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Facile synthesis of photoactive CuO-ZrO; nanoparticles for photocatalytic
degradation of both cationic and anionic dyes
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Although many photocatalysts have been explored, their complex synthesis often limits
practical use. This study presents a simple method to synthesize CuO-ZrO, nanocatalysts
(~10 nm), effective in degrading both cationic (Bismarck Brown Y) and anionic (Reactive
Black 5) dyes. The catalyst synthesised at pH 7 showed the best properties- highest pore
volume (0.124 cc/g), 2.4 eV band gap, and removal efficiencies of ~92.5% for RB and
~76.4% for BB. Optimal degradation pH varied by dye. Trapping studies confirms
electrons and holes as main active species. A Vigna radiata germination assay confirmed
the material’s non-toxic nature, supporting its environmental safety and applicability.
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1. Introduction

Water contamination is overwhelmingly accompanied by numerous detrimental effects
and is an environmental issue with growing prevalence. This has prompted numerous research
endeavours aimed at addressing this global crisis by developing advanced materials for water
purification [1]-[3]. Amidst water contaminants, the extensive production of organic dyes for
multifarious purposes has sparked concerns regarding their prominent presence in industrial
wastewater. The substantial discharge of these dyes is recognized as a major source of organic
pollution in aquatic environments, which is characterized by their high potential for toxic aromatic
amines and long persistence times [4].

Azo dyes, commonly utilized in the textile sector for their versatility and low cost, are a
vital component of many commercial dying solutions, accounting for nine million tonnes (> 70%)
of global manufacturing [5] needs. Nonetheless, they are also among the most hazardous synthetic
dyes due to their recalcitrant properties, thereby posing a substantial threat to the environment [6].
In aquatic ecosystems, dyes elevate biochemical and chemical oxygen demands (BOD/COD),
while impeding photosynthesis, thereby hindering plant growth [7]. Moreover, they can
accumulate, bio magnify, and infiltrate food webs, contributing to carcinogenic effects and further
threatening environmental and human health [8],[9]. Reactive Black (RB) and Bismarck Brown
(BB) are widely used azo dyes currently employed across diverse industry sectors such as textiles,
printing, and cosmetics [10], [11]. Given their widespread use and representation of both cationic
and anionic dyes, RB and BB were adopted in this study as model contaminants to assess the
efficiency of dye removal.

With the growing issue of water scarcity, considerable attention has been directed toward
the removal of dyes from water sources [12]. Much of this research focuses on the adsorption and
chemical breakdown of these contaminants to improve water quality [13]. This includes the use of
chemical and biological agents in nanomaterials [14], [15] aimed to improve water treatment
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processes [16]. The use of transition metal-based nanomaterials has been a recent area of intense
investigation in heterogeneous photocatalysis [17], [18]. These materials are utilized as they are
generally effective and dependable photocatalysts, providing a sustainable and dynamic alternative
to other methods available [19], while purifying water bodies through the mineralization of
contaminants under UV or visible light [20]. The key advantages of these nanostructured materials
are their high performance, low cost (both upfront and ongoing), effective applicability, and
minimized toxicity [17]. In recent years, numerous advancements have been documented in the
field of photocatalysts, both with [21]or without [22] metal-based catalysts, demonstrating reduced
recombination rates [23] and enhanced contaminant removal efficiency. However, the frequent
reliance on multistep synthesis processes remains a major drawback, hindering the scalability and
broader application of these technologies.

Among photocatalysts, CuO-ZrO, nanocomposites have recently been proposed as highly
efficient materials for water remediation, positioning them as a promising solution for wastewater
purification [24], [25]. Their high surface area, provided by zirconia nanoparticles, offers ample
active sites for dye adsorption, enhancing the interaction time between the dye and the
photocatalyst, thereby significantly improving the photocatalytic activity [26]. Additionally, the
synergistic between CuO and ZrO, nanoparticles further enhances this performance due to several
key factors: (i) stabilization of various oxidation states of Cu by ZrO,, which improves the redox
properties of the materials; (ii) the interaction between CuO and ZrO; at their interfaces, which
creates new active sites; and (iii) the combination of these nanoparticles, which enhances light
absorption and charge separation, leading to the generation of more photogenerated electrons and
holes available for photocatalytic reactions. These combined effects result in a markedly improved
photocatalytic performance compared to the individual components and these materials therefore
demonstrate excellent chemical stability, ensuring durability during dye degradation reactions
[27]-[29] Despite their significant potential for real-world applications, the widespread use of
CuO-ZrO; nanocomposite is hindered by the synthetic protocols commonly reported in the
literature, which often require high temperatures, multistep processes, and extended reaction times,
as shown in Table S1 (see supporting information). These limitations reduce their scalability and
practicality for large-scale implementation.

