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A B S T R A C T

In this study, NiO-MgO nanoparticles (NiMg NPs) were synthesized and incorporated into a biopolymer blend of 
chitosan (CTS) and agar agar gum (AA), forming the novel CTAG@NiMg bionanocomposite (BNC). Structural 
analysis revealed a crystal size of 19 nm and a direct band gap of 2.75 eV, indicating strong potential as a UV- 
active photocatalyst. TEM images confirmed uniform nanoparticle distribution with an average size of 25 nm. 
The elemental composition, verified by EDX spectra, showed weight percentages of C (21.32 %), O (31.47 %), Ni 
(35.39 %), and Mg (11.82 %). The CTAG@NiMg BNC demonstrated outstanding photocatalytic degradation of 
methyl orange (MO) dye, achieving 99.52 % degradation at pH 4 with 20-ppm concentration after 60 min under 
UV irradiation. The degradation followed pseudo-first-order kinetics, with rate constants (k1) ranging from 0.011 
to 0.030 min− 1, and a minimum half-life of 25.8 min at 15 ppm. Hydroxyl radicals (•OH) were identified as the 
primary reactive species driving the photocatalytic process. The material exhibited excellent reusability, 
retaining high degradation efficiency over four cycles. Compared to similar photocatalysts, CTAG@NiMg BNC 
demonstrated superior performance, faster degradation rates, and greater stability. Its enhanced surface area and 
porosity, as confirmed by BET analysis, contributed to better dye adsorption and faster reaction times. These 
properties make the CTAG@NiMg BNC a highly efficient, sustainable, and recyclable photocatalyst for envi
ronmental remediation, particularly in treating organic pollutants like methyl orange from aqueous solutions.

1. Introduction

Dyes are unwanted organic materials causing contamination of 
aquatic environment due to their toxicity, discoloration and extensively 
used in textile industries [1,74,85]. Methyl orange (MO) is anionic azo 
dye with chemical formula (C14H14N3NaO3S), extensively used in food, 
textile, pharmaceutical and leather industries and used as colouring 
agent to determines the presence of hydrogen chlorides and hydrogen 
gas [2,3,80]. MO is water-soluble, non-biodegradable and toxic which 
produces amines by reduction of azo linkage, it is carcinogenic, muta
genic and affect the biological ecosystem [3,4,83]. The azo and quinoid 
structure of MO in alkaline and acidic medium, MO cause serious health 
problems like seizures, joint and muscle pain, diarrhoea, irregularity in 
heartbeat, nausea, and ulceration of skin [5–7]. Also, MO present in 
water bodies inhibits penetration of sunlight and reduce photosynthesis 
which cause severe toxicity in aquatic life [8]. Thus, our prior task is to 
remove harmful dyes present in wastewater.

In literature, many several physiochemical and biological methods 
used to removes the different dyes from the wastewater [9–11]. Out of 
these methods, photocatalytic degradation is most effective process of 
scavenging out the organic or inorganic pollutants present in the 
wastewater by degrading into non-toxic small entities such as NO2, H2O 
and CO2 etc [12,13,79]. The basic mechanism of photocatalytic degra
dation explains that when light equal or above band gap value of pho
tocatalyst falls on catalyst surface, generation of the photoexcited 
electrons and holes takes place on the catalyst surface [14–16]. The 
generated electron and holes involved in reduction and to form •OH/•O2

−

radicals which have oxidizing power to degrade the dye molecules into 
non-toxic entities [17–19]).

Semiconductors based on transition metal oxides nanoparticles like 
TiO2, CuO, ZnO etc have different properties such as electronic, optical, 
thermal, chemical, gas sensing and catalysis which are useful for the 
degradation of dyes [20–22]. Photocatalyst based semiconductors, 
developed so that charge separation property will be improve through 
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the formation of the heterojunction because the synergistic effect can 
successfully improve the lifecycle of the photo generated electrons due 
to their improvement in charge separation to enhance the photocatalysis 
[23]. Metal oxides are modified (doped, composite and mixed) to 
enhance the properties which shows new trend of photocatalysis [82]. 
Bimetallic metal oxide-based semiconductors improve the properties of 
catalysis and surface area due to the presence of cationic dopants and 
conductivity and electron transfer rate [24,25]. Various bimetallic oxide 
NPs are used for the degradation of dyes by photocatalysis. In present 
study, MgO-NiO NPs are synthesized, NiO is p-type semiconductor 
having band gap value (3.6 eV) and shows chemical, physical, and op
tical properties having low cost, non-toxic, photostability and used in 
water splitting [26,27,28]. MgO shows wide band gap (7.2 eV) with 
cubic structure and shows different properties like high adsorption ca
pacity, ease of production, high surface reactivity, non-toxic and shows 
different applications in electronic, plasma drug screens, photocatalysis 
and in treatment of water [29,30,31,32]. NiO-MgO nanocomposites 
have been used as catalysis due to their multi-functional properties, 
binding energies, large surface area and isoelectric stability of NiO and 
MgO NPs even though MgO stabilised the lattice oxygen sites of NiO 
[33,34]. MgO is chemical stable and NiO with low cytotoxicity and 
genotoxicity effects on human even at low concentration of less than 0.3 
mg/mL are great attractive antibacterial agents integrated into chitosan. 
The nanocomposites formed using NiO-MgO with biopolymers like 
chitosan and agar agar results great stability with reduced side effects 
[35].

