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A B S T R A C T

The synthesis of zirconyl ferrite (ZrFe2O4) nanoparticles (NPs) immobilized within a guar-gum (GG) biopolymer 
matrix using a combination of the coprecipitation method and sol-gel method, resulting in the successful for
mation of GG@ZrFe bionanocomposite (BNC) is reported in this work. The synthesized composite was thor
oughly examined using analytical methods, namely FTIR, XRD, SEM-EDX, TEM, XPS, VSM, UV–Vis spectroscopy, 
PL spectroscopy, and Zeta potential measurements. The optical studies revealed a direct band gap of 1.23 eV, 
which shows a strong potential as visible-light driven photocatalyst. TEM analysis reveals a homogenous dis
tribution of NPs with an average particle size of 11.20 nm. The photocatalytic activity of GG@ZrFe BNC was 
investigated using malachite green (MG) dye under visible light irradiation. The composite shows remarkable 
activity, achieving 99.79% degradation of 40 mg L− 1 MG solution at pH 8 within 30 min of visible light exposure. 
According to kinetics analysis, the degradation process was a pseudo-first order, with a rate constant (k1) of 0.09 
min− 1, and a minimum half-life of 7.7 min at 40 mg L− 1 accompanied by correlation coefficient (R2) of 0.99. The 
reactive species trapping experiments revealed that superoxide radicals (•O2

− ) played the predominant role in the 
mechanism of MG degradation. Furthermore, the GG@ZrFe BNC shows outstanding reusability, maintaining high 
photocatalytic efficiency for five consecutive cycles. These results demonstrate the GG@ZrFe BNC as highly 
efficient, recyclable photocatalyst with strong potential for the removal of organic pollutants such as malachite 
green from wastewater.

1. Introduction

Dyes, commonly used in the textile industries, pose a serious threat 
to the aquatic ecosystems owing to their toxic nature and capacity to 
cause discoloration. These organic pollutants are toxic to aquatic life and 
destroy the natural balance of water bodies [1,2]. Out of these, mala
chite green dye (MG), is a basic cationic dye from the triphenylmethane 
family, widely used in food and textiles industries for colouring mate
rials such as cotton, paper, silk, leather, and jute [3,4]. However, MG is 
extremely toxic due to its complex structure, non-biodegradability, and 
other negative health impacts [5,6]. Such regulatory bodies as the US 
Food and drug administration (FDA) and the European Union have 
prohibited its use. MG is known to be highly carcinogenic, mutagenic, 

and genotoxic, posing significant risks to both human and aquatic life 
[7–9]. It can cause severe damage to multi organ systems, including the 
reproductive and immune system [10,11]. Additionally, the presence of 
MG in wastewater significantly raises environmental parameters such as 
biochemical oxygen demand (BOD > 80 mgL− 1), chemical oxygen de
mand (COD > 150 mgL− 1) and total organic carbon (TOC > 2900 
mgL− 1), reducing water quality and usability [12]. To avoid the 
degradation of the environment and safeguard human health, it is 
important to remove these hazardous dyes from the wastewater [13,14]. 
The extent and prolonged effects of MG on the ecosystems and human 
health require the implementation of the effective treatment methods 
[15,16].

Wastewater dye removal processes include wet oxidation, 
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adsorption, coagulation, flocculation, and ion exchange are commonly 
used but commonly have limitations like high maintenance, extensive 
chemical requirements, and high operational costs [17–19]. Conversely, 
photocatalysis proves to be an eco-friendly alternative having advan
tages, including cost-effectiveness, high efficiency, and high chemical 
stability, making it a sustainable and economical approach [20]. When 
exposed to light, a semiconductor-based photocatalyst generates 
electron-hole pairs, that give rise to reactive species, such as hydroxyl 
and superoxide radicals, that drive the degradation of organic pollutants 
under UV–Vis light irradiation [20,21].

The nanocrystal magnetic spinel ferrites with general formula 
(MFe2O4; M = Ni2+, Zn2+, Mn2+ or Zr2+) have remarkable properties, 
such as tuneable shape and size, high surface area, purity, narrow band 
gap, and high catalytic, magnetic, and chemical stability [22,23]. These 
ferrites-based materials are emerging as promising semiconductors 
photocatalyst owing to their affordability and non-toxic nature [24]. 
Among these, zirconyl ferrite (ZrFe2O4) stands out for its distinctive 
properties, as narrow band gap, high surface area, small particle size, 
thermal stability, and superior electrical and optical characteristics [25]. 
However, ZrFe2O4 NPs tend to aggregate, which promotes electron-hole 
recombination, thereby limiting their photocatalytic performance [26]. 
To address this challenge, this study explores chemical surface modifi
cation through surface grafting with biopolymer chains.

Biopolymers derived mainly from proteins and carbohydrates con
taining abundant hydroxy and carboxyl groups, promote the green route 
for the NPs synthesis by forming a supportive matrix that acts as both 
stabilizer and crosslinker [27]. Guar-gum (GG) is natural polysaccharide 
extracted from the seeds of Cyamopsis tetragonolobus of Leguminosae 
family, is renowned for its water solubility, non-ionic nature, and hy
drophilic properties [28,29]. GG has a galactomannan structure, char
acterized β-(1–4)-linked mannopyranose backbone and α-(1, 6)-linked 
galactopyranose side chain [30,31]. GG is valued for its biocompati
bility, biodegradability, cost effectiveness, accessibility, non-toxic na
ture, and eco-friendliness, along with its ability to chelate metal ions 
[32,33]. These attributes make it versatile across diverse fields, and 
notably, GG's ability to cap and stabilize semiconductor materials is 
particularly significant. Extensively used in industries including phar
maceutical, food, textile, cosmetic, paint, oil, and explosive, GG dem
onstrates exceptional functionality [34,35]. The presence of hydrogen 
bonding in its molecular structure facilitates intermolecular chain in
teractions, further enhancing its applicability and performance in 
various domains [36].

