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Original Research Abstract:

Wastewater containing toxic compounds poses health hazards to living beings. Current research

l;; 331;:(;02 4 focuses on the degradation of malachite green (MG) as a hazardous pollutant dye by using tire
Revised: scrap-derived activated carbon (AC) to develop nanocomposites with ZnO by hydrothermal method.
01 August 2024 The morphology, crystal quality, electrochemical active surface area (ECSA), EIS, antibacterial
Accepted: activity, and optical and photo luminance aspects were studied. The morphology was studied
23 August 2024 by SEM. The crystalline and elemental composition study was performed using XRD and FTIR,
Published online: respectively. UV-visible spectroscopy and photoluminescence were employed for optical studies.
08 October 2024 The ZnO @C nanocomposite exhibited a nanorod-like shape and hexagonal phase. The role of AC

in ZnO@C composite was investigated for the removal of MG under UV illumination. Results
© The Author(s) 2024 exhibited that the degradation rate for MG was highly dependent upon dye concentration and pH.

Furthermore, an antibacterial study was performed on the nanocomposites. A significant reduction
in the band gap (12.6%) was achieved with excellent degradation efficiency of 100%. These results
suggest that tire scrap waste could produce a new class of carbon materials for various applications,
especially in the energy, environment, and biomedical sectors.

Keywords: Activated carbon (AC); Antibacterial activity; Malachite green; Photodegradation; Tire scrap; ZnO nanocom-
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1. Introduction decreased freshwater quality [1]. Fresh water should be

sufficient in quantity and quality [2]. Besides domestic use,

Water is essential for preserving life. However, most of the  industries are prime consumers of fresh water. Industries

water on earth is too salty to be suitable for most human  like textile, paper, tanning, leather, dye, pigment, phar-
activities, and pollutants from anthropogenic causes have
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maceutical, and food produce vast amounts of wastewater
[3, 4]. Surface and groundwater sources include many con-
taminants, such as coliforms, toxic trace metals, and a wide
range of organic and inorganic pollutants [5]. According to
the World Bank report, a significant portion of freshwater,
i-e 20%, is used in textile processing, significantly contribut-
ing to wastewater generation. These effluents contain high
concentrations of heavy metals, non-biodegradable organ-
ics, phosphates, organic dyes, salts, and suspended particles
[6], leading to health hazards. MG is among the widely
consumed colorants in various industries like textile, food,
and paper [7]. It is a toxin that affects multiple organs, as
observed in clinical and experimental studies. Furthermore,
it was noted that exposure to MG resulted in an elevation in
the count of white blood cells (leukocytosis), a delay in the
blood coagulation process, and other issues like increased
heart rate, headaches, and eye irritation [8]. As a result, the
focus should be given to its effective removal from wastew-
ater.

Numerous techniques have been employed to address
wastewater treatment, including coagulation, chemical pre-
cipitation, oxidation, absorption, filtration, and ion ex-
change [9]. However, several issues are associated with
them; some are costly, some need larger volumes, others
are material dependent, some involve pretreatment, and
some are highly complicated and have the capacity to pro-
duce reactive oxygen species when exposed to UV light.
The photocatalytic degradation technique offers promising
results by involving nanomaterials co-catalysts to remove
pollutants [10]. Different synthesis methods have been ad-
dressed using a variety of approaches to create UV /visible
light (VL) driven nanocomposite photocatalysts for envi-
ronmental applications [11]. Strongly oxidizing, stable,
affordable, and non-toxic properties are among these photo-
catalysts’ key advantages, assuming that the processes are
run at room temperature and pressure. Due to the way their
bands are structured, photocatalysts absorb light at proper
wavelengths [12]. As a result, several tactics are needed to
effectively use these photocatalysts, including raising the
charge carrier transfer rates of photocatalysts and decreasing
the electron-hole recombination rate to create extrinsic band
gaps with lower energies [13, 14]. The SSA of nanomate-
rials is a crucial factor that affects photocatalytic activity
[15, 16]. Researchers have recently focused on creating a
novel photocatalyst that can degrade dyes exposed to vis-
ible light in a less hazardous, reusable, and cost-effective
manner [17]. In a typical photocatalytic process, the pho-
tocatalyst’s ability to harvest light, the effective separation
of photoinduced electron-hole pairs, and the pollutant ad-
sorption to the active sites on the catalyst’s surface are all
well-known essential regulating elements. Consequently,
the light source and photocatalytic substance are essential
variables [18, 19]. Effective use of the light source depends
on the nature and structure of the photocatalyst. So, the
most essential element in every photocatalytic process is
the employed photocatalyst. A semiconductor photocata-
lyst’s photogenerated electron-hole pairs further break down
pollutant molecules when exposed to gentle light [20, 21].
Among different photocatalysts, ZnO has been the choice of
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many researchers due to its low cost, ease of recovery, abun-
dance, and ability to generate reactive oxygen species under
UV light [22]. However, there are limitations associated
with ZnO, like recombination rate, limited stability, aggre-
gation, and wide band gap, leading to its limited efficiency
in the removal of pollutants [23]. Adding elements in ZnO
nanoparticles to form composites can enhance their photo-
catalytic activity by altering their electronic band structure,
which increases the separation of the electron-hole pairs
and improves the charge transfer efficiency, leading to en-
hanced photodegradation [17]. Therefore, adding elements
is crucial to improve the degradation efficiency of ZnO. The
activated carbon exhibits unique and attractive properties
like porosity, substantial surface area (SSA), and non-toxic,
inexpensive substances with excellent performance [24, 25].
The Hydrothermal technique-assisted synthesis of metal ox-
ide semiconductors has been considered a preferred choice
for the photocatalytic degradation of wastewater [26]. It
has several advantages compared to the other conventional
techniques for material synthesis, like cost-effectiveness, en-
ergy saving, simplicity, better nucleation control, increased
dispersion, pollution-free, enhanced morphological control,
higher rate of reaction, and low operating temperature in the
presence of an appropriate solvent. Moreover, it is facile,
environmentally friendly to a larger extent, and tunable with
growth parameters such as pressure, temperature, pH of the
solution, and precursor concentrations; thus, the desired
nanostructures are easily achievable [10].

