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A B S T R A C T   

Transition metal oxides like ZnO nanostructures are pivotal in various scientific and technological 
fields due to their chemical stability, high electrochemical coupling efficiency, and broad radi
ation absorption spectrum. This study offers an in-depth examination of ZnO nanostructures 
synthesized via the green route using Piper Longum L, emphasizing their photocatalytic efficacy 
in degrading organic pollutants such as Sulphanilamide and Chromium. The ZnO nanostructures 
with a rod-like morphology exhibited an average crystallite size of 26 nm and an optical bandgap 
of 2.8 eV. Solid state structure of ZnO was investigated by Fourier Transform Infrared spectros
copy (FTIR) and X-Ray Diffraction (XRD). Zinc in the synthesized organo zinc complex and zinc 
oxide was estimated to 324.325 and 133.02 ppm, respectively. The saturation magnetization 
obtained from Superconducting Quantum Interference Device-Vibrating Sample Magnetometer 
(SQUID-VSM) for organo zinc complex and ZnO is 2.1 × 10− 3 and 1.7 × 10− 3 emu/g, respec
tively. These nanostructures achieved 99 and 93 % degradation of chromium (VI) ions present in 
solutions of two different concentrations in about 30 and 80 min, respectively, under UV and 
visible radiation, a remarkable achievement. Almost the same efficiency was maintained during 
three consecutive runs and then deactivation of the catalyst was observed. Additionally, a rapid 
84 % degradation of Sulphanilamide was observed in 42 min, underscoring the potential of ZnO 
nanostructures as efficient photocatalysts for environmental remediation.   
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1. Introduction 

Semiconductors have always been an integral part of the nanoscience sector for multifunctional applications due to their 
compelling mechanical, thermal, magnetic, optoelectronic, and electrical properties. Semiconducting nanostructures include TiO2, 
CuO, Al2O3, MnO, ZnO, etc, of which Zinc Oxide belonging to the semiconductor group II-VI proved to be the most beneficial one. Zinc 
oxide’s flexibility stems from its unique physical and chemical properties [1–7]. Some of its attributes are high chemical stability, 
strong electrochemical coupling coefficient, broad spectrum of radiation absorption, and high photostability. It is appealing for 
prospective usage in electronics, optoelectronics, and laser technology due to its broad energy band (3.37 eV), high bond energy (60 
meV), and robust thermal and mechanical stability at ambient temperature [8,9]. Cubic zinc blende and hexagonal wurtzite are the 
two most common forms of zinc oxide, with wurtzite being the most stable. 

Green synthesis of nanoparticles has increased significant importance in recent years due to various advantages, including 
simplicity, cost-effectiveness, nanoparticle stability, reduced time consumption, non-toxic by-products, environmental friendliness, 
and the capacity to scale up for large-scale synthesis [10]. Plant extracts are easily obtainable and can act as stabilizing and reducing 
agents, an ideal technique for green synthesis of ZnO nanoparticles (NPs) [10]. This technique also has the additional advantage 
because plant-based nanoparticles’ physio-chemical features extend the life span of NPs, which overcomes the limits of conventional 
chemical and physical NPs production methods [11]. Conventionally synthesized NPs have limited therapeutic application due to their 
toxicity. The antibacterial activity of ZnO NPs obtained using plant extracts is much higher than that of chemically synthesized ZnO 
NPs without antibiotic resistance. They are non-toxic and adaptable to the skin, making them suitable for use as additives in items that 
will encounter humans. Based on these properties, the green synthesis of ZnO NPs using plant extracts can be exploited to provide 
antibacterial activity to textiles, maintaining an ecologically friendly development. As a result, when ZnO NPs are added to finished 
fabrics in the textile industry, they exhibit UV and visible light resistance, antibacterial properties, and deodorant properties [12]. 

Many research articles are available in the public domain on the green synthesis of ZnO nanoparticles with the aid of plant extracts, 
for example, Ficus carica leaf extract, Moringa oliefera, Rubia cordifolia root extract, etc [13–15]. The advantage of the work lies in 
harvesting the bioactive molecules of Piper longum L in synthesizing an organo zinc complex, which has excellent antibacterial and 
antifungal properties. The biomolecules forming organo zinc complex can also act as capping agents, which prevent agglomeration, 
and sacrifice themselves at higher temperatures to yield nanostructures of ZnO [16]. ZnO nanostructures excavate independently into 
the domains of nutraceuticals, food supplements, zinc fortification, or high-end technological applications [17]. Piper plants are 
among the most important medicinal herbs in various medical systems. Piper longum (long pepper) is a flowering vine in the 
Piperaceae family cultivated for its fruit, which is used as a spice. Antifungal, insecticidal, antibacterial, antiamoebic, antidiabetic, 
antioxidant, anti-cancerous, and respiratory system effects are some of the pharmacological activities of Piper longum [18,19]. Plant 
extracts are easily obtainable, the method only requires a metal salt solution as a precursor [20]. Apart from its medicinal value, Piper 
longum L was not explored much on its application in generating zinc oxide as a photocatalyst. 

