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A B S T R A C T

The present study emphasizes the synthesis of copper (II) oxide (CuO) surface grafted with β-cyclodextrin (β–CD) 
copolymerized polymethylmethacrylate (PMMA) through in situ free radical oxidative polymerization reaction. 
The synthesized material CDMA@CuO nanocomposite (NC) material was thoroughly characterized using a range 
of instrumental techniques, including Scanning Electron Microscopy with Energy Dispersive X-ray (SEM-EDX), X- 
ray Diffraction (XRD), Transmission Electron Microscopy with Selected Area Electron Diffraction (TEM-SAED), 
Fourier Transform Infrared Spectroscopy (FTIR), Zeta potential measurement, X-ray Photoelectron Spectroscopy 
(XPS) and UV–vis spectroscopy. These analyses offered comprehensive insights into the composition, structure, 
optical, and surface properties of the synthesized material. The CDMA@CuO NC material was then assessed as a 
photocatalyst for the degradation of methyl orange (MO) dye under sunlight exposure. Notably, the material 
demonstrated outstanding photocatalytic activity, achieving a 99.37 % photocatalytic efficiency with 20 mg L–1 

MO concentration at pH 4 under 90 min of UV light exposure. The trapping experiments confirmed the presence 
of hydroxyl radicals (•OH) as the primary reactive oxidant species responsible for MO photodegradation. The 
synthesized material exhibited efficient reusability for up to six consecutive cycles while maintaining its high 
photodegradation efficiency. These results emphasize the potential of the CDMA@CuO NC as a highly efficient 
and recyclable photocatalyst for the removal of organic contaminants, such as methyl orange from aqueous 
solutions.

1. Introduction

Organic dyes, recently introduced by the textile industry, are raising 
concerns due to their potential harm and difficulty in degradation [1]. 
Among various organic dyes, Methyl orange (MO), an anionic azo dye 
with the chemical formula (C14H14N3NaO3S) widely utilized in food, 
pharmaceutical, cosmetics, paper, and textile sectors for coloring pur
poses [2]. MO exhibits a persistent and complex structure, rendering it 
non-biodegradable and environmentally troublesome [2,3]. Its high 
stability and solubility in water contribute to its toxicity [4]. The 
negative impact of MO extends to mutagenicity and carcinogenicity, 
posing a threat to ecosystems through the presence of amines resulting 
from the reduction of azo group linkages [5,6]. Contamination of water 
bodies with MO hampers sunlight penetration, diminishing photosyn
thesis and adversely affecting aquatic life [7]. Moreover, MO and its 
derivatives have been linked to various health issues, including skin 

rashes, headaches, seizures, joint pain, nausea, and heart diseases [8,9]. 
The release of such persistent organic dye underscores the importance of 
addressing their environmental and health implications in various in
dustries [10].

The most common methods for dye treatments include oxidation, 
coagulation, flocculation, ion exchange, adsorption, and photocatalytic 
[11–14]. Out of all these methods, the photocatalytic method gained 
more consideration with more advantages due to its low cost, 
eco-friendly, high chemical stability of the catalyst, non-toxic, and 
highly efficient method [15]. In the photocatalytic process, a 
semiconductors-based photocatalyst generates electron-hole pairs when 
exposed to light, leading to the formation of radicals such as superoxide 
and hydroxyl [16]. Under the influence of UV–vis radiations, these 
radicals then facilitate the breakdown of organic pollutants into 
non-toxic molecules [17,18].

Various metal oxide semiconductors, including ZnO, TiO2, MnO2, 
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CuO, Co3O4 etc., serve as photocatalysts due to their chemical, thermal, 
optical, and electrical properties [19]. Among these oxides, CuO, a 
p-type semiconductor with a band gap of 3.56 eV exhibits a monoclinic 
crystal structure [20]. Its widespread use in various applications such as 
solar cells, lithium batteries, storage media, cosmetics, pharmaceutics, 
and catalysis is attributed to its environmental compatibility and 
abundance [21,22]. The electrochemical and physicochemical proper
ties of CuO NPs have been extensively studied for their role as catalysts, 
particularly as photocatalyst [23]. There are certain factors such as poor 
light absorption in visible light, photo corrosion and high rate of 
electron-hole pair recombination affect their photocatalytic activity 
[24]. To address this issue, researchers have applied certain methods 
such as a change in morphology, doping of heteroatom, formation of 
homo or heterojunction, change in synthesis method, and introduction 
of plasmonic metal atom (Ag, Au, etc.).

In the degradation of dyes, the fabrication of various inorganic- 
organic materials involves the incorporation of metal nanoparticles 
and natural biopolymers. Among various biopolymers, β-cyclodextrin 
(β-CD) is notable, comprising a cyclic oligosaccharide with seven- 
membered D-glucose monomers linked with α− 1,4 glycosidic bonds 
[25,26]. This structure enhances water solubility and bioavailability of 
guest molecules through complexation, due to β-CD’s spacious cavity 
[25]. The hydrophobic interior and hydrophilic exterior of β-CD, facil
itated by its OH and R–OH group functional groups, make it valuable for 
complexation purposes. β-CD finds widespread application in the phar
maceutical and food industry, drug delivery, electromagnetic sensors, 
and the removal of pollutants from wastewater [27,28]. Polymers, being 
a cost-effective material, serve as an excellent immobilization matrix for 
photocatalysts. Poly methyl methacrylate (PMMA) is an optical light
weight transparent thermoplastic, lightweight, water-insoluble, and 
low-density [25]. PMMA exhibits properties such as scratch and water 
resistance, elastic modulus, UV absorption, and thermal stability, mak
ing it suitable for applications in photocatalysis and biomedical appli
cations. When PMMA is combined with metal oxides, it forms a 
composite with enhanced electro-thermal and mechanical stability [29,
30]. Due to its hydrophobic nature, PMMA interacts with dye molecules, 
facilitating the removal of dyes from the water [31]. The optical ab
sorption range of CuO is expanded into the visible region by incorpo
rating it with β–cyclodextrin (β-CD) and PMMA, which helps overcome 
electron-hole recombination during the photocatalytic process.