In addition to dye degradation, bacterial infections are now
recognized as a worldwide severe hazard to human health
because of the emergence and swift dissemination of these
microorganisms, especially in pediatric patients. Determin-
ing new antibacterial agents to combat strains of bacteria,
particularly food pathogens like Salmonella types, Clostrid-
ium perfringens, Escherichia coli, Campylobacter jejuni,
Pseudomonas aeruginosa, Staphylococcus aureus, and Ente-
rococcus faecalis, has become imperative [27]. The employ-
ment of inorganic antimicrobial agents has gained attention
in the fight against infections due to their significant benefits
over organic antimicrobials, including reduced host toxicity,
increased stability over extended periods, decreased micro-
bial resistance, and superior selectivity [28]. Compared to
other inorganic antimicrobials, (ZnO) has additional bene-
fits like reduced cytotoxicity, improved selectivity, increased
stability, and heat resistance [29]. Various alternate tactics
have been employed recently to increase ZnO NP stabil-
ity and enable its dispersion in aqueous media [30]. The
way that nanoparticles (NPs) interact with bacteria cells
can be modified by their surface characteristics, which can
also impact the antimicrobial activity of ZnO NPs [31, 32].
Cepin et al. [32] reported positive outcomes of the impact
of various silane-based surface modifiers on ZnO NP’s an-
tibacterial activity against S. aureus and E. coli bacteria.
The proposed study offers the facile synthesis of AC using
tire scrap, which reduces the optical band gap of ZnO using
different AC contents. And the role of AC content variation
in developing the various nanocomposites for the efficient
degradation of dye. The existing literature has not realized
such aspects of AC in the design of ZnO@ AC nanocompos-
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ites. To the best of our knowledge, no research has been
conducted on using AC derived from scraped tires as a co-
catalyst for the photodegradation of MG dye. In this study,
AC was derived from scrap tires using the pyrolysis method.
However, there are many ways to recycle waste tires; py-
rolysis has drawn lots of attention from industries recently
because it converts waste tires into organic compounds that
can be used at high temperatures without oxygen. About
30 —40% of the weight of pyrolytic char is recovered using
this environmentally friendly process [33]. When steam,
nitrogen gas, or CO;, are present, and the pyrolytic char is
recovered, AC can be produced at high temperatures and
applied as support to deposit ZnO nanostructures, and a
nanocomposite was developed during the hydrothermal pro-
cess. The addition of AC reduced the optical band gap
of ZnO, leading to the efficient degradation of MG due to
the extensive exploitation of photons under UV illumina-
tion. The results obtained from several investigations on
the photocatalytic degradation of MG dye are presented in
the Table in subsection 3.6. It is evident from these find-
ings that the newly developed ZnO @C nanocomposites are
more effective in eliminating MG dye. Furthermore, these
nanocomposites display notable antibacterial properties.

2. Materials and methods

2.1 Chemical reagents

The chemicals, such as zinc nitrate hexahydrate
(H;2N»O2Zn), hexamethylene tetramine ((CH)eNy),
potassium hydroxide (KOH), acetone ((CHj3),CO),
methanol (CH3OH), and ethanol (C,HsOH), were obtained
from Sigma Aldrich, Karachi, Sindh, Pakistan, and utilized
in as received condition.

2.2 Synthesis of activated carbon

Scrap tire (Honda Bike Model: CD-70,2016) was collected
from a local bike workshop near NED University, Karachi.
It was then ground and sieved to sizes of 1 —4 cm; after
washing gently, scrap pieces were dried in an oven (DZF-
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6050-HT, MTI Corporation) for 24 hours at 110°C tem-
perature before the pyrolysis process. As the raw material,
tire char contains 85 percent carbon, sufficient to operate
a pyrolysis pilot plant. After re-treating the scrap tires by
fixing the average temperature to 450 °C of the pyrolysis
reactor, we can produce fuel gas such as hydrocarbon fuel
and tire char [33]. To develop the activation process, the
nitrogen gas (99.7% pure) was purged into the furnace with
a flow rate of 100 mL/30 s to eliminate other gases from
the furnace. Before the furnace was allowed to achieve the
desired activation temperature from 900 to 975 °C in the
presence of nitrogen gas, it was loaded with 30 g tire char.
Steam and nitrogen with a ratio of 85:15 was injected into
the activation furnace with a 350 mL/30 s flow rate with
the help of a peristaltic pump when the required activation
temperature was achieved. The activation process can run
up to 2 to 6 hours to develop various porous structures [34].
Finally, AC was completed as a black product, as shown in
S1.

2.3 Synthesis of pure ZnO nanoparticles and various
AC-assisted ZnO @ C nanocomposites

Zinc oxide nanostructure synthesis was performed using the
hydrothermal method in the following two steps [4].

a. Seed solution: At first, to prepare the pure and AC-
assisted ZnO nanostructure, a 200 mL beaker was taken.
A 109 mg KOH was taken and dissolved into a 65 mL
methanol solution and sonicated for 30 min. The resultant
product was labeled as solution B. Next, another solution,
labeled as solution-A, was prepared by dissolving 274 mg of
zinc acetate into 125 mL of methanol on a heated magnetic
stirrer plate at 60 °C for two hours. Simultaneously, after
a brief 30-minute interlude, the captivating solution-B was
added into solution-A, drop by drop, employing a delicate
stirring technique within 20 to 25 min. After completion of
two hours, solution-A was ready and termed as seed solu-
tion.

b. Growth solution: The growth solution was the next
solution prepared and termed solution-C. A 200 mL glass

Seed

Solution

Obtained final product
after filtering and drying

- |
L -_—
ctivated Carbon

Solution

Hexamethylene
Tratramine

95°C for
30 min

The heated substrate was
placed in solution

Heating 95°C for 5 hrs

Scheme 1. Detailed schematic diagram for synthesizing pure ZnO nanoparticles and AC-assisted ZnO@C nanocomposites

using the hydrothermal method.
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beaker was taken and purged using distilled water and ace-
tone; next, 2.22 g of zinc nitrate hexahydrate and 1.05 g
of Hexamethylene tetramine were added. Finally, 100 mL
of distilled water was added, followed by stirring for 30
minutes at room temperature. Meanwhile, five glass slides
were cleaned with acetone, followed by a thorough drying
process. Subsequently, each of the five slides was immersed
separately into the seed solution 3 — 4 times each, followed
by annealing at 130 °C for 30 min. The annealing process
ensures the proper adhesion of the seed layer. Finally, two
solutions, namely the seed solution (solution B) and the
growth solution (solution C), were successfully prepared.
Five beakers were prepared to serve as growth solutions and
were labeled as pure ZnO, 2 mg, 4 mg, 6 mg, and 8 mg,
respectively. The AC acquired from the scraped tyre was
subsequently introduced into the four labelled beakers, each
with AC concentrations of 2 mg, 4 mg, 6 mg, and 8 mg,
respectively, into the growth solutions.

Each beaker was covered with aluminum foil to prevent
evaporation and was placed inside the oven at 95 °C for 4
hours. Subsequently, the specimens were removed from
the oven, and the resulting solution was filtered after room
temperature was achieved. A white substance consisting of
ZnO nanoparticles was obtained from the beaker labeled
as pure, while slightly dark ZnO@C nanocomposites were
obtained from the 2 mg, 4 mg, 6 mg, and 8 mg designated
beakers. The recipe for synthesizing pure ZnO nanorods
and ZnO@C nanocomposites is depicted in Scheme 1. The
powder X-ray diffraction (XRD) was applied using Bruker
D8-Phaser, CuKa1, (A = 1.5406 A). Scanning electron
microscopy (SEM) was employed at 10 kV accelerating
voltage to study the shape structure of prepared materials.
The functional group analysis was done by using Fourier
transform infrared spectroscopy (Tensor 27, Bruker Optics
FT-IR, Karlsruhe, Germany). The UV-visible for optical
band calculations absorbance of the mixture and degrada-
tion efficiency was measured using UV-Vis spectroscopy
(PE Lamda356).

