surface of ZnO-NPs and PMMA/ZnO-NPs 
nanocomposites. At 45 min, the AR dye removal percent-
age reaches 70.4% for ZnO and 35.3%, 37.65%, 36.85 and 
34.6% for 1%, 3%, 5% and 7% contents, respectively, as 
shown in Fig. 9a. In the range from 0 to 45 min, the degra-
dation rate is rapid due to the increased generation of free 
radicals from electron excitation by the catalysts, indicating 
that more active binding sites are available on the catalyst 
surface [60, 64]. The optimum irradiation time was deter-
mined to be 45  min, which also happens to be the maxi-
mum adsorption rate occurred before reaching equilibrium. 
After 45 min, no significant increase in the degradation is 
observed, and the number of equilibrium sites is minimized. 
This implies that binding controls the adsorption [64]. The 
PMMA/ZnO-NPs nanocomposites exhibit moderate pho-
tocatalytic activity, with performance slightly affected by 
ZnO nanoparticle content. Notably, the ZnO-NPs/PMMA 

(i)) for ZnO-NPs, PMMA/ ZnO-NPs 7%, and PMMA/ ZnO-
NPs 1% nanocomposites samples. The observed decrease in 
the degradation rate is attributed to the intensified color of 
the dye mixture at higher initial concentrations, leading to 
increased opacity and light scattering. Consequently, pho-
ton penetration into the dye is decreased, preventing light 
from reaching the catalyst surface and reducing the number 
of active sites, thereby decreasing the degradation rate [55, 
57].

The degradation efficiency is inversely proportional to 
the dye concentration, with lower concentrations increasing 
the degradation efficiency due to the greater surface area on ​​
the photocatalyst. However, higher concentrations reduce 
the generation of OH• free radicals due to the dye molecules 
adsorbed on the catalyst surface, which decreases the degra-
dation efficiency [54, 58, 59].

The PMMA/ZnO-NPs nanocomposites achieved 99.9% 
AR dye degradation in 120  min (Table 3), outperforming 
other ZnO-polymer systems [4, 6, 11, 40, 43, 60, 61, 62, 
63]. ZnO/PANi@PMMA degraded 91% of methyl orange in 
140 min [40], while ZnO-MoS₂-PMMA films reached 75% 
RhB degradation in 240 min [6]. The enhanced performance 
of PMMA/ZnO-NPs is likely due to optimal ZnO dispersion 
and strong ZnO-PMMA interactions, making it a promising 
photocatalyst for wastewater treatment.

Fig. 7  Effect of catalyst dosage 
on percentage degradation of AR 
dye. Inset shows UV-vis absor-
bance of AR dye
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Table 3  Comparison of photocatalytic degradation efficiencies of various ZnO-based polymer nanocomposites for organic dye removal
Nanocomposites Dye Content Volume Catalyst dosage Time 

(min)
Degrada-
tion (%)

Radiation

Our results: ZnO-NPs 
PMMA/ZnO-NPs

AR 10 mg/L 25 ml 2 g/L 120 99.9% UV lamp (254 nm )

Nitrogen doped ZnO [60] NPX 2 mg/L 500 ml 0.35 g/l 180 89% Sunlight
ZnO/PANi@PMMA [40] MO 15 mg/L 100 ml ZnO/PANi@PMMA coated 

leaf mesh
140 91% Sunlight

ZnO/PMMA [4] MB 1.5 × 10− 5 M 2 ml 100 mg 240 ∼60% UV lamp (368 nm )
ZnO/PMMA [43] MB 10 µM -- ZnO/PMMA thin film 100 96% Sunlight
ZnO-MoS2-PMMA [6] RhB 1.5 × 10− 5 M 2 mL 1cm2 film (ZnO-PMMA and 

ZnO-30% MoS2-PMMA)
240 ~ 55–75% LED UV lamp 

(365 nm)
ZnO/PMMA [11] MB 1.5 × 10− 5 M 4 mL ZnO Solution Casting 240 ~ 67% UV lamp (365 nm)
PAN@ZnO [61] MB (10 mg/ml) 50 mL 50 mg 60 65% Mercury lamp 50 W
ZnO/Polystyrene [62] MB 45 mg/L 15 mL 0.1 g 150 42% UV lamp (365 nm)
EPS/ZnO [63] MB 20 ppm 5 mL 0.014 g 20 h 45% UV light

