



ECO-FRIENLY SYNTHESIS, CHARACTERIZATION, ANTIOXIDANT AND PHOTOCATALYTIC DYE DEGRADATION ACTIVITIES OF ZIRCONIUM OXIDE NANOPARTICLES FROM AQUEOUS EXTRACT OF AMARANTHUS CAMPESTRIS .

ABSTRACT
ZrO2 nanoparticles were synthesized using an environmentally friendly process. The synthesis involved zirconium oxynitrate, NaOH, and deionized water to produce zirconium oxide (ZrO2) nanoparticles. Initially, zirconium oxynitrate was dissolved in distilled water and stirred for a duration of 30 minutes. Subsequently, the Amaranthus campestris plant extract was incorporated into the zirconium oxynitrate solution and stirred at a temperature range of 40-45°C, followed by the addition of a small quantity of NaOH to the mixture. The resulting solution underwent centrifugation five times, and the resultant powder was subjected to annealing at 500°C for two hours. The synthesized ZrO2 nanoparticles were characterized using X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, field emission scanning electron microscopy (FESEM), and photocatalytic assessments. The XRD analysis revealed a tetragonal structure of ZrO2 nanoparticles with a crystallite size of 15 nm. FESEM observations indicated the formation of crystallites accompanied by agglomeration. UV-Visible optical studies demonstrated a sharp transition, with the corresponding bandgap measured at 5.5 eV. The antioxidant properties of the green-synthesized ZrO2 nanoparticles were assessed using the DPPH assay method, with ascorbic acid serving as a control. The zirconium oxide nanoparticles exhibited a significant level of antioxidant activity in comparison to the control ascorbic acid. ZrO2 nanoparticles (1g/l) were applied to 50 ml of methylene blue (MB) dye and stored under visible light in a photoreactor to investigate dye degradation. The experimental results indicated that, under visible light irradiation, the nanoparticles effectively degraded the MB dye. After 120 minutes of irradiation, the photocatalytic studies revealed a degradation efficiency of 78%
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1. INTRODUCTION

Zirconium dioxide is gaining popularity due to its photocatalytic properties [1- 2]. These properties are being investigated in various applications, including transparent and optical devices, fuel cells, advanced ceramics, and photocatalysts [3-6], along with their optical and electrical characteristics. The enhancement of specific surface area and crystallinity [7] are essential factors for advancing photocatalytic efficiency. Nanostructured materials meet these criteria. For optimal photocatalytic performance, nanomaterials should be crystalline, which necessitates cultivation at elevated temperatures or at very low growth rates. The synthesis of ZrO2 typically results in amorphous structures. Additionally, as a primary component in ceramics, ZrO2 is extensively utilized as a catalyst [8], a sorbent [9], an oxygen sensor [10], and in solid oxide fuel cells [11]. ZrO2 significantly influences catalytic performance, composition, structural defects, and morphology. It can serve as a photocatalyst for hydrogen production through water decomposition [12], owing to its large band gap and the high negative values of the conduction band potential. The photocatalytic activity of ZrO2 on methylene orange (MO) dye has also been reported, particularly when irradiated with light at a wavelength of 365 nm. It was observed that the addition of ZrO2 nanostructures facilitated a more significant reduction of MO at elevated pH levels. For ZrO2 nanotubes with larger diameters, the degradation rate is enhanced [13]. ZrO2 exists in three distinct crystalline forms: monoclinic (< 1170 °C), tetragonal (between 1170 °C and 2370 °C), and cubic (> 2370 °C). The infrared frequencies of the cubic (480 cm-1) and monoclinic (270 cm-1) structures differ, indicating a dependence on the crystalline forms [14] of ZrO2's optical phononic energy. Typically, ZrO2 nanoparticles are significantly influenced by their crystalline structure [15]. These materials also possess numerous applications due to their exceptional strength, durability, enhanced wear resistance, and ability to withstand thermal shocks. Furthermore, they are environmentally friendly, non-toxic, and exhibit thermal and chemical stability.
2. MATERIALS AND METHODS
2.1. Collection of plant materials

 Fresh leaves of Amaranthus campestris were gathered from a local medicinal garden, with identification and authentication conducted by a botanist in Chennai, India. 