This work presents a novel approach to advanced oxidative miner
alization of methyl orange (MO) dye by synthesizing a CuO surface- 
functionalized, β-cyclodextrin (β-CD) grafted PMMA hybrid nano
composite. This innovative approach integrates the advantages of each 
component CuO nanoparticles, β-cyclodextrin, and PMMA to create a 
multifunctional composite with unique properties that address current 
limitations in the degradation of organic pollutants. By using β-cyclo
dextrin a naturally derived, biodegradable compound the synthesis 
approach aligns with green chemistry principles. The functional design 
reduces the need for harsh chemical additives and supports an envi
ronmentally benign pathway for MO degradation. This unique combi
nation enables efficient oxidative degradation of MO, offering an 
environmentally friendly and highly efficient strategy for wastewater 
treatment applications that target persistent organic pollutants.

2. Materials and methods

2.1. Chemicals and reagents

Copper nitrate [Cu (NO3)2•5H2O] hemi pentahydrate 98 % was 
purchased from Merck, India. Methyl methacrylate (MMA) (99 %) was 
purchased from Loba Chemie India. β-cyclodextrin (CD), potassium 
persulfate, and N, N-methylene bis-acrylamide (MBA) were purchased 
from Sigma Aldrich, India. Sodium hydroxide (NaOH) was purchased 
from Merck, India. Methyl Orange was purchased from Otto Chemical 
Pvt. Ltd, India. The experiment involved the precise measurement of 

salts and reagents according to stoichiometry, with deionized water 
utilized throughout the procedures. To prepare the standard solution of 
methyl orange at a concentration of 1000 mgL‒1, an accurate quantity of 
the dye was dissolved in 100 mL of deionized water.

2.2. Synthesis of CDMA@CuO nanocomposite

2.2.1. Synthesis of copper oxide nanoparticles
The synthesis of copper oxide nanoparticles was conducted via the 

sol-gel method. Initially, in a round bottom flask, 2 M of copper nitrate 
was dissolved in 100 mL of solution and stirred for 1 h at 40 ◦C. Sub
sequently, 20 mL of 1 M NaOH solution was added dropwise with 
constant stirring at 1200 rpm for 3 h The resulting nanoparticles were 
then washed with deionized water to eliminate any unreacted species. 
Finally, the nanoparticles were dried in a vacuum oven at 40 ◦C for 2 h.

2.2.2. Synthesis CDMA@CuO nanocomposite
The nanocomposite material was synthesized using an in situ 

chemical co-precipitation method associated in conjunction with the 
solvent casting method. The detailed procedure is as follows; A solution 
containing 1 M of CuO NPs solution and 2 g of β-cyclodextrin powder 
was prepared, and the mixture was subjected to constant stirring at 1200 
rpm for 3 h Subsequently, 20 mL of a 3 % KPS solution was added 
dropwise to the β-CD@CuO solution, along with 0.75 g N, N- methylene 
bis-acrylamide, and the mixture was stirred for an additional 2 h To this 
solution, 10 mL of methyl methacrylate monomer was added, and the 
reaction was allowed to proceed for 12 h at 60 ◦C with continuous 
stirring at 1200 rpm. The nanocomposite was obtained by pouring the 
resulting white suspension into an excess amount of methyl alcohol. The 
product was washed with methyl alcohol and then with deionized water 
to remove any unreacted monomer, followed by drying in a vacuum 
oven at 60 ◦C for 4 h

2.3. Analytical instrument for characterization of CDMA@CuO NC
The crystal structure, morphology, and optical change in CDMA@

CuO NC were thoroughly examined through different analytical tech
niques. The bond formation and functional group were analysed using a 
Fourier transform infrared (FTIR) spectrophotometer, specifically the 
Perkin Elmer Spectrum 2 ATR model, covering a frequency range of 
400–4000 cm-1. The morphology of the nanocomposite was investigated 
by using a Scanning electron microscope (SEM), specifically the GSM 
6510LV, JOEL, in conjunction with energy diffraction X-ray (EDX) to 
determine the elemental composition. The particle size and its distri
bution in the polymer matrix, and chemical homogeneity were assessed 
using a Transmission electron microscope (TEM), employing the JEM 
2100, Japan. The oxidation state and chemical composition of an indi
vidual constituent in the material were analyzed using X-ray photo
electron (XPS) spectroscopy with the PHI 5000 Versa Probe II, FEI Inc. 
The dynamic size of the synthesized material in solvent media was 
determined using Zeta sizer advance by Malvern Panalytical. The optical 
properties, including the energy band gap of the material and the con
centration of MO dye, were examined using a double-beam UV–vis 
spectrophotometer, specifically the Shimadzu UV-1900.

2.4. Photocatalytic experiment

Before conducting the photocatalytic degradation experiment, a 
selectivity test was carried out for various dyes, drugs, and phenolic 
compounds using the synthesized material. Based on the results, it was 
determined that MO dye was selected for photocatalytic degradation. 
The photocatalytic degradation of MO dye was performed in the pres
ence of a UV light source i.e., halogen lamp (50 W) using a 25 mL of 
aliquot with varying concentrations of MO (10–40 mgL-1) solution. It 
was observed that the dye degradation increased in the presence of a 
halogen lamp and catalyst. Subsequently, different parameters such as 
time (10–90 min), pH (1–10), and catalyst dose of 25 mg were applied 
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under the influence of the halogen lamp. In the photocatalytic reactor, 
the MO dye effluents were analysed using a UV–VIS spectrophotometer 
at the maximum absorption wavelength of λmax= 467 nm. The per
centage degradation was further calculated by using the formula given 
as 

Photocatalyticefficiency(%) =
C0 − Ct

C0
× 100 (1) 

where Co and Ct are the initial and final concentrations of MO dye after 
the photocatalysis. The obtained data was processed using MS Excel 
software and Origin 9.1.

