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A B S T R A C T

Herein, we report the synthesis of ZnO nanoparticles (ZnO-CB NPs) by employing the solution combustion
method using an aqueous extract of brinjal calyxes as fuel. Characterization techniques, such as X-ray diffraction
(XRD), Fourier transform Infrared spectroscopy (FTIR), UV–visible spectroscopy, and Scanning electron micro-
scopy (SEM), were used to investigate the structural, optical, and morphological properties of synthesized
nanoparticles, respectively. Highly porous hexagonal crystalline ZnO-CB NPs with less than 7 nm particle size
were obtained. The photocatalytic performance of synthesized material is measured with Malachite green (MG),
Basic brown 1 (BB1), and Acid orange 36 (AO36) as benchmark dyes. It showed that the synthesized material
worked effectively under pH 10 with UV light irradiation. The synthesized ZnO-CB NP shows good removal
effectiveness of the MG, BB1, and AO36 dyes with 99.3 %, 99.6 %, and 99.5 %, respectively, which can be
promising photocatalysts for ecological applications such as wastewater remediation. Further, the synthesized
ZnO-CB NP was used as blends in the methyl ester of Millettia pinnata oil (MPME), which is blended 20 % with
commercial diesel (MPME20). The synthesized ZnO-CB NP was added to the MPME20 in varying amounts to
ascertain its effects on the quality of emissions of various greenhouse gases such as hydrocarbons, COx, and NOx.
Moreover, brake thermal efficiency (BTHE) and brake-specific fuel consumption (BSFC) were studied for the
blends. The blend MPME20 with 25 mg of ZnO-CB NP, i.e., MPME20-25 mg, ZnO-CB, displays the best per-
formance and reduced emissions.

1. Introduction

Irreparable disposal of highly stable compounds such as dyes, drugs,
plastics, pesticides, heavy metals, etc., from different sources such as
agriculture, industries, and urban cities has a significant negative impact
on the environment (Zollinger 2003; Fosso-Kankeu et al., 2020). These
harmful organic dyes have a major unconstructive blow on the envi-
ronment. Numerous processes, including chemical oxidation, adsorp-
tion, precipitation, ion exchange, biological, reverse osmosis, and
photocatalysis, are used to break down these harmful dyes (Zollinger,
2003). These procedures are likely to be rejected by effluent treatment
processes because they are ineffective and expensive. The above-

mentioned challenges for the degradation of dyes present in effluents
must thus be reduced. This calls for cost-effective and environmentally
safe alternative processes.

One of the optimum methods for the degradation of hazardous dyes
in effluent water with the use of semiconductor-based photocatalysts is
the advanced oxidation process, which has been suggested thus far
(Pouretedal et al., 2009; Alharthi et al., 2020). Due to their high effi-
ciency, environmentally encouraging nature, and affordability, these
semiconductor photocatalysts are regularly used (Mills et al., 1993;
Lavand and Malghe 2015; Hassaan et al., 2017; Navarro et al., 2017;
Natarajan et al., 2018a, 2018b; Pirhashemi et al., 2018; Belver et al.,
2019; Di et al., 2019). Modern researchers have been progressively more
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interested in the expansion of effective green chemistry processes for the
production of metal oxide nanoparticles. There are many potential
methods for the successful production of metal oxide NPs (Mills et al.,
1993; Capek, 2006; Lavand and Malghe, 2015; Hassaan et al., 2017;
Navarro et al., 2017; Pirhashemi et al., 2018; Singh et al., 2018; Belver
et al., 2019; Di et al., 2019). Several nanostructured metal oxides can
have their magnetic, optical, and electrical properties altered by altering
the synthesis and processing conditions (Thema et al., 2015; Thovhogi
et al., 2016). They may, therefore, have characteristics related to a
number of industrial applications, including catalysts, battery cathodes,
gas sensors, magnetic materials, antibacterial (Singh et al., 2018), etc.

Some transition metal oxides, including NiO, TiO2etc., nanoparticles
show potential as antioxidants (Abbasi et al., 2019), photocatalysts
(Dooley et al., 1994), angiogenesis inhibitors (Kumar et al., 2021), and
electrochemical sensors(Amin et al., 2019). In the current era, doped
transition metal oxide semiconductors have received a lot of attention
because of their increased catalytic properties (Al Boukhari et al., 2020).

Several varieties of plant and fruit extracts were employed for the
biosynthesis of ZnO NPs, namely, Salvadoraoleoides, Echinacea spp.,
Boswelliaovalifoliolata, and Ocimumamericanum (Supraja et al., 2016;
Padalia et al., 2017; Attar and Yapaoz, 2018; Narendra Kumar et al.,
2019), which were utilized as photocatalytic agents for various organic
dyes, such as methylene blue (MB) dye, and 88 % degradation was ob-
tained in 140 min. Eco-friendly ZnO-CB-NPs were used as photocatalytic
agents for many organic dyes, such as methylene blue (MB) dye, which
degraded (88 %) in 140 min (Supraja et al., 2016). Padalia et al., and his
team degraded up to 86 % in 180 min (Padalia et al., 2017). The pho-
tocatalytic assessment proved the ZnO NPs achieved 100 % elimination
of MB dye at 60 min exposure, and 85 and 92 % degradation of methyl
orange (MO) and Rhodamine B (RhB), respectively, at 180 min
(Karaköse and Çolak 2018).

