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ARTICLE INFO ABSTRACT

Keywords: Zinc Oxide (ZnO) nanoparticles (NPs) were synthesized using an environmentally benign biogenic
Green synthesis approach employing an extract of kernels of Nigella Sativa (kalonji). The presence of primary and
ZnO lNP,S secondary metabolites in Nigella Sativa extract acted as the capping and reducing agent. The as-
gﬁ%ﬁm synthesized ZnO NPs were characterized using various advanced techniques i.e., UV, SEM, XRD,

EDS, TGA, DSC, and FTIR spectra. UV characterization of ZnO NPs revealed a peak within the
350-400 cm™! range, confirming their successful formation. XRD spectra revealed that the par-
ticles possess a nano-rods and platelets structure, with an average size of 65 nm. XRD analysis
revealed that the particles possess a size of 65 nm with a nano-rods and platelets structure. FTIR
spectra of the ZnO NPs exhibited a peak at a wavenumber range of 500-600 cm ™. The newly
fabricated ZnO NPs were utilized in a pyrolysis reaction for the production of high-yield bio-oil,
resulting in a maximum yield of 65.6 % at 350 °C. The spectra of the bio-oil display distinct peaks
at 1340 cm’l, 2923.6 cm’l, and 1617 cm’l, which suggest the existence of phenolic and
carbonyl chemicals. After incubating for 24 h under UV light, they also demonstrated significant
catalytic degradation of methylene blue dye. The highest degradation was recorded to be an
average of 71 % in 60 min of UV exposure. Taken together, ZnO NPs developed by eco-benign
methods have the potential to be implemented as a novel catalytic system in the production of
bio-oil as well as the remediation of dye-harboring industrial wastewater.

Methylene blue
Catalytic degradation

1. Introduction

The nano-technology field has the potential to manipulate matter at its nanoscale range, which creates materials that depict unique
properties with versatile societal applications. Nanomaterials act as magic pills that contain chemicals, genes, or herbicides, pushing
plant parts to release chemicals. Among these nanomaterials, ZnO NPs have gathered much attention from researchers owing to their
versatility and applications such as sensors, electronics, environmental protection, communication, cosmetics, and medical and bio-
logical fields [1]. ZnO NPs belong to the metal oxide family with the most prominent characteristics in the field of photo-oxidation and
photo-catalytic activity against biological and chemical species [1c]. ZnO is a renowned semiconductor that shows n-type properties
with a bridge gap of 3.37 eV and a huge binding excitation energy of 60 meV. This has occupied a special place in different metal oxide
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nanomaterials because of its electrical, optical, and catalytic properties [2]. ZnO shows excellent gas sensing properties towards many
gases. So, to improve gas sensing properties, researchers focused on improving its gas sensing ability by preparing ZnO with distinctive
morphologies and verifying its surface properties with various metals [3].

There are different methods that have been utilized so far for the preparation of ZnO NPs which include hydrothermal, sol-gel,
spray pyrolysis, precipitation method, ultrasonic condition, chemical vapor deposition and microwave assisted methods [4]. These
preparation methods are hazardous, demand high input energy, involve the use of chemicals, are unsafe for the environment, and have
environmental risks. In contrast, biological methods involve the use of microbes, algae, fungi, and plants, which involves lesser use of
the chemicals that cause lesser environmental aberration and are considered eco-friendly. Using the microbes for NPs preparation is
associated with various drawbacks which include longer required time and microbe screening, constant culture observation and shape
and size of NPs [5]. However, micro and macro-algae are not explored much for the NPs preparation. In this article, we have utilized
plant extract for nano-material preparation because plants contain various primary and secondary metabolites such as tannins, sa-
ponins, phenolic compounds, polypeptides, starch, flavonoids, and terpenoids which act as capping and reducing agents. As a result, Zn
(II) in the salt solution can be capped and reduced and subsequent oxidizing, well dispersed and stable ZnO Nps are obtained. In order
to extract these metabolites, mild solvents methanol, ethanol, or water are used, which react with zinc salt in various conditions, giving
different yields [6]. Over the years, various plant have been used for this purpose such as Calotropi sprocera [7], Aloe vera [8], Ocimum
bacillius [9], Solanum nigrum, Agathosma betullina and Acacia caesia [10], Lagenaria siceraria [11] Vitex negundo [12], Camellia sinensis
[13], Eucalyptus globulus [14]. ZnO NPs are known as biocompatible, environmentally safe with array of applicability, which has
swelled the curiosity of the scientist. These nanomaterials are used in drug delivery [15], in gas sensors as semiconductor nanomaterial
[16], optoelectronic & electronic devices [17], photocatalysis [18], cosmetic products [19], pharmaceutical [20], water cleaning [21],
self-cleaning fabrics [22] and as catalysts for yield improvement [23] and other chemical reactions [24].