The present research aims to address the limitations of traditional synthesis methods by
developing a more straightforward approach for synthesizing CuO-ZrO; nanocomposites. For that
CuO-ZrO; nanocomposites were synthesized by a single-step method, and their photocatalytic
activity was assessed for the removal of model dye molecules: cationic BB and anionic RB dyes.
The effect of various experimental conditions on the removal of the dyes has been examined,
including: catalyst loading, dye concentration, pH, and time. Additionally, the ecotoxicological
impact of the nanocomposites on Vigna radiata was investigated to assess its environmental safety.
The novelty of the research work lies in the efficiency of the prepared photocatalyst to efficiently
target and remove both the cationic and anionic dyes simultaneously under visible light, without
the requirement of any arduous setup or conditions. This demonstrates the potential for a more
accessible and efficient solution for wastewater treatment.

2. Materials and method

2.1. Chemicals

Copper (II) chloride dihydrate (CuCl,.2H,0), zirconium Oxychloride (ZrOCl,.8H,0)
(purity, 99.98%), ammonium hydroxide solution (NH4OH) (28.0-30.0% NH; basis),
hexadecyltrimethylammonium bromide (CTAB) (purity, > 98%), Reactive Black 5 dye and
Bismarck Brown Y (purity >97.0%) dye was purchased from Sigma-Aldrich (India). No further
purification of the reagents was carried out, and they were used as purchased. All the solutions
were prepared in double-distilled water.

2.2. Photocatalyst synthesis
Typically, 10 mg of CTAB was dissolved in 20 ml of distilled water under magnetic
stirring for 20 min, then the precursors - 500 mg of each ZrOCl,.8H,O and CuCl,.2H,O were



1137

dissolved under continuous stirring and kept overnight at 40 °C. As the initial pH of the metal salt
solution was pH 1.6, ammonium hydroxide was introduced dropwise until the target pH reached
(pH 3, 7 and 10) for individual batches respectively. In all the cases, blue precipitates were formed
once the pH was adjusted but at pH10, a characteristic deep blue colour in the filtrate was
observed possibly due to formation of soluble tetraamine Cu(Il) complex instead of Cu(OH),
precipitates which might have leached out the amount of Cu in the pH 10 composites.

CuClL2H,0  Z0C), 8H,0 Liq. NH,
/‘ b (for pH 3.7 & 10) CuO@Zr0,
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Fig. 1. Schematic showing the fabrication procedure for CuO-ZrO, nanocomposites at variable pH
(3,7&10).

These precipitates were then separated using a centrifuge (Eppendorf microcentrifuges
5425) operating at 10,000 rpm and for 15 min. The obtained blue slurries were thoroughly washed
5 times with distilled water and lastly with ethanol in order to remove all the unreacted species.
These slurries were then dried in an oven for 2 h at 50 °C and further calcinated for 2h at 600 °C
each (Figure 1). The obtained samples were named as Cu/Zr(3), Cu/Zr(7) and Cu/Zr(10) according
to the pH of their formation.

2.3. Photocatalyst characterization

All the prepared CuO-ZrO, nanocomposites (Cu/Zr(3), Cu/Zr(7) and Cu/Zr(10)) were
characterized by X-ray diffraction (XRD) spectra acquired using an XRD-7000 (SHIMADZU)
diffractometer utilizing a copper anode (Ka radiation). The Adsorption/desorption isotherms were
obtained with nitrogen at 77 K, using a mercury porosimeter PoreMaster (Quantachrome) and
surface area analyser NOVA 4200e (Quantachrome). Previously to the analysis, the materials were
degassed at 150 °C in a vacuum chamber for 24 h. Further, thermogravimetric analyses (TGA)
were carried out in a TGA-2950 (TA instruments) with a heating ratio of 10°C min™ under an inert
atmosphere. Then, analysis of the morphological, structural and chemical composition was
conducted using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) using a field-emission scanning microscope (Jeol J6360 LV). Transmission electron
micrographs were recorded on Jeol JEM-F200, a high-resolution Scanning Transmission Electron
Microscope (HR-TEM). Lastly, to evaluate the progress of the reactions, a UV-Vis
spectrophotometer (Thermoscientific Evolution 201) in the range of 300-700 nm was employed.