Recent research in biopolymer-ferrite photocatalysis has focused on 
combining natural polymers with ferrite-based semiconductors to 
enhance dye degradation performance through improved charge sepa
ration, adsorption, and sustainability. For example, MnFe2O4/GO/chi
tosan nanocomposites demonstrated near-complete removal of Brilliant 
Blue FCF and Reactive Red 198 dyes under both UV and sunlight, 
attributed to synergistic effects between ferrite, graphene oxide, and the 
biopolymer that boost adsorption and reactive oxygen species genera
tion [37]. Another study ZnO–Fe2O3 nanoparticles embedded in a guar- 
gum–carboxymethyl cellulose biopolymer matrix, where the 
biopolymer framework enhanced dye adsorption, nanoparticle disper
sion, and overall photocatalytic efficiency [38]. Ferrite-supported 
polymer nanocomposites have also been reviewed as effective adsor
bents and photocatalysts, highlighting the role of polymer matrices in 
increasing surface area and pollutant affinity while maintaining mag
netic recovery capabilities [39]. Additionally, studies on spinel ferrite 
nanomaterials continue to emphasize the impact of synthesis and sur
face modification on visible-light activity and degradation efficiency, 
underscoring the importance of structural tuning in ferrite-based sys
tems for organic pollutant removal [40]. These advances illustrate the 
growing interest in biopolymer-integrated ferrite photocatalysts that 
combine eco-friendliness, enhanced photocatalytic performance, and 
practical applicability while identifying ongoing challenges in stability, 
light-utilization, and real-water matrix effects [41,42]. The current 

research explores the guar-gum modified ZrFe2O4 BNC to improves 
interfacial interaction, visible-light photocatalyst, and reusability to 
have an efficient MG degradation. The reaction parameters including 
catalyst dose, irradiation time, pH, and initial dye concentration were 
optimized systematically by batch experiments to provide maximum 
degradation efficiency. In addition, kinetic behaviour, reactive species 
by scavenger studies and reusability add more information regarding 
MG degradation in the literature.

2. Methods and materials

2.1. Chemicals and reagents

Guar-gum, Ferric chloride (FeCl3.6H2O) and sodium hydroxide 
(NaOH) were sourced from the company Loba Chemie. Zirconyl nitrate 
(ZrO(NO3)2.xH2O) was purchased from the company Qualikems Labo
ratory reagents. Malachite green dye, with a maximum absorbance λmax 
= 617 nm, was purchased from Merck, India. Precise quantities of all 
salts and reagents were measured for use. The 1000 ppm stock solution 
of malachite green was prepared by dissolving an appropriate amount of 
dye in 100 mL of distilled water.

2.2. Green synthesis of GG@ZrFe BNC

The BNC was synthesized via an eco-friendly protocol that integrates 
the coprecipitation method and sol-gel method, employing biopolymer 
GG as a stabilizing and reducing agent. In 500 mL three-necked round 
bottom flask, a homogenous mixture was prepared by dissolving 2 g of 
GG 100 mL of deionized water. Separately, a solution of 1 g zirconyl 
nitrate (ZrO(NO3)2.xH2O) and 0.5 g of ferric chloride (FeCl3.6H2O) was 
dissolved in 100 mL of distilled water. The two solutions were combined 
and placed on the magnetic stirrer. Subsequently, 25 mL of ammonia 
solution was added dropwise to the reaction mixture until brown pre
cipitates formed, while maintaining the pH between 8 and 9. The 
mixture was continuously stirred for 4 h. The resulting precipitate was 
collected filtered, washed 4–5 times with distilled water, to remove the 
residual impurities, and finally dried in an oven at 60 ◦C for 5 h.

2.3. Characterisation of GG@ZrFe BNC

The GG@ZrFe BNC was characterized using a range of analytical 
techniques to elucidate its structural features, crystallinity, surface 
morphology, bonding interactions, and physicochemical properties. The 
functional groups and bond formation were analysed using Fourier 
transform infrared (FTIR) spectrophotometer (Perkin Elmer Spectrum 
PE1600, USA), operating in transmission mode over the range of 
400–4000 cm− 1. The crystalline structure and lattice composition of 
ZrFe immobilized within the GG blend were investigated by X-ray 
Diffraction (XRD) using an Ultima diffractometer (Rigaku, Tokyo, 
Japan). The elemental composition and surface morphology were 
examined by scanning electron microscopy coupled with Energy 
diffraction X-ray analysis (SEM-EDX) using a JEOL GSM 6510LV, Japan. 
The size of particle and its distribution within biopolymer blend of GG 
were investigated using Transmission Electron Microscope (TEM, JEM 
2100, Japan). To investigate the surface elemental composition and 
corresponding chemical states of the discrete elements via X-ray 
Photoelectron (XPS) spectroscopy (PHI 5000 Versa Probe II, FEI Inc.). To 
determine dynamic size of the synthesized material Zetasizer advance 
(Malvern Panalytical) was employed. The optical properties, band gap, 
and MG dye concentration during both before and after photocatalytic 
degradation, were evaluated by double beam UV–Vis spectrophotom
eter (Shimadzu UV-1900). The magnetic properties before and after 
functionalization of ZrFe NPs with the biopolymer matrix of GG were 
determined using vibrating sample magnetometry (VSM, PAR 155 
Quantum Design, Lake Shore, USA).
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2.4. Photocatalytic experiments

The photocatalytic degradation of MG using GG@ZrFe BNC was 
conducted under batch method with visible light source. A 25 mL MG 
solution was prepared at varying concentrations (10–50 mgL− 1), pH 
values (1–8), catalyst dose (5–25 mg), and irradiation time (5–30 min). 
The preliminary experiments were performed using a visible light source 
300 W tungsten-halogen lamp (400–700 nm), placed 10 cm from the 
reactor, with a measured light intensity of 80 mW cm− 2 at the solution 
surface. After each experiment, optimized values for each parameter 
were determined and used for kinetics studies and scavenger test. All 
photocatalytic degradation experiments were conducted in the triplicate 
(n = 3), and reported results as the mean values having standard de
viations of ±2–3%, confirming the high reproducibility and reliability of 
the measurements. The photocatalyst efficiency was evaluate using 
UV–Vis spectrophotometer. The maximum absorption wavelength of 
MG was identified as λmax = 617 nm and the percentage degradation of 
MG was calculated by using the following eq. (1). 