3. Results and discussion

3.1. Characterisation of CDMA@CuO NC

Fig. 1 illustrates the FTIR spectra of the CDMA@CuO NC material 
along with its constituent molecules. Fig. 1(a) displays the FTIR spec
trum of CuO NPs with absorption peaks at 3569 cm-1 (-OH stretching), 
3388 cm-1, 1098 cm-1 (C–O bending), 869 cm-1 (-H2O rocking), 775 cm- 

1 (Cu (OH)2 stretching) and 601 cm-1 (Cu-O stretching) [32]. In Fig. 1(b), 
the FTIR spectrum of β-CD exhibits absorption peaks at 3301 cm-1 (-OH 
vibrations), 2890 cm-1 (C–O-C stretching), 1643 cm-1 and 1019 cm-1 

(-CH2 asymmetric stretching) [33]. In Fig. 1(c), the FTIR spectrum of 
PMMA reveals the absorption peaks at 3451 cm-1 (–OH vibrations), 2954 
cm-1 (–CH3 and =CH2 vibrations), 1737 cm-1 (C = O group), 1454 cm-1 

(C–O group), 1264 cm-1, 1170 cm-1 (C–O–C group), 979 cm-1 

(–CH––CH), 846 cm-1 (C–H and –CH3 vibrations) and 751 cm-1 (C–H 
bending) [34]. Fig. 1 (d-f), the FTIR spectrum of CDMA@CuO NC 
demonstrates absorption peaks at 3341 cm-1 (–OH stretching), 2985 
cm-1 (–CH3 and =CH2 vibrations), 1722 cm-1 (C = O group), 1454 cm-1 

(C–O group), 1145 cm-1 (C–O–C group), 972 cm-1 (–CH––CH), 751 cm-1 

(Cu (OH)2 stretching) and 601 cm-1 (Cu–O stretching) [35]. As the 
concentration of copper oxide increases in CDMA@CuO-1 %, 
CDMA@CuO-2 %, and CDMA@CuO-3 %, the peaks become sharper, 

suggesting an enhancement in the degree of immobilization of CuO by 
β-CD-PMMA copolymer chain.

Fig. 2 illustrates the XRD spectra of (a) CuO, (b) PMMA (c) 
CDMA@CuO-1 %, (d) CDMA@CuO-2 %, and (e) CDMA@CuO-3 % NC 
providing insights into the lattice and crystalline structure of the 
nanocomposite concerning increase in nanofiller concentration. In the 
XRD spectra, the black line representing CuO NPs reveals 2θ values of 
13.9◦, 16.7◦, 22.9◦, 28.1◦, 35.8◦ and 52.7◦, corresponding to miller 
indices of (021), (110), (002), (111), (220) and (113) respectively [35]. 
The red line representing PMMA displays the 2θ values of 13.4◦, 27.3◦

and 30.8◦, corresponding to miller indices of (111), (112) and (211) 
respectively [36]. The blue line representing CDMA@CuO–1 % NC ex
hibits 2θ values of 21.3◦, 24.2◦, 30.0◦, 37.9◦ and 71.1◦, corresponding to 
miller indices of (100), (101), (110), (102) and (104) respectively. Upon 
comparing the XRD spectra, it is inferred that the synthesized NC ma
terial consists of CuO NPs immobilized within the β-CD-PMMA polymer 
matrix. Further details regarding the % crystallinity and crystallite size 
can be computed using the given equation. To calculate the crystallite 
size, the equation Scherrer formula is employed [37]- 

D =
0.9 × λ

β × cosθ
(2) 

Crystallinity(%) =
Areaunderthecrystallinepeak

Totalarea
×100 (3) 

Where λ stands for the frequency of radiation, θ stands for the diffraction 
angle, β stands for half the width of intense peaks and D is crystallite size 
(nm). The crystallite size of CuO NPs, PMMA, CDMA@CuO-1 %, 
CDMA@CuO-2 %, and CDMA@CuO-3 % NC were determined. Using Eq. 
(2), yielding values of 7.4 nm, 15.6 nm, 20.7 nm, and 29.1 nm respec
tively. According to Eq. (3), the crystallinity percentage were found to 
be 72.6 % for CuO NPs, 19.84 % for PMMA (80.16 % amorphous), 29.21 
% for CDMA@CuO-1 % (70.79 % amorphous), 32.12 % for 
CDMA@CuO-2 % (67.88 % amorphous) and 45.34 % for CDMA@CuO-3 
% NC (54.66 % amorphous). The amorphous nature of CDMA@CuO NC 
can be attributed to the presence of the β-CD-PMMA polymer matrix 

Fig. 1. FTIR of (a) CuO, (b) β-CD, (c) PMMA, and (d) CDMA@CuO-1 % (e) CDMA@CuO-2 % and (f) CDMA@CuO-3 % NC.
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effectively encapsulating the CuO NPs. It can be observed that as the 
concentration of CuO increases in the copolymer matrix of β-CD-PMMA, 
the amorphous nature keeps on decreasing due to the crystalline effect 
of CuO NPs.

The surface morphology of CuO NPs, PMMA, is presented in Fig. 3 (a, 
b). The SEM image of CDMA@CuO-1 %, CDMA@CuO-2 %, and 
CDMA@CuO-3 % NC, along with their elemental analysis, is presented 
in Fig. 3 (c-e). In Fig. 3(a), the SEM image of CuO NPs reveals spherical 
shapes distributed throughout the space-adjusted framework. Fig. 3(b) 
displays the SEM image of PMMA, showcasing a continuous matrix with 
a fracture surface and small nodules exhibiting low crystallinity. Fig. 3
(c-e) exhibits the SEM image of CDMA@CuO-1 %, CDMA@CuO-2 %, 
and CDMA@CuO-3 % NC a combination of spherical and flaky structure, 
indicating that CuO NPs are encapsulated by the layer of β-CD-PMMA 
polymer matrix. Fig. 3 (f-h) presents the energy disperive X-ray (EDX) 
spectra, analyzing the elemntal composition of the synthesized material 
within energy range of 1–20 keV. The atomic percentage of elements 
was found to be in CDMA@CuO-1 % was C (64.59 %), O (32.23 %) and 
Cu (3.18 %) in CDMA@CuO-2 % C (59.01 %), O (34.77 %) and Cu (6.22 
%) was and CDMA@CuO-3 % was C (53.78 %), O (37.78 %) and Cu 
(8.45 %). These results affirm the purity of synthesized material. Fig. 3
(i) displays the compositional SEM image illustrating elemental map
ping for CDMA@CuO-3 %, where the distribution of all elements i.e., C 
(K) as red dots, O(K) as green dots and Cu(K) as blue dots appears uni
form throughout the spatial range. This observation is further substan
tiated by Figure S1 (a,b) explaining one material dense i.e., Cu in the 
case of CDMA@CuO-3 %.