Biopolymers belongs to the class of carbohydrates and proteins 
which are highly rich in carboxyl and hydroxy groups, enabling the 
green route for the synthesis of nanocomposite providing the matrix as 
host and acting as crosslinkers concurrently. Chitosan (CTS) is cationic 
polysaccharide, composed of β-D-glucosamine and acyl β-D-glucos
amine residues having 1,4-β-linkage [36]. It is extracted from chitin, 
biodegradable, non-toxic, biocompatible in nature and used as adsor
bent in different dyes removal processes [38,78]. The presence of 
functional groups in chitosan provides number of chelating sites to 
metals ions so as to reduce them in nanocomposite and degrade the 
organic molecules in the presence of UV–Vis radiations [73]. Besides, 
rate of hydroxy group increases under the presence of radiation, chito
san was grafted with Agar Agar (AA) is polysaccharide, having gelation 
properties polymer derived from different red algae i.e., Gelidium and 
Gracilaria [39]. It is composed of agrose and agrosepectic components 
which are used in the formation of hydrogels [37]. It used in many in
dustrial applications like biomedical, cosmetics, foods, pharmaceuticals 
and biomedical as it act as binding, gelling and suspension agent [40].

Despite extensive research on NiO, MgO, and other metal oxide- 
based photocatalysts, there remain certain gaps in terms of stability, 
reusability, and overall degradation efficiency when these materials are 
used in free nanoparticle form. Previous studies have often focused on 
individual metal oxides or simple composites without incorporating 
biopolymer supports, which limits their practical applicability in real- 
world wastewater treatment systems. The present work introduces a 
novel approach by synthesizing chitosan-agar immobilized NiO-MgO 
bionanocomposites. This hybrid material offers several advantages 
over previously reported systems such as unlike earlier works such as 
[41,42,8,43,44] that primarily utilize unsupported nanomaterials, the 
use of chitosan and agar as biopolymeric matrices provides enhanced 
stability and ease of recovery after the photocatalytic process, address
ing one of the major challenges faced by previous studies. The combi
nation of NiO and MgO in a bionanocomposite form exploits the 
synergistic photocatalytic effects of both metal oxides, which has not 
been fully explored in earlier publications. The dual oxide system 
potentially enhances the electron-hole separation efficiency, leading to 
superior photocatalytic activity. While earlier research has employed 
synthetic or non-biodegradable materials as supports or stabilizers, our 
work incorporates environmentally friendly and biodegradable poly
mers (chitosan and agar), making the system more sustainable and 

applicable for green chemistry approaches. So, by introducing a bio
nanocomposite system that integrates the photocatalytic properties of 
metal oxides with the biocompatibility of natural polymers, this study 
aims to overcome limitations of previously reported materials, paving 
the way for more efficient and sustainable wastewater treatment 
solutions.

2. Material

2.1. Chemicals used

Magnesium acetate tetrahydrate ((CH3COO)2Mg⋅4H2O) AR grade 
was purchased from Loba Chemie. Nickel nitrate (Ni (NO3)2⋅6H2O) was 
purchased from Qualikems Laboratory reagents. Chitosan (low molec
ular weight) was brought from Loba Chemie. Agar agar gum was 
brought from Qualikems Laboratory reagents. Sodium hydroxide 
(NaOH) was purchased from Loba Chemie. Methyl orange dye was 
brought from Loba Chemie. The 1000 mg/L stock solution of methyl 
orange solution was ready by adding precise amount of dye in 100 mL of 
deionised water. The salts and reagents were taken in appropriate 
amount and deionised water was used during the experiments.