This work focuses on a novel green route mechanism for synthesizing ZnO nanostructures using Piper Longum L to investigate its 
effect on degrading and reducing harmful contaminants commonly present in wastewater. Also, studying its structural, magnetic, 
thermal, optoelectronic, and biological properties to bring out its multifunctional characteristics and applications. The synthesized 
sample was subjected to different characterization techniques like X-ray diffraction to know its structure, morphological studies were 
done using SEM and elemental analysis by EDX and CHNS. UV–Vis. spectrum was taken to check for its band gap and to study the 
prepared ZnO’s photocatalytic activity. The room temperature ferromagnetism was analyzed employing SQUID analysis, and the 
biological properties like antimicrobial activity and cytotoxicity are also interpreted in this paper. 

2. Materials and methods 

2.1. Chemicals utilized 

High-purity chemicals were used for the synthesis. Sodium hydroxide pellets (NaOH, 97 % pure), acetone (C3H6O, 99 % pure), 30 % 
hydrogen peroxide solution (H2O2, 99 % pure), all from Avantor RANKEM, potassium dichromate (K2Cr2O7, 99 % pure), and zinc 
nitrate hexahydrate (Zn(NO3)2.6H2O, 96.0 % pure), all from EMPLURA. Export grade and dried Piper Longum L fruit, locally 
renowned as Thippali, was purchased from a trusted spice dealer at Tharecad village, Palakkad block, Palakkad district, Kerala, India. 
For preparing solutions and washing purposes, ASTM Type I deionized water was used. 

2.2. Preparation of Piper Longum L fruit extract 

The dried fruit was manually ground in a mortar. 10 g of the powder was transferred into a Whatman paper pouch and then 
subjected to Soxhlet extraction with ASTM Type I water. 

2.3. Preparation of organo zinc complex 

100 mL solution of 0.5 M Zn(NO3)2 was prepared in ASTM Type I water from 14.8 g of zinc nitrate hexahydrate and then added to 
100 mL Piper Longum L fruit extract at room conditions of temperature and pressure. This solution was allowed to swirl at 800 rpm for 
1 h, and then NaOH solution was added dropwise to ensure maximum precipitation of the organo zinc complex at about a pH of 6.9. 
Stirring was prolonged to 2 h and eventually, the solution turned pale yellow. A vacuum filtering procedure was used to separate the 
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organo zinc complex from the solution using a Whatman 41 filter paper. The precipitate thus obtained was heated to 100 ◦C for 2.30 h 
in a hot air oven to remove the water content to yield dry organo zinc complex. 

2.4. Preparation of ZnO NPs 

The dry organo zinc complex thus obtained was ground using a mortar to make it fine powder, which was then transferred to a 
crucible. It was kept in a muffle furnace for 4 h at 600 ◦C, resulting in a white compound, ZnO. 

2.5. Characterization techniques 

ZnO nanostructures were characterized by XRD (Bruker AXS D8 ADVANCE Diffractometer with Cu–K alpha radiation λ = 1.5406 Å) 
for phase identification. The surface morphologies were analyzed using FESEM (Carl Zeiss Germany, Gemini 300), and elemental 
composition by Energy Dispersive X-Ray Spectrometry (EDS), attached with FESEM. Thermogravimetric analysis (TGA) (TA In
struments, SDT Q600, USA) was done for pre-annealed and annealed samples to observe weight loss as a function of temperature. 
Absorption spectra of samples were grasped using UV–Vis. spectrometer (RITTUN UV-3660). FTIR (BRUKER ALPHA II, Germany) 
analyzed the functional groups present in the sample. CHNS elemental analyzer was exploited to qualitatively analyze carbon, 
hydrogen, nitrogen, and sulphur in the organo zinc complex. The quantification of the zinc in the obtained sample was analyzed using 
884 professional VA | Metrohm. Magnetic properties of samples were characterized via SQUID analysis (MPMS-3 magnetometer 
Quantum Design). 

2.6. Photocatalytic degradation of hexavalent chromium 

Photocatalysis destroys organic pollutants effectively; yet, it has restricted usage of visible light, fast charge recombination, and low 
migratory ability of created electron-hole pairs, restricting its use in industrial environments. A fathom of research is being done to 
improve its applicability. Induced electrons and holes interact with oxygen (O2), water (H2O), and hydroxyl (OH) groups to generate 
reactive oxygen species (ROS) such as hydroxyl radicals and superoxide radical anions, which are responsible for the reduction [21, 
22]. When the bandgap energy is large, the reaction is inhibited because the electrons and holes created recombine without 
participating in the process, resulting in a lower quantity of ROS formed on the surface that is accessible for photodegradation. 

2.6.1. Preparation of 1, 5-diphenyl carbazide solution 
1, 5-Diphenylcarbazide (DPC) functions as a redox and photometric indicator for heavy metal ions such as chromium, mercury, 

cadmium, osmium, rubidium, and technetium. DPC reacts with Cr (VI) ions in acid medium to form a violet solution, which is the 
foundation of this sensitive method. The cationic Cr (III)-diphenyl carbazone complex is formed due to the oxidation of diphenyl 
carbazide by Cr (VI) [23]. 0.25 g of 1, 5-diphenylcarbazide (Sigma Aldrich, 99.9 % purity) was dissolved in 50 mL acetone to make the 
reagent. 