The TEM image provides insights into the particle size and its dis
tribution in the polymer matrix, and the chemical homogeneity. Fig. 4
(a-c) shows the TEM image of CDMA@CuO-1 %, CDMA@CuO-2 %, and 
CDMA@CuO-3 % are spherical structure and finely distributed CuO NPs 
in the β-CD-PMMA matrix are evident. Fig. 4(d) represents the Gaussian 
distribution profile for particle size showcasing an average particle size 
are 12 nm, 18 nm, and 25 nm, respectively, consistent with the results 
obtained from XRD analysis. It can be seen that as the concentration of 
Cu increases, the particle size keeps on increasing due to agglomeration.

X-ray photoelectron (XPS) spectra were utilized to analyze the 

chemical composition and oxidation state of the individual constituents 
in the CDMA@Cu-3 % NC material. Fig. 5(a) illustrates the survey scan 
of CDMA@CuO-3 % NC, revealing explains the presence of oxygen, 
carbon, nitrogen, and copper. Fig. 5(b) displays the binding energy with 
triplet peaks at 283 eV, 284.4 eV, and 286.8 eV, corresponding to C‒C/ 
C–H, C–O, and C = O respectively, in NC material attached to PMMA and 
BCD biopolymer chain [38]. In Fig. 5(c), the binding energy exhibits 
triplet peak value at 530.5 eV, 529.1 eV, and 532.1 eV corresponding to 
C–O-H/C–O–C, C = O, and C–O-C respectively [39]. Fig. 5(d) shows 
the binding energy with a triplet peak value at 398.2 eV, 397.8 eV, and 
399.3 eV corresponding to pyrrolic, pyridinic, and graphitic nitrogen 
bonding respectively [40]. Fig. 5(e) illustrates the binding energy peaks 
of Cu2p indexed to 940 eV, 937.4 eV, and 935.4 eV corresponding to Cu 
2p1/2, Cu 2p3/2, confirming the existence of CuO with +2 oxidation state 
[41]. The detailed XPS analysis provides insights into the chemical 
composition and bonding configuration of the CDMA@CuO NC 
material.

Zeta potential analysis was employed to determine the point of zero 
charge, elucidating the pH-dependent adsorption behavior of MO using 
synthesized NC material. A solution consisting of 25 mL of 0.1 KCl was 
prepared, and a particle suspension was achieved by adding 20 mg of NC 
material under sonication across a pH range from 1 to 10. Zeta potential 
values were observed at one-unit intervals within this pH range. The 
results are given in Figure S2, indicating a decrease in zeta potential 
from 350 mV at pH 1 to 72 mV at pH 10, revealing a zeta potential of 
approximately zero mV at pH 5.2. This particular pH marks the iso
electric point (IFP) or point of zero charge (PZC) on the catalyst’s surface 
and corresponding pH values are termed as pHiep or pHpzc.

The band gap value and optical properties of pristine CuO and 
CDMA@CuO NC were determined using UV–Vis spectroscopy within the 
wavelength range of 200–500 nm. Fig. 6(a) represents the UV–vis ab
sorption profile pristine CuO, CDMA@CuO-1 %, CDMA@CuO-2 %, and 
CDMA@CuO-3 %. The absorption maxima for pristine CuO were 
observed at λmax= 270 nm which suggests the n-π* electronic transitions. 
Further immobilization of the CuO surface with β-CD-PMMA copolymer 
chain with increasing CuO concentration results in a decrease in ab
sorption intensity suggesting an increase in particle size of CuO NPs in 

Fig. 2. XRD spectra of (a) CuO, (b) PMMA, (c) CDMA@CuO-1 %, (d) CDMA@CuO-2 %, and (e) CDMA@CuO-3 % NC.

I. Hasan et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 56 (2025) 105456 

4 



Fig. 3. (a) SEM image of CuO NPs, (b) SEM image of PMMA (c, f) SEM-EDX image of CDMA@CuO-1 %, (d,g) SEM-EDX image of CDMA@CuO-2 %, (e,h) SEM-EDX 
image of CDMA@CuO-3 % NC, (i) compositional SEM image of CDMA@CuO-3 % NC showing elemental distribution by red, green and blue dots, elemental mapping 
for C K, O K, and Cu K.
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association with successful immobilization of the surface. The direct and 
indirect band gap value of CDMA@CuO NC was calculated by Tauc’s 
plot and the equation is given below [42]; 

αhv = A
(
hv − Eg

)n (4) 

Here, v is the frequency, α is the absorption coefficient, h is the 
planks constant, A is constant, and n is the transition constant (n where 2 
for the direct band and n= ½ for the indirect band). Fig. 6(b), the 
inserted graph represents Tauc’s plot for the synthesized material, 
illustrating the direct band gap value. This graph is plotted between 
(αhv)2 and Eg (eV), with the exclusion of the direct band gap value of 
CDMA@CuO NC, which is determined to be 3.79 eV, 3.18 eV, 2.73 eV 
and 2.41 eV for pristine CuO NPs, CDMA@CuO-1 %, CDMA@CuO-2 % 
and CDMA@CuO-3 %. The reduction is attributed to quantum 
confinement effects, which stabilize the CuO NPs by βCD-PMMA matrix 
[39]. The values of bandgap suggest that CDMA@CuO-3 % having 
minimum bandgap may exhibit higher photocatalytic activity as 
compared to other variable materials.