2.4 Photocatalytic measurements various

Zn0O @C nanocomposites

using

The photocatalysis of newly synthesized samples was per-
formed to degrade MG using UV light (40 W UV lamp,
365 nm). At first, pure ZnO, pure AC, and various ZnO@C
nanocomposites prepared with a different mass of AC, such
as 2 mg, 4 mg, 6 mg, and 8 mg, were separately added
into six beakers, each containing 50 mL distilled water
and 10.9 x 107> M of MG solution. It was sonicated (10
min) in the dark to obtain a homogenous mixture. Two
different MG concentrations were used, 10.9 x 107> M and
8.22 x 107> M, to study the effect of the initial dye concen-
tration upon the photocatalytic activity of newly prepared
materials. Secondly, the solution was irradiated under UV
light at various irradiation times from 15 to 210 minutes
with an equal interval of 15 min.

2.5 Antibacterial
nanocomposites

measurement of various ZnO

The antibacterial activity was performed by following the
procedure:
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At first, eight petri plates, two cotton swabs, and 6 test tubes
were autoclaved. Media (Nutrient agar and Nutrient Broth)
were prepared and, after autoclaving, poured into the ster-
ile petri plates. Pre-incubation of the plates at 37 °C for
24 hours is followed. E. coli and S. aureus cultures were
inoculated onto nutrient broth and subsequently subjected
to a 24-hour incubation period at 37 °C. After 24 hours, E.
coli and S. aureus lawns were prepared on pre-incubated
Nutrient agar plates (4 plates for each culture) in a sterile
environment [35, 36]. Three wells on each plate were then
created using a sterile borer. 1:100 dilution of each sample,
i.e., pure ZnO and AC, and various ZnO@C nanocompos-
ites prepared with a different mass of AC, such as 2 mg, 4
mg, 6 mg, and 8 mg, were prepared. These wells were then
filled with 0.01 mL of dilutions of given samples on both
cultured plates for each sample. A 24-hour incubation pe-
riod at 37 °C was observed for the plates. Once twenty-four
hours had passed, all the plates were ready for observation
(see S2).

3. Results and discussion

3.1 Characterization of ZnO @ C nanocomposites

The crystalline characteristics of pure ZnO and various
ZnO@C nanocomposites were studied using powder XRD.
The recorded reflection patterns are depicted in Fig. 1. Typ-
ical diffraction patterns of ZnO with hexagonal phase (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202) were observed at two theta angels 32°, 33°, 36.2°,
47.5°, 56.4°, 63°, 66°, 67.8°, 69°, 72.7° and 77° respec-
tively. In each nanocomposite sample, the ZnO crystal
arrays were highly intense and prominent, indicating the
dominance of ZnO in crystalline properties, whereas the AC
material, being amorphous, did not show any obvious reflec-
tion. The ZnO nanocomposite was prepared with different
masses of AC, like 2, 4, 6, and 8 mg, and their crystalline
properties were compared with pure ZnO, as depicted in
Fig. 1. Each sample exhibited the hexagonal crystal phase,
as confirmed by the diffraction patterns that corresponded
precisely to standard JCPDS card no. 01-079-0207 [37].

The average crystallite size of the NPs from the X-ray line
broadening of the diffraction peaks and estimation of lat-
tice strain by using Debye Scherrer’s formula Eq. (1) and

Reference code: 01-079-0207; Hexagonal
Sample-4

Sample-2 MA_ .

Sample-1

Fe

00
101

o
,_8 ~ ‘°_ mcr'_
Pure ZnO 44}‘ ; - 38 5’.§ §
: : I ] I B B
16 24 32 40 48 56 64 72 80
2 Theta (deg)

Figure 1. Distinctive powder XRD patterns of various AC-
assisted ZnO@C nanocomposites and their comparison with
the pure ZnO.
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Table 1. Structural parameters of pure ZnO and various AC-assisted ZnO @ C nanocomposites.
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Williamson-Hall’s formula Eq. (2), respectively [38, 39].
The measured structural parameters [40] are given in Ta-
ble 1.

[41]. The O-H stretching vibrational mode is characterized
by a spectral band between 3090 and 3517 cm ™!, arising
from water and Zn-OH [42]. Moreover, at 1450 cm™!, the
stretching modes corresponding to symmetric and asymmet-

The average crystallite size D = 0.94 (1) ric C=0 bonds are observed. In contrast, the band at 885
B cos 6 cm~! is associated with the C-H out-of-plane bending of

pure ZnO and AC-assisted ZnO @C nanocomposites [43].

Strain € = (2)  The peaks observed at 1680 — 1822 cm™!, originating from

4tan 0

where A is the wavelength of the X-ray used (1.5406 A), 8
is the angular peak width at half maximum, and 0 is Bragg’s
diffraction angle. The calculated average crystallite size of
the ZnO NPs is 15.93 nm. The measured cell parameters (a
=2.4736 A and ¢ = 6.9508 A) and volume (V =47.15 A3)
of ZnO NPs are smaller than that of bulk ZnO structure (a
=3.2568 A, c=5.2125 A and V = 47.88 A%). The noticed
contraction in the lattice parameter is because of the size
effect.

FT-IR measurements were conducted on Pure ZnO and AC-
assisted ZnO @C nanocomposites (sample-1, 2, 3, and 4),
covering the wave number range of 400 — 4000 cm™!, as
given in Fig. 2. The peaks identified within the 600 — 400
cm~! region are attributed to Zn-O vibrations of all pure
ZnO and AC-assisted ZnO@C nanocomposites samples

Sample-4

Sample-3 v \‘

Sample-2

M

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Transmitance (%)

Figure 2. Distinctive FTIR spectra of pure ZnO and various
AC-assisted ZnO @C nanocomposites.

the stretching vibrations of the C=0O group and medium
bands of -C-C- (aromatics), were detected at 172.33 and
1041.89 cm™! [44]. Consequently, the FT-IR spectra of ev-
ery sample of pure ZnO and AC-assisted ZnO @C nanocom-
posites depicted in Fig. 2 exhibit minimal discrepancies
among all spectra (which resembles XRD data), indicating
that no chemical interaction occurs between ZnO and AC.