In this article, Nigella Sativa (Kalonji) has been employed for the preparation of ZnO nano-particles. Nigella Sativa is generally well-
known by names of black cumin or black seeds. Karnels of Nigella Sativa contain 0.4 %-2.5 % of essential oils, 36 %-38 % fixed oils,
saponins, proteins, and alkaloids [25]. Pyrolysis is a process in which wood and lignocellulosic biomass are used for the production of
energy in the form of bio-oil and syngas [26]. ZnO NPs are used in pyrolysis reactions as catalysts to enhance the yield of bio-oil. In this
study, peels of Punica granatum (Pomegranate) used for the production of bio-oil through pyrolysis method. In the past years most of
the pyrolysis work is focused on the usage of pulp and seeds of Punica granatum but a very few attempts were made to use peels for the
energy production. In this work the peels of Punica granatum are implied for the cost-effective bio-oil generation with the addition of
biologically synthesized ZnO catalyst and comparing the yield with standard catalyst Zeolite Socony Mobil # 5 (ZSM-5).

Globally, water pollution has become the major concern because it effects the biodiversity of our ecosystem critically leading to loss
of life numerously owing to the contaminate water [27]. Industries play crucial role in this matter as their effluents cause liver damage,
skin irritation, kidney failure, blood disorders, carcinogenic & mutagenic effects and poisoning of central nervous system [28]. For this
purpose, it is imperative to eliminate synthetic dyes from the effluents. Methylene blue (MB) is one of the synthetic dye, which is water
soluble leading to toxic effect on aquatic life and nitrifying bacteria [29]. The MB dye is bio-accumulated, non-biodegradable, and
carcinogenic, which makes its degradation crucial. Due to having large surface along with quantum confinement resulting in pho-
togenerated charge carrier for degradation of organic pollutants using UV/Vis light, it is said that semiconductor metal oxides can
perform significant photocatalytic reduction [30]. For this purpose, ZnO NPs is the ideal contender for the MB dye degradation because
they show excellent photocatalytic activity because of high surface area to volume ratio [31]. Because ZnO NPs show environmentally
benign which is the reason they to be explored more to explore their potential applications which is crucial to bridge the research gap
in the field of nanotechnology. These qualities make them best candidate for studying the photocatalytic degradation of organic
pollutant and use them for the wastewater treatment. In this article we studied the photocatalytic ability of ZnO NPs prepared using
Nigella Sativa along with pyrolysis.
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Fig. 1. ZnO NPs formation from Nigella sativa seeds.
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2. Materials and methods

For the procedure, zinc nitrate hexahydrate (Zn(NOg)2 6H50), sodium hydroxide (NaOH), methanol (CH3OH), ZSM-5, and MB dye
were used, and all the chemicals were used Sigma Aldrich. All chemical were used in their pure form without further purification. In
Pyrolysis reaction dried peels of Punica granatum were taken from nearby market in Lahore.