Photocatalytic efficiency (%) =
C0 − Ct

C0
×100 (1) 

here C0 and Ct are the initial and final concentrations of MG, 

respectively, after the photocatalytic experiment. The experimental data 
was processed and analysed using MS excel and Origin 9.1 software to 
drive meaningful insights.

3. Results and discussion

3.1. Analytical techniques for characterisation

The FTIR spectra of GG, ZrFe NPs and GG@ZrFe BNC are presented 
in Fig. 1 (black, red, and blue line respectively). The observed bands 
correspond to the stretching and bending vibrations of specific func
tional groups. For GG, the spectrum displays distinct absorption peaks at 
3278 cm− 1 (–OH stretching), 2892 cm− 1 (–CH vibrations), 1644 cm− 1 

(hydroxyl bending), 1413 cm− 1 (C–H bending), 1014 cm− 1 (C–OH 
bond) and 804 cm− 1 (C–O–C bond) [43]. The FTIR spectra of ZrFe NPs 
examined 3245 cm− 1 (–OH stretching), 1556 cm− 1 (O–H bending of 
absorbed water molecules), 1346 cm− 1 (Fe–Zr stretching), 844 cm− 1 

(C-OH), 695 (Fe–O) cm− 1 and 580 cm− 1 (Zr–O) [25]. The FTIR spectra 
of GG@ZrFe BNC (red line) examined absorption peaks at 3245 cm− 1 

(-OH stretching), 2892 cm− 1 (-CH stretching), 1346 cm− 1 (Fe–Zr 
stretching), 1027 cm− 1 (O-Zr-O stretching), 804 cm− 1 (C–OH bond), 
701 cm− 1 (Fe–O) and 688 cm− 1 (Zr–O) [44].

Fig. 1. FTIR spectra of GG, ZrFe NPs and GG@ZrFe BNC (black line, red line, and blue line respectively). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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The powder XRD patterns of pristine ZrFe NPs and the GG- 
functionalized BNC (GG@ZrFe BNC) are shown in Fig. 2. Both samples 
exhibit distinct diffraction peaks that can be indexed to the ortho
rhombic zirconium ferrite phase, in good agreement with JCPDS card 
No. 22–1086. The most intense reflections appear at 2θ ≈ 11.8◦, 23.9◦, 
32.2◦, and 36.3◦, which correspond to the (110), (211), (220), and (310) 
planes, respectively. The absence of any additional reflections from 
secondary oxides such as ZrO2 or Fe2O3 confirms the phase purity of the 
synthesized materials. Compared with pristine ZrFe NPs, the GG@ZrFe 
BNC shows broader and less intense peaks. This broadening is indicative 
of a decrease in crystallite size and an increase in structural strain within 
the lattice, which arise from polymer capping and interfacial in
teractions between the inorganic phase and the GG matrix. Further 
quantitative analysis of XRD data for evaluation of crystallite size and 
lattice strain was done by eqs. (2–5) [45,46]; 

D =
Kλ

βCosθ
(2) 

d =
λ

2Sinθ
(3) 

ε =
βCosθ
4Sinθ

(4) 

δ =
1
D2 (5) 

Where, D (crystallite size), d (interlayer spacing), ε (Micro-strain), δ 
(dislocation density), λ (1.54 Å CuKα radiation), K (0.9 spacing factor). 
Scherrer analysis of the principal peaks revealed that the average crys
tallite size decreases from 25 to 30 nm for ZrFe NPs to 15–18 nm for 
GG@ZrFe BNC, highlighting the growth-restricting role of the 
biopolymer. The corresponding dislocation density (δ) increased from 
1.3 × 10− 3 nm− 2 in ZrFe to 3.7 × 10− 3 nm− 2 in the composite, consistent 
with a higher defect density. Williamson–Hall analysis provided further 
insights into the microstructural evolution. The microstrain (ε) was 
estimated to be 2.1 × 10− 3 for pristine ZrFe, while the value nearly 
doubled to 4.8 × 10− 3 in the GG@ZrFe composite. This increased strain 

is attributed to the incorporation of flexible GG chains, which impose 
stress on the Zr-Fe-O lattice and enhance defect sites. Such defects, 
coupled with reduced crystallite size, are beneficial for photocatalytic 
applications. Thus, XRD confirms that while the crystalline ZrFe struc
ture is preserved after functionalization, the polymer anchoring signif
icantly modifies the crystallite size and strain, producing a defect-rich 
nanocomposite with enhanced physicochemical properties.