The thermal stability of PMMA and the synthesised materials, 

namely CDMA@CuO-1 %, CDMA@CuO-2 % and CDMA@CuO-3 % was 
investigated by using TGA analysis. TGA is a technique that measures 
changes in weight loss of a material as a function of temperature, 
providing insights into its thermal degradation behaviour, and the re
sults are given in Figure S3. In the TGA profiles, PMMA exhibited an 
initial weight loss at 176 ◦C, corresponding to approximately 5 % of its 
weight loss, which was attributed to the evaporation of water content 
present within the material. The subsequent weight loss of about 2.6 % 
at 365 ◦C suggests the degradation of PMMA polymer chains, leading to 
the release of volatile compounds. For the synthesized materials, 
CDMA@CuO-1 %, CDMA@CuO-2 %, and CDMA@CuO-3 %, the initial 
degradation temperatures and weight losses varied. CDMA@CuO-1 % 
started to degrade at a higher temperature 272 ◦C compared to PMMA, 
indicating improved thermal stability. This could be attributed to the 
incorporation of CuO into the CDMA structure, which might enhance the 
material’s resistance to thermal degradation. Similarly, CDMA@CuO-2 
% and CDMA@CuO-3 % also exhibited higher initial degradation tem
peratures of 266 ◦C and 274 ◦C respectively compared to PMMA, with 
corresponding weight losses of 9.5 % and 15.4 %. The presence of 

Fig. 4. TEM image of (a) CDMA@CuO-1 %, (b) CDMA@CuO-2 %, (c) CDMA@CuO-3 % NC, and (d) gaussian distribution profile for particle size.
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copper in these materials likely contributed to their enhanced thermal 
stability by facilitating strong intermolecular interactions or hindering 
the mobility of polymer chains. Furthermore, the successive weight 
losses observed at higher temperatures around 450–460 ◦C for all the 
synthesized materials can be attributed to the presence of copper [43].

The photoluminescence (PL) spectra of CuO NPs and CDMA@CuO-1 
%, CDMA@CuO-2 %, and CDMA@CuO-3 % NC were observed and re
sults are given in Fig. 7(a). PL spectra can provide insights into electron- 
hole recombination mechanisms and defect states within the material. 
[44] Pristine CuO NPs exhibit strong PL peaks due to efficient 

Fig. 5. XPS spectra of (a) CDMA@CuO-3 % NC survey, (b) C 1 s, (c) O 1 s, (d) N 1 s, and (e) Cu 2p3.
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electron-hole recombination. In CDMA@CuO-1 %, the PL intensity 
generally decreases, indicating a reduction in electron-hole recombi
nation. This is likely due to the introduction of CDMA polymer blend, 
which can act as a charge carrier trap or as an electron acceptor. The 
CDMA molecules interact with CuO’s electronic structure, effectively 
separating the electron-hole pairs and reducing their recombination 
rate. [45] With a further increase in CuO concentration to 2 %, the PL 
intensity decreased even more, demonstrating a more pronounced 
reduction in electron-hole recombination. At 3 % CuO concentration, 
the PL spectrum again displayed a further decrease in intensity. At this 
level, a balance is reached where the availability of electron traps or 
charge-separating sites maximizes the suppression of electron-hole 
recombination without overloading the system with excessive increase 
in concentration, which could introduce defects or cause agglomeration. 
Optimal charge separation at this concentration may yield the best 
performance in terms of energy conversion efficiency, making 
CDMA@CuO-3 % a potentially ideal composition for photocatalytic 
application.

The Mott-Schottky (M-S) analysis was conducted to investigate the 
electronic properties and interfacial synergy between CuO and the 
CDMA polymer blend in the synthesized nanocomposite materials 
CDMA@CuO-1 %, CDMA@CuO-2 %, and CDMA@CuO-3 % NC. The M-S 
curves of the CDMA@CuO nanocomposites given in Fig. 7(b) revealed 
an n-type semiconducting behaviour, consistent with the presence of 
CuO as the primary semiconductor material. [46] The calculated flat 
band potentials from the M-S curves shifted slightly with increased CuO 
concentration, CDMA@CuO-1 % (0.59 V), CDMA@CuO-2 % (0.47 V) 
and CDMA@CuO-3 % NC (0.39 V) indicating a higher carrier density 
than and suggesting that the CDMA polymer modifies the electronic 
environment around CuO. This shift could be attributed to changes in 
the surface states and band alignment between CuO and CDMA, which 
enhances the interfacial electron transfer dynamics. [47] The M-S 
findings therefore confirm that the CDMA polymer not only physically 
stabilizes CuO but also actively contributes to tuning the electronic 
properties of the composite material, likely due to the formation of an 
effective electronic network within the matrix.

Fig. 6. (a) UV–Vis absorption spectra and (b) corresponding Tauc’s plot for pristine CuO NPs, CDMA@CuO-1 %, CDMA@CuO-2 % and CDMA@CuO-3 % for 
calculating the band gap energy.

Fig. 7. (a) photoluminescence and (b) Mott-Schottky (M-S) spectra for CuO, CDMA@CuO-1 %, CDMA@CuO-2 % and CDMA@CuO-3 %.

I. Hasan et al.                                                                                                                                                                                                                                   Surfaces and Interfaces 56 (2025) 105456 

8 



The Brunauer–Emmett–Teller (BET) model is one of the most effec
tive quantitative methods for calculating surface area. Here, we used N₂ 
gas adsorption and BET surface area analysis to investigate the pore size 
distribution and surface area of CuO nanoparticles (NPs) and 
CDMA@CuO-3 % NC. Both CuO NPs and synthesized hybrid material, 
exhibit a type IV isotherm with an adsorption-desorption curve shown in 
Figure S4. This type IV isotherm, observed through the hysteresis loop 
within the relative pressure range (P/P₀) of 0.8 to 0.9, confirms the 
mesoporous nature of the synthesized NPs. [48] A hysteresis loop is a 
distinguishing feature of type IV isotherms, typically associated with 
mesoporous materials. The surface areas for both CuO NPs and 
CDMA@CuO-3 % NC, measured using the standard multi-point BET 
method, were 18.23 m²/g and 29.38 m²/g, as shown in Figure S4. This 
increase in surface area can be attributed to the incorporation of CDMA, 
which likely contributes to a more dispersed and expanded structure, 
facilitating the availability of more active sites on the nanocomposite’s 
surface and synergistically enhances the adsorption and photocatalytic 
activity of the material. [49] Pore size distribution, analysed using the 
Barrett-Joyner-Halenda (BJH) desorption method, revealed pore sizes of 
3.69 nm and 8.24 nm. The increased pore size in the nanocomposite 
suggests that the incorporation of CDMA alters the porosity of CuO, 
creating larger mesopores that can facilitate molecular diffusion and 
transport. Together, the higher surface area and larger pore size of 
CDMA@CuO-3 % NC suggest an enhanced structural and functional 
design over CuO NPs. These characteristics may lead to improved cat
alytic efficiency and stability, making CDMA@CuO-3 % NC a promising 
candidate for applications requiring high surface activity and efficient 
molecular transport.