2.2. Synthesis of CTAG@NiMg BNC

The synthesis of the bionanocomposite (CTAG@NiMg) was con
ducted via a green and eco-friendly approach using a combination of 
coprecipitation and sol–gel methods. Chitosan (CTS) and agar agar (AA) 
biopolymer blend served as both a matrix and a reducing agent for the 
incorporation of NiO-MgO nanoparticles [27]. A biopolymer blend of 
chitosan and agar agar was prepared by dissolving 3 g of chitosan (CTS) 
and 2 g of agar agar (AA) in 100 mL of deionized water. The mixture was 
stirred vigorously on a magnetic stirrer to ensure complete dissolution of 
the biopolymers, resulting in a homogenous solution. Separate solutions 
of metal salts were prepared to serve as precursors for the synthesis of 
NiO-MgO nanoparticles. For the magnesium source, a 1 M solution of 
magnesium acetate tetrahydrate [(CH3COO)2Mg.4H2O] was prepared 
by dissolving the appropriate amount in deionized water. For the nickel 
source, a 2 M solution of nickel nitrate hexahydrate [Ni (NO3)2.6H2O] 
was similarly prepared in deionized water. Both solutions were stirred 
until completely dissolved. The metal precursor solutions were added 
dropwise to the previously prepared chitosan-agar solution in a 
controlled manner. This step was carried out using a three-necked 
round-bottom flask (500 mL capacity) equipped with a magnetic stir
rer to ensure continuous and uniform mixing of the components. To 
initiate the coprecipitation of the metal ions, a 25 % ammonia solution 
(NH4OH) was slowly added to the reaction mixture. The addition of 
ammonia was carefully monitored, and the pH of the solution was 
maintained between 8 and 9. During this process, greenish-white pre
cipitates began to form, indicating the successful coprecipitation of NiO 
and MgO nanoparticles within the biopolymer matrix. The reaction 
mixture was stirred continuously for 4 h at room temperature to allow 
sufficient time for the nanoparticles to grow and be uniformly distrib
uted within the biopolymer matrix. After the aging period, the resulting 
precipitate was filtered using a Buchner funnel and washed thoroughly 
with deionized water 4–5 times to remove any residual impurities or 
unreacted precursors. The filtered product was then dried in a hot air 
oven at 60 ◦C for 5 h to remove any remaining moisture and to obtain the 
final CTAG@NiMg bionanocomposite powder.

2.3. Characterisation of CTAG@NiMg BNC

The synthesized bionanocomposite was characterized by using 
different analytical techniques to find out the structure, crystal, surface 
morphology and different bonding involved in the material. The bond 
formation and functional groups between NiO-MgO and CTS-Agar 
biopolymer blend were investigated using Fourier Transform Infrared 
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(FTIR) spectrophotometer Perkin Elmer (PE1600, USA) frequency hav
ing range from 400-4000 cm− 1 with transmission mode. The informa
tion about structure and crystal lattice of NiO-MgO immobilized with 
CTS@Agar blend was investigated by Ultima X-ray Diffraction (XRD) 
(Rigaku, Tokyo, Japan). The surface morphology and composition of 
elements present in the material associated with Energy diffraction X- 
ray analysis (SEM-EDX) (SEM, JEOL GSM 6510LV, Japan). Transmission 
Electron Microscope (TEM, JEM 2100, Japan) was used to detect the 
particle size and its distribution in the CTS-Agar biopolymer blend. 
Selected area electron diffraction (SAED) method was performed with 
aperture at selected diameter of 200 nm at TEM section. The chemical 
composition and oxidation state of elements in material was evaluated 
by X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe II, FEI 
Inc.). The specific area of material was investigated on Micromeritics 
Tristar II and its and values were observed by Brunauer-Emmett-Teller 

method (BET). The Zetasizer advance (Malvern Panalytical) was 
employed to determine the dynamic size of material. The energy band 
gap, optical properties and concentration of MO dye photocatalytic ac
tivity before and after degradation was determined by using double 
beam UV–Vis spectrophotometer (Shimadzu UV-1900).

2.4. Photocatalytic experiment

First, the experiment was performed for different dyes with syn
thesised BNC material. Based on that experiment, results were obtained, 
it was found that MO dyes was showing more degradation and chosen 
for further experiments. The photocatalytic experiment was performed 
using continuous method with parameters like pH, MO concentration, 
dosage load and irradiation time under UV light (18 W, 254 nm). 20 mL 
of MO aliquot with different concentrations (5–30 ppm), pH (4,7 and 

Fig. 1. FTIR spectra of chitosan (black line), agar (red line) and CTAG@NiMg BNC.

Fig. 2. XRD spectra of CTAG@NiMg BNC.
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10), irradiation time (10–60 min) and dose load (10,15 and 20 mg). The 
efficiency of photocatalyst was analysed by amount of MO degraded in 
the aqueous solution. After the completion of reaction, MO effluents 
were collected and analysed by using UV–Vis spectrophotometer at λmax 
= 464 nm and percentage degradation of MO dye was calculated by 
given equation- 

Photocatalytic Efficiency (\%)) =
C0 − Ce

C0
× 100 (1) 

where C0 and Ct are the initial and final concentration of MO dye 
respectively.

3. Results and Discussion

3.1. Characterisation of CTAG@NiMg BNC

Fig. 1 displays the FTIR spectra of CTS, Agar, and CTAG@NiMg BNC 
corresponds to vibration of specific functional groups. The FTIR spectra 
of chitosan (black line) examined absorption peaks at 3420 (O-H 
stretching overlapped with N-H stretching), 2880 (aliphatic –CH2 
stretching), 1657 (C = O stretching with amide-I confirm N-acetyl 
groups), 1594 (N-H bending of amide-II), 1427 (CH2 bending), 1379 
(symmetric CH3 deformation), 1320 (C-N stretching of amide-III), 1154 

(asymmetric bridged C-O-C), 1087 (C-O stretching) and 895 (C-N 
stretching) [45,46]. The FTIR spectra of agar (red line) shows peaks at 
3405 (–OH stretching), 2884 (aliphatic –CH stretching), 1627 (C = O 
stretching), 1368 (C-OH stretching), 1150 and 1047 (C-O-C stretching) 
[47]). The FTIR spectra of CTAG@NiMg BNC shows all the characteristic 
absorption peaks from individual constituents with decreased intensity 
and new peaks at 2984 (R-N-C stretching between agar and chitosan), 
652 (Ni-O stretching), 507 (Mg-O stretching) and 459 (confirms the 
formation Ni-O/Mg-O stretching) [33,48;49].