2.6.2. UV-assisted photocatalytic degradation of hexavalent chromium 
Dissolving 0.106 g of potassium dichromate (K2Cr2O7, Sigma Aldrich, 99 % purity) in deionized water yielded a 1000 ppm standard 

stock solution. To avoid deterioration, the stock solution was kept in the refrigerator. The stock solution was used to make working 
standards with concentrations of 100, and 200 ppm. 100 mL of 0.5 M oxalic acid solution was prepared from 6.3035 g of oxalic acid 
dihydrate salt (Sigma Aldrich, 99.9 % purity). 4 mL of 0.5 M oxalic acid was added to 20 mL of potassium dichromate working 
standard, which was stirred in the dark with 10 mg of synthesized ZnO. The stirred solution was subjected to UV-C assisted irradiation. 
A RITTUN UV-3660 double-beam UV–visible spectrophotometer with a 10 mm quartz cell was employed for Cr (VI) determination. 
Every 6 min, 1 mL of irradiated solution was pipetted out and was thoroughly mixed with 1 mL of DPC reagent. UV spectra were 
obtained for 1 mL of Cr (III)-diphenyl carbazone complex formed. 

2.6.3. Visible light assisted photocatalytic degradation of hexavalent chromium 
4 mL of 0.5 M oxalic acid was added to 20 mL of potassium dichromate working standard, which was mixed with 10 mg of syn

thesized ZnO under visible light. Every 15 min, 1 mL of irradiated solution was pipetted out and mixed with 1 mL of 1, 5-diphenyl
carbazide reagent. The UV spectra of 1 mL of Cr (III)-diphenyl carbazone combination were obtained. 

2.7. Photocatalytic degradation of sulphanilamide 

Pharmaceuticals are created to enhance human health by treating ailments, but in the present scenario, it is considered as an 
emerging environmental contaminant, despite its importance to human and animal health [24]. The major issue faced due to the 
contamination of pharmaceuticals is their presence in the water bodies at lower concentrations. And because each of these compounds 
is chemically distinct, detecting, analyzing, and removing them from water and wastewater is challenging [25]. Therefore, degra
dation helps to identify the structure and the toxicity of the pharmaceuticals. Photocatalytic degradation of pharmaceuticals using a 
photocatalyst is a very cheap and more eco-friendly way. This helps to develop and validate stability. In this study, we are focusing on 
the degradation of Sulphanilamide (C6H8N2O2S). Sulphanilamide is an antibacterial drug. It is an organic molecule composed of 
aniline that has been derivatized with a sulfonamide group [25]. Sulphanilamide has been reported as an emerging organic pollutant 
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(EOCs) [26]. 

2.7.1. Methodology of photocatalytic degradation of sulphanilamide 
10 ppm solution of Sulphanilamide was prepared. To dissolve completely, the solution was stirred for 15 min. The initial UV 

spectrum was measured. Then, the photocatalyst was added to the solution. The photocatalyst used here is the synthesized ZnO using 
Piper longum fruit extract. This was kept for 1 h stirring in dark to attain the absorption-desorption equilibrium. After 1 h of stirring, 
the solution was kept in a UV-C chamber. After every 6 min, 1 mL of the solution was pipetted out and UV–Vis. absorption spectrum of 
the solution was analyzed using the RITTUN UV-3660 UV–visible spectrophotometer. The absorption peak for Sulphanilamide was 
shown at 258 nm. 

To check the reusability, the synthesized ZnO, which was used as a photocatalyst for the reduction of sulphanilamide, was washed 
using deionized water, and acetone and then dried. This used ZnO was added to a 10 ppm fresh solution of sulphanilamide. This was 
then kept for 1 h stirring in dark and then transferred to UV-C for reduction to happen. 1 mL of the solution was pipetted out in every 6 
min and the UV spectrum was analyzed. 

2.8. Preparation of Piper Longum L extract for phytochemical analysis 

30 mL extract was taken from the stock, a working standard of 3 mL extract was transferred to test tubes, and tests were performed 
for qualitative analysis of Alkaloids, Flavonoids, Glycosides, Phenols, Saponins, Sterols and, Tannins. 

2.9. Methodology of antimicrobial activity 

The antibacterial activity was assessed using Well Diffusion technique at 37 ◦C for 24 h. 

2.10. Toxicity analysis 

For toxicity analysis, the MTT method was employed. The incubation period was 4 h at 37 ◦C in a 5 % CO2 atmosphere. The MTT 
approach is simple, accurate, and yields reproducible results [27]. 

3. Results and discussion 

3.1. Structure analysis 

XRD was exploited to identify crystalline structure of synthesized materials. Cu K-alpha radiation, with a wavelength of 1.5406 Å, is 
widely used in X-ray diffraction (XRD) to probe the crystalline structure of solid minerals, allowing the determination of interplanar 
and interatomic distances. Fig. 1(a) depicts the diffraction pattern found for the synthesized nanoparticle, which was in identical 
match with ZnO nanoparticles (JCPDS File number 36–1451). For the 2θ value at 36.22◦, the pattern showed a maximum intensity 
peak, which belongs to the plane (101). 

The signals indicated the materials’ crystalline composition. According to JCPDS data, the corresponding lattice planes are (100), 
(002), (101), (102), (110), (103), (200), (112), (201), (004), and (202), supporting the hexagonal wurtzite structure of the materials 
[28]. In XRD pattern of organo zinc complex as shown in Fig. 1(b), a sharp peak at 2 theta value of 43.4◦, corresponding to (101) lattice 
plane, depicts the formation of zinc nanoparticles [29]. The decoction prepared from Piper Longum L has the potential to precipitate 
zinc from zinc nitrate solution, as is proven by the XRD pattern. 