In order to achieve high photo-decomposition activity over three
organic chronic dyes, malachite green (MG), basic brown 1(BB1), and
acid orange 36 (AO36), it is attempted to synthesize ZnO-CB NPs as
photocatalyst in a cost-effective and environmentally friendly combus-
tion method using aqueous extract of calyxes of brinjal as fuel as illus-
trated in Scheme 1A. Under the illumination of various light sources, the
synthesized ZnO-CB NPs are used as a photocatalyst to remove dyes from
an aqueous solution. Furthermore, the impact of several catalytic pa-
rameters on the photocatalytic degradation of MG, BB1, and AY36 dyes
is also examined, including irradiation time, dye concentration, photo-
catalyst quantity, and pH value. The ZnO-CB NPs photocatalyst
demonstrated outstanding photocatalytic performance for the degra-
dation of MG, BB1, and AO36 dyes under UV light irradiation, as shown
by the photocatalytic data. Under identical conditions, 99.6 % and 99.3
% of MG and BB1 dyes are degraded within 100min, respectively where,

as 99.5 % of AO36 degraded in 120 min.
Biodiesel, which is derived from green sources, is trans-esterified for

structural modification and is suggested as an alternative as it has more
energy safety, a variety of sources, and considerable carbon emission
decrease (Javed et al., 2016; Prabu and Anand 2016; Esfe et al., 2018;
Hasannuddin et al., 2018; Devarajan et al., 2019; Desantes et al., 2020;
Kumar et al., 2020; Soudagar et al., 2020; Elumalai et al., 2021; Sou-
dagar et al., 2021). Although biodiesel has garnered attention in recent
study, it is not without limitations, such as increased NOx emissions,
lower energy output, and increased fuel consumption. According to
studies, there are plenty of Millettia pinnata trees in different parts of
India (Desantes et al., 2020), and transesterification yields an 81 % yield
of biodiesel (MPME) from Millettiapinnata oil.

Fuel combustion efficiency is significantly influenced by ZnO nano-
particles, which assist in the breakdown of complex hydrocarbons and
catalyze complete combustion (Yusof et al., 2020; Ampah et al., 2022).
ZnO nanoparticles possess “oxygen buffering capability”, which gua-
rantees that there is enough oxygen available for combustion, especially
in lean fuel mixtures—and increases the efficiency of the fuel. Further-
more, by changing the kinetics of combustion, ZnO nanoparticles can aid
in the reduction of harmful gases such as NOx and COx in the emissions
(Rajak et al., 2023; Suhel et al., 2023). Hence, it is worth studying the
effect of green synthesized ZnO NPs and how the synthetic protocol
employed affects the catalytic performance. Therefore, the catalytic
property of ZnO-CB NPs is tested in the enhancement of the fuel prop-
erties by adding different proportions of catalyst in MPME and diesel
blends. The emission analysis of the engine is performed using an
exhaust emission analyzer.

2. Materials and methods

2.1. Materials

Analytical-grade zinc nitrate hexahydrate (Zn(NO)3⋅6H2O) (Sigma-
Aldrich), malachite green (Sigma-Aldrich), basic brown1(Sigma-
Aldrich), and acid yellow 36 (gift sample) are used without further
purification. Double-distilled water is used throughout the work.

2.2. Preparation of aqueous extract of calyxes of brinjal

Just separated calyxes from brinjal are washed with distilled water,
dried, and about 100 g are boiled in 150 mL distilled water until the
volume is reduced to 50 mL. Then, they are filtered, cooled, and used for
the synthesis of ZnO-CB photocatalyst.

Scheme 1. (A) Graphical representation of synthesis of ZnO-CBNPs, and (B) A proposed mechanism for the degradation of dyes.
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2.3. Synthesis of zinc oxide nanoparticles (ZnO-CB NPs) photocatalyst
using extract of calyxes of brinjal

The synthesis is carried out using zinc nitrate (0.7355 g) and an
aqueous extract of brinjal calyxes. Zinc nitrate is dissolved in 5 mL of
distilled water and mixed with 4 mL of brinjal calyxes aqueous extract
with constant stirring until a thick mass is obtained. The thick mass is
kept in a preheated muffle furnace for 15 min at 400 ± 10 ◦C, followed
by calcination at the same temperature for 3 h. The obtained product
(labeled as ZnO-CB NPs) is stored in airtight vials.