Fig. 3 (a-d) shows the SEM images used to analysed the surface 
morphology of the GG@ZrFe BNC. ZrFe NPs shown in Fig. 3 (a) exhibit a 
porous structure with irregular shaped particles. Fig. 3 (b, c) reveals 
SEM image of GG@ZrFe BNC captured at 1000 and 10,000 magnifica
tion range. Fig. 3 (b) shows the formation of GG biopolymer which 
appears spherical, powdered, agglomerated clusters distributed over the 
surface confirming the GG@ZrFe BNC. Fig. 3 (d) illustrates the energy 
dispersive X-ray (EDX) spectrum of the synthesized material, depicting 
its elemental composition over an energy range from 1 to 20 keV. The 
corresponding elemental weight percentage (%) composition includes C 
K (24.7%), O K (28.2%), Fe (31%) and Zr L (16.1%), while the atomic 
percentage (%) are C K (45.2%), O K (38.7%), Fe (12.2%) and Zr L 
(3.9%). These findings confirm the purity of the synthesized material. As 
shown in Fig. S1 (a-e), selected area SEM image and elemental distri
bution of maps C, O, Zr and Fe, demonstrates the high purity of the 
synthesized material and the absence of any impurities.

The morphology characteristics and particle size distribution of the 
synthesized nanomaterials were evaluated through TEM analysis. Ac
cording to Fig. 4 (a), the TEM image indicates that the particles are 
almost spherical in shape and having a homogenous distribution with a 
slight agglomeration. The NPs are also found to be well-dispersed in the 
form of porous and loosely connected network, which can be useful in 
the applications like photocatalysis due to enhanced surface area and 
active sites are exposed. In order to measure particle size distribution, 
statistical analysis was carried out on multiple particles extracted from 
the TEM image, and the results are presented in Fig. 4 (b). The histo
gram, fitted with a Gaussian curve, indicates that the particle sizes 
follow a normal distribution. The calculated mean particle size (μ) is 
approximately 11.20 nm, with a standard deviation (σ) of 2.72 nm. This 
narrow distribution suggests that the synthesis process produced 

Fig. 2. XRD spectra of ZrFe NPs and GG@ZrFe BNC (black line and red line respectively). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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relatively uniform nanoparticles, which is critical for ensuring the 
consistent physical and chemical properties.

The optical absorption and the energy band gap of the synthesized 
GG@ZrFe BNC were evaluated using UV–Vis spectroscopy within the 
wavelength range of 200–650 nm, as illustrated in Fig. 5 (a). The 
spectrum reveals two absorption maxima of GG@ZrFe BNC at 270 nm 
corresponding to n-π* transitions and at 379 nm, indicating a red shift 
due to surface functionalization, immobilization, and stabilization of 
ZrFe NPs by the GG biopolymer blend. As shown in the inset of Fig. 5 (a) 
the band gap energy (Eg) of the semiconductor was determined from the 
Tauc plot according to eq. (2) [47]: 

αhv = A
(
hv-Eg

)n (2) 

In his relation, α corresponds to the absorption coefficient, v is fre
quency of radiations, h denotes Planck's constant, A is constant, and n 
characterizes the type of electronic transition with n = 2 for direct 
transitions and n = 1/2 for indirect transitions. The calculated band gap 
energy for the synthesized material GG@ZrFe BNC was 1.23 eV, indi
cating that immobilization reduced the band gap, thereby enhancing 
photocatalytic activity. For comparison, literature reports a band gap of 
2.05 eV for bulk ZrFe NPs. The observed band gap reduction is attributed 
to the quantum confinement contraction resulting from the functional
ization of ZrFe with the GG biopolymer blend [25].

Fig. 3. SEM image of (a) ZrFe NPs, (b) GG@ZrFe BNC at 1000 magnification, (c) GG@ZrFe BNC at 10000 magnification and (d) EDX spectra with mapping of 
GG@ZrFe BNC.

Fig. 4. (a) TEM image and (b) Gaussian distribution profile for particle size of GG@ZrFe BNC.
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The photoluminescence (PL) spectra of ZrFe and GG@ZrFe BNC were 
analysed, and results are presented in Fig. 5 (b). PL spectroscopy pro
vides insights into defects states and electron-hole recombination 
pathways in the material. ZrFe NPs shows strong PL emission, associated 
with rapid recombination of photogenerated carriers. In GG@ZrFe BNC, 
the suppressed PL response suggests reduce recombination, likely due to 
the GG-induced interfacial charge carrier trapping and enhanced sepa
ration of electron and holes. The interaction between GG molecules and 
the electronic structure of ZrFe effectively facilitates charge separation, 
thereby suppressing electron-hole recombination and enhancing the 
material's photocatalytic efficiency.

XPS studies was utilized to determine the surface elemental 
composition and corresponding chemical states of GG@ZrFe BNC. Fig. 6
(a) shows the survey scan of GG@ZrFe BNC which explained that C, O, 
Zr and Fe are the main elements of the material. Fig. 6 (b) represents the 
C1s spectrum have binding energies with triplet peaks at 284.9 eV, 
286.7 eV and 288.8 eV which are related with C–C/C–H, C––O and O- 
C=O respectively are in the material attached to GG chain [48]. Fig. 6
(c) represents the O1s spectrum having binding energies with triplet 
peaks at 534.2 eV, 532.7 eV and 531.2 eV which are related with Zr–O, 
O2− and O–H respectively [49]. Fig. 6(d) displays the high-resolution Zr 
3d XPS spectrum with characteristic peaks at 181.9 eV (Zr 3d5/2) and 
184.2 eV (Zr 3d3/2), corresponding to the spin-orbit components of Zr4+

in the zirconyl ferrite matrix. Deconvolution of the spectrum yields a 
single Zr 3d5/2-Zr 3d3/2 doublet with a spin-orbit splitting of 2.3 eV, 
confirming the absence of mixed oxidation states and indicating strong 
lattice incorporation of Zr4+ rather than surface contamination. Fig. 6(e) 
presents the high-resolution Fe 2p XPS spectrum showing two prominent 
peaks centered at 710.8 eV (Fe 2p3/2) and 724.5 eV (Fe 2p1/2), along 
with a characteristic satellite feature around at 720.7 eV, which is a 
diagnostic signature of Fe3+ species. Deconvolution of the Fe 2p3/2 re
gion reveals components associated with Fe–O bonding, while the 
absence of peaks corresponding to Fe2+ or metallic Fe confirms that iron 
exists predominantly in the trivalent oxidation state within the zirconyl 
ferrite lattice [50]. Compared with reference binding energies of pure 
ZrO2 and Fe2O3, the positive shift observed here is attributed to strong 
Fe-O-Zr interfacial bonding and charge redistribution within the mixed- 
oxide lattice, rather than surface contamination or mixed oxidation 
states [51,52].