In this method, firstly we prepared the extract from Nigella Sativa. For that, 5 g quantity of fine powder of kernels of N. Sativa were
dispersed in 40 % solution of Methanol (CH3OH) and heated on hot plate at 90 °C for 60 min (Fig. 1). The seeds of Nigella Sativa are full
of important anti-oxidants. So, in order to identify their presence, phytochemical analysis was done. They were done to check the
presence of poly-phenolic compounds, reducing sugars, saponins, tannins and terpenoids. For NPs preparation, First, we prepared 1M
Zn(NOs3) and 1M solution of NaOH. Following that, in a 100 ml beaker 10 ml plant extract and 10 ml solution of Zn(NOs), was taken
(1:1). In order to adjust the pH of the solution in the range of 12-13, 1M NaOH solution was used. After maintaining the pH of the
solution, the reaction system was placed on the hot plate and reaction was carried out for 120 min at 90 °C. Obtained ZnO NPs were
dried, calcined at 350 °C and used for characterization purposes.

2.1. Application of ZnO NPs in pyrolysis

Pyrolysis of Punica Granatum was done at various temperatures from 250 to 500 °C to set the optimum conditions. The optimization
of the reactions gave maximum yield at a temperature of 350 °C. Further on, catalytic was loaded on the biomass by stirring the peel
powder and 1 g of ZnO NPs in hot water for 10 min. After 10 min, the biomass filtered and dried to get rid of all the moisture and moved
to pyrolysis reactor bio-oil. Same reaction was carried out with ZSM-5, at different catalytic conditions and the yield obtained in all the
process was compared.

2.2. Application in dye degradation

Different concentrations of MB dye were prepared and the pH of the solutions were maintained at 12 using 1M sodium hydroxide
(NaOH). After that, 0.1 g of the ZnO NPs catalyst were added in the dye samples and sonicated for 10 min. After attaining 24-h in-
cubation period, all the samples were irradiated under UV-visible light until they showed maximum degradation of dye, which was
recorded every 5 min.

2.3. Characterization

For the characterization of ZNO NPs UV (SPD-10A UV-VIS Detector With Longwave Variation/2118-AS/) in solid state under O,
environment, FTIR (ATR adapter for FTIR Spectrophotometer (3009-AS) in solid state with 2 cm™! with scan number 1024 and
pressure of 6 hPa, XRD Mikroskop Meophat 2) under nitrogen environment, SEM & EDX (Inviumstah Potentiostat. with Multiplex and
Control Unit, Software.) was done under vacuum and TGA from 20 to 1000 °C with heating rate of 5 °C/min & DSC (Kalorymetr TG-
DSC 111) at 20-500 °C 5deg/min under N2 were performed. The characterization methods confirmed the formation of ZnO NPs and
elucidated the structure and size of NPs.

3. Result and discussion
3.1. Phytochemical investigation of Nigella Sativa extract
Phytochemical exploration of the extract of Nigella Sativa kernels was accomplished to ascertain the existence of some compounds

such as, saponins, tannins, poly-phenolic compounds reducing sugars and terpenoids. Obtained outcomes of the performed tests are
given in Table 1.

Table 1
Phytochemical tests and their results.
Sr. Constituents Test Results
#
1 Poly-phenolic 5 ml extract + 1 ml of FeCls + 1 % solution of K3[Fe(CN)e] Negative with no reddish blue colour formation
compounds
2 Reducing Sugar 5 ml extract + 5 ml Fehling solution A + 5 ml of Fehling solution B+  Positive giving brick red ppt
heat
3 Saponins 10 ml distilled H,O+ 3 ml extract + shake for 30 min Positive with honey comb formation
4 Tannins 3 ml extract+ 10 % alcoholic FeCls Positive showing greenish grey or Dark blue colour
5 Terpenoids 5 ml extract + 2 ml CHCl; + 3 ml HpSO4 Negative with no reddish-brown interface between 2
layers
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3.2. UV/visible analysis