The structure and shape of different ZnO @C nanocompos-
ites prepared with AC were studied through low-resolution
SEM, and their shape orientation was compared with the
pure ZnO, as given in Fig. 3. The morphology of as-
prepared ZnO nanocomposites is oriented randomly with
nanorod-like morphology. The diameter of the nanorod was
observed to be from 200 — 300 nm, as given in Fig. 3 a-d.
The pristine ZnO exhibited a similar shape orientation to
the nanorod, suggesting that using AC could not change
the morphology of ZnO in each nanocomposite system, as
shown in Fig. 3 e. AC morphology was also studied, and

Figure 3. SEM images for different AC-assisted ZnO@C
nanocomposites using different mass concentrations of AC
(a) 2 mg, (b) 4 mg, (c) 6 mg, (d) 8 mg, (e) pure ZnO, and
(f) pure AC.
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fine particles with high porosity were observed, as shown
in Fig. 3 f. It is evident from the SEM analysis that the
AC had exhibited a negligible effect on the alteration of
ZnO morphology. Its presence in the nanocomposites could
enable favorable dye degradation. The EDS was carried out
for the identification of elements present in the pure AC,
pure ZnO, and ZnO@ AC composites with 2 mg, 4 mg, 6
mg, and 8 mg concentrations, as shown in Fig. 4 a-f. The
EDS spectra revealed the elements as given: C in pure AC,
Zn, and O in pure ZnO, and C, O, and Zn in AC-assisted
ZnO@C nanocomposites in varying mass percentages, as
shown in Fig. 4 a-f. The presence of C in AC-assisted
ZnO@C nanocomposites reveals a successful incorpora-
tion of AC in AC-assisted ZnO@C nanocomposites. It was
further observed that there was an increase in the mass per-
centage of carbon with the increase in the concentration of
AC from 2 — 8 mg.

TEM analysis was also performed, and the corresponding
TEM images of pure ZnO and its composites with different
AC contents are shown in S3 a-e. This analysis suggests
that the surface morphology of ZnO was almost the same
as that of SEM results. However, using AC brought some
carbon content texture on the surface of ZnO, as shown in
S3 a-e.

The optical band gap analysis was done to understand the
role of AC in the alteration of the band gap value of vari-
ous mass concentrations of AC in ZnO @C nanocomposite.
The results obtained were compared with the energy gap
value of pure ZnO, as shown in Fig. 5. For this purpose, we
used the UV-visible absorbance spectra of nanocomposites
and pure ZnO, as given in Fig. 5 a. The bandgap value of
semiconducting material is critical when studied for pho-
tocatalytic applications. The corresponding Tauc. Plots of
various ZnO @C nanocomposites and pure ZnO were esti-
mated using absorbance spectra in the UV-visible range, as
given in Fig. 5 b-f [45].

T T T T T T T T T I T T T T T T
000 100 200 300 400 500 600 700 800 900 1000 4000 100 200 300 400 S00 600 700 800 900 1000
() Kev ®) Kev

3 Element | Atomic | Mass [%]
hil Number

© 6 39.45
o 8 1897

T T 1 o+
400 500 600 700 800 900 1000
Kev (ay
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The pure ZnO experienced a typical bandgap value of

3.15 eV. In contrast, as the concentration of AC increased,
a persistent decline in the optical band gap was noted. For
various mass concentrations of AC in ZnO nanocompos-
ites, namely, 2, 4, 6, and 8 mg possessed the energy gap
value of 2.96 eV, 2.90 eV, 2.82 eV, and 2.73 eV, respec-
tively, as shown in Fig. 5 c-f. An appreciable decrease in
the energy gap of about 12.6% was achieved for maximum
AC content (8 mg). The reduction in band gap has offered
the rapid charge transfer with a minimum recombination
rate. Hence, the degradation significantly increased. Here,
the energy gap would provide the opportunity for extensive
exploitation of photons, which can further enhance the pho-
tocatalytic efficiency.
An investigation of the impact of AC on the luminescence
characteristics of ZnO was additionally conducted using
PL. The excitation wavelength of 320 nm of photons was
used during the operation of the photoluminescence, and the
corresponding PL spectra of different AC-assisted ZnO@C
nanocomposites and pure ZnO were recorded as shown in
S4. Each sample showed several emission peaks in the vis-
ible part, and they could be connected to several defects,
such as oxygen defect levels. The strong and weak emission
bands located at 400 — 500 nm are linked to the deep-level
emissions [46]. The nature of defects could be either oxy-
gen or zinc vacancies. The relatively strong emissions were
observed for the ZnO @C nanocomposites compared to the
pure ZnO, as given in S4. The use of AC in ZnO has shown
more substantial emissions at 521 and 543 nm. The green
emission band was indexed to zinc vacancies. Moreover,
the green/yellow emission bands were found at 570 nm and
596 nm due to the intrinsic defects of ZnO, as given in S4.
The green emission band was indexed to zinc vacancies [47].
Moreover, the green/yellow emission bands were found at
570 nm and 596 nm due to the intrinsic defects of ZnO, as
shown in S4.

3.2 Photocatalytic applications of ZnO@C nanocom-
posites

As depicted in Fig. 6, the initial investigation involved ob-
serving the photodegradation of MG under UV light irra-
diation for 210 minutes without employing any catalyst. It

“——Pure zn0|
——Sample-1
——Sample-2

Sample-3;
= Sample-4

[—Pure zno
345 (eV)

Sample-1
2.96 (eV)

Absorbance (a.u)
@hv)!1’f
(@hv)!/"

H

360 405 450 495 540 585 20 22 24 26 28 30 32 34 20 22 24 26 28 30 32 34

Figure 4. EDS spectra and mapping (a) pure AC, (b) pure
ZnO, (c) 2 mg of AC-assisted ZnO@C, (d) 4 mg of AC-
assisted ZnO@C, (e) 6 mg of AC-assisted ZnO@C, and (f)
8 mg of AC-assisted ZnO@C.

200 Y
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Figure 5. UV-visible absorbance spectra for (a) pure ZnO
and different AC-assisted ZnO@C nanocomposites pre-
pared with mass concentrations 2,4,6 and 8 mg of AC, (b-f)
their corresponding Tau plots.
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Figure 6. (a) UV-visible absorbance spectra of MG elimi-
nation with the illumination of UV light, (b, c¢) degradation
kinetics of MG without the catalyst, and (d) degradation
efficiency of MG under UV irradiation.

is evident from the spectra examined at different intervals
that the reduction in the absorbance spectra was negligible,
proposing that UV light could not effectively degrade the
malachite green as depicted in Fig. 6 a. Hence, an efficient
and stable photocatalyst is highly beneficial for properly
treating wastewater pollutants. The photodegradation kinet-
ics of the MG were also studied without using a catalyst,
and it is obvious that observed rate constant values were
minimal, indicating the slow degradation rate followed by
first-order kinetics [48]. The elimination rate was mainly
dependent on the MG concentration and independent of
water; hence, in the rate-determining step, only malachite
was going under the chemical change, as given in Fig. 6
b-c. The elimination efficacy of MG without photocatalytic
dose was estimated, and the obtained value was about 3%,
which is negligible, as shown in Fig. 6 d. Therefore, the
researchers are concentrating on fabricating a new genera-
tion of light-activated catalysts to meet the water pollution
challenges caused by synthetic dyes.