3.2. Photocatalytic experiment

The experiments were designed to examine the removal of dyes in 
the absence of a catalyst under light (photolysis), in the presence of a 
catalyst (adsorption), and in the presence of a catalyst under UV, Visible, 
and sunlight (photocatalysis), with the UV–VIS curve depicted in Fig. 8
(a). The experiments were performed by taking 50 mg L‒1 MO dye with 
20 mg catalyst under photocatalytic reactor for an irradiation time of 
120 min. All three variables of the catalyst i.e., CDMA@CuO-1 %, 
CDMA@CuO-2 %, and CDMA@CuO-3 % were tested for the photo
catalytic degradation of MO dye under various illumination conditions. 
It can be seen from Fig. 8(a) that in the presence of CDMA@CuO-3 %, 
MO dye exhibited minimum absorption maxima under UV light illumi
nation. This indicates that CDMA@Cu-3 % is more effective at cata
lyzing the degradation reaction compared to the other catalytic 
variables under UV light irradiation.

Fig. 8(b) shows the effect of irradiation time on the degradation of 
MO by using CDMA@CuO-3 % in the aqueous solution was observed at 
different irradiation times. Fig. 8(b) shows the UV–VIS curve for the MO 
at 10–90 mins for 20 mg of catalyst dose and 20 mgL-1 of MO initial 
concentration. It was found that as the irradiation time increases, more 
time is available for the photocatalytic reaction to occur. Dye molecules 
have a greater opportunity to come into contact with the catalytic sur
face and undergo degradation because more photons are available to the 
activate the photocatalyst. Each photon absorbed by the catalyst gen
erates electron-hole paors, which participate in the degradtion of dye 
molecules. This prolonged exposure to the catalyst allows for more dye 
molecules to be degraded, resulting in higher overall efficiency. There
fore, the rate of MO degradation is achieved at 90 mins of irradiation 
tiume.

Fig. 8(c) effect of pH of MO on the degradation of MO by using 
CDMA@CuO-3 % NC in the aqueous solution wasobserved at different 
pH. Fig. 8(c) shows the %degradation for the MO 1–10 pH range with 
respect to irradiation time at 90 mins for 20 mg of catalyst dose for 20 
mgL-1 of MO initial concentration. The results obtained exhibited to
wards MO, yielding degradation rate of 57.95 % for pH 1, 73.97 % for 
pH 2, 94.37 % for pH 3, 98.77 % for pH 4, 96.51 % for pH 5, 93.02 for pH 

6, 85.06 % for pH 7, 76.39 % for pH 8, 72.39 % for pH 9 and 63.51 % for 
pH 10. It was found that at different pH levels, the surface charge on the 
catalyst may vary due to chnages in the protobation and deprotonation 
of the surface functional groups. At pH 4, the surface charge of the 
catalyst and the dye molecules may be exhibit the strongest electrostatic 
interactions, facilitating the efficient adsorption of dye onto the catalyst 
surface. The concentration of hydroxyl ions (•OH) and hydrogen ions 
(H+) promotes the generation of reactive oxygen species (ROS) on the 
catalyst surface which play a crucial role in oxidising the dyes molecules 
and promoting their degradation. At pH 4, the catalyst may exhibit the 
highest activity promoting the degradtion of the molecules throught 
efficient generation and utilizing of ROS.

Fig. 8(d) shows the effect of dosage on the degradation of MO by 
using CuO NPs, CDMA@CuO-1 %, CDMA@CuO-2 %, and CDMA@CuO- 
3 % NC in the aqueous solution was observed at different catalyst dose. 
Fig. 8(d) shows the %degradtion for the MO at 5 mg, 10 mg, 15 mg, 20 
mg and 25 mg with respect to irradiation time. The results obtained 
exhibited the photocatalytic efficiency of synthesized material towards 
MO, yielding degradation rate of CuO NPs for 5 mg; 32.37 %, for 10 mg; 
57.33 %, for 15 mg; 69.26 %, for 20 mg; 78.31 % and for 25 mg; 65.5 %, 
for CDMA@CuO-1 %, for 5 mg; 38.54 %, for 10 mg; 68.6 %, for 15 mg; 
83.41 %, for 20 mg; 94 % and for 25 mg; 78.31 %, for CDMA@CuO-2 % 
for 5 mg; 49.83 %, for 10 mg; 76.35 %, 15 mg; 91.15 %, for 20 mg; 96.66 
% and for 25 mg; 82.96 % and for CDMA@CuO-3 % for 5 mg; 65.06 %, 
10 mg; 87.17 %, 15 mg; 95.33 %, 20 mg; 98.88 % and 25 mg; 89.6 %. It 
was found that with increases in the dose from 5 mg to 20 mg, more 
active sites become available for the dye molecules to adsorb onto the 
surface catalyst. This leads to an increase in the probability of dye 
molecules coming into conatact with catalyst, thus enhancing the pho
tocatalytic degradation efficiency. The catalyst surface becomes satu
rated with dye molecules, particularly at higer dose i.e., 25 mg. Once the 
surface is saturated, additional catalyst dosages may not lead to pro
portional increase in the degradation efficiency since there are no 
additional sites available for the adsorption. Therefore, the rate of MO 
degradation is achieved at 20 mg of catalyst dose in CDMA@Cu-3 NC.

