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ABSTRACT ARTICLE HISTORY

In recent years, there has been a rise in public awareness regarding Received 25 January 2023
antibacterial properties and commercial opportunities for their use in Accepted 10 May 2023
the medical field. The current study describes the fabrication of KEYWORDS

a ternary composite, reduced graphene oxide-carbon nanotubes- Antimicrobial; dye
zirconium oxide (rGO-CNT-ZrO,), and their potential applications for degradation; reduced
antimicrobial activity and catalytic degradation of neutral red, indigo graphene oxide; carbon
carmine and eriochrome black-T dyes. In addition, the capability of nanotubes; zirconium oxide
nanocomposite for UV sensing was examined. These hanocompo-

sites were made using the hydrothermal method. TEM, SEM, FTIR,

TGA and XRD were used to characterise and investigate the proper-

ties of nanocomposite, and the disc diffusion technique was used to

assess their antimicrobial activity. These findings suggest that the

developed composite has excellent antimicrobial properties, which

could be helpful in the pharmaceutical and medical industries.

1. Introduction

As part of the global effort to reduce the risks of infectious bacteria and epidemic
outbreaks to human health, antibacterial composites are receiving increased attention
in research and development. As a result, incorporating antibacterial substances into life is
critical in some applications where bacteria spread must be limited in contaminated
environments [1,2]. Medical and surgical clothing, mattress covers, curtains, bedding,
and wipes are all included in this aspect. The biological environment significantly impacts
metal oxides’ antibacterial properties [3,4]. The nanocomposites’ size, stability, and con-
centration (NCs) are the primary driving forces behind their bacterial activity [5,6].
Organic dye molecules, widely used in industries such as textiles, paints, paper,
cosmetics, and plastics, are among the most serious threats to human health and aquatic
life in the developing world [7]. Neutral red (NR) is commonly used as a histological stain
for lysozymes. Still, it has also been used in virus research as a pH indicator, DNA
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determination using optical and electrochemical methods, and evaluation of synthetic
and naturally derived biomaterials [8]. Indigo carmine (IC) is a food colouring,
a histological dye and a two-colour indicator. An anionic azo dye, eriochrome black
T (EBT), is commonly used in industrial applications such as dying, laser printing, and
painting [9-11]. The excessive use of these dyes pollutes the environment and is toxic
[12,13]. Removing this dye from water is critical for humans and aquatic life [14].
Nanocatalyst-based dye degradation has gained popularity due to nanoparticles’
increased surface-volume ratio, long shelf life, and enhanced catalytic activity [15,16].
Despite graphene’s outstanding properties, its use in textile modification is limited by the
difficulty of obtaining stable aqueous dispersions applicable to natural hydrophilic fibres.
Graphene oxide (GO) functional groups facilitate dispersal in water but impair electrical
conductivity, so GO must be reduced chemically or thermally to rGO [17]. Carbon nanomater-
ials have outstanding optical, thermal, mechanical, and antibacterial properties, making them
ideal in the biomedical and food industry. Despite this, their practical applications as anti-
microbial agents have yet to be fully explored due to their relatively poor dispersibility, cost,
and scalability changes [18]. rGO and CNT are already explored for dye degradation [19,20].
ZrO; has been widely used because of its cost-effectiveness, physical and chemical
stability, and superior photocatalytic activities for UV radiation excitation via absorption,
scattering, and light reflection [21]. ZrO, has a large band gap in the 5-7 eV range, limiting
its visible photocatalytic activity [22]. Several strategies for closing the band gap have
been developed, including coupling with metal oxides and metallic and non-metallic
elements. The band gap has not been reduced by metal or non-metal doping alone [23].
On the other hand, metal doping has exhibited excellent photocatalytic activity results.
Metal doping causes thermal instability and increases carrier-recombination centres [24].
Metal oxides have been doped into non-metal elements like carbon, nitrogen, phos-
phorus, sulphur, fluorine, and bismuth to increase photocatalytic activity. Carbon and
sulphur are highly oxidising elements with ionic radiuses at 170 and 180 pm, respectively.
These values are more significant than oxygen (152 pm), allowing the non-metal ions to
replace one another or occupy an interstitial position in ZrO,. Furthermore, In ZrO,, the 2p
and 3p states of carbon are combined with the oxygen of the 2p state, and effective band
gap narrowing occurs. During chemical bonding, carbon can also form in C** [25].
Much research has been conducted using rGO-CNT composites [26-32]. Most of them
have found applications in sensing or electronics-related applications. Herein we have
fabricated an rGO-CNT-ZrO, composite, which has applications in different areas. rGO-
CNT-ZrO, catalyst is a composite material consisting of reduced graphene oxide (rGO),
carbon nanotubes (CNTs), and zirconia (ZrO,) nanoparticles. Due to its unique properties,
this composite material has been widely studied as a catalyst in various chemical reac-
tions. The rGO-CNT-ZrO, nanocomposite can serve as a highly effective catalyst due to the
unique properties of its components. Reduced graphene oxide (rGO) is a form of gra-
phene, a single layer of carbon atoms arranged in a hexagonal lattice structure. rGO
possesses high electrical conductivity and a large surface area, which can promote the
adsorption of NR molecules and facilitate electron transfer reactions during the degrada-
tion process. Carbon nanotubes (CNTs) are cylindrical nanostructures made of carbon
atoms with exceptional mechanical and electrical properties. CNTs can act as nanoscale
conduits for electron transfer, enhancing the catalytic activity of the composite. Zirconium
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oxide (ZrO,) is a metal oxide with high thermal stability and excellent catalytic properties.
Here are some advantages and disadvantages of the rGO-CNT-ZrO, catalyst:
Advantages:

¢ High catalytic activity: The rGO-CNT-ZrO2 catalyst has a high surface area, providing
many active sites for the reaction. This leads to higher catalytic activity compared to
other catalysts.

e Stability: The presence of rGO and CNTs makes the catalyst more stable, which helps
maintain the catalytic activity over a longer period.

e Reusability: The rGO-CNT-ZrO2 catalyst can be easily separated from the reaction
mixture and reused multiple times, making it a cost-effective option.

e Selectivity: The catalyst has high selectivity towards specific products in certain
reactions, which is important in industries where specific products are desired.

Disadvantages:

e Synthesis complexity: The synthesis of the rGO-CNT-ZrO2 catalyst is complex and
requires expertise and equipment, making it difficult to scale up the production.

e Cost: The raw materials used in synthesising the catalyst, such as CNTs and zirconia
nanoparticles, is relatively high, which may make the catalyst expensive.

The rGO-CNT-ZrO, nanocomposite can exhibit excellent UV sensing capabilities due to its
individual components’ synergistic effects. When used as a UV sensor, the rGO-CNT-ZrO,
nanocomposite typically acts as a photoactive material that can generate measurable
electrical signals in response to UV radiation. The exact mechanism of UV sensing by rGO-
CNT-ZrO, can vary depending on the nanocomposite composition and device configuration.

In this study, we looked at the catalytic activity of rGO-CNT-ZrO, NCs on the degradation
of NR, IC and EBT. In addition, the antimicrobial activity of NCs was investigated. These
findings indicate that the composite has promising antibacterial and catalytic performance.

2. Materials and methods
2.1. Chemicals

Carbon nanotubes (CNTs), graphite flakes, neutral red (NR), indigo carmine (IC), erio-
chrome black T, sulphuric acid (H,504, 95.0-98.0%), phosphoric acid (HsPO4, 85.0%), nitric
acid (HNOs, 65%), ethanol and ammonia were supplied by E-Merck(Germany). Zirconyl
nitrate hydrate (ZrO(NOs),.H,0) was purchased from Sigma Aldrich. The solution was
made with locally sourced deionised water (DI). All of the abovementioned analytical
reagent-grade chemicals were used without further purification.