According to Grotthus-Draper’s law, the rate of a normal
photodegradation process is determined by the quantity of
absorbed photons. At time “t,” the rate is under constant
illumination. The number of photons absorbed by the reac-
tants decreases as the photodegradation process proceeds
because fewer photons are absorbed by the degradation
products when they can absorb them. Under these circum-
stances, the amount of light that has been absorbed by the
solution is often more substantial compared to that of the re-
actants. The Langmuir-Hinshelwood model could be used
to infer the reaction parameters of the photodegradation

process [48, 49].

dc
I kG 3)

After solving simple mathematics steps according to pho-
todegradation processes, we have:

G

1 -
n(E,

) = kapp X1 4)
While C, signifies the initial concentration of the dye in mil-
ligrams per liter at time zero, C; denotes the concentration
of the dye in milligrams per liter at a particular reaction
time, . k,pp signifies the constant that represents the rate of
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Figure 7. (a) UV-visible absorbance spectra for pure AC, (b,
c¢) degradation kinetics of MG, (d) degradation efficiency of
MG.

the reaction.

Also, we have used Eq. (5) to obtain photodegradation effi-
ciency.

Io - It

o

PDE% =

x 100 5)

where [, represents the starting dye absorbance (a.u), I; ex-
hibits the dye absorbance (a.u), when exposed to ultraviolet
light at various intervals.

Pure scrap tire-derived AC was employed in the MG solu-
tion to observe its photocatalytic activity under UV illumi-
nation, as given in Fig. 7. Without a catalyst, the decline
in absorbance spectra was comparatively more significant
than the dye removal, as depicted in Fig. 7 a. This indi-
cated that the AC offers its role in removing pollutants due
to its porous and fine particle size; hence, dye removal is
relatively better due to the combined effects of adsorption
and catalytic oxidation. The rate constant values and first-
order degradation kinetics were marginally higher than the
dye degradation in the absence of the catalyst, confirm-
ing the increase in the removal rate in the existence of AC
catalyst dose 5 mg/50 mL, as given in Fig. 7 b-c. The
dye removal was also calculated, and the obtained value
of 19% was noticed, as shown in Fig. 7 d. The removal of
MG using pure scrap tire-derived AC is still insufficient;
hence, a new generation of catalysts is needed to work ef-
ficiently for wastewater treatment. Besides the bare active
carbon obtained from the tire scrap, we have also studied
the photodegradation of MG using pure ZnO (5 mg/50
mL). The corresponding absorbance spectra of MG removal
were measured for the 15-minute time interval up to 105
min, as given in Fig. 8 a. The absorbance decrease was
40% efficient, much higher than bare AC and dye degra-
dation without the catalyst. Hence, it is believed that ZnO
has a high potential for use in photocatalytic applications.
However, the efficiency of pure ZnO was still insufficient,
corresponding to the fast neutralization of ions (electron
and hole pairs) and having a wide optical band gap. The
degradation kinetics of MG was also studied, and the degra-
dation rate was expressed in Fig. 8 b, c. Its degradation
efficiency is given in Fig. 8d.

Therefore, we have designed and applied a new class of pho-
tocatalysts, i.e., ZnO@C nanocomposites based on scrap
tire-derived AC, to remove MG under UV illumination.
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Figure 8. (a) UV-visible absorption spectra for pure ZnO, (b,
¢) degradation kinetics of MG, (d) degradation efficiency of
MG.

Four composite samples were formed with different con-
centrations of AC in ZnO and were named sample 1 (2 mg),
samples 2 (4 mg), samples 3 (6 mg), and sample 4 (8 mg),
respectively, and were applied (with fix catalytic dose 5
mg/50 mL) separately for the removal of 10.9 x 107> M
MG under UV light illumination. An analysis was con-
ducted on the UV-visible absorbance spectra specific to
each sample, as given in Fig. 9 a-d. It was noticed that an
enhancement in degradation efficiency of about 52% for
sample 1, 55% for sample 2, 72% for sample 3, and 81%
for sample 4 was achieved, as shown in Fig. 10 c. These
results verified that the increasing content of AC in the ZnO
nanocomposite exhibited significant photocatalytic activ-
ity; hence, endorsing the role of AC in the development
of ZnO@C nanocomposite is vital. This is because, with
increasing AC content in the composite system, the ab-
sorbance successfully decreased, which could be assigned
to an excellent photodegradation rate.

The contribution of AC in the performance of nanocom-
posite systems could be ascribed to the large surface area
of AC that synergistically enhanced the photocatalytic per-
formance of ZnO. Using waste tire carbon in producing
carbon-based materials presents a promising strategy for
advancing photocatalysts of subsequent generations, which
could be implemented in practical applications such as hy-
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Figure 9. UV-visible absorbance spectra of various AC-
assisted ZnO@C nanocomposites in 10.9 x 107> M MG
aqueous solution (a) sample-1, (b) sample-2, (c) sample-3
and (d) sample-4.
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Figure 10. (a, b) degradation kinetics of all AC-assisted
ZnO@C nanocomposites in 10.9 x 107> M MG aque-
ous solution, (c) Degradation efficiency of all AC-assisted
ZnO@C nanocomposites.

drogen generation and wastewater treatment. The kinetics
of degradation for the ZnO@C nanocomposites were also
examined, as depicted in Fig. 10 a, b. The findings revealed
that the degradation rate became faster with increasing mass
concentration of AC in the nanocomposite. At the same
time, the rate constant value for the sample 4 was the highest.
The kinetics of degradation followed first-order kinetics.

Furthermore, the initial dye concentration was changed
from 10.9 x 107> M to 8.22 x 107> M MG to understand
the performance of the ZnO@C nanocomposites was de-
termined to be concentration-dependent, using the same
catalytic dose of 5 mg/50 mL as depicted in Fig. 11. Tt
is evident that the absorbance was successively decreasing
with increasing the amount of AC in the ZnO@C nanocom-
posites. Sample 4, with the highest amount of 8 mg of AC,
has shown a substantial decrease in the absorbance value,
indicating a significant degradation rate. The measurement
of UV-visible absorbance spectra in 10.9 x 107> M (high
concentration) MG has a smaller decrease in the absorbance
value compared to in low concentration (8.22 x 107> M
of MG), as shown in Fig. 11. This comparative results
analysis suggests that the photocatalytic performance of
AC-assisted the value of initial dye concentration governs
ZnO@C nanocomposites. Hence, the present composite sys-
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Figure 11. UV-visible absorbance spectra of various AC-
assisted ZnO@C nanocomposites in 8.22 x 107> M MG
under the irradiation of UV light (a) sample-1, (b) sample-2,
(c) sample-3, and (d) sample-4.
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Table 2. Summarized photocatalytic activities for newly synthesized pure AC, pristine ZnO, and AC-assisted ZnO@C

nanocomposites.