The XRD spectra of CTAG@NiMg BNC as shown in Fig. 2 which 
explains the crystalline structure and lattice information of synthesized 
nanocomposite. The peaks at 2ϴ values of 19.7◦, 33.3◦, 38.7◦, 59.4◦ and 
71.2◦ corresponds to Miller indices values at (100), (111), (200), (220) 
and (311). From the literature, it was found that NiO-MgO NPs shows 2ϴ 
values at 37.85, 41.98, 63.44, 74.83 and 78.00 corresponds to the Miller 
indices values at (111), (200), (220), (311) and (222) respectively 
[50,51,52]. On comparing the XRD spectra of synthesized BNC with 
literature data, it was found that NiO-MgO NPs are functionalized with 
CTS-Agar biopolymer. The results obtained of Miller indices values also 
support face cubic centred structure of NiO-MgO NPs. By using eq. (3), it 
was concluded that CTAG@NiMg BNC were 42 % crystalline and 58 % 
amorphous. The NC found to be more amorphous in nature because 
biopolymer matrix of CTS-Agar present which will covered the NiO- 

Fig. 3. (a, b) SEM image of CTS-Agar and CTAG@NiMg BNC, (c) EDX spectra with mapping of CTAG@NiMg BNC.
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MgO NPs in the biopolymer matrix. The crystallite size and %crystalline 
can be calculated by using the equation given below. To calculate 
crystallite size, the equation is known as Scherrer Formula [75]

D =
0.9λ

βcosθ
(2) 

Crystallinity(%) =
AreaundertheCrystallinePeaks

TotalArea
× 100 (3) 

where, θ as diffraction angle, D as crystal size in nm, λ as wavelength 
(1.54 Å) and β as half width of peaks. By using Scherrer Equation, the 
crystal size of CTAG@NiMg BNC was found to be 19 nm.

The surface morphology of CTAG@NiMg BNC was observed by using 
SEM analysis. Fig. 3 (a) represents the SEM image of CTS-Agar 
biopolymer which are spherical in shaped. Fig. 3 (b) represents SEM 
image of CTAG@NiMg BNC which shows flaky structure due to the NiO- 
MgO are functionalized in the CTS-Agar biopolymer matrix. Fig. 3 (c) 
represents EDX spectra which shows elemental composition of the ma
terial having energy range of 1–20 keV. The weight percentage of each 
constituent in the material is C (21.32 %), O (31.47 %), Ni (35.39 %) and 
Mg (11.82). Further, the magnification of synthesized material as shown 
in Fig. S1 (a–e) shows the selected area SEM image with the distribution 
of elements C, O, Ni and Mg suggesting the material synthesized is pure 
and no foreign elements was found.

TEM analysis describes the size of particles and their distribution 
about biopolymer matrix with chemical homogeneity. TEM image of 
CTAG@NiMg BNC as shown in Fig. 4 (a) shows fine distribution of NiO- 
MgO in the biopolymer matrix of CTS-Agar with average particle size of 
25 nm which is in close closeness with results obtained from XRD 
analysis. Fig. 4 (b) explains the SAED image of synthesized material 
found that each element is well distributed in the whole sample. In 
SAED, the diffraction peaks are matched with XRD pattern which proves 
that material is amorphous in nature.

The particle size is further supported by dynamic light scattering 
(DLS) analysis of the CTAG@NiMg BNC was done by using water as 
solvent. In Fig. S2, the experiment consists of three runs to obtained 
maximum extension of particles locality in the particle system. With 
20–25 % of intensity, it was found that the average size was 23.5 nm. 
The size is bigger in hydrodynamic region because of the interaction of 
dispersant takes place in hydrodynamic diameter due to which 

exfoliation of CTS-Agar biopolymer in reaction occur.
The band gap value and optical absorption of synthesized CTAG@

NiMg BNC and its constituents like MgO, NiO and NiO-MgO was esti
mated by using UV–Vis spectroscopy under range of wavelength from 
200-800 nm. The indirect and direct band gap value of the CTAG@NiMg 
BNC was calculated by Tauc’s plot and the equation given below [81]

αhv = A(hv − Eg)
n (4) 

where, h = planks constant, v = frequency, α = coefficient of absorption, 
A = constant, n = constant for transition, for direct band n = 2 and for 
indirect band n = 1/2. Fig. 5 shows the UV spectra of MgO, NiO, NiO- 
MgO and CTAG@NiMg BNC. The UV absorption spectra for MgO NPs 
(black line) shows a very poor absorption near lower UV range from 
200-300 nm wavelength and corresponding bandgap energy was found 
to be 4.05 eV which is in a range obtained by previous work [53]. The 
UV spectra of NiO NPs shows an absorption range from 250-350 nm with 
a energy bandgap of 3.26 eV which is also related with previous work 

Fig. 4. (a, b) TEM and SAED image of CTAG@NiMg BNC respectively.