2.4. Photocatalytic degradation of model dyes.

Stock solutions of anionic RB and cationic BB dye were prepared by dissolving each dye
individually in double-distilled water to achieve a target concentration of 1000 mg L™'. Working
solutions were then prepared by diluting the stock solution in double-distilled water. The
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photocatalytic activities of the CuO-ZrO, nanocomposites were assessed by monitoring the
degradation of both dye concentrations under various experiment conditions. The degradation
process was carried out under visible light irradiation, facilitated by a 60 W LED lamp by HPL
Electric& Power Ltd. within a range of 400-700 nm, inside an insulated photoreactor. During this
experiment, specific quantities of the photocatalyst were introduced into the dye solutions, which
were then continuously stirred magnetically for a predetermined duration.

Subsequently, aliquots of the dye/nanocomposites’ mixtures were taken at regular time
intervals. These were then subjected to centrifugation at 5000 rpm for 5 minutes to separate the
nanocomposite from the solution. The resulting degraded dye solutions were then analysed using a
UV-visible spectrophotometer to measure the concentration of RB and BB using their respective
absorption wavelengths of 596 nm and 468 nm, respectively. The efficiency of the photocatalytic
degradation was determined using Equation (1), where Co represents the initial concentration
of the dye solution, and C. signifies the concentration of the dye solution after undergoing
photocatalytic degradation. The data was further fitted to the various kinetic models to investigate
degradation kinetics [3].

(Co —

Degradation Efficiency (%) = C—Ce).IOO (Equation 1)
0

To determine the concentration (C) of dye at a given time, one typically uses a calibration
curve, which relates the absorbance to the concentration of the dye. This calibration curve is
derived from measuring the absorbance of standard solutions with known concentrations and
plotting these values to create a linear relationship described by the equation: Absorbance = k
*Concentration+ b. Here, k is the slope and b is the y-intercept. The y-intercept b represents the
baseline absorbance when the concentration is zero, and is usually taken as 0 absorbance units. To
find C, the absorbance of the dye solution at time t is measured, and the calibration curve equation
is rearranged to solve for (C) as follows: C = Ay/k, where A.is the absorbance at time t and k is the
slope of the calibration curve. This method allows for accurate determination of the dye
concentration at various time points, facilitating the assessment of dye degradation over time.

Additionally, a radical trapping study was conducted, employing 2 mM isopropyl alcohol
(IPA), 2 mM ascorbic acid (ASC), 2 mM potassium dichromate (K,Cr,O7), and 2 mM
ethylenediaminetetraacetate (EDTA) as scavengers. These scavengers were utilized to trap reactive
oxygen species, including hydroxyl radicals (*OH) and superoxide radicals (O"), the electron (")
radicals, and photogenerated holes (h+) radicals, respectively [30].

2.5. Ecotoxicological assay

The phytotoxic effects of CuO-ZrO, nanocomposites were evaluated through a seed
germination test, with a focus on root length assessment. V. radiata (green grams) was employed
for toxicity evaluation [31]. The seeds were soaked overnight in deionized water and then placed
in a constant temperature incubator set to 37°C. For each experimental condition, 10 healthy seeds
were exposed to 10 mL of CuO-ZrO, nanocomposites at various concentrations (0 (control), 25,
50, 75 and 100 ppm) in separate glass Petri dishes. The entire setup was shielded from light to
mimic the natural dark condition in the soil, and the incubator was maintained at 37°C (optimal
warmth) to facilitate seed germination. After 72 h of incubation, the number and length of rootlets
were measured.

3. Results and discussion

3.1. Morphological and chemical analysis

XRD analysis (shown in Figure 2) of all the synthesized CuO-ZrO, nanocomposites
(Cu/Zr(3), Cu/Zr(7) and Cu/Zr(10)), supported the pH-dependent precipitation behaviour observed
while synthesising. The XRD patterns of CuO and ZrO, were present in all CuO-ZrO;
nanocomposites, albeit at apparent varying ratios due to varying pH of formation. The peak at
30.4° corresponds to the (101) plane of tetragonal ZrO,, while the peaks at 51.2° and 60.4°