Degradation at high dye Conc.

Degradation at low dye Conc.

Catalyst and its dose Optical band gap (eV)
109x 1075 M 8.22x 1075 M
5 mg/50 mL Efficiency (%) Degradation time (min) Efficiency (%) Degradation time (min)
Without catalyst 03 210 - - -
Pure AC 19 105 - - -
Pure ZnO 40 105 - - 3.15
Sample-1 52 105 64 60 2.96
Sample-2 55 105 79 60 2.90
Sample-3 72 105 82 60 2.82
Sample-4 81 105 93.78 60 2.73
Sample-4 at pH 3 - - 85 60 -
Sample-4 at pH 9 - - 97 30 -
Sample-4 atpH 12— - 100 18 -

tems worked very well in the low concentration of MG. The
investigation of degradation kinetics was also conducted for
all AC-assisted ZnO@C nanocomposites, and a degradation
efficiency of up to 93.78% was obtained, as depicted in S5
and Table 2. The kinetics study has demonstrated that the
degradation rate is enhanced as the amount of AC in the
nanocomposite increases. Simultaneously, the highest rate
constant value was observed for sample 4. The degradation
kinetics adhered to the principles of first-order kinetics.

3.3 Effect of pH of dye solution on the photocatalytic
performance of ZnO @ C nanocomposites

The effect of pH on MG dye solution was studied with
sample 4 (8 mg) nanocomposite. The pH of the dye con-
centration was 8.22 x 10> M, and the solution was set
using concentrated 0.2 M HCI and NaOH aqueous solu-
tions. Three pH adjustments were made in 8.22 x 107> M
dye solution ranging from 3, 9, and 12, as shown in Fig. 12.
The efficacy of a prepared photocatalyst degradation per-
formance is significantly influenced by the pH of the dye
solution [50]. Absorbance spectra in the UV-visible range
were recorded for pH 3, 9, and 12. as depicted in Fig. 12
a-c.

The MG dye, being cationic, has shown a favorable degrada-
tion rate in a high alkaline pH of 12 compared to the low pH
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Figure 12. UV-visible absorbance results for 8.22 x 107>
M MG solution adjusted with (a) pH 3, (b) pH 9, and (c)
pH 12 with the use of 10 mg/100 mL catalyst of sample 4
under UV irradiation.

of 3 because, in the low pH, there is a significant possibility
of repulsion among the cationic and the hydronium ions;
hence, the limited degradation rate was noticed in pH-3 as
illustrated in Fig. 13. The decrease in the absorbance rate
is high at pH-12 compared to pH-9 and pH-3, indicating
the degradation kinetics is highly efficient at pH-12, corre-
sponding to the high density of hydroxyl radicals, as shown
in Fig. 13 c. The dye degradation rate could be seen with
the pH-3, 9, and 12 in terms of time intervals of 60, 30,
and 18 min, respectively, indicating the pH-dependent MG
degradation rate as given in Fig. 13 a-c and Table 2.

The kinetics of MG degradation were studied with adjusted
pH of 3,9, and 12 in 8.22 x 10~5 M MG solutions, and
the obtained results are depicted in Fig. 13 a-b. The data
indicates a strong correlation between the rate constant
values and the pH of the dye solution, with an estimated
high-rate constant occurring at pH 12. The degradation
kinetics under different pH environments of dye solution
followed the pseudo-first-order kinetics. The degradation
rate increased with increasing pH values from 3, 9, and 12,
verifying that the highly alkaline pH of MG solution has
favored the degradation trend for MG, as shown in Fig. 13
a-b. We have also evaluated the degradation efficiency of
sample 4 under the pH environment of 3, 9, and 12 of MG.

e
—@—pH.
e —@—p!
Sample-4
o
ey
=2
1
o X
o 10 zo 30 40  so  eo 6 10 20 30 EIE
(a) Time (min) (b) Time (min)
100
Seo
S 60
2
g8
g
2 40
<]
= Sample-4
20 @i
-
. “e—pu

BF 2 w2
Figure 13. (a) Degradation kinetics at pH 3, 9, and 12 using
sample 4 in 8.22 x 107> M MG solution (b) C/C, w.rt
time curve for photodegradation (c) Degradation efficiency
of MG degradation using sample 4 in different pH values of
3,9, and 12.
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Excellent degradation efficiency of up to 100% for pH 12,
97% for pH 9, and 58% for pH 3 was found, as depicted in
Fig. 13 c. The outstanding efficiency of degradation for AC-
assisted ZnO@C nanocomposite is shown in Table 2, could
be attributed to the synergetic effect between AC and ZnO
nanostructures, where AC offered the high possibility of
enhanced surface area for the deposition of ZnO nanostruc-
tures with maximum exposure of active sites. Significantly,
AC decreased the band gap of ZnO, allowing the high ex-
ploitation of photons during UV light irradiation. Hence,
the outcomes compiled in Table 2 show that the AC-assisted
ZnO@C photocatalysts formulated in this analysis show-
case extraordinary catalytic performance in eliminating MG
from industrial polluted water.

3.4 Reusability and charge transfer of ZnO@C
nanocomposite

The stability of the ZnO@C nanocomposite (sample 4) was
studied using three repeatable cycle measurements of MG
degradation using 8.22 x 107> M MG, as shown in Fig. 14.
The control measurement was labeled as O cycles, and the
other three cycles were cyclic stability tests. The reusabil-
ity test revealed that the ZnO @C nanocomposites revealed
significant stability without any appreciable loss of degra-
dation efficiency. Hence, the proposed composite system
could effectively degrade MG pollutants.

In addition, the rationale for the extraordinary achievement
of the recently produced ZnO @ C nanocomposite material
in counteracting the deterioration of MG in a water solution
was further grasped through the transmission of charge and
the ECSA and EIS, as shown in Fig. 15 a—f and Fig. 16.
ECSA and EIS were evaluated using the preceding litera-
ture [51]. At first, we investigated the magnitude of ECSA
from the non-Faradic sector of the cyclic voltammetry (CV)
curves that were perceived at various scan rates, as depicted
in Fig. 15 a-e. By utilizing the technique of linear fitting to
analyze the variation in electrical current densities between
the cathode and anode sides of the CV curves, we acquired
fitted data that unveiled intriguing slopes, representing the
coveted ECSA values mesmerized in Fig. 15 f. The ECSA
values were 4.013, 4.210, 5.879, 7.703, and 7.822 chrn_2
for the pure ZnO, samples 1, 2, 3, and 4, respectively.