UV/Vis spectra of the sample shows (Fig. 2(a)) the absorption peak fall in the area of 200-800 nm. In the spectra, ZnO NPs dis-
played their characteristic absorption peak in the range of 350-400 nm. Size and shape of NPs are the determining factors for the width
and shape of absorption peak. The absorption peak near the region of 350-400 nm is an indicator of the synthesis of pure ZnO NPs that
have high efficiency in absorbing ultraviolet radiation [32]. No other absorption peak observed in this region confirmed that the NPs
formed are very pure [33]. Wide range of studies are available that exhibit that ZnO NPs display peaks in below 400 nm region. Similar
results were reported by Zare et al., exhibiting the formation range of ZnO NPs formed by Thymus vulgaris leaf extract in the range of
270 nm [34], Wary et al. reported the preparation of ZnO NPs by using coconut husk give the absorption peak below 400 nm [35] and
Bhuyan et al. prepared ZnO NPs using Azadirachta indica depicting the UV range of 377 nm [36]. The band gap energy of the ZnO NPs
was calculated using Kubelka-Munk function (ahv)2 = A(hv-Eg), where o, hy, Eg, and A are the absorption coefficient, photon energy,
band gap energy, and constant, respectively. In Fig. 2(b), it can be seen clearly that the band gap energy of ZnO NPs is 3.1 eV [37]. The
small band gap energy is attributed to the consequence of the native defects (zinc interstitials and oxygen vacancies) resulting in the
localized electronic states in the energy gap, which in turn give high efficiency of ZnO NPs in pyrolysis and photodegradation [38].

3.3. FTIR analysis

Fig. 3 (a) exhibited the FTIR spectra of ZnO compounds in the range of 4000-500 cm™'. ZnO NPs exhibit its characteristics ab-
sorption peak in the range of 500-600 cm ™" [7,31,39]. However, the peak at 3544.94 cm ™! represents the stretching vibration of the
hydroxyl group (OH) [40]. The absorption band in the region of 2923.24 cm ™! is associated with the C-H Stretching vibration [7,31,
36,392a,39b,40]. The range of 1634 cm~ ! is associated with stretching vibration of C=C groups [41]. The vibration of OH, C=C and
C-H group are belong to the reducing sugars, saponins and tannins that are present in the extract of Nigella sativa, which is used for the
synthesis of the NPs.

3.4. X-Ray diffraction (XRD) analysis

The XRD pattern of as-synthesized ZnO NPs is shown in Fig. 3(b). The measurements were done in the range of 10-80° 2-theta and
analyzed with Jade software. The data recorded provide the diffraction peaks at the 2-theta value of 31.78°, 34.40°, 36.28°, 47.50°,
56.44°, 62.80°, 67.86° respectively. The characteristic diffraction peaks of NPs are well indexed with hexagonal ZnO (JCPDS Card No.
36-1451). The ZnO NPs are mainly present in cubic zinc blends or hexagons [42]. More interestingly, the XRD pattern also confirms
the high purity of the sample as all the diffraction signals correspond to ZnO NPs and it does not contain any signals other than that
which is confirmed by EDS elemental mapping data (fig.S 2) that is clearly showing that peaks of no other elements were seen. This
high purity of nano-powder can enhance its efficiency in different applications. Moreover, the height of the peaks indicates the high
crystallinity of the materials calcined at 350 °C temperature. The Debye-Scherrer’s equation was used to calculate the crystallite size of
the material. In this equation D s crystallite size (nm), A is the incident X-ray’s wavelength, § is the full-width half maxima and 0 is the
diffraction angle.
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Fig. 2. (a) UV spectra of zinc oxide NPs and (b) is band gap energy of ZnO NPs.
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Fig. 3. FTIR (a) and XRD (b) pattern of biogenically synthesized ZnO NPs.

The crystallize size of ZnO NPs i.e., 65 nm was measured by using full-width half maxima of peaks at 31.78°, 34.40°, and 36.28° 2-
theta values. The lattice parameters obtained after reitveld refinement were a = 3.242031 b = 3.242031 ¢ = 5.193165. While Wil-
liammson Hall slope gave microstrain 5.46 x 10~ with crystallite size of 65 nm. The Intercept calculated was 0.00199 m while slope
was 0.00546 m.