1139

correspond to the (112) and (211) planes of tetragonal ZrO», respectively. This indicates that the
ZrO; in the nanocomposite is primarily in the tetragonal phase (JCPDS card No. 050-1089) [24],
[30], [32]. The peaks at 35.6° and 38.7° are attributed to the (002) and (111) planes of monoclinic
CuO, respectively, signifying that the CuO present in the nanocomposite is in the monoclinic
phase (JCPDS card No. 89-5895)[33][24]. Additional peaks at 66.4°, 75.3°, and 82.91° are
attributed to the (311), (004), and (224) planes of tetragonal ZrO,, respectively (JCPDS card No.
050-1089). Overall, At pH 3, a slight broader diffraction features and lower intensities of CuO
peaks indicate incomplete precipitation of Cu(OH), and poor crystallinity. In contrast, the sample
prepared at pH 10 also showed a marked reduction in CuO peak intensities, consistent with the
leaching of Cu in the form of soluble [Cu(NH;)4]*" complexes in presence of excess NH,OH,
leading to partial loss of copper during filtration. Only in the sample prepared at pH 7 i.e.
Cu/Zr(7), the formation of distinct peaks corresponding to CuO and ZrO; confirmed complete co-
precipitation and subsequent oxide formation successfully.
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Fig. 2. (A) XRD, (B) FTIR and (C) TGA analysis of the CuO-ZrO; nanomaterials formed at various pHs.

FT-IR spectra (Figure 2 B) of all the synthesized CuO-ZrO; nanocomposites provided
additional insights into their composition and structure, complementing the previous XRD
analysis. Several characteristic peaks were identified, corresponding to different functional groups
and bond vibrations. The peaks at 3443 cm™ and 3329 cm™ are typically associated with O-H
stretching vibrations. They indicated the presence of hydroxyl groups or adsorbed water on the
surface of the nanocomposite, these peaks are absent in the Cu/Zr (10) due lower surface hydroxyl
groups and formation of Ammonia complexes as observed in XRD results. Additionally, the slight
peak at 1630 cm™ corresponds to the bending vibration (scissoring) mode of water molecules,
further confirming the presence of adsorbed water on the surface of the nanocomposite Cu/Zr (3)
and Cu/Zr (7) and not in Cu/Zr (10) for the same reason [24], [34], [35]. The peaks in the range
983-850 cm™ might be related to the stretching vibrations of the Zr-O bond or /a mixed mode
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involving both Cu-O and Zr-O bonds, indicating an interaction [35] between the copper oxide and
zirconium oxide in the nanocomposite. The peak observed at 532 cm™ is likely associated with the
Cu-O stretching vibrations, indicating the presence of CuO in the nanocomposite. Notably, in the
Cu/Zr(10), the peak at 532 cm™ remained less prominent, further confirming that higher pH
conditions (such as pH10) might result in [Cu(NH3)4]** soluble complex formation and leaching
of Copper at higher pH. [35], as was also indicated by the XRD data previously. Further, TGA
analysis of all the synthesized CuO-ZrO, nanocomposites has been depicted in Figure 2 C, and
confirms their thermal stability and robustness of the composites. All nanocomposites were stable
up to temperatures as high as 500 °C where the primary weight loss around 160°C (2.1, 1.6 and
0.6% for Cu/Zr(3), Cu/Zr(7) and Cu/Zr(10) respectively.) is likely due to moisture evaporation,
while the secondary weight loss after 500°C (1.7, 1.45 and 1.5% for Cu/Zr(3), Cu/Zr(7) and
Cu/Zr(10) respectively.) might be due to the decomposition of any organic residues and potential
impurities in the samples. The BET analysis (as shown in Figure S1) further supports the
observations from the FT-IR, TGA, SEM, and TEM studies, shedding light on the effect of pH on
the surface area and porosity of the synthesized CuO-ZrO;, nanocomposites. When the pH was
increased from 3 to 10, the surface area decreased. This can be attributed to the acidic environment
at lower pH (e.g., pH 3), which likely leads to reduced particle aggregation and consequently, a
higher surface area. In contrast, at higher pH (e.g., pH 10), a more basic environment tends to
promote the formation of larger particles or agglomerates, thereby reducing the surface area.

Among the samples, Cu/Zr (7) showed the highest pore volume of 0.124 cc/g (Table 1).
This could be a result of the balanced interactions between the metal oxides at neutral pH. The
neutral pH (pH 7) might favour the formation of a more porous structure compared to acidic or
basic conditions, offering optimal conditions for pore formation.

Table 1. Comparative Study of the Surface area, Pore Volume and Pore Diameter of prepare NPs.

Nanocomposites | Surface area (m%/g) | Pore Volume (cc/g) | Pore Diameter (nm)
Cu/Zr(3) 48.90 0.062 37.28
Cu/Zr(7) 45.03 0.124 31.02
Cu/Zr(10) 6.34 0.017 31.14

In comparison, both acidic and basic conditions may disrupt these interactions, leading to
less porosity [30]. The enhanced pore volume in Cu/Zr(7) is critical for improved photocatalytic
activity, as it provides more active sites for the adsorption and consequently degradation of both
RB and BB dyes, which is discussed in further sections of this study.