2.2. Methods

2.2.1. Synthesis of graphene oxide

The graphene oxide (GO) starting material was created by chemically oxidising graphite
flakes in H,SO4 and H3PO,4. The GO sample was dried for three days in a vacuum oven at
45 °C before being dispersed in DI water using a bath sonicator.
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2.2.2. Purification of MWCNTs

Commercial MWCNTSs were purified for 24 hours and soaked in a 70% nitric acid solution
at 90 °C (specific surface area: 5-20 um length: 40-300 cm? g‘1). Following the reaction,
the mixture was filtered through a 0.2 mm nylon membrane filter and washed with excess
DI water until the pH was neutral. Before further use, the purified and functionalised
MWCNTs were dried for 12 hours in a 100 °C oven.

2.2.3. Synthesis of rGO-CNT- ZrO2 nanocomposites

rGO-CNT-ZrO, nanocomposites were synthesised using the well-known hydrothermal
method. Purified carbon nanotubes were ultrasonically dispersed in 40 mL of GO disper-
sions. In this study, the GO/CNTs ratio was kept constant (10: 1), and 150 mg Zirconyl
nitrate hydrate (ZrO(NOs),.H,0) was mixed into 40 mL of GO/CNTs dispersions and stirred
for 1 hour before adding urea and stirring for another hour. This mixture’s pH was
changed to 10 with an ammonia solution before being transferred to a sealed autoclave.
For 8 hours, the reaction temperature was kept at 180 °C. After the hydrothermal reaction,
the material was filtered and washed with excess water and ethanol several times.

2.2.4. Characterization of metal oxides

The XRD pattern was acquired using a Cu target on a Malvern Panalytical Xpert X-Ray
diffractometer (45 kV,40 mA). After dispersing the materials in ethanol, they were loaded
onto a copper grid for transmission electron microscopy (TEM) with an FEI Tecnai G2
S-Twin FEG 200kV TEM. The powder was dispersed in isopropanol using a bath sonicator
for 10-20 minutes before being drop casted on carbon film 200 copper mesh and air-
dried before analysis. The purity of nanopowder was determined using a Thermo Nicolet
Nexus 670 FTIR spectrometer. Thermogravimetric analysis was carried out using Perkin-
Elmer thermogravimetric analyser TGA 4000.

2.2.5. Antibacterial activity analysis- Disc diffusion method

The disk diffusion method is one of the most adaptable antimicrobial susceptibility testing
methods. The technique involves seeding a lawn of bacteria on the surface of an agar
medium with antimicrobial-saturated paper disks, incubating the plate overnight, and
measuring the presence or absence of an inhibition zone around the disks. The blank disk,
6 mm in diameter (Liofilchem®, Roseto Degli Abruzzi, Italy), was immersed in the nano-
composite for 5 minutes. The disk was then lawned with Escherichia coli bacteria(E. coli
bacteria) suspension adjusted to 0.5 McFarland standard as measured by DensiCHEK Plus
(bioM’erieux, Marcy I'Etoile, France) using sterile forceps and placed on a nutrient agar
(Himedia, Mumbai, India) plate. The mixture was then incubated at 37 °C for 6-24 hours.
To determine the antibacterial effect, the zone of inhibition was measured.

2.2.6. Dye degradation analysis

15 mg of the photocatalyst was measured and added to 20 mL of distiled water. The
solution was then sonicated for about 30 minutes for a uniform suspension.
Approximately 5mL is added to aqueous solutions of NR, EBT and IC [40 mL].
Afterwards, the sample solution was kept in the dark for about 30 minutes, allowing the
reaction to reach adsorption equilibrium. After 30 minutes of keeping it in darkness, 3 mL
of the sample is withdrawn and analysed using UV-vis spectroscopy. The solution was
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held under the sunlight with constant magnetic stirring. During this time, aliquots of
supernatant solution were withdrawn at intervals of 20 minutes until 3 hours and sub-
jected to UV-vis analysis. The absorbance vs wavelength plots were drawn. From the plot,
adsorption percentage and photodegradation efficiency were calculated.

2.2.7. UV sensing

A sample for analysis was prepared by making a composite slurry with ethanol. 2 L of the
slurry was coated on an interdigital electrode (IDE) of 5 um slide using a micropipette and
placed in a box. This apparatus was connected to a hantek for measurements (Figure 1).
Initially, for 30 seconds, the UV light kept at a distance of 5 cm (365 nm, 0.6 mW/cm?) was
turned off, followed by keeping it on and off for 30 seconds for the next five minutes. Data
was collected and analysed.