The magnetic properties of ZrFe NPs before and after GG function
alization were examined using VSM. The observed narrow hysteresis 
loop indicates soft magnetic behaviour, while the M-H profile shown in 
Fig. 7 confirms the super magnetic material. The saturation magneti
zation is achieved at approximately 6000 Oe with magnetic moment 

(ms) of 4.7 emug− 1, which is advantageous for the magnetic separation.
Zeta potential measurements were carried out to determine the point 

of point of zero charge and to examine the pH-dependent adsorption 
behaviour of MG on GG@ZrFe BNC. A 25 mL solution of 0.1 M KCl was 
prepared as a background electrolyte with 20 mg of the catalyst and 
sonicated for 15 min to ensure uniform distribution. The solution pH 
was adjusted to a range of pH 1 to pH 10 and measurements were taken 
at one-unit intervals after 12 h of dispersion time. The results, presented 
Fig. S2, shows a decrease in zeta potential from 37.0 mV at pH 1 to 6.5 
mV at pH 10, with the zeta potential approaching approximately 0 mV at 
pH 3.9. This pH represents the isoelectric point (IEP) or point of zero 
charge (PZC) catalyst surface, and the corresponding pH values is 
referred to as pHiep or pHpzc.

3.2. Photocatalytic activity

3.2.1. Role of leaching test
The series of experiments were conducted to evaluate the dye 

removal performance under the following three conditions: (1) catalyst 
with visible light (photocatalysis), (2) catalyst without visible light 
(adsorption), and (3) visible light without a catalyst (photolysis). The 
experiments were conducted at pH 7, with 10 mg L− 1 MG concentration, 
20 mg of catalyst dose, and 30 min of irradiation time. Fig. 8 (a) illus
trates a continuous increase in the %degradation of MG dye with 
increasing irradiation time when both the catalyst and a tungsten- 
halogen lamp are applied, resulting in approximately 91% dye 
removal after 30 min. In contrast, photolysis resulted in only 7% 
degradation, while adsorption achieved 64% degradation. These find
ings indicate that the highest efficiency in dye degradation was achieved 
through photocatalysis, demonstrating its superiority as a method for 
dye removal compared to photolysis or adsorption.

3.2.2. Role of initial dye concentration
The role of different initial MG concentration on the photocatalytic 

performance and %degradation of catalyst was investigated using 20 mL 
of aliquot of MG solutions (10–50 ppm) with 20 mg of catalyst in the 
presence of visible light. Fig. S3 (a, b) illustrates the relationship be
tween MG concentration and %degradation. Fig. S3 (b) represents the 
standard deviation used to determine the error bars, and confirms the 
reproducibility and reliability of experimental results of photocatalytic 
degradation at various MG concentrations in Table S2. It was found out 
that as the MG concentration increased from 10 to 50 ppm, an abnormal 
behaviour in %degradation was observed. The %degradation values for 
different MG concentrations were calculated from the UV–Vis spectra as 

Fig. 5. UV–Vis spectra of GG@ZrFe BNC and inset corresponding Tauc's plot for the evaluation of band gap energy (b) Photoluminescence spectra of ZrFe NPs and 
GG@ZrFe BNC.
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follows- 97.48%; 10 mg L− 1, 94.02%; 20 mg L− 1, 98.33%; 30 mg L− 1, 
99.79%; 40 mg L− 1 and 91.26%; 50 mg L− 1. The highest degradation 
efficiency (99.79%) was achieved 40 mg L− 1, making it the optimal 
concentration maximum photodegradation minimal screening effects. 
At higher MG concentrations, the dye molecules absorb significant 
portion of incident light, leading to a screening effect that limits the 
activation of photocatalyst and the limited number of active adsorption 
sites on the catalyst surface becomes saturated, further hindering the 
degradation process.

3.2.3. Role of pH
The role of pH on the degradation of MG was studied at concentra

tion of 40 mgL− 1 under identical experimental conditions. Since pho
tocatalysis involves the accumulation of dye molecules on the surface of 
the catalyst, the solution pH plays a crucial role in influencing the 
binding process. Fig. S4 (a, b) illustrates the relationship between pH 
and %degradation of MG. The error bar in Fig. S4 (b) indicates that the 
results of the photocatalytic degradation are good to be reproducible in 
the entire pH range that was examined in Table S3. The degradation 
efficiencies obtained were as follows: 49.74%; pH 1, 77.99%; pH 2, 

Fig. 6. X-ray photoelectron spectra of GG@ZrFe BNC (a) survey spectrum, (b) C1s, (c) O1s, (d) Zr3d and (e) Fe2p.
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87.76%; pH 3, 93.15%; pH 4, 95.86%; pH 5, 97.38%; pH 6, 98.37%; pH 
7 and 99.33%; pH 8. The indicate that the catalyst surface charge varies 
with pH due to protonation and deprotonation of the surface functional 
groups. As the pH increases, the degradation also increases, because of 
the increased generation of hydroxyl radical (OH•) at higher pH levels 
and the higher negative charge density on the catalyst surface. This 
negative charge enhances the electrostatic attractions of the positively 
charged MG molecules, resulting in more efficient degradation. There
fore, the highest degradation efficiency (99.33%) was achieved at pH 8, 
making it the optimal pH for the maximum photodegradation.