The general surface morphology of the better performing Cu/Zr (7) nanocomposite was
examined by SEM and TEM techniques. The SEM images revealed high-density growth of the
material (Figure 3 A), while TEM images highlighted the formation of nanomaterial agglomerates
with irregular shapes (Figure 3 B) and lattice fringes oriented in various directions, confirming
their polycrystalline nature and the presence of multiple phases within the crystal structure,
consistent with the XRD data (Figure 3 C).

In order to confirm the formation of CuO-ZrO, nanocomposites and analyse their
elemental composition, EDS analysis was performed. EDS spectra obtained from various locations
confirmed the presence of Zr, Cu and O with variable atomic % depending on the preparation pH
of the samples (Table S2). The average particle size of the synthesised nanocomposite was
calculated by ImageJ software and was ~ 9.71 nm (Figure 3 D).

Also, the optical and electronic structural properties of the synthesized Cu/Zr (7)
nanocomposites were investigated using UV-Vis reflectance spectroscopy, and the energy band
gap (Eg) was calculated to be 2.4 eV using the Tauc plot (Figure 3 E). This relatively narrow band
gap is crucial for enabling efficient absorption of visible light, making the Cu/Zr(7) nanocomposite
highly suitable for photocatalytic applications. The Band gap Comparison for CuO, ZrO, and
nanocomposite CuO-ZrO, is shown in Figure S2. Coupled with its polycrystalline structure,
surface functional groups, and high pore volume, these attributes position the nanocomposite as a
promising material for dye degradation, a potential explored further in this study.
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(E) Band gap analysis of the Cu/Zr(7) nanocomposite.
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3.2. Photocatalytic performance of CuO-ZrO; nanocomposites: effect of the synthesis

pH

The degradation and removal efficiencies of the CuO-ZrO, nanocomposites synthesized at
the different pH levels of 3, 7, and 10 (namely, Cu/Zr(3), Cu/Zr(7) and Cu/Zr(10)) were carried out
at pH 4, 7 and 12 for both the dyes and the best results were obtained for RB dye at pH 4 and BB
dye at pH 12. The experimental data, illustrated in Figure 4 (A,B), reveal a significant variance in
performance based on the synthesis pH of the nanocomposites.

Among the tested samples, the Cu/Zr(7) exhibited the highest percentage of degradation
for both dyes. The superior photocatalytic activity of the Cu/Zr(7) nanocomposite can be attributed
to its optimal structural features, as highlighted in all the characterization results above.
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Fig. 4. Comparison studies for removal efficiency of the prepared CuO-ZrQO: nanoparticles for (4) RB dye
and (B) BB dye.
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The Cu/Zr (7) nanocomposite exhibited a relatively narrow band gap of 2.4 eV, allowing
for efficient visible light absorption, and its high surface area and pore volume provided ample
active sites for dye adsorption. Moreover, the interaction between CuO and ZrO; nanoparticles,
evidenced by lattice fringes and polycrystalline structures in TEM images, played a crucial role in
enhancing charge separation and light absorption, leading to the generation of more
photogenerated electrons and holes for photocatalytic reactions. FT-IR analysis also confirmed the
presence of functional groups conducive to adsorption, further facilitating dye removal.

In addition, among the synthesized nanocomposites, the Cu/Zr(7) displayed the highest
pore volume, which likely contributed to an extended contact time between the nanocomposite and
the dye molecules. This prolonged interaction is crucial for facilitating optimal degradation
efficiency.

These findings underscore the significant impact of synthesis pH on the structural and
functional properties of the nanocomposites, thereby affecting their interaction with different dye
molecules under varying pH conditions. Based on these findings, the Cu/Zr(7) nanocomposite was
selected for further in-depth studies on dye degradation and environmental safety similar to the
findings in other work[30].

3.3. Factors affecting the photocatalytic degradation of model dyes

3.3.1. Effect of pH of dye solutions

Maintaining consistent reaction parameters and concentrations, the prepared Cu/Zr(7)
nanocomposites were examined for their efficiency in removing both the model RB & BB dyes.
Firstly, the influence of the pH of the reaction medium was examined at room temperature, with a
fixed amount of photocatalyst added to 20 mL of a solution containing 25 ppm of each dye. To
investigate the pH dependence of both the dyes, three pH levels were selected: 4 (acidic), 7
(neutral), and 12 (alkaline).