Fig. 1. XRD pattern of (a) synthesized ZnO and (b) organo zinc complex.  
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The Scherrer formula in equation (1) was used to compute the crystallite size, and the full-width half maxima were calculated from 
the plot using the (101) plane [30]. 

d=
kλ

β cos θ
(1)  

where, d is the average order size (crystalline), k is a dimensionless form factor with a value of 0.9, β is line widening half as strong as it 
might be (FWHM), and θ is the Bragg angle. The full width half maximum and crystallite size were determined, and the crystallite size 
was calculated to 17.9 and 14.8 nm for ZnO and organo zinc complex respectively. 

3.2. Morphology and elemental analysis 

The surface morphology of the resulting powder was studied with SEM, Fig. 2. Because of their small size and low aggregation, the 
green synthesized structures are constant in nature. Aggregation, which is likely owing to the high surface energy of ZnO-NPs formed 
during synthesis in an aqueous solution, is also seen, as is densification, which results in a tight spacing between particles [31]. The 
SEM image of the ZnO NPs generated displays a precise wurtzite hexagonal structure with smooth and well-defined contacting sur
faces. The produced ZnO NP with an average particle size of 141 and 89 nm for green and chemically synthesized was identified from 
the analysis. 

The cross-sectional rods have neither porous nor hollow morphology but are compact solid with no other morphologies at their 
neighboring rods. Nanorods join to produce ZnO grains with nearly homogeneous shape. The SEM image corresponding to green 

Fig. 2. SEM image of (a) green and (b) chemically synthesized ZnO NP at500 nm resolution.  

Fig. 3. EDX spectrum of synthesized ZnO NPs.  
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synthesized ZnO NP also shows tiny nanoparticles growing perpendicular to the surface. The confirmation of nanorods from SEM data, 
Fig. 2(a) added credence to the green synthesis approach. Thus, dried Piper Longum fruit-assisted synthesis is found an efficient and 
cost-effective way of growing nanorods than conventional method of getting sphere-like morphology, Fig. 2(b). From the EDS spectra 
in Fig. 3, the formation of ZnO can be confirmed and its composition is tabulated in Table 1. 

3.3. Confirmation of phytochemicals 

The qualitative analysis showed presence of the phytochemicals, Alkaloids, Flavonoids, Glycosides, Phenols, Saponins, Sterols, and 
Tannins in Piper Longum L extract and is shown in Table 2. 

3.4. Optical analysis 

3.4.1. UV spectra of synthesized sample 
The UV spectrum of the synthesized sample displayed an absorbance peak like ZnO, indicating that the methodology utilized for 

green synthesis of ZnO NPs utilizing Piper Longum L fruit is successful. The sample was analyzed after 15 min of ultrasonication, which 
efficiently disseminated the material in deionized water. The spectrometer was allowed to run for one full cycle at wavelengths ranging 
from 200 to 800 nm. Intrinsic band-gap absorption of ZnO due to electron transitions from the valence band to the conduction band is 
seen in UV–visible absorption of ZnO NP as shown in Fig. 4. 

The Tauc plot, Fig. 4 gives the value of the energy band as 2.8 and 3.02 eV for green and chemically synthesized ZnO NPs. As 
observed by SEM, the sample exhibits larger particle size, leading to a reduction in the band gap compared to the chemically syn
thesized ZnO of 3.02 eV. This decrease in the band gap may result from creating crystal defects such as oxygen vacancies in bigger 
crystallites [32]. EDX image, Fig. 3, quantifies the amount of oxygen as 44.87 %. Semiconducting ZnO contains intrinsic oxygen 
vacancy (Vo) defects. Higher oxygen vacancy concentrations can be induced in ZnO by annealing in an inert environment or oxygen 

Table 1 
Composition of the prepared ZnO sample.  

Element Line Type Apparent concentration K Ratio Wt % Wt % Atomic Wt % 

O K series 17.41 0.05857 16.61 0.17 44.87 
Zn L series 36.52 0.036521 83.39 0.17 55.13  

Table 2 
Inference from Phytochemical analysis.  

Phytochemical Test Name Confirmation 

Alkaloids Iodine Test Nil 
Flavonoids NaOH Test Confirmed 
Glycosides Molisch’s Test Confirmed 
Glycosides Glycosides Test Confirmed 
Phenols Phenol Test Confirmed 
Saponins Foam Test Confirmed 
Tannins Lead Acetate Test Confirmed  

Fig. 4. Tauc plot for finding the energy band gap of (a) green and (b) chemically synthesized ZnO NPs  
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deficiency. The bandgap narrowing is due to oxygen vacancies [33]. 

3.4.2. FTIR spectra of synthesized ZnO 
Different functional groups linked with the created zinc oxide nanoparticles were discovered using FTIR. From Fig. 5, where 2181, 

1545, 1417, and 500 cm− 1 are the absorption peaks in ZnO and for organo zinc complex, the peaks are 655, 816, 1020, 1312 and 1479 
cm− 1. The absorption peak at 500 cm− 1 represents Zn–O stretching. The bond between inorganic components is responsible for the 
band frequencies below 800 cm− 1 [34]. The presence of different organic or inorganic species resulting from the synthesis process via 
the green route could be the reason for the peaks at 816, 1020, 1417 and 1479 cm− 1. Plant extracts or other biological components 
frequently utilized in green synthesis can leave behind organic residues that are detected in FTIR analysis. The peaks at 1417 and 1479 
cm− 1 are typically associated with bending vibrations of the CH2 groups, 816 and 1020 cm− 1 corresponds to C––C and C–N groups 
respectively, which could be remnants of the organic precursors used in the green synthesis of ZnO [34]. The peaks at 1312, 1545 and 
2181 cm− 1 could be due to surface contamination, absorbed species or functionalization of zinc oxide surface with organic molecules 
from the plant extracts [34]. 