3.2.4. Role of catalyst dose loaded
The role of catalyst dose on MG degradation was studied at con

centration of 40 mgL− 1, pH 8 and irradiation time of 30 mins under 
identical experimental conditions. Fig. S5 (a, b) illustrates the rela
tionship between catalyst dose and %degradation of MG. The degrada
tion efficiencies obtained were as follows: 72.23%; 5 mg, 82.81%; 10 
mg, 91.53%; 15 mg, 99.57%; 20 mg, and 89.31%; 25 mg. The error bar 
in Fig. S5 (b) indicates that the results of the photocatalytic degradation 
are good to be reproducible in the entire catalyst dose range that was 
examined in Table S4. The result reveal that increasing the catalyst dose 
from 5 mg to 20 mg provides more active on the catalyst surface for the 
dye molecules to adsorb which will enhances the interaction between 
the dye molecules and catalyst, leading to improved photocatalytic 
degradation efficiency. However, at higher doses, such as 25 mg, the 
catalyst surface becomes saturated with dye molecules. Once saturation 
occurs, additional catalyst does not significantly increase degradation 
efficiency because no further adsorption sites are available. Therefore, 
the optimal MG degradation efficiency was achieved at a catalyst dose of 
20 mg.

3.3. Role of irradiation time and Kinetics of Reaction

The role of irradiation time on the degradation of MG was studied at 
concentration of 40 mgL− 1 and pH 8 under identical experimental 
conditions. Fig. S6 (a, b) illustrates the relationship between irradiation 
tine and %degradation of MG. The error bar in Fig. S6 (b) indicates that 
the results of the photocatalytic degradation are good to be reproducible 
in the entire irradiation time range that was examined in Table S5. The 
degradation efficiencies obtained were as follows: 75.12%; 5 mins, 
83.76%; 10 mins, 89.91%; 15 mins, 93.55%; 20 mins, 96.69%; 25 mins 
and 99.88%; 30 mins. As the irradiation time increases, the extent of 

Fig. 7. Magnetization versus applied magnetic field curve for GG@ZrFe BNC 
at 25 ◦C.

Fig. 8. (a) Bar graph of irradiation time vs % degradation demonstrating the leaching test, (b) (c) –ln (Ct/C0) vs irradiation time for 10–50 mg L− 1 MG concentration 
for the photocatalytic degradation of MG by GG@ZrFe BNC, (c) Bar graph of % degradation vs different types of scavenger for the identification of ROS, (d) 
Reusability experiment for GG@ZrFe BNC; error bar represents the standard error and (e) total organic carbon (MG concentration = 40 mg L− 1, catalyst dose = 20 
mg, pH = 8 and irradiation time = 30 min), and (f) XRD spectra of GG@ZrFe BNC before (black line) and after (red line) photocatalytic reactor. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Bassi et al.                                                                                                                                                                                                                                    Journal of Water Process Engineering 85 (2026) 109745 

8 



photocatalytic degradation improves due to prolonged exposure of the 
dye molecules to the active sites of the catalysts and photon absorption. 
Each absorbed photon generates electron-hole pairs that actively 
participate in breaking down the dye molecules. This prolonged expo
sure enhances this process, enabling a higher number of dye molecules 
to be degraded, thereby improving overall efficiency. Therefore, the 
maximum MG degradation efficiency was achieved at 30 mins of irra
diation time.

The photocatalytic degradation of MG dye using GG@ZrFe BNC was 
studied by varying the irradiation time under visible light to evaluate the 
reaction kinetics. The experiments were conducted with a catalyst dose 
of 20 mg, irradiation time ranging from to 10–60 min, and MG con
centrations between 10 and 50 mg L− 1 at pH 8. The results confirmed 
that the degradation process follows pseudo-first-order kinetics. The 
pseudo-first-order kinetics were analysed using the following equation 
related to half-life period [53]: 

-ln
Ct

Co
= kt (5) 

t1/2 =
0.693

k
(6) 

where C0 and Ct represent the initial and final concentrations of MG after 
time t, k1 is the rate constant for pseudo-first-order reaction and t1/2 is 
the half-life.

The kinetic graph, presented on Fig. 8 (b), shows a linear relationship 
between –ln (Ct/C0) and the irradiation time, with the slope corre
sponding to the rate constant k1. The apparent first-order rate constant 
(k₁) increased steadily from 0.01 min− 1 to 0.03 min− 1 as the MG con
centration rose from 10 to 30 mg L− 1, suggesting improved interaction 
between dye molecules and the active photocatalyst sites. From Table 1, 
it can be seen that a maximum rate constant of 0.09 min− 1 was observed 
at 40 mg L− 1, indicating an optimal concentration at which light ab
sorption, active site availability, and generation of reactive oxygen 
species were most effectively balanced. However, at 50 mg L− 1, the rate 
constant decreased slightly to 0.07 min− 1, likely due to excessive dye 
molecules causing light shielding and surface site saturation, which 
hinder the photocatalytic activity. These results demonstrate that 
GG@ZrFe exhibits promising photocatalytic efficiency, with optimal 
degradation performance at moderate MG concentrations.

3.4. Trapping experiment and determination of ROS

Radical scavenging experiments were performed with four specific 
quenchers to determine the reactive species in the process of photo
catalytic degradation of MG: isopropyl alcohol (IPA) to trap hydroxyl 
radicals (•OH) [54], benzoquinone (BQ) to trap superoxide radicals (O2

-•) 
[55], EDTA to trap photogenerated holes (h+) [56], and AgNO3 to trap 
conduction-band electrons (e− ) [57]. The experiments were conducted 
with optimum conditions (40 mg L− 1 MG, 20 mg catalyst, pH 8, 30 min 
visible light irradiation), the resulting changes in degradation efficiency 
were recorded to evaluate the contribution of each reactive species. The 
presence of BQ significantly reduced the degradation efficiency, con
firming that superoxide radicals (O2

-•) play dominant reactive species 
that promotes the process of photocatalytic oxidation of MG. 