3.5. SEM and EDS analysis ~!

Morphological characteristics of the ZnO NPs was done using SEM analysis. The SEM micrograph is given in Fig. 4 (a & b), which
revealed the agglomeration, size, and shape distribution of the ZnO NPs. However, images revealed different shape of particles which
dominantly comprised of nano-rods and platelet without adherence to each other. Similar results were reported in the literature [42b].
The average size of the particles seen in SEM analysis is in the range of 60-65 nm which coincide with the results obtained from XRD.
The energy dispersive X-ray spectroscopy (EDS) mapping image of the biogenically prepared ZnO NPs confirmed the uniform and
homogenous formation of ZnO NPs Fig. 4 (c, d, e and f) [43]. The EDS mapping also the content of carbon comes from the carbon tape
while Al comes from the sample holder.

3.6. DSC and TGA of ZnO NPs

The Fig. 5 (a & b) depicts the typical DSC & TGA of the biologically synthesized ZnO NPs based on the heating process of 5 °C per
minute. Thermo-gravimetric analysis includes the heat-induced decomposition of the material, which initiates bond breakage in the
system under study [44]. The TGA profile showed 2 sharp changes with continued weight loss Fig. 5 (a). First peak appear at
180-200 °Cregion with 10 % weight loss which may be occurred due to the loss of water molecules which were physically adsorbed on
the NPs. The peak observed at 550 °C, causing 30 % loss, is because of chemically absorbed alcohol, water, hydroxyl group and water
which cause the formation of pure ZnO NPs [45]. In the DSC curve, two major peaks observed in the range of 80 °C and 300 °C is
attributed to the probable loss of adsorbed volatile molecules on the surface of the NPs Fig. 5 (b). The peak at 300 °C is associated with
the degradation of organic matter and the formation of ZnO NPs 300 °C [45].

3.7. Mechanism of formation of ZnO NPs

Phytochemicals present in the plant play crucial role in the synthesis of nanoparticles (Fig. 6). The probable mechanism for the
formation of ZnO NPs is predicted as the zinc nitrate mixed with the extract of Nigella sativa, Zn?* ions distribute thoroughly and
uniformly in the extract and form the complex with the active agents. The resulting complex structure go through sluggish decom-
position upon heat application. In a nutshell, the phytochemical helps in the reduction of Zn?* ions, making ZnO NPs with a small size.
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Fig. 4. Fig. a and b depict the SEM images of ZnO NPs while Fig, c, d, e, and f, and h depict EDS elemental mapping and graph.

3.8. Application of ZnO NPs in pyrolysis Oz

Pyrolysis reactions of pomegranate peels was performed in the fixed bed reactor with inflow of nitrogen to maintain the inert
atmosphere and collecting bottles shown in Fig. 7. The reaction performed at various temperature range giving out varied ratios of
charcoal, gas and oil. The obtained amount of the end-products are depicted in Table 2 and Fig. 8. The data clearly depicts that
increasing temperature increases the syn-gas fraction of the product, and at 500 °C, syngas dominated the product yield. This coincides
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Fig. 6. Mechanism for the formation of ZnO NPs.

with the several studies which showed that higher temperature favours the formation of gas, while high heating rate gives bio-oil as the
main product [46]. Table 3 and Fig. 9 exhibit another data of pyrolysis reaction after maintaining the reaction conditions. As it was
clear from the previous set of reactions that pyrolysis of Punica granatum peels gave a maximum yield of bio-oil at 350 °C, the next set of
reactions was performed with the inclusion of different catalysts after the catalyst loading. For this purpose, standard catalyst and
biogenically prepared ZnO NPs loaded on the biomass. The amount produced from the reactions clearly exhibits that the ZnO catalyst
gave maximum yield over ZSM-5, which is attributed to the low bandgap energy of the ZnO NPs.