3.5. Magnetic property analysis 

3.5.1. SQUID analysis 
The M − H loop for Zinc Oxide nanoparticle and organo zinc complex was obtained using SQUID-VSM. The experiment was 

conducted at a constant temperature and with a field range of ± 7 T and the diamagnetic characteristic is carefully removed from the 
loop. To ensure saturation magnetization, high applied field values were utilized, and the observed M − H loop of ZnO varied from that 
of organo zinc complex, as seen in Fig. 6. Organo zinc complex’s magnetization curve, which showed little hysteresis, may be classified 

Fig. 5. FTIR spectra of synthesized ZnO and organo zinc complex.  

Fig. 6. Measurement of Magnetization (M) as a function of the Applied Magnetic Field (H) showing the hysteresis loop. Inset: Enlarged view of the 
hysteresis loop to highlight coercivity and remanence. 
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as weakly ferromagnetic or superparamagnetic. The M − H curve of ZnO is inclined to be ferromagnetic. In a magnetic field of 16 kOe, 
organo zinc complex has a saturation magnetization, MS of 2.1× 10− 3 emu/g, whereas zinc oxide has a less saturation magnetization, 
Ms of 1.7× 10− 3 emu/g. The increased MS value indicates the enhanced ferromagnetism in organo zinc complex due to its smaller 
crystalline size, which may lead to single domain structures compared to zinc oxide, thereby enhancing its magnetic property. The 
decrease in the MS value for zinc oxide might be due to the phase transformation induced during the heat treatment process, altering 
the crystal structure of the material, and affecting the magnetic interactions within the material in accordance with the XRD data 
discussed above. 

High hysteresis, irreversible magnetization changes, and a shifted shape are visible, suggesting remanent magnetization (Mr) 0.12×
10− 3 emu/g for ZnO and 0.06 × 10− 3 emu/g for organo zinc complex, respectively. ZnO has a coercivity (Hc) value of 39.9 Oe, whereas 
organo zinc complex has a value of 30.2 Oe. These results show that the synthesized ZnO has magneto-crystalline anisotropy and a 
good domain structure, also the smaller crystallite size of zinc oxide showed higher coercive value than organo zinc complex [35]. 

Squareness ratio is a valuable estimation of quality of magnetic materials and is given in equation (2). It measures how square is the 
hysteresis loop, provides information by which direction of magnetization reorients to the nearest easy axis magnetization direction 
after the magnetic field switch off [36]. 

Squareness ratio (SQR)=
Mr

Ms
(2) 

It should be as low as feasible for magnetic fluids. It should ideally be zero, due to structural formations (for example, chains); 
magnetization does not decrease to zero when the applied field is withdrawn [36]. A value of less than 0.5 denotes a modest 
single-domain, randomly oriented collection of spherical particles. Lower values are frequently related to bigger particles and the 
establishment of domain walls [36]. The SQR value of synthesized ZnO and organo zinc complex is 0.03 and 0.07, respectively. It has 
been known that neutral cation vacancies in simple binary oxides can give rise to holes on neighboring oxygen ions which give rise to a 
triplet ground state, which could be responsible for the ferromagnetism state in the metal oxides nanoparticles [37]. 

Nanorods with a high surface-to-volume ratio and proportionally more surface defects, as shown in SEM images Fig. 2, exhibit 
ferromagnetic behaviour. Because of the ongoing oxidation process on the surface of the nanorods, the nature of this ferromagnetic 
behaviour is unstable. Due to the high surface-to-volume ratio and intrinsic defects in ZnO nanostructures, a huge number of un
compensated surface spins are generated, giving rise to long-range ferromagnetic order. A defect complex linked with oxygen vacancy 
and the reduced cation can produce magnetic interaction [38]. Residual ferromagnetic impurities, which exist in the form of Zn in
terstitials and O vacancies, regulate ferromagnetic behaviour of ZnO Nanorods [36]. 

3.6. Validation of organo zinc complex 

9.2810 mg of organic precipitate synthesized was used for CHNS analysis to confirm the occurrence of metal-containing organic 
compounds, the analysis quantified the presence of Carbon, Nitrogen, Hydrogen, and Sulphur, as shown in Table 3. 

Table 3 
Elemental composition.  

Sl. No. Element Content (%) 

1 Carbon 2.261 
2 Nitrogen 3.068 
3 Hydrogen 1.600 
4 Sulphur 0.065  

Fig. 7. TGA of zinc oxide.  
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Fig. 8. TGA of organo zinc complex.  

Fig. 9. Reduction in Chromium (VI) peak due to photocatalytic activity of synthesized ZnO, a(i) UV-C assisted, a(ii) LED assisted, 100 ppm and b(i) 
UV-C assisted, b(ii) LED, 200 ppm. 
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The quantification of these compounds indicates the organic content in the precipitate formed. Using the 844 professional VA 
(Metrohm), the amount of Zn present in the digested sample of organo zinc complex is quantified. 