Conversely, when IPA was added, the degradation was reduced a minor, 
demonstrating that •OH radicals play a secondary role in the reaction 
pathway. The addition of EDTA resulted in an intermediate decrease in 
activity, which suggests that photogenerated holes (h+) are involved in 
secondary oxidation reactions, but are not the primary oxidizing agents. 
Lately, when AgNO3, an efficient scavenger of electron was added, the 
performance of degradation was significantly reduced, which suggests 
that conduction-band electrons play an important role in the formation 
of O₂− • in the presence of oxygen reduction. Overall, the order of in
fluence of scavengers on photocatalytic efficiency as shown in Fig. 8 (c) 
followed: BQ> > AgNO3 > EDTA>IPA, which confirms that O2

-• radicals 
dominate the reaction mechanism, supported by electron transfer from 
the GG@ZrFe conduction band to dissolved oxygen. These results are 
consistent with the band structure of the material and align with the 
proposed mechanism involving superoxide-driven degradation with 
minor contributions from h+ and •OH.

The mechanism of MG degradation by GG@ZrFe BNC can be 
described as follows [58,59]: 

GG@ZrFe+hv→GG@ZrFe
(
h−

VB + e−
VB
)

(i) 

GG@ZrFe
(
h−

VB
)
+H2O→GG@ZrFe+H++•OH (ii) 

GG@ZrFe
(
e−

VB
)
+O2→GG@ZrFe+O− •

2 (iii) 

O− •
2 +H+→HO•

2 (iv) 

GG@ZrFe
(
e−

CB
)
+HO•

2 +H+→H2O2 (v) 

GG@ZrFe
(
e−

CB
)
+H2O2→OH• +OH− (vi) 

MG+O− •
2 →MG − OO→Degraded products (vii) 

Upon visible light irradiation, the GG@ZrFe bionanocomposite 
generates electron-hole pairs, initiating a series of radical-driven re
actions responsible for the degradation of MG. The photogenerated 
electrons in the conduction band rapidly reduce dissolved oxygen mol
ecules to form superoxide radicals (O2

-•), which are identified as the 
dominant reactive species through trapping experiments. These O2

-•

radicals first attack the central carbon atom of the MG chromophore, 
promoting successive N-demethylation steps and weakening the π-con
jugated structure. Continued oxidative stress leads to chromophore 
fragmentation, ultimately causing ring-opening reactions that dismantle 
the aromatic framework. Meanwhile, photogenerated holes (h+) 
participate in secondary oxidation reactions, producing small amounts 
of •OH from water, which further assist in breaking down intermediate 
fragments. The sequential transformation yields low-molecular-weight 
products, including aldehydes, alcohols, and short-chain carboxylic 
acids, which align with TOC reduction trends. This combined action of 
O2

-•, h+, and minor •OH contributions complete the progressive miner
alization pathway, converting MG into simpler, less toxic organic 
compounds.

3.5. Reusability experiment and TOC analysis of GG@ZrFe BNC

Reusability experiments were conducted to evaluate the stability of 
the synthesized GG@ZrFe BNC and assess its economic and environ
mental sustainability for water treatment applications. After each pho
tocatalytic experiment, the catalyst was recovered via centrifugation, 
washed repeatedly with distilled water, and dried before being reused. 
The experiments were performed under optimized conditions: 40 mg 
L− 1 MG concentration, 20 mg catalyst dose, pH 8, and 30 min under 
exposure of visible light. Fig. 8 (d) demonstrates that the catalyst 
maintained high photocatalytic efficiency over five consecutive cycles, 
with degradation value of 98.65% after the first cycle, 96.61% after 
second, 94.5% after third, 93.45% after fourth, and 91.34% after fifth 

Table 1 
The pseudo first order kinetic parameters for photodegradation of MG using 
GG@ZrFe BNC.

S. 
N.

MG concentration (mg 
L− 1)

Rate constant (k1) 
(min− 1)

Half-life t1/2 

(min)
R2

1 10 0.01 69.3 0.99
2 20 0.02 34.6 0.99
3 30 0.03 23.2 0.99
4 40 0.09 7.7 0.99
5 50 0.07 9.9 0.99
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cycle. The error bar in Fig. 8 (d) show the standard error in which the 
estimates were based on several independent experimental run per cy
cles. The SE values indicates that the experiments have good repro
ducibility and the GG@ZrFe BNC has constant photocatalytic activity in 
repeat reuse cycles in Table S6. These finding confirm that GG@ZrFe 
BNC display high photocatalytic activity exceeding five cycles, having 
strong potential to recycle MG dye under visible light. ICP-OES was also 
used to determine the chemical stability of the GG@ZrFe photocatalyst 
in terms of the release of Zr and Fe ions under photocatalysis conditions. 
After 30 min of visible light irradiation, both ions were not below 0.5 
mg L− 1 shows the negligible leaching. This proves that the guar-gum 
matrix is effective in stabilizing ZrFe2O4 NPs and avoiding dissolution 
upon operation, confirming the environmental safety and high perfor
mance in the long-term.

Fig. 8 (e) illustrates the TOC removal efficiency of MG as a function 
of irradiation time in photocatalysis process in the presence of the 
GG@ZrFe BNC. TOC analysis gives a direct indication of the degree of 
mineralization, which indicates the transformatio of organic carbon into 
CO2 and H2O. TOC removal is increasing steadily with irradiation time 
with a rise of about 12% at 5 min up to about 74% at 30 min. This 
steadily increasing trend indicates that the produced reactive species do 
not only decolorize MG, but also gradually break down its aromatic 
structure into smaller, less complex molecules. The high degree of 
mineralization within only 30 min indicates the high efficiency and 
strong oxidative capability of the GG@ZrFe BNC. Although the complete 
mineralization (100%) was not obtained during the tested time frame, 
the high level of TOC decrease is the evidence of significant degradation 
of the dye as opposed to the cleavage of the chromophore.