The kinetic efficiency of CDMA@CuO NC and its different configu
ration towards MO was evaluated by taking 25 mg catalyst with 20 mgL- 

1 concentration of MO at pH 4 for an irradiation time of 90 min. The 
obtained data was applied to Langmuir-Hinshelwood (L-H) pseudo first 
order model given by mathematical equation was used- 

− ln
Ce

C0
= k1t 

t1/2 =
0.693

k1 

Fig. 8 (e, f) represents the Ce/C0 and -ln(Ce/C0) vs irradiation time 
graph respectively, for MO with respect various reaction conditions like 
(i) MO + light (photolysis) (ii) MO + CDMA@CuO-3 % + no light 
(adsorption) (iii) CDMA@CuO-3 % + MO + Vis’s light (iv) 
CDMA@CuO-1 % + MO + UV light (v) CDMA@CuO-2 % + MO + UV 
light (vi) CDMA@CuO-3 % + MO + UV light. In case of photolysis, the 
rate of MO degradation was negligible (%), indicating that MO does not 
degrade spontaneously under visible light without a catalyst. During the 
adsorption process, the material exhibited some extent of adsorption (45 
%), attributed to the presence of ‒OH functionalized biopolymer chains 
and interlayer of the polymer chains of PMMA. This adsorption process 
aids in the adhesion of electrically charged MO molecules to the catalyst 
surface for the subsequent photodegradation. When subjected to UV 
light irradiation, the CDMA@CuO-1 %, CDMA@CuO-2 %, and 
CDMA@CuO-3 % demonstrated appreciable MO degradation rate as 
84.10 %, 96.50 % and 98.60 % with apparent rate constant value of 
0.019, 0.027 and 0.033 min-1 and half-life value of 36.47, 25.66 and 
21.00 min respectively. It can be seen from Fig. 8 (e, f) and Table 1 that 
CDMA@CuO-3 % in the presence of visible light exhibited slower rate of 
degradation towards MO (84.56 %) as compared to UV light (98.60 %). 
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Fig. 8. (a) UV spectra of photocatalytic degradation of CDMA@CuO NC and its different concentration at various radiation conditions, (b) UV spectra of effect of 
irradiation time (10–90 min), (c) % degradation of effect of pH (1–10), (d) % degradation of effect of dose (5–25 mg) of CuO NPs, CDMA@CuO NC and its different 
concentration (e, f) Ce/Co and -ln (Ce/Co) concerning time for the photocatalytic degradation of MO dye by CDMA@CuO NC and its different concentration at various 
radiation conditions.
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The apparent rate constant was found to be and half-life time will be 
0.012 min-1 and 57.75 min.

3.4. Scavenger test and degradation mechanism

Species such as e-, h+, •OH, and •O2
- are recognized as reactive 

oxidant species (ROS) playing a crucial role in the photodegradation of 
organic pollutants, transforming them into small non-toxic entities. To 
elucidate the photodegradation mechanism of ROS, different scavengers 
were employed like isopropyl alcohol (IPA) as •OH, triphenylphosphine 
(TPP) as •O2

- , potassium iodide (SSKI oral solution) as e- and acrylamide 
(AA) as h+ for trapping text. [49,50] The results of these trapping ex
periments are presented in Fig. 9(a). The trapping experiment involved 
taking an aliquot of 20 mL of 20 mgL-1 of MO dye at pH 4 with a dose of 
20 mg for 90 min of CDMA@CuO-3 % NC in the presence of UV light. 
The outcomes of these experiments shed light on the involvement and 
impact of specific reactive oxidant species in the photodegradation 
process [51]. 

(I) CDMA@CuO − 3%+ hv→CDMA@CuO − 3%(e−CB+h+
VB
)

(II) CDMA@CuO − 3%(h+
VB)+ H2O→CDMA@CuO − 3%+ H+ + ⋅OH

(III) CDMA@CuO − 3%(e−CB)+ O2→CDMA@CuO − 3%+ H+ + ⋅O−
2

(IV) ⋅O−
2 + H+→•HO2

(V) CDMA@CuO − 3%(e−CB
)
+•HO2 + H+→H2O2

(VI) CDMA@CuO − 3%(e−CB)+ H2O2→⋅OH+ OH−

(VII) ⋅ OH + MO → DegradedMO

When exposed to light radiation, the surface of CDMA@CuO-3 % NC, 
undergoes the generation of electrons and holes in the conduction and 
valence bands, respectively. Concurrently, O2 molecules act as electron 
(e-) traps, facilitating the formation of superoxide radicals (•O2

- ). These 
radicals then react with H+ ions, giving rise to the formation of HO2

•

radicals, as depicted in the equation (iii, iv). Simultaneously, the holes 
(h+) present on the catalyst surface will combine with water, resulting in 
the formation of •OH radicals. This process contributes to the photo
degradation of MO dye molecules. The •OH radicals, upon attacking MO 
dye, facilitate its conversion into non-toxic entities such as CO2, H2O, 
and various byproducts as shown by Scheme 1.

To evaluate further mineralization of MO dye, the total organic 
carbon (TOC) concentrations in the MO solution were monitored 
throughout the photodegradation process. As shown in Fig. 9(b), the 
TOC of the MO solution treated with the CDMA@CuO-3 % NC under UV 
light irradiation gradually decreased over time. After 90 min, the TOC 
removal reached 77.36 %, slightly lower than the MB removal rate of 
99.52 % based on colour reduction. These findings demonstrate effective 
mineralization of MO in the CDMA@CuO-3 % NC UV light system, with 
minimal residual TOC, indicating that CDMA@CuO-3 % NC outperforms 
previously reported photo-Fenton catalysts in TOC reduction.

3.5. Photocatalytic activity of CDMA@CuO NC and reusability 
experiement

Fig. 10(a) depicts the UV–Vis curve illustrating the photocatalytic 
activity of CDMA@CuO-3 % NC and its components in the degradation 
of MO dye, representing the corresponding percentage degradation in 
the presence of a UV light source. The photocatalytic experiments were 
conducted under optimized reaction conditions i.e. MO concentration 
(20 mgL-1), 90 min at pH 4 with a catalyst amount of 20 mg. The results 
suggest that the synthesized material demonstrated superior photo
catalytic efficiency (98.69 %) compared to its entities of β-CD (39.95 %), 
PMMA (17.2 %), and CuO NPs (83.95 %). This enhanced photocatalytic 
activity of CDMA@CuO NC can be attributed to the synergistic prop
erties arising from the absorption of β-CD, PMMA and CuO NPs. The 
copolymerization on the surface contributes to the increased degrada
tion of MO dye molecules.