2.2. Material 

Zirconyl chloride octahydrate [ZrOCl2.8H2O], acquired from Fischer Chemical Limited in Chennai, was utilized directly without any additional purification. 

2.3. Preparation of plant extract 

The leaves of Amaranthus campestris were initially washed and then dried in the shade at ambient temperature. Subsequently, the dried leaves were ground into a powder and filtered through a 200-mesh sieve. The resulting leaf powder of Amaranthus campestris underwent solvent extraction with water in a Soxhlet apparatus. This extraction was performed at a temperature range of 90-95 °C and continued for approximately 3 hours. The extract was then filtered using a sintered glass crucible and concentrated with a rotary flash evaporator. The concentrated extract was further dried over a water bath, stored in an airtight container, and kept refrigerated. 

2.4. Green synthesis of ZrO2 nanoparticles 

The green synthesis method was utilized for the production of ZrO2 nanoparticles. In a 250 ml beaker, 50 ml of a 0.1M aqueous solution of zirconyl nitrate octahydrate was combined with 10 ml of plant extract (1) and stirred at 800 °C for 2 hours, after which the solution was left undisturbed. The nanoparticles began to form after several days. The resulting solution was evaporated in a vacuum air oven at 2000 °C for 2 hours to yield the ZrO2 nanoparticles.
2.5. Characterization of ZrO2 Nanoparticles
UV-Vis Spectroscopy: This technique is employed to ascertain the existence and absorption properties of ZrO2 nanoparticles, particularly focusing on the band gap energy. FTIR Spectroscopy: This method validates the presence of functional groups derived from the plant extract  on the surface of the ZrO2 nanoparticles. XRD (X-ray Diffraction): This analysis determines the crystalline structure and phase of the ZrO2 nanoparticles, revealing whether they exhibit monoclinic, tetragonal, or cubic structures. FESEM (Fluorescence Emission Scanning Electron Microscopy): This technique offers insights into the morphology, dimensions, and shape of the ZrO2 nanoparticles, along with their surface characteristics. EDX (Energy Dispersive X-ray Spectroscopy): This method verifies the elemental makeup of the nanoparticles, confirming the presence of zirconium and oxygen.
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Fig.1: Green  synthesis of ZrO2 nanoparticles
3. RESULTS AND DISCUSSION

3.1. UV-Visible spectroscopy analysis of green synthesized zirconium oxide nanoparticles
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Figure 2 UV-Visible absorbance spectrum of ZrO2
The optical characteristics of the nanoparticles (NPs) were examined through the UV-Visible spectroscopy method. The absorbance spectra were utilized to calculate the optical band gap of ZrO2. For the sample, the direct band gap was determined by extrapolating the linear section of the energy (X) axis intercept along with the tetragonal phase band gap, resulting in a Tauc plot value of 5.5 eV (Figure 2).
3.2. FT-IR analysis of biogenic synthesized zirconium oxide nanoparticles. 
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Figure 3. FTIR spectrum of ZrO2 nanoparticles
The transmittance characteristics of ZrO2 nanoparticles in the 500-4000 cm-1 range are depicted in the FTIR spectrum (Figure 3.). Bands at 616, 826, 866, 878, 947, 1125, 1434, 1600, 2083, 2305, and 2903 cm-1 are observed. The absorption band around 2903-1600 cm-1 is attributed to O-H bond stretching and bending, indicating the presence of water molecules. The peak near 1425 cm-1 is associated with C-H bending vibrations. The ionic bond peaks ranging from 616 to 878 cm-1 confirm the formation of crystalline ZrO2 nanoparticles [31]. 