In FT-IR analysis reveal that peak is seen in fig S (a, b and c) in the range of 2923.4 cm ™., is associated with stretching vibration of
CH, and CH; groups in carboxylic acid compounds while 1340 cm ™! region in all spectra is linked with its bending vibration. The band
in 1617 cm™! belongs to the stretching vibration of the carbonyl group [47]. The peak at 3394 cm ™! is linked with OH group of
phenolic compounds while in fig. S (d) this OH peak disappeared due to high temperature given to the biomass and stretching band
between 1450 and 1500 cm ! belong to the N-H groups. However, in fig. S (b) the peak region between 700 and 800 is associated ZnO
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Fig. 7. Fixed bed pyrolysis reactor used for Punica granatum pyrolysis for the production of high yield bio-oil.
Table 2
Pyrolysis reaction at various temperatures and (%) yield of the end products.
Temperature (°C) Time (mins) 0il Yield (%) Charcoal Yield (%) Gas Yield (%)
300 19 34.8 29.6 35.6
350 18 44 22.4 33.6
400 10 38 32.7 28.4
450 8 37 34.0 28.5
500 10 30.9 24.9 44.2
50
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<%l L |
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T (°C)
Fig. 8. Yield of products at different temperatures.
Table 3
Pyrolysis reaction product yield in various catalytic environment (T = 350 °C).
Constituents 0Oil yield (%) Charcoal yield (%) Gas yield (%)
Without Catalyst 44 22.4 33.6
With ZnO catalyst 65.6 20.6 13.8
With ZSM-5 24 33 43

with is present in the biomass for after loading [48]. Peaks falling under the area of 300-380 cm-1 belong to the bending vibration of
C-H, and peaks in the region of 1107 cm-1 are associated with stretching C stretching vibration, while peaks in the region of 1000 cm-1
belong to C stretching vibrations. The spectra gives us the idea of presence of important compounds, which are of chief importance in
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determining the value of bio-oil.
Along with the bio-oil, the pyrolysis of the Punica granatum also gave char, which is an excellent abosrbant and can be used for the
wastewater treatment as well.

3.9. Photocatalytic degradation

Photocatalytic activity of prepared ZnO NPs was evaluated by computing the rate of MB degradation, chosen as a model reaction
[49].

Different concentrations of MB solutions (10, 20, 30, 40, and 50 ppm) were prepared in distilled water, followed by the preparation
of ZnO NPs solution by dispersing the particles in the distilled by means of sonication in a water bath for 10 min to ensure complete and
thorough mixing. The reaction blends were prepared by adding varied quantities of NPs suspension to the aqueous solution of MB dye
and 1M solution of NaOH to maintain the pH at 12.0. Afterward, samples were placed in incubation for 24 h at room temperature in
order to attain the adsorption-desorption equilibrium for MB on the catalyst surface. After attainment of equilibrium, 1.0 mL of sample
was extracted to examine the initial concentration (Cg) of MB solution, and the remaining mix was irradiated with a UV-Vis lamp to
initiate dye degradation. The distance between the sample mix and radiation source was nearly 25 cm. At specific time breaks, sample
mix (1.0 mL) was taken out and centrifuged immediately to eliminate the photocatalytic particles. The supernatant was then analyzed
by UV-VIS spectrophotometer with absorbance measurements range of 250-650 nm to analyze the concentration of MB at every time
lapse (5 min), which is denoted as C;. The calibration curves of MB were analyzed showing the linear pattern in the range of 1.0-25.0
mg/L (y = 0.0781x + 0.0083; R? = 0.9999).