Fig. 5. UV spectra of CTAG@NiMg BNC and inserted is Tauc’s plot of 
CTAG@NiMg BNC.
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[54]. The absorption spectra of NiO-MgO NPs shows a broader range of 
absorption from 250 to 350 nm corresponding to n-π* transitions which 
may be attributed to the excitation of surface O2

‾ anions of NiO-MgO NPs 
[55,56]. The direct energy bandgap value was calculated as 3.01 eV. 
After surface functionalization of NiO-MgO with CTS-Agar, the resultant 
material CTAG@NiMg exhibited the absorption range (smaller magni
tude) from 300 to 400 nm. This red shift in absorption spectra suggested 
that NiO-MgO NPs have been successfully stabilized and immobilized by 
CTS-Agar biopolymer blend. The direct energy bandgap value was found 
to be 2.75 eV suggested that immobilization resulted in reduction of 
bandgap and improving the photocatalytic activity.

At low temperature, the porosity and surface area for CTAG@NiMg 
BNC were examined by N2 adsorption–desorption analysis. Fig. 6 shows 
the N2 adsorption–desorption isotherm with pores size distribution by 
Barrett-Joyner-Halenda (BJH) displays type IV form with characteristics 
of mesoporous structure. The BET surface area for synthesized material 
was 71 m2/g and pore size are 0.09 nm. From the literature, BET surface 
area for NiO NPs was 11.617 and 40.5 m2/g whereas for MgO NPs was 
41 and 67 m2/g [57,58,59,60]. The BET surface area for NiO-MgO was 
found to be 56 m2/g given in Fig. S3. So, based on the obtained results, it 
was found that the NiO-MgO NPs have been successfully distributed 
among the CTS-Agar biopolymer matrix and resulted in an enhanced 
value of surface area of 71 m2/g.

The oxidation state and chemical composition of elements in the 
CTAG@NiMg BNC were analysed by X-ray photoelectron spectra (XPS) 
spectra. Fig. 7 (a) shows the survey scan of CTAG@NiMg BNC that ex
plains the presence of carbon, oxygen, nickel, and magnesium. Fig. 7 (b) 
shows the binding energy peaks value at 283.1 eV (C–C/C–H), 287.3 eV 
(O-C = O) and 282.8 eV (C-O/C-N) represents chitosan and agar agar 
[61]. Fig. 7 (c) shows the binding energy peaks value at 528.9 eV, 527.9 
eV and 523.3 eV reveal the three kinds of bonding i.e., O2–, O–H and 
MgO–NiO respectively. Fig. 7 (d) shows the binding energy peak value at 
47.7 eV corresponds to Mg2+ ions involve Mg 2p3/2 spin-orbital state 
[62]. Fig. 7 (e) shows the binding energy peak value at 86.3 eV corre
sponds to the linkage of Mg bonded with O contain groups in Mg2s [63]. 
Fig. 7 (f) shows the binding energy peak value at 871.3 eV and 853.5 eV 
corresponds to Ni2p1/2 and Ni2p3/2 respectively [64].

3.2. Photocatalytic experiment

3.2.1. Selectivity test
A selectivity test was performed using 10 mg of CTAG@NiMg BNC to 

evaluate its photocatalytic efficiency with various dyes, including bro
mophenol blue (BP), methyl orange (MO), Congo red (CR), malachite 
green (MG), crystal violet (CV), and methylene blue (MB). As shown in 

Fig. S4 (a, b), the synthesized CTAG@NiMg BNC demonstrated the 
highest photocatalytic sensitivity towards MO, achieving an efficiency 
of 99.51 % degradation under UV irradiation. This remarkable selec
tivity for MO suggests that the material has a strong affinity for this dye, 
likely due to favourable interactions between the dye molecules and the 
surface properties of the composite. The high efficiency in degrading MO 
may be attributed to the structural and electronic properties of both the 
dye and the photocatalyst. In contrast, the photocatalytic performance 
of CTAG@NiMg BNC with other dyes such as BP, CR, MG, CV, and MB 
was notably lower, indicating that the composite’s active sites have a 
preferential affinity for MO. The variation in degradation efficiency 
among the different dyes is likely influenced by factors such as molec
ular size, structure, charge, and the nature of their interaction with the 
photocatalyst’s surface. Given these results, subsequent photocatalytic 
experiments were focused on MO degradation to leverage the high 
selectivity and efficiency of CTAG@NiMg BNC with this particular dye.