In a 20 mL buffer solution of Sodium Acetate and Potassium Chloride, the presence of Zinc was not found in ppm level. The blank, 
also known as an acid combination (Hydrogen Peroxide and Nitric Acid), was used to aid digestion. 3.29 mg/L of zinc was found in a 
0.5 g organo zinc complex sample. To achieve full homogenisation of the sample, the diluted organo zinc was treated to digestion in the 
microwave digestion system of the Multiwave GO Plus. 

Conc.=
[

884 wieight
(mg

L

)
− (blank+ buffer)weight

(mg
L

)]
×

dilutionvolume(L)
weight of sample(kg)

(3) 

884 professional VA (Metrohm) determined that the sample has 133.02 ppm of Zinc using equation (3), indicating that the syn
thesized organo zinc complex contained 324.325 ppm of Zinc. When combined with CHNS data, the precipitate generated is verified to 
be an organic product with metal content. 

3.7. Thermal analysis 

The synthesized ZnO, and organo zinc complex were subjected to TGA analysis. The samples were heated at 20 ◦C/min in open DSC 
TG pans in a nitrogen atmosphere from 0 ◦C to 800 ◦C. Fig. 7 depicts the TGA of ZnO NPs. The TGA profile revealed a continual weight 
reduction with one near-sharp shift at 271.02 ◦C, followed by a near-constant plateau. Annealing at temperatures over 600 ◦C appears 
to ensure the creation of stable ZnO NPs. Excess water appears to be pushed out after heating to 271.02 ◦C, and the substance begins 
organic carbon breakdown. The substance is still decomposing, resulting in mass fluctuations and at 800.87 ◦C, the total weight loss 
remained 2.74 %. The TGA curve shows that sample be entirely degraded to ZnO after annealing at 800 ◦C. 

The TGA demonstrated a five-stage weight loss in the case of organo zinc complex, as shown in Fig. 8, indicating the breakdown and 
vaporisation of distinct functional groups at varying temperatures. The considerable weight loss may be due to the breakdown of 
organic carbon coordinated with Zn. The initial dip at 100 ◦C marks vaporisation of water moisture, resulting in a 6 % reduction in 
mass changes [39]. It should be noted that the observed TGA shows that weight loss proceeds in successive stages with increasing 
temperature, which is the reduction of 6.994 % of organic content estimated in the sample from CHNS analysis. The first stage occurs 
between 50 ◦C and 120 ◦C, illustrating the dehydration of surface-adsorbed water. The second stage exhibits significant weightlessness 
between 190 ◦C and 320 ◦C, with weight loss of 10 % up to 600 ◦C, indicating the loss of OH− and CO3

2− [40]. The decomposition of 
organic molecules and oxygen in the sample resulted in considerable weight loss, as seen in the image (Fig. 8). The TGA curve reveals a 

Table 4 
Comparison of efficiency of synthesized catalyst in Cr (VI) reduction.  

Photocatalyst Radiation Time (min) Efficiency (%) Reference 

Synthesized ZnO UV 24 99.6 Current study 
Synthesized ZnO Visible 60 91.6 Current study 
ZnO (Nice) UV 24 77.7 Current study 
ZnO (Nice) Visible 60 53.7 Current study 
ZnO chemical route UV 30 90 [42] 
ZnO green route UV 300 68 [43] 
ZnO green route UV 240 95 [44]  

Fig. 10. The graph showing the reproducibility of ZnO photocatalyst for 5 cycles of activity.  
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deterioration to 52 % after annealing at 800 ◦C, showing the loss of organic and volatile contents. Citing the EDX data, presence of 44 % 
of oxygen was quantified in ZnO even after annealing at 800 ◦C, hence the organo zinc complex made would be more oxygen rich. The 
defect induced by oxygen was also visible in the UV spectra, as the drop in energy band is ascribed to the interstitial defects of oxygen 
[41]. 

3.8. Photocatalytic activity 

The photocatalytic activity of synthesized ZnO NP for Cr (VI) reduction was studied with two concentrations of 100 and 200 ppm 
under visible light from a Luker LED lamp (110 W), with a flux of 1190 and UV-C generated from Godrej SD VIROSHIELD 30UV. The 
reduction was followed using the DPC method, and the absorbance vs wavelength plot is shown in Fig. 9. The synthesized photo
catalyst was compared with the purchased pristine ZnO to realise the real-world utility. The photocatalytic efficiency was evaluated by 
calculating reduction at specified intervals using the following equation (4) and is tabulated in Table 4. 

Percentage of reduction=
(AI − AF)

AI
× 100 (4) 

AI-Initial absorbance. 

Fig. 11. Plot showing relation between (a) and (c) C/C0, (b) and (d) -ln(C/C0) versus reaction time for purchased and synthesized ZnO in reducing 
100 and 200 ppm concentration of chromium solutions in UV and Visible light. 
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AF - Final absorbance. 
Table 4 reveals that both radiation sources were able to significantly decrease Cr (VI). It was found that UV-C radiation out

performed visible light in both ‘time’ and ‘efficiency’ to achieve a 99 % reduction for lower and higher concentrations of Cr (VI). 
Table 4 shows that the synthesized ZnO was more efficient than the purchased ZnO. UV-C radiation eliminated 99.6 ppm and 198.2 

ppm, while LED reduced 93 ppm and 184.2 ppm of Cr (VI) in 100 and 200 ppm concentrations. The corresponding narrow bandgap of 
2.88 eV from the Tauc plot brings us to the conclusion that the UV radiation was able to reduce more than the visible light. Commonly 
observed defects like the oxygen vacancies in ZnO, introduce midgap state above the VB of ZnO, providing the trapping site for 
photoinduced electrons under irradiation. Thus, the recombination of photoinduced electron-hole pair under radiation can be criti
cally retarded. Here, UV light reduced the recombination rate significantly compared to visible light, getting a potential degradation of 
99 % [45]. Fig. 10 shows the reproducibility and stability of the catalyst used under UV and Visible radiation for 100 and 200 ppm 

Fig. 12. Reduction in Sulphanilamide peak due to the photocatalytic activity of (a) synthesized ZnO, (b) NICE ZnO, and (c) reused ZnO.  