2.4. Photocatalytic experimentation

The experimental setup consists of a spherical-shaped glass bowl of
250 ml capacity, a magnetic stirrer (Make: Remi), a magnetic bit, and an
electric connection. The speed of the magnetic stirrer is set at 450 rpm.
5, 10, 15, and 20 mg of ZnO-CB in 100 mL of aqueous dye solution at 3,
6, 9, and 12 ppm are taken for degradation experiments. These solutions
are aerated by keeping in the dark for 40 min. Then, solutions are kept
under UV-light by constant stirring at intervals of 30 min; nearly 3 mL of
the aqueous mixture is collected from the reaction solution and sub-
jected to centrifugation. The clear solution is withdrawn and transferred
to the cuvette, and absorption is measured with a UV–visible spectro-
photometer (Labman: LMSP-UV1900).

2.5. Blending of MPME

To further the above catalytic studies, ZnO-CB is employed as a
blend. MPME is mixed with commercial diesel at 20 % by volume. This
blend is termedMPME20, as standardized by earlier studies (McCormick
et al., 2006). Furthermore, this blend is further combined with varying
amounts of ZnO-CB NPs, i.e., 25 mg and 40 mg, which are termed
MPME20 + 25 mg ZnO-CB and MPME20 + 40 mg ZnO-CB, respectively,
using an ultrasonication bath, and subsequently used as fuels for engine
experiments. Similar blends are created by employing the chemically
synthesized ZnO-CB NPs, i.e., ZnO-CB, and the blends are labeled
MPME20 + 25 mg ZnO-CB and MPME20 + 40 mg ZnO-CB, which
contain varying amounts of ZnO-CB NPs, i.e., 25 mg and 40 mg,
respectively.

3. Results and discussion

3.1. Characterizations of ZnO-CB NPs

3.1.1. Powder X-ray diffraction
ZnO-CB NPs are synthesized using an extract of calyxes of brinjal

utilizing green protocol. In order to obtain the physical and chemical

properties of the synthesized nanoparticles, various techniques are
employed. The crystalline nature and the crystalline size are estimated
by X-ray diffraction spectroscopy. Fig. 1A displays the XRD pattern of
the synthesized ZnO-CB NPs, which depicts a highly crystalline nature.
All the diffracted peaks are identified as matching with the hexagonal
wurtzite structure of ZnO, which is in accordance with the JCPDS Card
No. 36–1451. The peaks present at 2θ values of 31.6◦, 34.3◦, 36.1◦,
47.4◦, 56.4◦, 62.8◦, 66.3◦, 67.8◦, and 68.8◦ are indexed to (100), (002),
(101), (102), (110), (103) and (112) lattice planes, respectively
(Bououdina et al., 2017). The average crystallite size (D) of the ZnO-CB
NPs is calculated using the Scherer equation (Eq. (1)) as 6.9 ± 0.89 nm,
and the lattice constants are a = 0.33 nm and c = 0.52 nm.

D =
kλ

βcosθ
(1)

where k – constant, λ – wavelength of X-rays, β – line broadening at half
the maximum intensity, θ – Bragg angle.

3.1.2. FTIR analysis
Fig. 1B depicts the transmittance spectrum of ZnO-CB NPs formed

using FTIR spectroscopy. The spectral data from the 400–4000 cm− 1

range of wavenumbers demonstrate the formation of ZnO-CB NPs with
an intense peak related to the (Zn–O) stretching vibrations at wave-
number 474 cm− 1, as has been previously reported in the literature
(Thema et al., 2015). Other absorption peaks are primarily from the
carboxylic groups apart from the hydroxyl functional groups like peaks
at 1105 cm− 1 assigned to C–O. Peaks at 2950 and 1400 cm− 1 are
assigned to stretching and bending vibrations of C–H bonds, respec-
tively. The absorption peaks at 3444 and 1630 cm− 1 are related to
stretching (O–H) and bending (H–O–H) vibrations of adsorbed water
molecules, respectively Most likely, these peaks are from the byproducts
of the burning of aqueous extract of non-edible parts of brinjal during
the synthesis protocol (Thema et al., 2015).

3.1.3. UV–visible spectral analysis
Electronic band structure and band gap energy (Eg) are some of the

key factors that determine the photocatalytic properties of a material
(Dincer and Zamfirescu, 2016). Fig. 2A displays the UV–visible ab-
sorption spectrum of synthesized ZnO-CB NPs. The absorbance
maximum is noticed around 352 nm; This is due to fundamental band-
gap absorption, which is brought on by the electrical transition be-
tween the valence and conduction bands of Zn atoms, as has already
been noticed (O2p → Zn3d) (Zak et al., 2011). Kubelka-Munk theory
(KMT) is applied to the absorption spectra data, and the direct band gap
energy is calculated by plotting the transformed Kubelka-Munk function
(αhν)2 on the Y-axis against the energy (hν) on the X-axis (Tauc plot).

Fig. 1. (A) XRD pattern and (B) FTIR spectrum of the synthesized ZnO-CB NPs.
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The direct bandgap energy of ZnO-CB NPs as they have been produced is
anticipated to be 3.1 eV by extrapolating the straight line in the Tauc
plot (Fig. 2B).