The catalytic degradation efficiency was calculated using the following equation [1]:

Decolorization efficiency (%) = (Ap-A)/Ag x 100 [1]

Where Ay is the absorbance of MB dye solution prior to the irradiation, A is the absorbance of MB solutions in reaction mixture af-
terward time t. The unirradiated samples and MB solutions without NPs were utilized for comparison. For the photocatalytic
degradation of MB dye was illustrated through pseudo first Kinetic model utilizing the following equation [2]:

logCo/Ct = kt [2]

Where C is the initial concentration of MB while C; represents the sample at time t after irradiation, respectively, while k is rate
constant [50]. The added solution of NaOH which maintained the pH of the solution helped increasing the efficiency of the photo-
catalytic degradation of ZnO NPs. The results of catalytic degradation showed promising results with 71 % of dye degraded in just 60
min after the UV exposure (Fig. 11). Fig. 10 shows the mechanism of degradation of MB dye. The photocatalytic mechanism involve
generation of electron hole pair following the separation of electron hole pair and oxidation reduction reaction on the surface of
nanocatalyst which in turn generate highly reactive hydroxyl radical ((OH) Electrons in the conduction band of ZnO fall short of
0O,/e0, potential. Conduction band electrons of ZnO rarely interact with Oy in the surrounding. ZnO transmits the O, when unbound
electrons present in the catalyst interact with O,. Comparing the potential of valence band of ZnO, the reduction potential of H,O/OH
and OH/OH is lower. This is the reason photocatalytic degradation occurs. Holes of the ZnO catalyst interact with H20 and OH,
forming large amounts of OH [51]. Table 4. Shows the photocatalytic activity of ZnO NPs prepared using different plant extracts.

From the above section it is clear that, in the present study, prepared ZnO NPs show comparable photocatalytic activity by
degrading 71 % of MB dye in less required time. This result shows the significant efficiency of the prepared ZnO NPs.

4. Future perspective

The green route provides for application driven synthesis of ZnO NPs. Studies have proven that green synthesis is novel, economic
and is significantly efficient method for the synthesis of nanomaterials. Green synthesis of ZnO NPs is highly potential methods with
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which we can control the size and morphology of the Zno NPs, which can be utilized for the further application in various fields such as
agriculture, paints, semiconductors, biomedical, cosmetics and ecological fields to name few. Green approach is vastly favored owing
to the utilization of plant components that leads to reaction, which needs mild conditions, low cost and less harmful byproducts. This
green route is immensely aligned with the objectives of technology and nanoscience for the promotion of sustainable development and
future prospects for improvement in ZnO, which will cover more aspects of the applications that are yet to be explored.

5. Conclusion

Phytochemicals in Nigella sativa assisted the formation of ZnO NPs with UV characterization depicted peak in the range of 350-400
em ™! and particle size of 65 nm calculated by XRD & SEM exhibiting nano-rods and platelets structure while FTIR spectra of the ZnO
NPs depicted the peak value of 500-600 cm ™. XRD showed the lattice parameters obtained after reitveld refinement were a =
3.242031 b = 3.242031 ¢ = 5.193165. The spectra of bio-oil depict the peak of phenolic group peaks and carbonyl group peaks
predominantly in the area of 1340 cm ™!, 2923.6 cm™! and 1617 ecm™! showing that bio-oil is made of comprised of carbonyl and
phenolic compounds and in the spectra of charcoal this phenolic peak disappeared due to high temperature. Pyrolysis of Punica
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Table 4

Photocatalytic degradation of MB dye by ZnO NPs prepared using different plant extract.
Plant Dye Photodegradation (%age) Time (mins) Reference
Coconut husk extract MB and MY 97 100 [52]
Scutellaria baicalensis MB 98.6 % 210 [53]
Trigonella foenum MB 88.7 % 90 [54]
Citrus jambhiri lushi MB 96 120 [55]
Ruellia tuberosa MB & MG 94 & 92 150 [56]
Jujube fruit MB 92 300 [571]
Syzygium Cumini MB 91.4 180 [58]
Phoenix roebelenii MB 98 % 105 [38]
Gomphrena serrata MB 90.5 % 180 [59]
Acalypha indica MB 96 90 [60]
Nigella Sativa MB 71 % 60 Present study

Abbreviation: Metanil Yellow (MY), Malachite Green (MG).

granatum peels gave maximum yield at 350 °C, and loading of ZnO NPs catalyst enhanced bio-oil yield to 65.6 %. ZnO NPs also gave
promising degradation results with MB dye, with an average dye degradation of 71 % in 60 min.
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