3.3. X-ray diffraction (XRD) 
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Figure 4..  XRD pattern of ZrO2 nanoparticles annealed at 500 °C 
X-ray diffraction (XRD) analyses are characterized by the structures, crystallinity, and crystallite dimensions of the ZrO2 nanoparticles within the 2x range of 20-90 °. The XRD pattern for annealed ZrO2 nanoparticles at a temperature of 500 °C is illustrated in Figure 3.. Peaks are observed at angles of 30.2, 35.1, 50.4, 60.0, 62.9 °, and 74.5 °, corresponding to the diffractions of the crystalline planes (101), (110), (200), (211), (202), and (220) of the tetragonal phase ZrO2 (JCPDS card no. 49-1642). The presence of sharp peaks in the XRD pattern at an annealing temperature of 500 °C indicates the crystallinity of the nano-crystalites.
3.4. FESEM analysis of green synthesized zirconium oxide nanoparticles
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Figure 5.   FE-SEM images of ZrO2 nanoparticles
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Figure  .6.EDS spectrum of the ZrO2 nanoparticles
FESEM images reveal the surface morphology of the zirconia nanoparticles, demonstrating the well-defined formation of crystallites at various magnifications. The crystallites exhibit agglomeration, forming clusters. ZrO2 nanoparticles are observed to aggregate into spherical shapes (Figure 5). Iron (Fe) is identified as a minor impurity present in the sample, while carbon (C) is attributed to the carbon sheet utilized for placing the powder sample during this investigation.

3.6. Free radical scavenging activity of control ascorbic acid.
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Figure.7. Antioxidant activity of control ascorbic acid.
3.7. Free radical scavenging activity of green synthesized zirconium oxide nanoparticles
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Figure.8. Free radical scavenging activity of green synthesized zirconium oxide nanoparticles

The ZrO2 nanoparticles demonstrated considerable antioxidant activity in a dose-dependent manner; as the concentration increased, the inhibition also rose. The control ascorbic acid and Zirconium oxide NPs at concentrations of 0, 20, 40, 60, 80, 100, and 120 µg/ml exhibited percentage inhibitions of 38.9, 54.2, 71.1, 74.5, and 99.8 for the standard, and 10.1, 27.1, 66.1, 69.4, and 81.3 for the ZrO2 NPs, respectively. Antioxidants serve as a countermeasure to oxidants. These substances, whether natural or synthetic, can prevent or mitigate cellular damage induced by oxidants (including reactive oxygen species (ROS), reactive nitrogen species (RNS), free radicals, and other unstable molecules). Halliwell and Gutteridge characterized an antioxidant as any compound that can delay, prevent, or eliminate oxidative damage to a target molecule. For a substance to qualify as an antioxidant, it must exhibit activity at low concentrations (notably, phenolic antioxidants often lose their efficacy at higher concentrations and may act as prooxidants). Additionally, the quantity must be sufficiently high to deactivate the target molecule, it should react with free radicals of oxygen or nitrogen, and the resultant product of the reaction must be less toxic than the radical that was removed. 
There is no single universal antioxidant, as various antioxidants interact with different reactive species through diverse mechanisms, at distinct locations, and protect specific molecular targets. Typically, the antioxidant defense system can be activated through in vivo processes (such as the synthesis of intracellular enzymes like superoxide dismutases, superoxide reductases, peroxiredoxins, glutathione peroxidases, catalases, and peptides like glutathione; or through extracellular antioxidant defenses, which include the synthesis of transferrin, erythrocytes, albumin, urate, glucose, and low-molecular mass agents such as bilirubin, α-keto acids, melatonin, lipoic acid, coenzyme Q, and uric acid) or by providing necessary substances through dietary intake. In summary, the green-synthesized ZrO2 nanoparticles exhibit significant antioxidant activity.
3.8. Photocatalytic activity of zirconium oxide nanoparticles
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Figure.9 Photocatalytic degradation of MB dye with ZrO2 catalyst 
The photodegradation of methylene blue (MB) as a contaminant is being investigated to assess the effectiveness of ZrO2 nanoparticles (figure.8). A 50 mL solution of MB dye at a concentration of 10 mg/L, containing 50 mg of photocatalyst, was utilized for the photocatalytic degradation process. The suspensions were maintained in a dark environment with continuous stirring at room temperature for 30 minutes prior to the initiation of detectable irradiation. Subsequently, the mixture was exposed to a 300 W visible light source. During the light irradiation phase, small aliquots of the solution were extracted at specified time intervals. Each sample was subjected to centrifugation using a UV-Vis spectrophotometer (UV-1800, Shimadzu) for analysis. The photocatalytic degradation rates of all synthesized photocatalysts were compared using the equation A0-At / A0, where A0 represents the concentration of methylene blue before illumination (at 0 minutes), and At denotes the concentration of MB after a specific illumination time t. The separation and transport of charges are critical factors for effective photocatalysts [29-32]. Initially, the adsorption of MB dye occurs on the surface of the photocatalyst, followed by the application of visible light, which facilitates the adsorption of the dye and leads to the generation of electron-hole pairs. The interaction of the conduction band electron with adsorbed oxygen molecules on the photocatalyst results in the formation of superoxide anion radicals. Concurrently, the holes generated in the valence band of the catalyst react with surface hydroxyl groups. In the final stage, in the presence of the photocatalyst, hydroxyl radicals and superoxide anion radicals interact with the MB dye, culminating in the degradation of the dye into smaller byproducts. In the MB dye solution, nanoparticles (1 g/L) are introduced and kept in a photoreactor to investigate the degradation of the dye under visible light. Research has demonstrated that ZrO2 nanoparticles effectively degrade MB dye when subjected to visible light irradiation. After 120 minutes of irradiation, the photocatalytic studies revealed a degradation efficiency of 78%.[33-35].
4.  CONCLUSION