3.2.2. Photocatalytic activity of CTAG@NiMg and its individual 
compounds

Photocatalytic experiments were conducted using 10 mg samples of 
NiO, MgO, NiO-MgO, and CTAG@NiMg BNC in the presence of 20 ppm 
MO dye, subjected to 60 min of UV light irradiation. The degradation 
results, as presented in Fig. S5 (a, b), reveal that NiO nanoparticles 
achieved a degradation efficiency of 73 %, while MgO nanoparticles 
showed 60 % degradation. The NiO-MgO composite demonstrated an 
enhanced degradation of 86 %, and the CTAG@NiMg BNC exhibited the 
highest efficiency, with 99.27 % MO dye degradation. Overall, the re
sults highlight the critical role of material composition and surface 
modification in influencing photocatalytic efficiency. While NiO and 
MgO alone show moderate activity, their combination and subsequent 
modification with Ag and CTAB significantly enhance the photocatalytic 
performance, with the CTAG@NiMg BNC demonstrating almost com
plete dye degradation. This superior performance positions CTAG@
NiMg BNC as a promising photocatalyst for environmental remediation 
applications.

3.2.3. Effect of leaching experiment
The experiments were designed to examine the removal of dyes in 

the presence of catalyst under UV light (photocatalysis), in presence of 
catalyst (adsorption) and in absence of catalyst under UV light 
(photolysis). The experiments were performed at pH 7, 5–30 ppm initial 
concentration, dosage load of 0.02 g/L at irradiation time of 30 min. 
Fig. 8 shows the %degradation of MO dye versus irradiation time. It was 
found that in the presence of catalyst under halogen lamp the degra
dation of dye increases with the increase irradiation time and removal 
yield was approximately 92 % was found after 30 min. However, in the 
case of light source alone in absence of catalyst (i.e., photolysis) the % 
degradation was found to be 15 % whereas in the presence of catalyst 
but no light source (i.e., adsorption) the %degradation was found to be 
60 %. Form this experiment, it was concluded that the dye was only 
degraded in the presence of light source with catalyst i.e., photocatalysis 
is best method for dye degradation.

3.2.4. Effect of initial dye concentration
The effect of different concentration of MO on photocatalytic effi

ciency and %degradation of catalyst was investigate using 25 mL of 
aliquot of 5–30 ppm MO using 20 mg of catalyst dose under UV light. 
Fig. 9 (a, b) shows the results of different concentration of MO dye and 
concentration vs %degradation respectively. It was found that as the 
concentration increases from 5-30 mg/L but there was abnormal 
behaviour found in %degradation of MO was exhibited. By using UV–Vis 
curve, the %degradation of MO for different concentrations were- 5 ppm 
MO, 89.5 %; 10 ppm MO; 93.4 %, 15 ppm MO, 95.1 %; 20 ppm MO, 
96.2 %; 25 ppm MO, 95 %; and 30 ppm MO 94.5 %. Based on the results 
obtained, 20 ppm dye concentration were chosen to check the maximum 
photodegradation of MO dye with minimum screening effect.

Fig. 6. N2 Adsorption-desorption of CTAG@NiMg BNC by Barrett-Joyner- 
Halenda (BJH) pore size analysis graph.
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3.2.5. Effect of pH
The effect of pH of MO was examined at 20 ppm of MO concentra

tions under same conditions as applied in the above experiments. The 
photocatalysis process includes the growth of guest molecules on exte
rior interface of catalyst, in binding pH plays a very important role. 
Three pH were used to check the degradation one is from acidic medium 
i.e., 4, second is 7 i.e., neutral and third is 10 i.e., basic for MO degra
dation at 20 ppm concentrations. The results are given in Fig. 10 (a) 
which suggest that in acidic medium, the rate of MO degradation was 
highest (96 %) as compared to degradation rate at pH 7 (88 %) or pH 10 
(81 %). Fig. S6 (a–c) constitute the UV–Vis graphs for variation in 
absorbance values of MO with respect to irradiation time at pH 4, 7 and 

10. It can be seen that as the pH increases from 4 to 10, the photo
catalytic efficiency decreases from 96 % to 81 % which can be explained 
based on point of zero charge (pHpzc) value of the material. Fig. S6 (d) 
constitutes the zeta potential graph which gives the value of pHpzc equal 
to 3.45 which suggest that at pH < pHpzc, the surface of the material 
will be positive and pH > pHpzc the surface of the material will be 
negative. At pH 4, the MO dye will positive charges due to NH3

+ groups 
and the surface of the material will be negative which will exert an 
attractive electrostatic force and thus maximum number of dye mole
cules can be adsorbed on the surface of the material and results in high 
photocatalytic efficiency. As the pH value increases, the repulsive forces 
between sulfonate anions and negative material surface will result in 

Fig. 7. X-ray photoelectron spectra of (a) Survey spectra of CTAG@NiMg BNC, (b) C1s, (c) O1s, (d) Mg 2p, (e) Mg 2 s and (f) Ni 2p.
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accommodation of a smaller number of dye molecules and hence low 
photocatalytic efficiency observed at high pH values. Thus pH 4 was 
chosen as optimum pH for further photocatalytic experiments towards 
MO degradation.