3.1.4. Morphological studies by SEM
Using SEM techniques, the morphological characteristics of the

synthesized ZnO-CB NPs are assessed. Fig. 3A and 3B display the SEM
images of ZnO-CB NPs at low and high magnifications. SEM images of
the ZnO-CB NPs confirmed to have a porous structure on the surface
with an irregular shape. The EDX analysis is carried out on the same
sample, and the elemental composition is quantified (Fig. 3). The EDX

spectrum demonstrates that ZnO-CB NPs mostly contain the desired
elemental composition, namely Zn and O, and the table inset displays
their numerical percentage values.

3.2. Photocatalytic activity

3.2.1. Photocatalytic performance results of MG, BB1 and AO36 dyes over
ZnO-CB NPs photocatalyst

The main objective of this study is to use green synthesized ZnO-CB
NPs as a photocatalyst for the degradation of the hazardous MG, BB1,
and AO36 dyes prevalent in the aqueous effluents of the textile industry.

Fig. 2. (A)UV–Vis and (B) band gap spectra of the prepared ZnO-CB nanoparticles.

Fig. 3. (A) and (B) SEM micrographs of the fabricated ZnO-CB NPs. at different magnifications and (C) EDAX spectra of the prepared ZnO-CB NPs.
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Various experimental setups are used to evaluate the photocatalytic
degradation efficiency of the synthesized ZnO-CB NPs. The hypothesis
states that the surface area, bandgap, crystallinity, particle size,
morphology, and amounts of free OH radicals on the photocatalyst
surface determine the photocatalytic activity of the semiconductor
photocatalyst. The proposed model explained the formation of electrons
and holes on the photocatalyst surface as a consequence of light ab-
sorption, along with the way these electrons and holes either take part in
the process or proceed to recombination. If additional surfaces are made
available for electrons and holes, they will migrate there and become
trapped by hydroxyl radicals for the holes and a photocatalyst for the
electrons, generating OH and HO2. In order to efficiently employ the
created hydroxyl radicals in dye photocatalytic degradation, photo-
produced charge carriers have the opportunity to migrate on metal
oxide nanoparticles due to the increased surface area (Kumar et al.,
2021). The synthesized nanoparticles could absorb UV light and can
have photo induced electronic transition as observed from the band
value of 3.10 eV (calculated from Tauc plot) (Patil et al., 2018). The MG,
BB1, and AO36 contaminants are chosen as the reference contaminants
for photocatalytic degradation, and the study carefully evaluates the
photocatalytic parameters of light source, photocatalyst quantity, dye
concentration, pH value, and exposure period.

The initial and final dye concentrations (Ci& Cf) of the solution in the
photocatalytic system are calculated from the UV–Vis spectra. By using
the following Eq. (2), the degradation activity of the MG, BB1, and AY36
dyes is calculated

Degradation(%) = Ci − Cf/Ci × 100 (2)

3.2.2. Influence of light source on dye decomposition
The initial research focuses on the effect of light sources for

degrading the dyes with the greatest potential of the produced ZnO-CB
NPs. Three different light sources —dark, UV light, and visible light-
—are employed in the studies to examine the effects of ZnO-CB NPs on
the photocatalytic degradation of MG, BB1, and AO36 dyes. Fig. 4A(a–c)
displays the photocatalytic results that are attained. To begin with, the
degradation experiment is carried out in the dark, and all three dyes
don’t decay. Between the other two sources, the findings show that
under UV light irradiation, the rate of photodecomposition of MG, BB1,
and AO36 dyes is significantly higher than when experiments are carried
out in the presence of visible light. The photocatalyst, ZnO-CB NPs,

under the irradiation of UV light, effectively promotes the degradation
of all the 3 dyes in the starting minutes, as observed in Fig. 4A(a–c), even
after 20 min. However, the degradation efficiency could not be visible in
the presence of visible light or in the absence of any light source. The
synthesized ZnO-CB efficiently degraded 99.3 % of MG, 99.6 % of BB1 in
100 min, and 99.5 % of AO36 in 120 min under UV light irradiation.

3.2.3. Influence of amount of ZnO-CB NPs photocatalyst on dye
decomposition

The amount of catalyst indeed has some effects on the catalytic
performance of any reaction. Herein, by increasing the amount of ZnO-
CB NPs from 5.0mg to 20.0mgwhile maintaining a dye concentration of
6 ppm and a pH of 7 under UV light irradiation, a similar trend happened
(Fig. 4B (d–f)). However, the catalytic efficacy is reduced after reaching
the optimum level of active species. Only 77 % of MG dye degradation,
76% of BB1, and 79% of AO36 dye degradation are seen when 5.0 mg of
photocatalyst is employed. The rates of degradation of MG, BB1, and
AO36 are observed to be 88.6 %, 99.8 %, and 87 %, and 99.6 % and 90.0
%, and 99.5 %, respectively, when the photocatalyst dose is increased to
10.0 mg and later 15 mg. However, increasing the photocatalyst con-
centration to 20.0 mg led to a reduction in the degradation activity of
MG dye (90 %), and rates are enhanced for both BB1 and AO36 dyes
(Fig. 4B (d–f)).