Fig. 8  Effect of initial AR dye concentration on the degradation effi-
ciency for (a) ZnO-NPs, (b) PMMA/ ZnO-NPs 7%, and (c) PMMA/ 
ZnO-NPs 1% nanocomposites samples. Photocatlytic observations of 

dye solution with various initial concentration before treatment are 
shown in (d), (e), (f) and after treatment in (g), (h), (i), respectively
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Kinetic models of photocatalysis

Kinetic analysis is important since it shows the rate at which 
AR degrades and, consequently, the amount of time needed 
for the reaction to finish. The pseudo-zero-order kinetics 
model is used when the reaction rate is independent of the 
reactant concentration, often due to catalyst surface satura-
tion or limited light absorption. The rate equation is: 𝐶𝑡 = 
𝐶𝑜 - 𝑘0.t, where 𝐶𝑡 is the pollutant concentration at time, 
𝐶𝑜 is the initial concentration, and 𝑘0 is the rate constant. A 
linear plot of 𝐶𝑡 vs. t confirms pseudo-zero-order behavior, 
with the slope equal to -𝑘0(Fig. 10a) [51]. The pseudo-first-
order kinetic model postulates that the rate of concentration 
change of AR dye is exactly proportional to its remaining 
concentration over time, as the number of degrading mol-
ecules is minimal compared to the catalyst population [51]. 
The rate equation used is: 𝑙𝑛(𝐶𝑜/𝐶𝑡) = 𝑘1.t, where 𝐶0 is the 
initial concentration, 𝐶t is the concentration at time 𝑡, 𝑘1 is 
the apparent first-order rate constant. 𝑘1 is determined from 
the slope of the plot of -ln Ct/𝐶0 vs. 𝑡 (Fig. 10b), indicating 
the rate of photocatalytic degradation (min− 1), with a higher 

composite with 3% ZnO demonstrates the highest photocat-
alytic efficiency, aligning well with its superior light absorp-
tion observed in the UV-Vis spectra.

On the other hand, to assess the photocatalytic contribu-
tion of the ZnO-NPs and ZnO-NPs/PMMA nanocomposites, 
a control experiment was performed by exposing the AR 
dye solution to UV light (254 nm, 12 W) without the pho-
tocatalyst, indicated as photolyse in Fig. 9a. The photolytic 
degradation under these conditions is minimal, confirming 
that self-degradation due to light exposure is negligible. 
UV-vis absorbance spectra are also presented as representa-
tive data for photolytic degradation (Fig. 9b) and photocata-
lytic degradation using PMMA/ZnO-NPs nanocomposites 
with ZnO-NPs contents of 1% (Fig. 9c) and 7% (Fig. 9d). 
These spectra clearly illustrate the degradation process, with 
a slight reduction in the characteristic absorption peak of 
AR dye under UV irradiation for photolytic degradation, 
whereas photocatalytic degradation exhibits a pronounced 
decrease, confirming the enhanced dye removal efficiency 
of the ZnO-PMMA nanocomposites.

Fig. 9  (a) effect of contact time on the photocatalytic and photolytic degradation efficiency of AR dye, (b) UV-vis absorbance for photolytic deg-
radation, and photocatalytic degradation using PMMA/ZnO-NPs nanocomposites with ZnO-NPs content of (c) 1% and (d) 7%
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model, showing a high correlation coefficient (R² ≈ 0.99). In 
contrast, the pseudo-zero and first-order models yield lower 
correlation coefficients, making them less suitable for all 
samples.

Cyclic stability

Cyclic stability is one of the most important properties of a 
photocatalyst. The cyclic stability of ZnO-NPs and PMMA/

𝑘1 implying a faster reaction [7, 65]. The pseudo-second-
order model is represented by the equation: (1 /𝐶0)– (1/ 𝐶𝑡) 
= 𝑘2t, where 𝐶0, 𝐶𝑡 and 𝑘2 are the initial concentration, equi-
librium concentration and second-order apparent rate con-
stant, respectively. A plot of (𝑡/𝐶𝑡) vs. 𝑡 gives a straight line 
(Fig. 10c), and the gradient of the slope is used to determine 
𝑘2 [51].