In the context of water treatment, the reusability experiment was 
conducted to assess the stability of the CDMA@CuO-3 % NC material. 
Following each photocatalytic reaction, the material underwent collec
tion, centrifugation, washing, and drying in the oven before being 
reused for the subsequent photocatalytic reaction. The reusability 
experiment adhered to optimized conditions, MO concentration (20 
mgL-1) for 90 min at pH 4 with a catalyst dose of 20 mg. This process was 
repeated for six consecutive cycles, and the results are illustrated in 
Fig. 10(b). The conclusions drawn from the reusability experiment 
indicate the photocatalytic efficiency of the synthesized material 
exhibited high stability over multiple cycles. After 1st cycle, the effi
ciency was recorded at 98.55 %, followed by 97.14 % in the 2nd cycle, 

Table 1 
Pseudo-order kinetic parameters for the degradation of MO dye by CDMA@CuO 
NC.

S.N. Catalyst Rate Constant 
(k1) (min-1)

Half-life t1/2 

(min)
R2

1 CDMA@Cu-3 %+Vis 0.012 57.75 0.98
2 CDMA@Cu-1 %+UV 0.019 36.47 0.99
3 CDMA@Cu-2 %+UV 0.027 25.66 0.99
4 CDMA@Cu-3 %+UV 0.033 21.00 0.99

Fig. 9. UV–Vis spectra for the trapping experiment and insert bar show the MO %degradation vs scavenger (b) Total organic carbon (TOC) analysis for MO 
mineralization by CDMA@CuO-3 % NC.
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95.34 % in the 3rd cycle, 93.11 % in the 4th cycle, 91.86 % in the 5th 
cycle and 90.48 % in the 6th cycle. This suggests that the synthesized 
material maintains its effectiveness in the photocatalytic degradation of 
MO dye under optimal conditions and the specified light source.

3.6. Mechanism of MO degradation and indenfication of intermediates 
formed

The degradation products of methyl orange (MO) dye by 
CTAG@CuO-3 % NC were identified using LC-MS analysis. Figure S5 
shows the total mass spectrograms of MO after 90 min of UV light 
irradiation. At 0 min (Figure S5 a), a characteristic peak is observed at 
m/z 306, attributed to the positive ion of the MO dye. The mass spec
trogram at 90 min (Figure S5 b) shows new m/z peaks at 121.1, 156.4, 
172.6 and 201.2 corresponding to intermediate products of MO degra
dation. Identified degradation products include intermediate product 
formed due to interaction of OH radical with MO molecule at m/z 201.2 
which further fragments into sulfanilic acid at m/z 172.6, which further 
fragments into benzenesulfonic acid at m/z 156.4 after losing an amino 

group (NH₂). Another product, N,N-dimethylbenzenenamine at m/z 
121.1 following the loss of an amino group (NH₂). These results are 
consistent with other studies on MO degradation, though this study 
achieved complete MO degradation within 90 min significantly faster 
than previously reported studie. [52,53] The observed results suggest 
that MO degradation likely involved symmetric cleavage of the azo bond 
(–N = N–), yielding sulfanilic acid and N, 
N-dimethyl-p-phenylenediamine, followed by further breakdown of 
these intermediates. As illustrated in Figure S5 (b), the degradation 
products of MO could potentially mineralize into CO₂ and H₂O under 
additional conditions, such as •OH radicals and elevated temperature. 
[54]

3.7. Comparison with literature

The comparison was conducted between synthesized material and 
material utilizing CuO NPs, considering variointermedaus parameters 
including irradiation time, light source, pH, concentration, and per
centage degradation. Based on the data presented in the Table 2, it is 

Scheme 1. Mechanism represents the photocatalytic degradation of MO by CDMA@CuO-3 % NC.

Fig. 10. (a) Photocatalytic degradation of MO by CDMA@CuO-23 % NC and its entities and (b) Reusability plot for the determination of stability of CDMA@CuO-3 
% NC.
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evident that the current study was more effective and provided addi
tional insights into the photocatalytic degradation of MO dye.

4. Conclusion

The present study elucidates the synthesis of an eco-friendly and 
cost-effective nanocomposite (NC) through the doping of CuO NPs with 
PMMA immobilized with β-cyclodextrin. The characteriztion techniques 
supported the successful synthesis of nanocomposite material. The XPS 
survey scan of CDMA@CuO-3 % NC, revealing explains the presence of 
oxygen, carbon, nitrogen, and copper and their chemical states inside 
the material. The atomic percentage of elements was found to be in 
CDMA@CuO-1 % was C (64.59 %), O (32.23 %) and Cu (3.18 %) in 
CDMA@CuO-2 % C (59.01 %), O (34.77 %) and Cu (6.22 %) was and 
CDMA@CuO-3 % was C (53.78 %), O (37.78 %) and Cu (8.45 %). These 
results affirm the purity of synthesized material. The material was found 
to be UV light active and the direct band gap values were calculated as 
3.79 eV, 3.18 eV, 2.73 eV and 2.41 eV for pristine CuO NPs, 
CDMA@CuO-1 %, CDMA@CuO-2 % and CDMA@CuO-3 %. The kinetics 
studies revealed that the photocatalytic degradation of MO followed 
pseudo-first-order kinetics, with rate constant (k1) was found to be 0.012 
min-1 for CDMA@CuO-3 %-VIS, 0.019 min-1 for CDMA@CuO-1 %-UV, 
0.027 min-1 for CDMA@CuO-2 %-UV and 0.033 min- for CDMA@CuO-3 
%-UV with corresponding half-life time (t1/2) of 57.75, 36.47, 25.66 and 
21.00 min, respectively. Hydroxyl radcals (•OH) were found to be pri
mary reactive oxidant species responsible for the degradation of MO in 
the presence of UV light radiation. According to the reusability experi
ment, it was observed that after six cycles, the synthesized material 
exhibited exceptional stability in the degradation of MO dye. In 
conclusion, this study suggests that the synthesized material holds the 
potential for the photocatalytic remediations of wastewater for various 
pollutants.
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