The inclusion of more active sites in the medium, which can generate
more radical ions, is directly responsible for the improvement in
degradation. Due to the particle’s surface energy, there will not be
enough space for the nanoparticles to disperse in the solution when the
photocatalyst dose exceeds a critical barrier, and the particles will
adhere to each other and aggregate. As a result, the majority of photo-
catalytic active sites are blocked or covered up, lowering the system’s
degrading efficacy. As shown in Fig. 4B, all MG, BB1, and AO36 have the
best degradation performance at 15.0 mg photocatalyst. However, the
photocatalyst quantity variance is minor for all the dyes studied. As a
result, 15.0 mg is chosen as the ideal photocatalyst dosage, which will be
used in the remaining tests to optimize other variables.

3.2.4. Influence of dye concentration on dye decomposition
Alteration of the dye concentration from 3.0 ppm to 12.0 ppm under

UV light irradiation while retaining the photocatalyst amount at 15.0
mg and pH 7 allows the assessment of the effects of dye concentrations in
breaking down the MG, BB1, and AO36 dyes. The obtained results

Fig. 4. Effect of (A) light source on photocatalytic degradation of (a) MG, (b) BB1 and (c) AO36 (Conditions: dye concentration = 6 ppm, photocatalyst amount = 15
mg, and pH of solution = 7) and (B)photocatalyst amount on photocatalytic decomposition of (d) MG (e) BB1 and (f) AO36 (Conditions: dye concentration = 6 ppm,
pH of solution = 7, and UV light irradiation).
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shown in Fig. 5 implicate that, under identical conditions, ZnO-CB NPs’s
photocatalytic activity is inversely related to the concentration of MG,
BB1, and AO36 dyes, i.e., maximum removal efficacy is observed at
lower concentrations (3 ppm). The photodegradation rate gradually
dropped from 99.8 % to 77.5 % when the MG concentration increased
from 3.0 to 12.0 ppm (Fig. 5A(a)). The same trend is observed with BB1
(99.9 % to 85.3 %–Fig. 5A(b)) and AO36 (99.9 %–86.4 %) with
increased dye concentration from 3.0 to 12.0 ppm (Fig. 5A(c)). As dye
concentration rises, light absorption on the photocatalyst surface de-
creases, limiting the production of OH• radical ions, which are crucial to
the photodegradation process. Therefore, it is crucial to keep the ratio of
photocatalyst to dye concentration constant. Consequently, for MG,
BB1, and AO36, a dye concentration of 3.0 ppm yields the best photo-
decomposition performance. Therefore, the dye concentration of 3.0
ppm has been decided upon for more optimization studies.

3.2.5. Influence of pH value on dye decomposition
The pH of the solution is, in fact, one of the most crucial factors in the

photocatalytic decomposition of organic dyes, and the presence of OH•
radicals in the reaction medium is frequently linked to the photo-
catalytic efficiency of the catalyst, which enhances dye photo-
degradation by several orders of magnitude in basic aqueous solutions.
Fig. 5B(d–f) depicts the impact of pH solution on the photodegradation
of MG, BB1, and AO36 dyes in the presence of ZnO-CB NPs. While
maintaining all other variables constant, the impact of pH on the photo-
degradation of MG, BB1, and AO36 is examined at three different pH
values of 4.0, 7.0, and 10.0. (i.e., 6.0 ppm concentration of dye, 15.0 mg
catalyst amount, and UV light irradiation). At pH 4.0, where the per-
centage decomposition is at least 44, 47, and 45 percent of MG, BB1, and
AO36, respectively, after 100 min.

However, as the pH of the solution rose, the ZnO-CB NPs photo-
catalyst showed higher degrading activity, with 99.3 %, 99.6 %, and
99.5 % at pH7 for MG, BB1, and AO36 respectively, and 99.99% (almost
100 %) degradation of all the dyes at pH 10 (Fig. 5B(d–f)). This might be
because higher pH values lead to the development of negative charges
on the photocatalyst surface. Since all three dyes studied, MG, BB1, and
AO36, are positively charged cationic dyes, they have absorbed on the
surface. Additionally, higher pH levels promote the deposition of addi-
tional OH• radical ions on the photocatalyst surface, which enhances the
efficiency of the photodegradation process.

The photodegradation rates for ZnO-CB NPs towards the chosen

organic dyes are calculated using the pseudo-first-order Lang-
muir–Hinshelwood (L-H) kinetic model (Akpan and Hameed 2009)
through the following Equations (3):

r =
dC
dt

= kC (3)

where r– oxidation rate of the chosen dye, C–concentration of chosen
dye, t – radiation exposure time in minutes, and k– the pseudo-first-order
reaction rate constant (min− 1).