The modeling results in Table 4 indicate that the adsorp-
tion kinetics are best described by the pseudo-second-order 

Table 4  Kinetic modeling results for the degradation of AR dye using ZnO-NPs and PMMA/ZnO-NPs nanocomposites
Sample pseudo-zero-order pseudo-first-order pseudo-second-order

𝑘0 (mg/L.min) R2 𝑘1 (min−1) R2 𝑘2 (L/g.min) R2

ZnO-NPs 0.033 0.737 0.007 0.789 0.404 0.994
PMMA/ZnO-NPs 1% 0.019 0.846 0.002 0.859 0.166 0.998
PMMA/ZnO-NPs 7% 0.019 0.791 0.002 0.801 0.174 0.997

Fig. 10  (a) pseudo-zero-order, (b) pseudo-first-order, (c) pseudo-second-order degradation kinetic model
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the loss and photobleaching of ZnO, supporting its potential 
as a robust and long-term photocatalyst for water pollutant 
degradation [1, 66]. The decrease in degradation efficiency 
observed in the third cycle, followed by a slight increase in 
the fourth cycle for ZnO NPs (Fig. 11), may be attributed 
to residual dye molecules adsorbed during previous cycles 
that were not fully removed during the washing step. These 
residues could have facilitated surface reactivation or con-
tributed to cumulative photocatalytic effects in the subse-
quent cycle. In contrast, the gradual decrease in efficiency 
observed for PMMA/ZnO-NPs is likely due to surface foul-
ing, reduced light accessibility, or partial degradation of the 
polymer matrix, which can hinder the photocatalytic perfor-
mance over repeated use [51].

Conclusions

This study demonstrates the fabrication of PMMA/ZnO-
NPs nanocomposites for potential use in efficient photocata-
lytic water purification. The main findings underscore their 
suitability for environmental applications:

i.	 ZnO nanoparticles exhibit a hexagonal wurtzite struc-
ture and are homogeneously distributed within the 
PMMA matrix.

ii.	 A strong interaction between ZnO–NPs and PMMA 
was confirmed by a shift in the C = O stretching vibra-
tion. The 3% ZnO–NPs loading, identified as optimal 
for photodegradation due to its superior dispersion in 
PMMA matrix, was confirmed by the disappearance of 
the O–H band and further supported by UV-Vis absorp-
tion analysis.

iii.	 ZnO-NPs and PMMA/ZnO-NPscomposites achieved 
AR dye photodegradation efficiencies of up to 99% at a 
concentration of 10 mg/L within 2 h.

iv.	 Photocatalytic testing on AR dye identifies also an opti-
mal ZnO dosage of 2.8-NPs g/L and 2 g/L for PMMA/
ZnO-NPs1% and 7% contents for an ideal irradiation 
time of 45  min, with degradation efficiency inversely 
related to dye concentration.

v.	 PMMA/ZnO-NPs nanocomposites exhibited excellent 
re-photodegradation performance, making them effi-
cient, cost-effective, and reusable photocatalysts for azo 
dyes.
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ZnO-NPs1% and 7% nanocomposites was determined over 
four cycles of AR dye degradation, using mass = 70  mg 
of catalyst at pH = 7, temperature = 22  °C, volume = 25 
mL, initial AR concentration = 20  mg/L, and contact time 
t = 120 min (Fig. 11(a), (b), (c)). After each cycle, The sam-
ples were washed using a mixture of ethanol and distilled 
water, filtered, collected, and then dried in an oven for 5 h at 
40 °C. The efficiency of degradation decreases from 80.55 
to 57.15% for ZnO-NPs, from 54.4 to 29.05% for the con-
tent of 7%, and from 48.55 to 26.35% for the content of 1% 
in PMMA. As shown in Fig. 11, ZnO maintains reasonable 
activity during the course of the four cycles in degrading 
AR. The slow gradual decrease in activity is attributed to 

Fig. 11  Reusability of (a) ZnO-NPs, (b) PMMA/ ZnO-NPs 7%, 
and (c) PMMA/ ZnO-NPs 1% nanocomposites samples for AR dye 
degradation
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