Zirconium dioxide (ZrO2) nanoparticles are produced through a green synthesis approach, utilizing Zirconium oxy-nitride as the precursor and Amaranthus campestris plant extract as the reducing agent. Various analytical techniques, including X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, field emission scanning electron microscopy (FESEM), UV-Visible spectroscopy, and photocatalytic assessments, were employed to characterize the ZrO2 nanoparticles. The XRD results revealed a tetragonal crystalline structure with a crystallite size of 15 nm. FESEM analysis indicated that the ZrO2 nanoparticles exhibit agglomeration and a plate-like morphology. UV-Visible absorption measurements demonstrated a bandgap of 5.5 eV for the ZrO2 nanoparticles. In experiments involving the degradation of methylene blue (MB) dye, nanoparticles were added at a concentration of 1 g/l and subjected to visible light irradiation in a photoreactor. The results confirmed that ZrO2 nanoparticles are effective in degrading MB dye under visible light, achieving a degradation efficiency of 78% after 120 minutes of exposure.
5. REFERENCES
1.  T. Yamaguchi, Application of ZrO2 as a catalyst and a catalyst support. Catal.        Today 20 (1994) 199–217.

2. L. Keerthana, C. Sakthivel, I. Prabha, MgO-ZrO2 mixed nanocomposites: fabrication methods and applications. Mater Today Sustain 3–4 (2019) 100007,

3. Bin Zhu, Changrong Xia, Xiaoguang Luo, Gunnar Niklasson, Transparent two-phase composite oxide thin films with high conductivity, Thin Solid Films 385 (2001) 209.

4. N.G. Petrik, D.P. Taylor, T.M. Orlando, Laser-stimulated luminescence of yttria-stabilized cubic zirconia crystals, J. Appl. Phys. 85 (1999) 6770.
5. A. Bastianini, G.A. Battiston, R. Gerbasi, M. Porchia, S. Daolio, Chemical Vapor   Deposition of ZrO2 Thin Films Using Zr(NEt2)4 as Precursor, J. Phys. 4 (5) (1995)     525.
6. A. Corma,   Inorganic Solid Acids and Their Use in Acid-Catalyzed Hydrocarbon        ReactionsChem. Rev. 95 (1995) 559.
7. G. Tian, K. Pan, H. Fu, L. Jing, W. Zhou, Enhanced photocatalytic activity of S-   doped TiO2-ZrO2 nanoparticles under visible-light irradiation. J. Hazard. Mater. 166    (2009) 939.
8. X. Qi, H. Guo, L. Li, Efficient conversion of fructose to 5-hydroxymethyl furfural catalyzed by sulfated zirconia in ionic liquids. Ind.         Eng.  Chem. Res         . 50 (2011) 7985–7989.
9. P.A. Deshpande, S. Polisetti, G. Madras, Rapid Synthesis of Ultrahigh Adsorption Capacity Zirconia by a Solution Combustion Technique, Langmuir 27 (2011) 3578–3587.