Finally, by transforming Equation (3) through integration and con-
verting it into natural logarithmic form, the rate constant can be ob-
tained from the slope of the following linear Equation (4):

ln
(
Ci/Cf

)
= kt (4)

Fig. 6 calculates the first-order degradation rate constant of ZnO-CB
NPs for the degradation of dyes such as MG, BB1, and AO36. The rate
constant for the degradation of MG is found to be 0.00529, 0.04326, and
0.03099 min− 1 for pH 4, 7, and 10, respectively. Similarly, 0.00618,
0.04654, and 0.10556 min− 1 and 0.00526, 0.0354, and 0.07124 min− 1

for BB1 and AO36 at pH 4, 7, and 10, respectively.
A comparison of the photo-decomposition performance of the syn-

thesized ZnO-CB NPs photocatalyst with many formerly reported pho-
tocatalytic systems containing ZnO for the removal of the organic dyes is
displayed in Table 1. The prepared ZnO-CB NPs photocatalyst has su-
perior photo-degradation performance for MG, BB1, and AO36 dyes
under UV light irradiation.

3.2.6. Photocatalytic mechanism
The possible method for the photocatalytic degradation of the MG/

BB1/AO36 dye on the ZnO-CB surface is depicted in Scheme 1B. The
electron-hole pairs form between the valence band (VB) and conduction
band (CB) of ZnO-CB NPs when exposed to UV light. As a result, oxygen
scavenges the photo-produced electrons (e− ) in the ZnO-CBNPs to form
an anion radical (•O2

− ), which, upon protonation yields HOO•. Despite
the less, the photoinduced holes(h+) produced by the VB of ZnO-CB will
react with the − OH group or H2O to produce highly reactive species of
OH− ions. As a result, the dye degradation is caused by the generated
•OH− radical ions, which subsequently form less toxic byproducts like
H2O and CO2. As a result, the harmful pollutant MG/BB1/AO36 dye is
broken down by OH− and h+ active species and a potential process is
illustrated below.

Fig. 5. Effect of (A) concentration of dye on photocatalytic decomposition of (a) MG, (b) BB1 and (c) AO36(Conditions: photocatalyst amount = 15 mg, pH of
solution = 7, and UV light irradiation) and pH of solution on photocatalytic degradation of (d) MG, (e) BB1 and (f) AO36 (Conditions: dye concentration = 6 ppm,
photocatalyst amount = 15 mg, and UV light irradiation).

J.P. Shubha et al. Journal of King Saud University - Science 36 (2024) 103373 

6 



Photocatalyst + hv → h+VB + e−CB (5)

H2O+h+ → •OH+H+ (6)

O2 + e− → •O2
− (7)

H+ + •O2
− → •OOH (8)

•OOH + •OOH→H2O2 + O2 (9)

H2O2 + e− → •OH+OH− (10)

Dye + hv → •dye (11)

•dye + (•OH, •O2
− , h+) → intermediates → CO2 + H2O (12)

According to the aforementioned equations the photo-decomposition
of dye is accomplished over the ZnO-CB NPs photocatalyst.

3.2.7. Reusability of ZnO-CB NPs
The utilized ZnO-CB NPs are treated and used for the degradation of

MG, BB1, and AO36 dyes under identical conditions as in detailed
studies. The used photocatalyst is calcined at 300 ◦C and reused for the
degradation of all dyes studied at the optimized condition of 15 mg
catalyst, 6 ppm dye under pH 7 with the illumination of UV light. ZnO-
CB NPs showed performance as shown in the by Fig. 7. It can be
observed that upon the first time reuse, there is a slight depreciation of
catalytic activity, however upon reactivation of the catalyst and reusing
it for the second time, the results revealed that there is a significant
depreciation in catalytic performance.

3.3. Studies on the performance of ZnO-CB NPs as additives for biodiesel
blends

3.3.1. Experimental setup and procedure
The performance and emission tests are carried out as our previous

study (Kavalli et al., 2022). The performance tests are carried out on a
Kirloskar TV1 four-stroke-single-cylinder, water-cooled compression
ignition engine. An eddy current dynamometer is used for engine
loading. Sensors are placed at required junctions to calculate the

Fig. 6. Kinetics data of photocatalytic degradation of (A) MG, (B) BB1, and (C) AO36 under different pH using ZnO-CB NPs photocatalyst (conditions: dye con-
centration = 6 ppm, photocatalyst amount = 15 mg, and UV light irradiation).

Table 1
Comparison of photodecomposition efficacy of ZnO-CB NPs with other previously published analogues photocatalysts for degradation of MG, BB1 and AO36 dyes.

Catalyst Dye Light Source Time (min) Degradation (%) Reference

SnO2/ZnO Malachite green Visible 150 98 (Zhang et al., 2022)
ZnO/chitosan Methylene blue Visible 5 96 (Mostafa et al., 2020)
ZnO Methylene blue UV 100 60 (Khalid et al., 2023)
ZnO Eriochrome Black T Fluorescent black 30 99.6 (Lanjwani et al., 2023)
ZnO-[5 %]WO3 Methyl Orange Sunlight 120 100 (Ashiegbu and Potgieter 2023)
ZnO Rhodamine B UV 70 95 (Lal et al., 2023)
Ag/ZnO Indigo carmine Visible 120 95.7 (Kumar et al., 2023)
ZnO Methyl Orange UV 180 76.3 (Al-Mamun et al., 2023)
Cu/ZnO Methyl Orange UV 180 81.9 (Al-Mamun et al., 2023)
Cu/Ni/ZnO Methyl Orange UV 180 83.4 (Al-Mamun et al., 2023)
ZnO/ACTTS Methyl orange UV 90 66.8 (Machrouhi et al., 2023)
ZnO-CB MB UV 100 99.3 Herein

BB1 100 99.6
AO36 120 99.5
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temperatures. A rotameter is used for measuring the engine jacket water
and cooling water flow rates. An Indus exhaust gas analyzer is used for
measuring emission parameters.