The study demonstrated significant variation in adsorption efficiency with pH. For RB
dye the highest removal capacity of~ 92 % with C/Co= 0.09624 was observed at pH 4, whereas the
removal capacity at pH 12 was comparatively lower (~50.8% and C/Cy = 0.53) (Figure 5 A). At
acidic pH, the surface of the nanocomposite may become positively charged due to the protonation
of surface functional groups. This positive charge enhances the electrostatic attraction between the
nanocomposite and the negatively charged RB dye molecules as they are likely to exist in their
anionic form in an acidic medium [36], [37]. This interaction leads to enhanced photocatalysis
and consequently, dye removal. In contrast, for BB dye, the removal capacity increased with
higher pH, reaching a value of ~76 % at pH 12 (Figure 5 B). At alkaline pH, the surface of the
nanocomposite is likely negatively charged due to the deprotonation of surface groups, which
enhances the electrostatic attraction between the negatively charged nanocomposite surface and
the positively charged BB dye molecules [36], [38]. Additionally, the higher availability of
hydroxyl ions at alkaline pH promotes the generation of hydroxyl radicals further improving the
degradation of BB dye.

3.3.2. Effect of catalytic dosages

Further, to study the loading effects of Cu/Zr (7) nanocomposites on the removal
efficiency, several tests were conducted with varying nanocomposites dosages, from 10 to 60 mg
in 20 mL of 25 ppm dye solutions (Figure 5 C, D). The results showed that the dye removal
efficiency improves with increasing nanocomposite dosages, attributed to the larger available
surface area providing more active sites for interaction with the dye molecules. When the dosage
exceeded 30 mg, there was no significant further increase in dye removal efficiency but a slight
decrease in efficiency at the end of 60 mins. This suggests that beyond this amount, the additional
nanocomposites do not contribute to the photocatalytic activity, likely due to the saturation of
active sites or possible aggregation effects [39] caused by the nanocomposite itself.



1143

3.3.3. Effect of dye concentrations

Figures 5 (E, F) illustrated the variation of normalized concentration (C/Cy) of Reactive
Black (RB) and Bismarck Brown (BB) dyes, respectively, over time for different initial dye
concentrations (10, 15,25 and 30 ppm).
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Fig. 5. (A/B) Comparative analysis of dye removal at different pH 4, 7, and 12 (C/D) effects of the NP
dosage concentration on dye removal (E/F) effects of model dye concentration.

For both the dyes, a significant decrease in C/Cy was observed during the initial 10-15
mins of reaction time, indicating rapid degradation during the early phase due to high availability
of active sites on the photocatalyst surface.

The results clearly indicated that the photocatalytic efficiency decreases with increase in
initial dye concentration. As the concentration increases from 10-25 ppm, the degradation becomes
slower, but still effective. The degradation performance after 25 ppm is more important,
particularly for BB dye (Figure 5 F).
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This suggested a threshold beyond which the catalyst’s efficiency drops considerably,
likely due to both light shielding effects and competitive adsorption among dye molecules and
intermediated species [40] .

However, a further increase to 30 ppm results on a notably reduced degradation rate. This
decline in the removal efficiency can be due to reduction of penetration of light and thereby
decreasing photon adsorption by photocatalyst. Additionally, excess dye molecules can saturate
the surface active sites of the photocatalyst, leading to lower reaction rates [41].

3.3. Kinetic study and isotherms

The adsorption performance of the Cu/Zr(7) nanocomposite towards Reactive Black (RB)
and Bismarck Brown (BB) dye was systematically evaluated through isotherm and kinetic
modelling.

Among the tested models, the Langmuir isotherm demonstrated the best fit for both the
dyes, with high correlation coefficients (R?= 0.98935 for RB and 0.98044 for BB), indicating
monolayer adsorption on a homogeneous surface with finite, energetically equivalent adsorption
sites [42].

The Freundlich and Temkin models yielded comparatively lower R* values (RB: 0.86765
and 088312; BB: 0.96918 and 0.95456, respectively), implying the secondary presence of
multilayer adsorption on heterogeneous sites [43].

Further, the kinetic analysis revealed that the pseudo-second order model provided a
superior fit (R? =0.92443 for RB and 0.95477 for BB), suggesting that chemisorption governed the
rate-limiting step for dye removal [44].

These findings (Table 2) confirmed that the CuO-ZrO, i.e. Cu/Zr (7) exhibited consistent
and efficient dye adsorption and removal, primarily following Langmuir-type monolayer
adsorption and second order kinetic. (Figure 6 A-J).

Table 2. Isotherm models and kinetic parameters for the degradation of RB and BB dyes.