Table 5 
Percentage of degradation of sulphanilamide.  

Photocatalyst UV-C 

Efficiency (%) Time (min) 

ZnO 84 42 
ZnO (Nice) 44 6 
ZnO Recycled 52 18  
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concentrations of Cr (VI). It is checked for 5 operation cycles and found, after 5 cycles, the efficiency decreases from 99.6 to 99.1 % to 
42.3 and 48.3 % under UV and from 92.1 to 93 % to 35.8 and 39.3 % under visible, respectively, for 100 and 200 ppm concentrations of 
Cr (VI) solution. It might be due to leaching of active metal sites from the catalyst and/or adsorption of reactants/products on the 
surface of the catalyst [46,47]. 

Fig. 13. Plot showing relation between (a) C/C0 and (b) -ln(C/C0) versus reaction time for synthesized, purchased and reused ZnO in degrading 
sulphanilamide drug. 

Fig. 14. Zone of inhibition at different concentration of ZnO synthesized (a) S. aureus, (b) E. coli and (c) Candida albicans.  

Table 6 
Antimicrobial activity with different concentrations of Chloramphenicol Fugues- Fluconazole as positive control.  

Sl. No. Strains 25 μL 50 μL 75 μL 100 μL 

1 S. aureus 0.5 cm 0.5 cm 0.5 cm 0.5 cm 
2 E. Coli 1.0 cm 1.0 cm 1.0 cm 1.0 cm 
3 Candida albicans 1.0 cm 1.0 cm 1.0 cm 1.0 cm  

Table 7 
Antimicrobial activity with different concentrations of synthesized ZnO.  

S.no Strains 25 μl 50 μl 75 μl 100 μl 

1 S. aureus 0.5 cm 0.6 cm 0.9 cm 1.0 cm 
2 E. Coli 0.4 cm 0.5 cm 0.8 cm 1.1 cm 
3 Candida albicans 0.5 cm 0.6 cm 1.1 cm 1.2 cm  
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The kinetics of Cr (VI) reduction onto ZnO obey a first-order reaction model given by equation (5) [48]. 

ln
(

C
C0

)

=Kapp t (5) 

At the start and specific illumination times, Co, and C (ppm) represent the initial and residual chromium concentrations. Fig. 11 
displays the relationship along C/C0 and -ln (C/C0) versus reaction duration for 100 and 200 ppm concentrations of Cr (VI). Upon UV-C 
illumination, the rate constant of 100 and 200 ppm chromium solutions for synthesized and purchased ZnO were predicted to be 
0.1221, 0.241 and 0.0873, 0.1361 min− 1, respectively. Upon LED illumination, the rate constants of 100 and 200 ppm chromium 
solutions for synthesized and purchased ZnO were predicted to be 0.0366, 0.0177 and 0.0272, 0.0376 min− 1, respectively. An 
explanation for the higher photocatalytic capability of ZnO nanoparticles might be the appropriate interaction which aids electron 
mobility and reduces electron-hole recombination [49]. 

The degradation efficiency of synthesized ZnO against sulphanilamide is shown in Fig. 12 using UV-C radiation. 
The synthesized ZnO was able to degrade 84 % of the sulphanilamide present in 8.4 ppm solution and the percentage of degradation 

is calculated and tabulated in Table 5. 
The kinetics of sulphanilamide degradation is also studied. Fig. 13 displays the relationship along C/C0 and -ln (C/C0) versus 

reaction duration. Upon UV-C illumination, the sulphanilamide degradation rate for synthesized, purchased, and reused ZnO were 
predicted to be 0.0411, 0.0951 and 0.0686 min− 1, respectively. An explanation for the higher photocatalytic capability of ZnO 
nanoparticle might be the appropriate interaction which aids electron mobility and reduces electron-hole recombination [49]. 

The activity of a freely accessible ZnO laboratory reagent acquired from NICE chemicals was used to confirm the validity of the 
described green synthesis technique. The same procedure was followed, using the NICE ZnO instead of the synthesized ZnO. When 
using the NICE ZnO the maximum degradation is obtained in 6 min. At the end of the 6th minute, the NICE ZnO could only degrade 44 
% of the sulphanilamide as shown in Fig. 12. This indicates that the green synthesized ZnO outperformed ZnO (NICE). 

The reusability of the synthesized ZnO for photocatalysis is one of the most important characteristics [50,51]. Therefore, the ZnO 
was reused for the degradation of sulphanilamide following the same condition. The maximum degradation of 52 % occurs at 18 min, 
as shown in Fig. 12. This shows that the same ZnO has the capability to be used as a photocatalyst for multiple degradation. The 
percentage of photodegradation using all these photocatalyst (Synthesized ZnO, NICE ZnO, ZnO reused) is given in Table 5. The entire 
procedure was repeated multiple times, to ensure that the data which was obtained during the photocatalysis was reproducible. 