3.3.2. Brake thermal efficiency (BTHE) and brake-specific fuel
consumption (BSFC) analysis

The impact of the blend MPME20 and the MPME20 blend with ZnO-

Fig. 7. Reusability of ZnO-CB NPs for the photocatalytic degradation of MG, BB1, and AO36 dyes under identical conditions over a period of 2 h.

Fig. 8. Graphical illustration of (A) brake thermal efficiency (BTHE) and (B) brake-specific fuel consumption from diesel and blends vs. load (%). MPME20,
MPME20 + 25 mg ZnO-CB; MPME20 + 40 mg ZnO-CB.
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CB nanoparticles, i.e., MPME20+ 25 mg ZnO-CB and MPME20+ 40 mg
ZnO-CB, on the engine performance, such as brake thermal efficiency
(BTHE) and brake specific fuel consumption (BSFC), is analyzed. The
values obtained from the analysis carried out are shown in Fig. 8. Sig-
nificant improvements in the fuel competence of the blend MPME20 are
observed when MPME20 is further blended by changing the amount of
ZnO-CB NPs; moreover, the blend with 40 mg, i.e., MPME20 + 40 mg
ZnO-CB, displays the best fuel efficiency but is not comparable to
commercial diesel. The dosage of ZnO-CB from 25mg to 40 mg shifts the
performance of biodiesel towards diesel.

The improved heat transport character, resulting in a faster com-
bustion process, and elevated oxygen content assist the entire combus-
tion of fuel, resulting in higher efficiency, which can be accredited to the
role played by the ZnO-CB NPs due to an increase in surface area of the
crystallite size of ZnO-CB nanoparticles. Furthermore, the brake-specific
fuel consumption (BSFC) values for the blends indicate the engine per-
formance characteristics required for converting fuel consumption to
work (Fig. 8B). It can be seen that the fuel consumption is higher with
blend B20 when compared to commercial diesel; however, adding
varying amounts of ZnO-CB NPs to the blend MPME20, can reduce the
brake-specific fuel consumption (BSFC) values significantly. This could
be because of higher oxygen content or reduced ignition delay that en-
hances the combustion properties. The improved combustion efficiency
leads to an increase in the fuel momentum and fuel propagation,
resulting in cloud-like emulsified moisture during the injection.

3.3.3. Carbon monoxide (CO) emission
Carbon monoxide emitted from the diesel engine may be due to fuel

combustion in a shorter time and less availability of oxygen. It is found
that commercial diesel yielded 0.09 % of CO, while blended B20 yielded
0.08 %. However, in the blends with ZnO nanoparticles, i.e., MPME20-
25 mg ZnO-CB and MPME20-40 mg ZnO-CB, the ZnO-CB NPs performed
as oxygen-donating catalysts. They improved the oxidation of CO, which
is evident with the 0.068 % and 0.066 % of CO obtained, respectively.
The metallic ZnONPs are found to be favourable concerning their effects
on emission reduction and engine performance enhancement. The
graphical illustration of the results obtained is given in Fig. 9A.

3.3.4. Carbon dioxide (CO2) emission
As observed from the previous study, the blends with ZnO-CB NPs

yielded lower CO emissions. However, the studies of the impact of ZnO-
CB NPs blended concentration in B20 on the emission of CO2 reveal that
the blends with higher ZnO-CB NPs yield an increase in CO2 emission;
this could be due to the complete combustion of hydrocarbons and CO,
which produces carbon dioxide and water as combustion products. An
amount of 9.1 % of CO2 is obtained from the use of commercial diesel,
while 13.7 % of CO2 is obtained from the use of MPME20 + 40 mg ZnO-
CB. The increased concentration of carbon dioxide in emissions also
indicates the lesser emission of carcinogenic carbon monoxide by con-
verting it into carbon dioxide due to the presence of ZnO-CB NPs in the
blend MPME20, which acts as an oxidizing agent. ZnO-CB. Moreover, it
can be said that the addition of nanoparticles results in a reduced igni-
tion delay period, enhanced calorific value, and oxidation rates, leading
to a complete and cleaner combustion. The pictorial representation
emission pattern obtained is plotted in Fig. 9B.