10.  E.I. Tiffee, K.H. Hardtl, W. Menesklou, J. Riegel, Principles of solid state oxygen sensors for lean combustion gas control. Electrochim. Acta 47 (2001) 807–814.

11. J.H. Shim, C. Chao, H. Huang, F.B. Prinz, Atomic layer deposition of yttria-stabilized zirconia for solid oxide fuel cells, Chem. Mater. 19 (2007) 3850–3854.

12. K. Sayama, H. Arakawa, Photocatalytic decomposition of water and photocatalytic reduction of carbon dioxide over zirconia catalyst, J. Phys. Chem. 97 (1993) 531–533.

13. D. Fang, Z. Luo, S. Liu, T. Zeng, L. Liu, J. Xu, Z. Bai, W. Xu, Photoluminescence properties and photocatalytic activities of zirconia nanotube arrays fabricated by anodization,  Opt. Mater. 35 (2013) 1461–1466.

14. Reena Dwivedi, Anjali Maurya, AkratiVerma, R. Prasad, K.S. Bartwal, Microwave assisted sol–gel synthesis of tetragonal zirconia nanoparticles,  J. Alloy. Compound. 509 (2011) 6848–6851.

15. S.R. Li, M.S. Li, C.X. Zhang, S.P. Wang, X.B. Ma, J.L. Gong, J. Steam reforming of ethanol over Ni/ZrO2 catalysts: Effect of support on product distribution.  Int. J. Hydrog. Energy 37 (2012) 2940–2949.

29. Ali Akbar Ashkarran, Seyedeh Arezoo Ahmadi Afshar, Seyed Mahyad Aghigh, Mona Kavianipour, Photocatalytic activity of ZrO 2 nanoparticles prepared by electrical arc discharge method in water,  Polyhedron 29 (2010) 1370–1374.

30. Yafeng Gao, Jingji Zhang, XuanruiJia, Jiangyin Wang, Zhi Chen, Yu Xu.  The Reactant effect on Visible-Light-Driven Photocatalytic Performance of sol–gel derived tetragonal ZrO2 nanoparticles, Materials Research Bulletin. 93, 2017, 264-269

31. Sachin Kumar, Animesh K. Ojha, Oxygen vacancy induced photoluminescence properties and enhanced photocatalytic activity of ferromagnetic ZrO2 nanostructures on methylene blue dye under ultra-violet radiation, Journal of Alloys and Compounds 644 (2015) 654–662.

32. Ch. Venkata Reddy, BathulaBabu, I. Neelakanta Reddy, Jaesool Shim, Synthesis and characterization of pure tetragonal ZrO2 nanoparticles with enhanced photocatalytic activity, Ceramics International. 44,  2018, 6940-6948

33. L. Renuka, K.S. Anantharaju, S.C. Sharma, H. Nagabhushana, Y.S. Vidya, H.P.   Nagaswarupa, S.C. Prashantha,   A comparative study on the structural, optical,       electrochemical and photocatalytic properties of ZrO2 nano oxide synthesized by different routes,  Journal of Alloys and Compounds 695, 2017, 382-395.

35. Saima Sultana, Rafiuddin, Mohammad Zain Khan, Mohammad Shahadat, Development of ZnO and ZrO2 nanoparticles: Their photocatalytic and bactericidal activity,  Journal of Environmental Chemical Engineering. 3, 2015, 886-891.
 
1