3.2.6. Effect of dosage loaded
The effect of dosage loaded for degradation of MO dye was examined 

at 20 ppm of MO concentration under same conditions as applied in the 
above experiments. Fig. S7 (a–c) shows the UV–Vis curve for the MO 
degradation at 10 mg, 15 mg and 20 mg of dosage respectively and 
Fig. 10 (b) shows the rate of degradation of MO dye. It was observed that 
with the increase in dose, degradation of dyes also increases because 
number of active sites increases and photogenerated hydroxy radicals 
will help in the photocatalytic degradation of MO dye molecules under 
visible light. It was found that at maximum % degradation for MO dye 
was degraded at 20 mg of dose at pH 4 with 20 ppm of MO dye 
concentration.

3.3. Scavenger test (Trapping experiment)

The synthesized material revealed the doping of NiO-MgO matrix 
and functionalization of CTS-Agar biopolymer matrix which led to the 

change of band structure of synthesized material which will replicates 
on the photocatalysis of the synthesized material for MO dye degrada
tion. The reactive oxidant species (ROS) were involved in the photo
catalytic degradation of MO in presence of UV light. To clarified which 
ROS were involved, trapping experiment were performed by taking 25 
mL of aliquot of 20 ppm MO at pH 4 with dosage of 20 mg of 
CTAG@NiMg BNC under UV light. To check the role of specific ROS in 
degradation of MO, individual aliquot samples were mixed with 3 mM of 
scavengers like EDTA for h+, methanol for OH•, ascorbic acid for O2

‾• and 
KI for e‾ radical [65–67,76]. Fig. 10 (c) shows the results which sug
gested that in the presence of EDTA, AA and KI no substantial change 
takes place in the photocatalytic degradation of MO suggesting there is 
no contribution of h+, O2

‾• and e‾ ROS in the MO degradation. In 
occurrence of methanol quenched the efficiency from 99.51 % of blank 
to 78 % suggesting the primary contribution of photogenerated OH•

radical in MO degradation. Mechanism of photocatalytic degradation of 
MO by CTAG@NiMg BNC material is given below [84]

i. CTAG@NiMg + hv→CTAG@NiMg (h+
VB + e−CB).

ii. CTAG@NiMg (h+
VB) + H2O→CTAG@NiMg + H+ + ⋅OH.

iii. CTS - Agar@NiO - MgO (e−CB) + O2→CTAG@NiMg + ⋅O−
2 .

iv. ⋅O−
2 + H+→HO⋅

2.

v. CTAG@NiMg(e−CB) + HO⋅
2 + H+→H2O2.

vi. CTAG@NiMg(e−CB) + H2O2→⋅OH + OH− .

vii. ⋅OH + MO→Degraded MO.

When the visible light radiations fall on the surface of CTAG@NiMg, 
the formation of holes and electrons takes place in valence and con
duction band respectively. The presence of O2 will trap the e- and form 
superoxide radical O2

‾• Which reacts with H+ ions and form HO2
• radical 

equation (iii, iv). The holes (h+) present on the surface of catalyst will 
combines with H2O and form •OH radical, which results in the photo
catalytic degradation of MO dye. The attack of •OH radicals on MO dye 
will convert it into non-toxic products such as CO2, H2O and different by 
products.

3.4. Influence of water matrix

Considering the practical application of the synthesized material, it is 
very important to assess the efficiency in presence of experimental 
conditions which are close to real ones. Therefore, the photocatalytic 
degradation of MO dye using CTAG@NiMg BNC were carried out under 

Fig. 8. Bar graph plot of concentration vs % degradation showing leach
ing effect.

Fig. 9. (a) The effect of different concentration of MO dye (5–30 ppm) by using UV–Vis curve and (b) Bar graph concentration vs %degradation by using 20 mg dose 
of catalyst under visible light radiation.
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different experimental conditions using different matrix of water i.e., 
ultrapure water (UW), tap water (TW) and wastewater (WW). The re
sults given in Fig. 10 (d) suggested that in ultra-pure water, the degra
dation efficiency of MO after 60 min was higher as compared to the 
other water samples. The results become more pronounced as the 
complexity of water matrix increases owing to higher amount of natural 
organic material (NOM) as compared to ultra-pure water (UW) or tap 
water. The NOM poses a competition towards MO degradation towards 
consumption of reactive oxidant species such as •OH or O2

− • radicals 
which results in low photocatalytic efficiency for wastewater sample 
[68]. Whereas, in tap water the inorganic ions act as reactive species 
scavengers during photocatalysis, which will lead to the formation of 
different radical spices resulting in low photocatalytic efficiency.

3.5. Kinetics of photodegradation

The photocatalytic degradation of MO dye was examined by 
CTAG@NiMg BNC for the experiment of irradiation time in the presence 
of halogen as light source and the type of kinetics will be calculated. At 
20 mg of catalyst dose, 10–60 mins of irradiation time at pH 4 at 
different MO concentration (5–30 ppm) was conclude the pseudo first 
order reaction. By using given mathematical equation with respect to 
half-life period was given below [77]; 

− ln
Ce

C0
= kt 

t1/2 =
0.693

k 

where, Co and Ce are the initial and final concentration, k1 is pseudo first 
order of reaction and t1/2 half-life period of reaction.