3. Results and discussion
3.1. Characterization

The XRD patterns for rGO, CNT, ZrO,, and rGO-CNT-ZrO, nanocomposites are shown in
Figure 2(a). The diffraction peak for rGO is identified at 26 = 24.57° with a d-spacing of 3.62
nm. The ternary nanocomposites rGO-CNT-ZrO, of face-centre cubic ZrO,, respectively
(JCPDS 78-0694). According to Debye-Scherrer's equation, the average crystalline size of
cerium nanocrystals in rGO-CNT-ZrO, was 11.5 nm. Diffraction peaks of rGO and MWCNT
were not observed in the rGO-CNT-ZrO, ternary nanocomposite due to the low degree of
graphitisation generated by the deposition of ZrO, nanoparticles on their surfaces.

The surface functional groups were revealed using FTIR measurements (Figure 2(c)).
Functionalised CNTs had characteristic peaks at 2925 cm™' (C-H asymmetric stretching),
2854 cm™' (C-H symmetric stretching), 3410 cm™! (O-H stretching), 1603 cm™' (C=0 stretch-
ing), 1420cm™" (C=C stretching), 1265cm™" (O-H bending vibration), and 1080 cm™

UV lamp

comPUter _

14

rGO-CNT-ZrO;

Figure 1. Experimental setup for UV sensing.
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Figure 2. XRD patterns (a) before dye degradation (b) after dye degradation (c) FTIR spectra of rGO,
CNT, ZrO,, and rGO-CNT-ZrO,.

(C-O stretching vibration). This discovery supports the formation of ZrO, nanoparticles on
the surface of CNTs. In the rGO-CNT-ZrO, ternary nanocomposite, the skeletal vibration of
C=C at 1558 cm™" and C-O-C stretching at 1054 cm™' of rGO and Zr-O stretching at 490
cm™' were observed, while the carbonyl group (1724 cm™") was absent. These results
demonstrate the formation of ZrO, nanoparticles and confirm the conversion of GO to
rGO during in situ reductions of the rGO-CNT-ZrO, ternary nanocomposite [33].

Figure 3 shows TEM and SEM images of the ternary nanocomposite rGO-CNT-ZrO,. In
the rGO-CNT-ZrO, nanocomposite, ZrO, nanoparticles were found to be uniformly dis-
tributed on rGO-CNT surfaces (Figure 3(a,b)). The morphology of the prepared RGO-CNT-
ZrO; nanocomposites was also examined using FE-SEM (Figure 3(c)). CNTs in the RGO-CNT
-ZrO, nanocomposites were visible in the images depicted as a red circle. It is assumed
that including CNTs (0.83 nm) in the above composites slows the restacking rate of
graphene sheets while facilitating uniform ZrO, formation on the graphene surface.

Figure 4 displays the TGA patterns for rGO, CNT, ZrO, and rGO-CNT-ZrO2
nanocomposite. It was observed that The TGA curve of rGO exhibited an overall
weight loss of 30% within the experimental temperature range due to the
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Figure 3. (a) TEM and (b) HRTEM (c) SEM images of the rGO-CNT-ZrO, ternary nanocomposite.

100-

80

60 -

—rGO
——CNT
201 ——zm0,

=== rGO-CNT-ZrO,

Weight percentage (%)

0 200 400 600 800 1000
Temperature (°C)

Figure 4. TGA curves of rGO, CNT, ZrO, and rGO-CNT-ZrO, ternary nanocomposite.

reduction of the oxygen-containing functional groups. CNT had a weight loss of
65%, whereas ZrO, had a loss of 90%. The composite displayed a total weight loss
of 10% in the identical temperature range.

3.2. Antibacterial properties

The diameter of the inhibition zone around the discs was measured to assess antibacterial
activity. The test was repeated three times. The antibacterial activity of the composite was
expressed as the mean zone of inhibition diameters (mm). Antibacterial activity was
checked for individual components also (Table 1). The composite was highly effective in
antibacterial properties (Figure 5).