Values
Isotherm model/ Kinetics Parameters
RB BB
Kr (L/g) 8.97 4.80
Freundlich 1/n 0.381 0.45
R? 0.86765 0.96918
Q. (mg.gh) 18.01 16.40
Langmuir K. (L.mg") 1.29 0.37
R? 0.98935 0.98044
B (j. mole™) 32.16 30.01
Temkin Kr (L/g) 12.56 3.59
R? 0.88312 0.9545
K, (1/min) 0.0354 0.02138
Pseudo- First order Q. (mg.gh) 0.602 0.80
(lincar) R? 0.84004 0.8814
K> (g/ mg.min) 0.02376 0.00065
Pseudo-second order Q. (mg.gh) 150.83 502.51
(linear)
R? 0.92443 0.95477
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3.4. Trapping experiments for active species

Trapping experiments were conducted to identify the key reactive scavengers involved in
the dye degradation mechanism, as the interactions between the photocatalyst and reactive species
play a crucial role in this process. Typically, the primary active species responsible for the
photooxidation of contaminants include holes (h™), superoxide (Oy’), hydroxyl (.OH), and electron
(e") radicals [30], [45]. To clarify the photocatalytic mechanism of both RB and BB dyes by the
CuO-ZrO; nanocomposites, degradation studies were carried out with Cu/Zr (7) employing EDTA,
ascorbic acid, IPA, and K,Cr,0O, as radical scavengers to capture these active species like holes
(h"), superoxide (O, ), hydroxyl (OH) and electron (¢') radicals respectively. As shown in
Figure. 7, the degradation efficiency decreased in the following order: K,Cr,O; > EDTA > ASC >
IPA for RB dye and EDTA > K,Cr,07 > ASC > IPA for BB dye (Figure 7 A,B). Since the presence
of K,Cr,0, and EDTA severely affected the photocatalytic degradation of both RB and BB dyes,
it can be concluded that the generated e and h" were the primary active species and played a
major role in the degradation processes.
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Fig. 7. The effect of scavengers on the degradation of (A) RB dye and (B) BB dye using Cu/Zr(7)
nanoparticles.

3.5. Mechanism

3.5.1. Photocatalyst activation

CuO and ZrO; combine to form a heterojunction photocatalyst, where CuO serves as a
narrow-bandgap semiconductor (capable of absorbing visible light), while ZrO, improves charge
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separation and stability. When exposed to light, the Cu/Zr(7) photocatalyst becomes activated,
potentially generating electron-hole pairs (Equation 2) [46]:

Cu0/Zr0O; + hv— ¢ (CB of CuO) + h*(VB of CuO) (Equation 2)

The ZrO, in the nanocomposite also helps to reduce electron-hole recombination by
facilitating the migration of charges, allowing the electrons and holes to remain available for
subsequent redox reactions. This enhanced charge separation and transfer significantly improve the
photocatalytic efficiency, promoting the degradation of organic contaminants during the
photocatalysis process.

3.5.2. Formation of reactive species

Once the photocatalyst is activated, reactive oxygen species (ROS) are generated, a
common feature in photocatalytic systems[47]. As seen in the active species trapping experiments,
the € and h" are the primary active species in the degradation of both model dyes. Electrons in the
conduction band (CB) have significant reductive power, reducing dissolved oxygen molecules
(O»), resulting in the formation of superoxide anions (O,"*) (Equations 3 and 4)[48], [49].

e +0,—0; (Equation 3)
O, -+ dye molecules— Degradation products (Equation 4)

These superoxide anions (O,7*) play a crucial role in breaking down and can attack the
dye molecules, leading to the formation of smaller degradation products. Meanwhile, the
positively charged holes (h*) can directly oxidize the dye molecules by attacking their
chromophore structure and initiating degradation. The holes can also oxidize water (H,O)
molecules or hydroxide ions (OH") to generate hydroxyl radicals (*OH), which are highly reactive
species that further attack the dye, enhancing the degradation process (Equations 5 and 6) [48],
[49]:

h*+H,O—-OH+H" (Equation 5)

‘OH+ dye molecules— CO,+H,0 (Equation 6)

For RB dye, the low concentration of hydroxide ions (OH") at pH 4 limits the generation
of *OH, making water oxidation only primary pathway for *OH generation. Hence, the active
species trapping experiment for RB dye showed that the *OH radicals had minimal influence on
RB dye degradation. In contrast, at pH 12 for the BB dye, the higher concentration of hydroxide
ions (OH) increases the formation of the *OH radicals. These radicals, produced by the interaction
of hydroxide ions with photogenerated holes, play a major role in the photocatalytic degradation of
the BB dye, contributing to its more efficient removal at higher pH.