3.9. Antimicrobial activity of synthesized ZnO 

The antibacterial activity and minimum inhibitory concentrations of plant extracts against Gram-positive and Gram-negative 
bacteria were determined using agar well diffusion method. Antimicrobial activity against three pathogens were carried out with 
Chloramphenicol Fugues - Fluconazole as positive control. At different concentrations, the ZnO synthesized is exhibiting different 
inhibition zone, Fig. 14, and Table 6. 

As the concentration of sample increases the zone of inhibition (the region around which the bacteria are destroyed) is found to be 
increasing. From Table 7, it is evident that the synthesized ZnO at 75 μL and 100 μL has outperformed the inhibition zone of positive 

Fig. 15. Zone of inhibition at different concentration of organo zinc complex synthesized (a) S. aureus, (b) E. Coli and (c) Candida albicans.  

Table 8 
Antimicrobial activity with different concentrations of synthesized organo zinc complex.  

Sl. No. Strains 25 μL 50 μL 75 μL 100 μL 

1 S. aureus 0.8 cm 0.9 cm 1.3 cm 1.2 cm 
2 E. Coli 0.5 cm 0.4 cm 0.9 cm 1.2 cm 
3 Candida albicans 0.7 cm 0.6 cm 1.0 cm 1.0 cm  
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control used in inhibiting Candida albicans. At different concentrations, the organo zinc complex synthesized is exhibiting different 
inhibition zone, Fig. 15. 

The zone of inhibition is shown to grow as sample concentration increases. Table 8 shows that the synthesized organo zinc complex 
at 75 and 100 μL surpassed the inhibition zone of the positive control in inhibiting S. aureus. For 75 and 100 μL, inhibiting activity 
equalled the positive control utilized in Candida albicans. 

The performance of both synthesized samples was encouraging, and both ZnO and organo zinc complex potentially qualify as 
effective antibacterial agents, Fig. 16. 

3.10. Cytotoxicity analysis of synthesized ZnO 

For cytotoxicity testing, successive twofold dilutions from 100 μM to 0 μM were produced and employed for treatment. Half 
maximum inhibitory concentration (IC50) is a measure of compound’s ability to impede biological or metabolic function. This 
quantitative measure reflects how much of certain medicine or other substance (inhibitor) is required to block by half a given bio
logical process (or component of a process, such as an enzyme, cell, cell receptor, or microbe). Here in this study, we used MG-63 cell 
line to check the toxic potency of the synthesized samples, Fig. 17. 

Fig. 16. Zone of inhibition (a) S. aureus, (b) E. Coli and (c) Candida albicans.  
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It is evident from graph that the IC50 value for ZnO, organo zinc complex and cisplatin respectively are 34.36 ± 0.05, 37.25 ± 0.05, 
and 2.75 ± 0.05 μg/mL, which denote lesser toxic potency of synthesized nanoparticle. From Fig. 17, it is evident that cell viability 
reduces to 25 and 36 % for ZnO and organo zinc complex at high concentrations of 50 μg/mL. The maximum concentration of the 
samples in the limit of less toxic potency is 15 and 20 μg/mL for zinc oxide and organo zinc complex showing viability greater than 70 
%. This shows our samples have better non-toxic potential compared to the cisplatin drug having a cell viability of only 14 % for just 10 
μg/mL concentration. Fig. 18 illustrates the morphological changes and cell viability of MG-63 cells under different treatment 
conditions. 

4. Conclusion and future scope 

This work put forwarded a novel method of Piper Longum L assisted Zinc Oxide nanoparticle synthesis for the first time. The 
particle when tested for its activity, the green channel synthesized ZnO using Piper longum L has shown an edge above the performance 
of conventional ZnO. Structural and morphological analysis of the synthesized ZnO nanoparticle by XRD and SEM showed the 
confirmation and formation of ZnO nanorods. CHNS analysis was done to confirm the presence of organic moiety in the organo zinc 
complex formed. Phytochemical analysis confirmed presence of Alkaloids, Flavonoids, Glycosides, Phenols, Saponins, Sterols, and 
Tannins in the extract. The photocatalytic activity of the green synthesized ZnO showed higher efficiency with complete degradation of 
the Cr (VI) and sulphanilamide drug, in less time when compared to the conventionally synthesized ZnO. The magnetic property 
analyzed for both Zinc and organo zinc complex has shown remarkable magnetization saturation value in comparison with their 
counter parts, together with less toxic potential obtained for ZnO and organo zinc complex widens the scope of ZnO encapsulated drug 
delivery mechanism which is further sided by the small crystalline size of ZnO nanorods obtained. This effort would also place extract 
of Piper longum L as an alternative to CTAB in preventing agglomeration. 

Bioavailability study of the obtained nanoparticle and a more detailed review of its cytotoxicity would better place the synthesis 
method adopted in this work of mine as a more nuanced way of obtaining ZnO NP which has the potency to outperform the activity of 
conventionally procured ZnO NP. Further studies on improving the non-cytotoxic potential of ZnO via biogenic route will be carried 
out. Sustainability in zinc oxide synthesis and its multifunctional application is effective in employing Piper longum L in a more 
pragmatic way than it has ever been previously. The study has broadened the reach of Piper Longum L, which will directly benefit 
Indian spice growers by increasing the value of their harvest. 
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