The significant ECSA value and the reduced charge transfer
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Figure 14. Reusability results of AC-assisted ZnO@C
nanocomposites in 8.22 x 107> M MG solution under UV
illumination.
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measuring (ECSA).

resistance of the ZnO@C nanocomposites provide robust
evidence for their exceptional efficacy in degrading MG dye
under UV irradiation.

Furthermore, the EIS was performed to analyze the charge
transfer, thereby confirming the remarkable deterioration
capabilities of the ZnO@C nanocomposite. EIS results pro-
vided the quantified measurement of resistance to charge
transfer; the corresponding Nyquist plots are depicted in
Fig. 16. The construction of the corresponding circuit was
accomplished by utilizing components such as the resis-
tance of the solution (R1), the resistance of the ZnO@C
nanocomposite material (R2), and the elements with con-
stant phase (CPE1) as shown in Fig. 16. As shown by the
Nyquist plots, the modified CPE1 with 8 mg AC has an arc
with smaller radius, confirming higher charge transfer for
this electrode [24].

The determined resistances for charge transfer of the
ZnO@C nanocomposite materials in the MG solution were
obtained to be 8.818 Q, 7.714 Q, 7.538 Q, 3.676 Q, and
2.875 Q for the pure ZnO, sample 1, 2, 3, and 4, respectively,
in the 8.22 x 107> M dye solution. These results validate
the advantageous charge transfer under UV light during dye
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Figure 16. EIS measurement in 8.22 x 107> M MG solution
and bare water under UV light irradiation at a sweeping
frequency rate of 100 kHz to 0.1 Hz, an amplitude of 10
mV, and zero bias potential in open circuit for all pure ZnO
and AC-assisted ZnO@ AC nanocomposites.
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degradation [13]. The ZnO@C nanocomposites propose a
decline in the resistance values of 7.714 Q, 7.538 Q, 3.676
Q, and 2.875 Q for samples 1, 2, 3, and 4, respectively, in
comparison to the 8.818 Q of pure ZnO, as the amount of
AC increases. This decrease in resistance value attributable
to AC confirms that photogenerated carriers are amplified
and interfacial charge transfer is accelerated [52].

3.5 Scavenger study about the verification nature of
radicals involved in the degradation of MG

MG?’s inhibition degradation rate was investigated with a
concentration of 10 mM scavengers and 8.22 x 1075 M
MG. Current research delineates the characteristics of the
radicals that contribute to the degradation of MG. For this
purpose, we studied the role of various scavengers like silver
nitrate (AgNQO3), ascorbic acid (C¢HgOg), and ethylenedi-
amine tetraacetate (EDTA) in the vicinity of MG, as de-
picted in Fig. 17. In the removal of dyes, various radicals
have been identified as playing a role in the degradation
process of dyes like (O>~) and hydroxyl radicals (OH) [31].
These radicals show the oxidizing properties that oxidize
the organic dyes [53]. These chosen scavengers, such as
(CeHgOg), (AgNO3), and (EDTA), are highly vital to gener-
ate the oxidizing radicals and could degrade dye effectively
[54]. The scavenger study shows that the silver nitrate has
limited the degradation rate of MG; hence, the hydroxyl
radicals possibly participated in MG degradation. The ad-
vantageous features of the prepared composite system could
be briefly described as low cost, facile, high performance,
eco-friendly, and environment-friendly. Therefore, when
exposed to UV light, it can be a substitute photocatalyst for
the MG degradation process.

3.6 Photocatalytic degradation mechanism of MG

On the other hand, the photocatalytic mechanism facilitates
the process by which the pores of AC rapidly absorb the
dye molecule without light. When exposed to light, the ad-
sorbed solution undergoes decomposition, facilitated by the
interaction between water and reactive radicals produced by
ZnO under UV light irradiation. In particular, the exposure
of the dye solution to UV light radiation, electrons (e™)
situated within the ZnO@C nanocomposites undergo exci-
tation from the valence band (VB) towards the conduction
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Figure 17. Identifying possible radicals involved in the
degradation process of MG using various 10 mM scav-
engers in the presence of 8.22 x 107> M MG solution.
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band (CB). This excitation creates holes (h™) in the valence
band [55]. The formation of agglomerations and clusters
of ZnO nanoparticles is impeded in this investigation by
the existence of an AC matrix. The photocatalytic process
is accelerated by the porous characteristics of AC, which
increase its surface area and facilitate the infiltration of dye
molecules onto the photocatalyst’s surface. As a result of
the increased surface area caused by the incorporation of
AC into the ZnO nanoparticles, a greater quantity of dye
molecules is attracted to the photocatalyst. This may result
in an increased degradation rate of MG when exposed to
UV light. Photocatalytic degradation of dyes according to
the proposed mechanism involving AC-assisted ZnO@C
nanocomposites is illustrated in Scheme 2. Furthermore, it
decreases the distance along which photo-induced charge
carriers diffuse, which is a pivotal factor in the photocat-
alytic mechanism [56]. The electrons captured by AC (pos-
sessing a vast surface area and functioning as an effective
adsorbent) interact with oxygen (O;) from the surround-
ings and water (H,O) from the solution to generate active
radicals such as ht, O;,, and OH* [26, 57]. The reaction
between these superoxide radical anions and the moisture
adsorbed on the surface of the photocatalyst yields H,O5,
which generates additional hydroxyl radicals (OH*). The
complete degradation of MG dye into CO;, H,O, and its
simpler compounds is attributed to the entities (h™, O;, ,and
OH") produced during the photocatalysis process [58, 59].
The subsequent equations illustrate the progression of MG
dye degradation utilizing the prepared photocatalyst [73].

Zn0O/ZnO@C(Photocatalyst) +hv — e (electrons) (6)

+h* (holes)
Oy +e” — O} (7
0;- +2H" — H,0, ®)
e +H,0, — OH* + OH™ )
h* +H,0, — H' +OH* (10
h™+OH~ — OH* (11)

Reduction Malachite Green
Wﬂ 5C(CHN(CHy),),| CI

Non-hazardous
products i.e.
H,0 + CO,

Scheme 2. Schematic illustration for photocatalytic
degradation mechanism for pure ZnO and AC-assisted
ZnO@C nanocomposites.
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Table 3. Comparative analysis of MG photocatalytic degradation by different synthesized photocatalysts.