Additionally, recyclability studies (Fig.S3) were also performed with 25 ppm dye
solutions using 30 mg of the Cu/Zr (7) nanocomposite. After each cycle, the used nanocomposite
was washed with double distilled water, dried overnight at 60 °C and reused under the same
experimental settings. It is noteworthy that the nanocomposite did not show any obvious loss of
activity up 3 cycles for RB dye and up to 4 cycles for BB dye with just over all decrease of
~12.69% for RB and ~16.5% for BB dye by the end of 5 cycles  (Figure S3), implying its stable
photocatalytic activity with exceptional reusability without the loss of catalytic properties.

3.6. Ecotoxicological profiling

The phytotoxic effects of the Cu/Zr (7) nanocomposites were assessed through a seed
germination test on the V. radiata (green grams) seeds (Figure 8) [31] over a 3-day period. Mean
Root length (MRL), Germination Index (GI), and Root Growth Inhibition % were calculated for
concentrations of 25, 50, 75, and 100 ppm, compared to the untreated control. The MRL of the
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control group was observed to be 7.92 cm, while treatments at 25 and 50 ppm yielded longer
average root lengths of 10.28 ¢cm and 10.24 cm, respectively. The corresponding calculated
inhibition percentages were -29.80% and -29.29% (Figure 8), indicating a clear positive
stimulatory effect on root growth at lower concentrations. The negative inhibition values can be
taken as indicative of hormesis, a biphasic dose-response phenomenon where low concentrations
of potentially toxic agent induces a stimulatory or beneficial effect on biological systems [50] [51].
In this case, the nanoparticles appeared to act as micronutrient enhancer at sub-toxic
concentrations. However, at higher concentrations of 75 ppm and 100 ppm, root growth declined
significantly, with inhibition percentages turning positive (e.g., 100 ppm showed a 26.52%
inhibition), thus indicating phytotoxic stress. These findings highlighted in Table 3 showed the
dualistic role of the Cu/Zr (7) NPs that while across all the treatments, the germination % was
100% and unaffected, post-germination root development was sensitive to the NPs concentration.

I Inhibition%
I Germination index%

DAY 3 DAY 2 DAY 1 L Germination%

g ﬁ‘h 3 &

s 1 ‘:l - o g

g ! 4 2

.' . vz 4 * '- \ ':

- e L] g

Fig. 8. Seed germination assay.
Table 3. Seed germination measurements.
Concentration Germination % Mean Root Length | Germination Index Inhibition %
(ppm) (cm) %

0 (Control) 100 7.92 7.92 0
25 ppm 100 10.28 10.28 -29.8
50 ppm 100 10.24 10.24 -29.3
75 ppm 100 8.62 8.62 -8.8
100 ppm 100 5.81 5.81 26.6

However, it is important to note that to comprehensively assess the environmental impact
of these nanocomposites, further toxicity studies with different model organisms and under
varying conditions are necessary. These additional experiments would provide a more complete
understanding of the potential long-term effects and safety of the nanocomposites in diverse
environmental contexts.
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4. Conclusion

In this study, we successfully synthesized a novel Cu/Zr(7) nanocomposites using a
simple, cost-effective method demonstrating significant efficiency in degrading both cationic and
anionic dyes (RB and BB dyes) under visible light irradiation. The exceptional performance can be
attributed to the synergistic effect of CuO and ZrO,, where CuO absorbs visible light, and ZrO,
facilitates charge separation, reducing electron-hole recombination. This synergism enables the
efficient generation of reactive species responsible for improving the photocatalytic activity of the
nanocomposites. The eco-friendly synthesis method and non-toxic nature of the photocatalyst were
validated through ecotoxicological profiling, ensuring that the nanomaterial poses no harm to
aquatic life and the environment via experiments with V. radiata seeds. Therefore, the prepared
Cu/Zr(7) photocatalyst not only offers an efficient solution for dye degradation but also aligns with
more sustainable principles, making it a promising candidate for wastewater treatment applications
without adverse environmental impacts. Furthermore, the recyclability studies demonstrated
excellent stability, with the photocatalyst retaining its activity over multiple cycles, highlighting its
durability and cost-effectiveness.

Overall, the Cu/Zr(7) nanocomposite offers a sustainable and highly efficient approach to
wastewater treatment, aligning with more sustainable principles. Its non-toxic nature and
reusability position it as a promising candidate for practical applications in environmental
remediation, contributing to sustainable water management solutions with minimal environmental
impact. However, further studies on its long-term ecotoxicological effects across different
organisms and environmental conditions and scalability are recommended to ensure broader safety
and applicability.
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