Fig. 8 (f) reveals the XRD patterns of the GG@ZrFe photocatalyst 
before and after the photocatalytic reaction (PCR) to give insight into 
the structural stability of the material during repeated irradiation and 
degradation cycles. The pattern of diffraction captured before PCR 
(black curve) has typical peaks of orthorhombic ZrFe2O4, validates the 
crystalline structure of the BNC. After photocatalysis, the XRD pattern 
(red curve) has the same set of reflections without the addition of any 
new peaks indicating ZrO2, Fe2O3, or other secondary phases. This 
means that there was no change in phase transformation, no crystallite 
decomposition, or no photocorrosion process in the degradation process. 
A slight reduction in peak intensity and minor broadening is observed in 
the post-reaction pattern, which may be attributed to surface restruc
turing, slight loss of long-range order, or increased defect density 
induced by repeated irradiation. However, the preservation of all major 
diffraction peaks confirms that the crystal framework of ZrFe2O4 re
mains intact, demonstrating the excellent structural robustness of the 
GG@ZrFe photocatalyst.

3.6. Role of various water matrix

Fig. S7 shows the role of common inorganic salts and natural organic 
matter in the photocatalytic degradation of MG over GG@ZrFe. The 
highest degradation efficiency (99.79%) is observed in deionized water, 
confirming the intrinsic activity of the catalyst. The presence of Na2SO4 
(10 mM) slightly reduces the efficiency (95.28%) due to increased ionic 
strength and partial surface charge screening, while a more pronounced 
decrease in CaCl2 (5 mM) (92.63%) is attributed to divalent Ca2+ ions 
causing stronger electrostatic neutralization and partial aggregation of 
catalyst particles. In the case of NaHCO3 (10 mM), the efficiency remains 
relatively high (94.02%), indicating limited radical scavenging under 
the studied conditions. The addition of humic acid (5 mg L− 1) and fulvic 
acid (5 mg L− 1) leads to further reductions (93.18% and 90.43%, 
respectively), which can be ascribed to light-shielding effects, compet
itive adsorption on active sites, and scavenging of reactive oxygen spe
cies by organic matter, with fulvic acid showing a stronger inhibitory 
effect due to its lower molecular weight and higher mobility. From these 
results it can be observed that the GG@ZrFe photocatalyst maintained 
high degradation efficiency across all tested matrices, demonstrating 

strong resistance to matrix interference and good suitability for practical 
wastewater treatment applications [60,61].

3.7. Comparison with the literature

The photocatalytic degradation of MG was evaluated using the syn
thesized catalyst GG@ZrFe BNC under various parameters, including 
pH, dye concentration, catalyst dose, irradiation time and percentage 
degradation. As presented in Table 2, the results demonstrated that the 
GG@ZrFe BNC catalyst exhibited superior efficiency in degrading MG 
dye compared to other tested material.

4. Conclusion

In this study, a sustainable GG@ZrFe bionanocomposite was suc
cessfully synthesized by immobilizing zirconyl ferrite nanoparticles 
within a guar-gum matrix. Comprehensive characterisation confirmed 
the successful formation and stabilization of the composite: FTIR veri
fied the functional groups of guar-gum and metal‑oxygen vibrations of 
ZrFe2O4; XRD revealed the orthorhombic crystalline phase of ZrFe2O4 
with no impurity peaks; SEM–EDX and TEM analyses showed uniform 
dispersion of ferrite nanoparticles within the biopolymer network with 
sizes in the nanometre range; XPS confirmed the presence of Zr4+, Fe3+, 
oxygen vacancies, and strong GG-ZrFe interfacial interactions; zeta po
tential measurements showed positive surface charge favourable for 
cationic dye interaction; UV–Vis/PL analyses indicated a narrowed band 
gap and efficient charge separation; and VSM confirmed soft magnetic 
behaviour suitable for assisted recovery. The GG@ZrFe composite 
demonstrated excellent photocatalytic efficiency, achieving 99.79% MG 
degradation in 30 min under optimized visible irradiation. The reaction 
followed pseudo-first-order kinetics (R2 = 0.99), with rate enhancement 
at higher dye concentrations. Trapping experiments identified super
oxide radicals (O2

-•) as the dominant reactive species governing the 
degradation mechanism, supported by limited •OH and h+ contribu
tions. TOC analysis confirmed substantial mineralization of MG. Struc
tural stability was validated through post-reaction XRD and negligible 
ion leaching, confirming excellent durability and reusability over 
repeated cycles. The green synthesis route, low cost of materials, high 
activity, and strong stability underscore the practical potential of 
GG@ZrFe for scalable wastewater treatment. Scalability is inferred from 
the low-cost, benign synthesis and material composition; however, 
large-scale or continuous-flow tests were not conducted, and challenges 
such as biopolymer stability and fouling will be addressed in future 
work.
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Comparison of photocatalytic activity in the present study with reported literature.
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CoFe2O4/mpg-C3N4 UV 10 120 8 93.41 [63]
Ag-BFO CFL 10 240 1 89.8 [64]
CuFe2O4 Sunlight 60 140 50 87.5 [65]
rGO-Fe3O4/TiO2 Vis 5.5 55 15 99 [66]
ZnO/CNT Visible light 30 60 10 79 [67]
GO-ZnO/Mn2O3 Sunlight 100 30 20 98.75 [68]
GG@ZrFe Visible 40 30 20 99.79 Present study
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