Photocatalyst Catalyst Dosage Dye [DyAe Synthesis Method Photocat. efficiency  Time of dégradatlon Source of light ~ References
(mg/L) concentration (%) (min)
MALO, @AC 50 MG/ 10x1075 M In situ co-precipitation 100 90 Visible light [60]
nanocomposites method
Ir/ZnO with K»S,0g 200 Br‘}g“l";s“zee" Chemical method 90 120 Sunlight [61]
ZnO disc-like L .
spherical NP 150 MG/21.9 mg/L Precipitation method 92 120 UV light [62]
Chitosan/Ce-ZnO 50 MG/5 mg/L Microwave iradiation 87 90 Visible light [63]
method
GO-ZnO/Mn, 05 200 MG/50 mg/L Fac‘l;ﬁ‘zg"‘“"“ 98.75 30 Sunlight [64]
Zn0-B-CD 200 MG/35.5 mg/L. Sol-gel 84 210 I““"‘l'::s;“m [65]
Fe-TiO,/AC 1000 MG/100 mg/L Sol-gel 97 45 UV light [66]
ZnO-NPs 200 MG/10 mg/L Biosynthesis via Sol-gel & 99 40 UV light [67]
combustion method
BC-TiO,-ZnO 50 MG/100 mg/L Sol-gel 98 30 UV light [68]
TiO2/YMnO3 150 MG/6.0x107®* M High-speed stirring technique 95.34 120 Visible light [69]
Sn0»/ZnO 1000 MG/10 mg/L Green synthesis 98 150 Xenon lamp [70]
MoS,/g-C3N4/ZnO 100 MG/10 ppm Simple exfoliation method 97 60 Visible light [71]
ZnO0/Si0y 500 MG/10 ppm Sol-gel 98.17 40 Sunlight [72]
ZnO@C nanocomposite 100 MG/ 10.9x107° M Simple Hydrothermal 81 105 UV Light Present work
ZnO@C nanocomposite 100 MG/ 8.22x107° M Simple Hydrothermal 93.78 60 UV Light Present work
Z“O@C(‘;]a_l“‘l’;’mp"s”e 100 MG/ 8.22x1075 M Simple Hydrothermal 100 18 UV Light  Present work

ported in the literature are compared. These experiments
concentrate on removing MG dye, as illustrated in Table 3.
The findings obtained in this investigation are also incorpo-
rated for comparison.

The results show that this study exhibits tremendous poten-
tial in terms of efficacy compared to other studies, particu-

MGdye([C¢HsC(CsH4N(CHs),),]Cl) + OH* + O}
(12)

+ — CO, +H,0

This process, which generates harmless byproducts, includ-
ing CO; and H,O [74], involves the reaction of the dyes and

organic contaminants and is referred to as photosensitiza-
tion or photocatalysis. A significant proportion of electrons
recombine rapidly with their corresponding holes. However,
metal doping has the potential to hinder this process of
recombination. In ZnO@C nanocomposites, AC functions
as an electron reservoir and engages in charge transfer with
the ZnO NPs. This process enhances the photocatalytic
activity of ZnO NPs by inhibiting the recombination of
electron-hole pairs [80]. Moreover, the outcomes of the

larly regarding UV light irradiation. Moreover, the simple
synthesis process and the enhancement of the photocatalytic
process suggest that the nanocomposites generated possess
prospective applications in domains such as dye-sensitized
solar cells, adsorption, and gas sensors.

3.7 Antibacterial activity of as-prepared materials

The antibacterial activity of various samples of AC-assisted
ZnO@C nanocomposite and pure ZnO is studied using

photo-catalytic experiments employing various catalysts re-

Figure 19. Zone of inhibition of pure ZnO and four AC-
assisted ZnO@C nanocomposites (samples 1, 2, 3, and 4)
against S. aureus bacteria.

Figure 18. Zone of inhibition of pure ZnO and four AC-
assisted ZnO@C nanocomposites (samples 1, 2, 3, and 4)
against E. coli bacteria.
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Table 4. Comparative analysis of antibacterial activity by different synthesized photocatalysts.

Catalyst and its

Activity or killing rate (%)/

Bacteria concentration Method Inhibition Zone (mm) Ref.
Stapzilrzzzccus 53%
ZnO (5 mg/mL) Agar Method 5o [75]
Escherichia coli =7
Staphylococcus
aureus TiO, doped ZnO 76.5%
[75]
(5 mg/mL) 459
Escherichia coli ?
ZnCl,/TiO,
Zn (AC),/TiOy 1%
Staphylococcus Zn (NO3),/TiOy 82% (76]
aureus
ZnS04/TiO, Inhibition Method 96%
(10* - 10° CFU/ 100%
mL of each)
ZnCl,/TiO,
Zn(AC),/TiO, 93.5%
. 78.5%
Escherichia coli Zn(NO3),/Ti0; [76]
ZnS04/TiO, 90%
(10*-103 CFU/ 100%
mL of each)
Escherichia coli Zn0O/ TiO, (25 mg/mL) 18 mm [77]
Escherichia coli 16 mm
TiO, NPs (200 mg/mL) [78]
Staphylococcus aureus 14 mm
Escherichia coli Ag-loaded TiO, NPs 08 mm
Agar Method [79]
Staphylococcus aureus (40 mg/mL) 04 mm
Escherichia coli Pure ZnO 25 mm
Inhibition Method Present work
Staphylococcus aureus (200 mg/mL) 25 mm

commercial bacterial strains like E-coli and S.Aureus, with
each sample concentration of 200 mg/mL. The inhibition
zone was measured in (mm), and the corresponding inhibi-
tion zone for both bacterial strains and different prepared
materials is shown in the petri dish in Fig. 18 and Fig. 19.
Also, the estimated inhibition in mm for each material and
bacterial strains are enclosed in S6. These observations
suggest that pure ZnO has a better antibacterial activity
for both bacterial strains, and ZnO@C nanocomposite
(sample 4) has a better antibacterial activity for S.Aureus
than E-coli bacteria, compared to other prepared materials.
A comparative analysis of the antibacterial activity of
different photocatalysts is illustrated in Table 4.

4. Conclusion

In this study, we have prepared low-cost and efficient
ZnO@C nanocomposite based on the waste scrap tire-
derived activated carbon. Four different AC contents,

including 2, 4, 6, and 8 mg, were used to develop
composites with ZnO via a simple hydrothermal technique.
The morphology, crystalline features, optical properties,
and antibacterial results exhibited by the nanocomposites
gave significant results compared with pristine ZnO. The
composite was applied to remove the MG as a pollutant
dye. An excellent degradation of 81% and 93.78% of dye
was achieved with maximum AC dosage (sample 4) at
high and low dye concentrations. Initial dye concentration
and solution pH significantly impacted the degradation
performance of ZnO@C nanocomposite. The MG degraded
100% at the pH of 12 adjusted in the low concentration
of MG. The PL, EIS, and ECSA investigation results
exhibited an increase in the surface area and a decrease
in charge transfer of the nanocomposites compared to the
pure ZnO. An optical examination revealed a significant
reduction in the bandgap of the nanocomposite compared to
the pure ZnO, endorsing enhanced efficiency. Finally, the
antibacterial activity of synthesized nanocomposites was
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measured, and as a result, the destruction of commercial
bacterial strains was observed. The performance of ZnO@C
nanocomposites could be assigned to the synergetic effect
between AC and ZnO. Hence, wasted tire scrap could be
used to design a new class of carbon materials for potential
applications like energy conversion, energy storage, and
environmental applications.
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