The kinetic graph of pseudo first order reaction was given in Fig. 10
(e). The first order rate constant (k1) indicates slope of straight line 
between − ln (Ce/C0) and irradiation time. The values for k1 are 0.011, 
0.022, 0.030, 0.028, 0.026, 0.015 min− 1 and half-life values are 63.0, 
35.6, 25.8, 29.3, 28.7, and 41.7 corresponding to 5, 10, 15, 20, 25, 30 
ppm concentration of MO dye respectively for CTAG@NiMg BNC. 
Table 1 shows a pseudo-order reaction representing R2 value (0.99) for 
MO dye concentration which suggest that the kinetic shows the pseudo 
first order reaction. In this, the MO molecules will accumulate on surface 

Fig. 10. (a) Ce/C0 graph vs irradiation time (min) for effect of different pH viz 4, 7 and 10 (b) Ce/C0 graph vs irradiation time (min) for effect of catalyst dose viz 10, 
15 and 20 mg (c) Bar graph of % degradation vs different scavenger for the determination of ROS (d) Effect of different water matrix on photocatalysis degradation of 
MO (e) –ln (Ce/C0) vs irradiation time for 5–30 ppm MO concentration and (f) Reusability experiment for CTAG@NiMg BNC (MO concentration = 20 ppm, catalyst 
dosage = 20 mg, pH = 4, irradiation time = 60 min).

Table 1 
Kinetic parameters for pseudo first order model for MO photodegradation by 
CTAG@NiMg BNC.

S. 
N.

MO Conc. 
(ppm)

Rate constant (k1) 
(min− 1)

Half-life t1/2 

(min)
R2

1 5 0.012 56.84 0.99
2 10 0.018 35.38 0.99
3 15 0.021 32.35 0.99
4 20 0.015 44.53 0.99
5 25 0.014 49.26 0.99
6 30 0.016 41.91 0.99
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of catalyst to establish the equilibrium then photocatalytic degradation 
of MO initiates under UV light in the presence of •OH radicals.

3.6. Reusability of the CTAG@NiMg BNC

Reusability experiments were critical in assessing the economic and 
environmental sustainability of the CTAG@NiMg bionanocomposite 
(BNC) during water treatment. After completing each photocatalytic 
reaction, the catalyst was separated from the reaction mixture by 
centrifugation, ensuring effective recovery of the material. The collected 
catalyst was thoroughly washed with distilled water to remove any re
sidual dye or reaction by-products, then dried in an oven before being 
reused in subsequent photocatalytic experiments. The reusability study 
was conducted at the optimized conditions: 20 ppm methyl orange (MO) 
concentration, 20 mg catalyst dose, for 60 min at pH 4 under UV light. 
The photocatalytic efficiency was evaluated over five consecutive cy
cles. As shown in Fig. 10(f), the degradation efficiency after the first 
cycle was 96.14 %, followed by 93.24 % in the second cycle, 91.68 % in 
the third, 90.88 % in the fourth, and 87.54 % in the fifth cycle. These 
results indicate that the material maintained high photocatalytic effi
ciency even after five cycles, confirming its strong potential for repeated 
use in MO dye degradation under UV light.

3.7. Comparison data

The degradation of methyl orange was compared with the synthe
sized catalyst under different parameters like pH, concentration, dose 
load, irradiation time and %degradation. From the Table 2, it was found 
that the synthesized material CTAG@NiMg BNC was more effective to 
the photocatalytic degradation of MO dye.

4. Conclusion

The current work explains the synthesis of cost effective and eco- 
friendly bionanocomposite (BNC) based on the doping of NiO-MgO 
NPs with chitosan immobilized with agar agar gum. The synthesized 
material was characterised by using different analytical techniques like 
FTIR, UV–Vis, XRD, BET, XPS, TEM-SAED and SEM-EDX. The optical 
analysis reveals the synthesized material is active in both UV and Vis 
light. Synthesized material was found to be highly sensitive towards the 
photocatalytic degradation of methyl orange (MO) dye and around 
99.52 % of degradation at various optimized reaction conditions viz; 60 
min of irradiation time, pH 4, 0.02 g/L of catalyst dose and 20 ppm of 
MO concentration. The kinetics study showed that photocatalytic 
degradation of MO possessed pseudo first order rate constant (k1) values 
are 0.011, 0.022, 0.030, 0.028, 0.026, 0.015 min− 1 and half-life time 
values are 63.0, 35.6, 25.8, 29.3, 28.7, and 41.7 corresponding to 5, 10, 
15, 20, 25, and 30 ppm MO dye concentration respectively having R2 

value as 0.99. The trapping experiments showed that hydroxyl OH◦ 

radical as primary reactive oxidant species for the degradation of MO in 
presence of UV radiation Future work is intended to expand the scope by 
applying the same photocatalysts to a broader range of dyes, including 
both azo and non-azo dyes like MB, to fully evaluate the versatility and 
comparative performance of the synthesized bionanocomposites.
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