Fig. 9. Graphical illustration of (A) carbon monoxide, (B)carbon dioxide, (C)nitrogen oxideand (D) hydrocarbon emissionsfrom diesel and blends vs. load (%).
MPME20, B20 + 25 mg ZnO-CB; MPME20 + 40 mg ZnO-CB.
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3.3.5. Nitrogen oxide (NOx) emission
The presence of nitrogen compounds, together with elevated oxygen

content and combustion chamber temperature, is what causes fuels to
emit NOx. Because of its effects on the environment and human health,
nitrogen oxide (NOx) emissions are a serious concern. Acid rain, smog,
air pollution, and a number of respiratory problems are all caused by
NOx molecules, especially nitrogen dioxide (NO2) and nitric oxide (NO).
Vehicle catalytic converters frequently use zinc oxide (ZnO) to lower
NOx emissions. Adsorption of NOx on the catalyst surface is the first step
in the process, after which it is reduced to nitrogen (N2) and oxygen
(O2). ZnO is an active ingredient in the catalyst that facilitates this re-
action. The process by which ZnO reduces NOx entails multiple steps: (1)
Adsorption: The ZnO surface is adsorbent to NOx molecules. A few ex-
amples of the variables that affect this adsorption process are tempera-
ture, catalyst characteristics, and gas composition. (2) Surface reactions:
NOx molecules are adsorbed and then interact with other molecules on
the catalyst surface. The creation of intermediate species and the
transport of electrons are involved in these reactions. (3) Reduction:
Innocuous nitrogen and oxygen compounds are the result of the reduc-
tion of intermediate species that arise during surface reactions. For NOx
emissions to be properly reduced, this reduction method is necessary.
(4) Regeneration: The catalyst requires renewal on a periodic basis in
order to remain active. This may entail procedures such as the oxidation
of leftover chemicals or the desorption of accumulated species. Particle
size, surface area, catalyst composition, and operating conditions are
some of the variables that affect how well ZnO reduces NOx emissions.
To reduce NOx as much as possible while maintaining maximum effi-
ciency, these settings must be optimized. In general, creating effective
catalytic systems to reduce NOx emissions and enhance air quality re-
quires a thorough understanding of the intricate chemical interactions
between NOx and ZnO.

Blended MPME20 produces 1108 parts per million of NOx emissions,
far greater than commercial diesel (880 parts per million). Nevertheless,
it has been discovered that adding more ZnO-CB NPs, specifically
MPME20 + 25 mg and MPME20 + 40 mg, slightly reduces NOx emis-
sions to 1114 ppm and 1117 ppm, respectively. This may be because of
the advanced catalytic effect, affirmative effect, and shorter combustion
times, which convert NOx to simple nitrogen (Fig. 9C).

3.3.6. Hydrocarbon (HC) emission
Partial combustion of fuel fragments is the cause of hydrocarbon

(HC) emissions from fuels. It is revealed that commercial diesel produces
51 %HC, while the MPME20 blend produces 39.4 %HC. ZnO NPs can be
added to MPME20 to create blends of MPME20 + 25 mg ZnO-CB and
MPME20 + 40 mg ZnO-CB, which can significantly lower the amount of
HC emission to as much as 26 % and 31 %, respectively. The catalytic
activity of ZnO-CB, which permits the full oxidation of the HC in the fuel
fragments, may be the cause of the decrease in HC emission. Fig. 9D
provides a graphical representation that is comparable.

4. Conclusions

In summary, ZnO-CB NPs are efficiently synthesized through an
environmentally benign, low-cost, straightforward, and one-step com-
bustion method using calyxes of brinjal. The highly pure form hexagonal
ZnO-CB nanoparticles are confirmed using different types of character-
ization techniques such as XRD, UV–vis, FTIR, SEM, and EDX tech-
niques. The as-synthesized ZnO-CB NPs have been used for the photo-
catalytic decomposition of MG, BB1, and AO36 dyes as toxic industrial
pollutants. The results promised excellent catalytic performance in the
degradation of the aforementioned dyes. The optimization of the cata-
lytic performance was carried out by varying the source of light, pho-
tocatalyst quantity, concentration of dye, and pH of medium over a
period of 2 h with sample analysis in 20 min intervals. The as-
synthesized photocatalyst showed commendable photocatalytic effi-
cacy (>99 %) of MG, BB1, and AO36 dyes in 120 min at the optimum

circumstances. It is remarkable to note that the outstanding photo-
elimination performance of ZnO-CB NPs for the degradation of dyes is
mainly accredited to electron-hole separation generated on the surface
of the photocatalyst through UV irradiation. ZnO-CB NPs also showed
better performance in reducing harmful emissions from automobile
exhaust. The inexpensive, environment-friendly, and highly competent
ZnO-CB NPs with photocatalytic characteristics can be considered an
ideal material for wastewater treatment and related photocatalytic ap-
plications. The heterogeneous blend of MPME20, which was created by
blending 25 mg of as-prepared ZnO-CB NPs, significantly decreased
greenhouse gas emissions while also increasing fuel efficiency, accord-
ing to emission studies. In conclusion, it can be said that MPME20 + 25
mg ZnO-CB can be utilized to boost brake thermal efficiency without
endangering the engine’s performance and without causing any oper-
ating difficulties.
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