3.3. Dye degradation

The prepared catalyst and its components were analysed for dye degradation, and it was
observed that rGO-CNT-ZrO, could degrade three dyes: NR, IC and EBT (Table 2). Figure 6
illustrates the photocatalytic activity of different rGO in NR, EBT and IC.
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Table 1. Antibacterial activity of components against E. coli bacteria as demonstrated by the
inhibition zone.

Zone of inhibition (mm) against E. coli bacteria

Mean diameter

Materials Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8 Trial 9 Trial 10 (mm)
rGO-CNT-ZrO, 10 8 12 12 8 10 9 8 11 12 10
rGO 2 1 0 0 1 1 0 2 1 2 1
CNT 0 0 0 0 0 0 0 0 0 0 0
Zr0, 0 0 0 0 0 0 0 0 0 0 0

Figure 5. Disc diffusion test for the antibacterial effect of the materials.

Table 2. Dye degradation analysis by composite.

Material Dyes degraded

rGO Neutral red - Eriochrome black T
CNT Neutral red - -

Zr0, - - Eriochrome black T
rGO-CNT-ZrO, Neutral red Indigo carmine Eriochrome black T

Figure 7 depicts the possible degradation pathway for EBT dye, which concluded that
OH free radicals attacked the azo group present in EBT dye, resulting in unstable inter-
mediates identified as 2-Nitronapthalene and naphthalene-1-ol. The NO, group is a strong
electron-withdrawing, whereas the azo group is electron-donating. OH free radicals are
more likely to attack the azo group than the nitro group because an attack on the azo group
allows them to balance their unpaired electronic configuration by directly adding them-
selves. Furthermore, the N-C bond of the nitro group is more stable than the N-C bond of
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d) s

0.7 EBT

= only dye
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Figure 6. Dye degradation analysis of rGO-CNT-ZrO, in different dyes. (a) before adding nanocompo-
site, (b) degraded dyes after adding nanocomposite, (c) degradation of EBT dye normalized against
adsorption, and (d) pseudo-first-order kinetic plot of EBT dyes, respectively.

the azo group due to the resonance effect, which the azo group does not have. NR and IC
degradation by rGO-CNT-ZrO, can occur through various mechanisms, including adsorp-
tion, oxidation, and reduction. The rGO-CNT-ZrO, nanocomposite can adsorb NR and IC
molecules onto its surface through van der Waals forces, -1, and electrostatic interactions.
Once adsorbed, the molecules can undergo oxidation or reduction reactions facilitated by
the catalytic properties of rGO, CNTs, and ZrO,, leading to the degradation of dyes into
smaller, less toxic compounds. The high surface area and electrical conductivity of rGO and
CNTs, combined with the catalytic properties of ZrO,, provide synergistic effects that can
significantly enhance the degradation efficiency of dyes.

Using the following equations, the adsorption percentage (% C,q4s) and photodegrada-
tion efficiency (% Cgeg) was calculated:

% Cads = [(Cinitiat — Co)/Cinitiat] * 100% (1)

% Caeq = [(Co — Ct)/Co] * 100%,0 < t < 3hrs 2

Ginitiair Co, and C; are the dye concentrations at the beginning, after reaching adsorp-
tion-desorption equilibrium, and at time t. The photocatalytic degradation reaction
was then modelled using the pseudo-zero, first and secondorder kinetic equations
depicted below:
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EBT dye
CQ B NO, N
/ \ OH oH
(k O I T T on S
©/\(m \ / \ / o oH

Eriochrome Black T 2-nitronaphthalene naphthalene-1-ol benzene-1,2,3-triol

Figure 7. Predicted photodegradation mechanism of EBT.

Cy = Co — kot (3)
C, = Coe (4)
d[C]/dt = ky[C]? (5)

ko (Mg L™" min™")7, k; (min™") and k, (L mg™" min™") denotes the pseudo- zero, first and
secondorder rate constant. Table 3 displays the percentages of C,4s, Cyeg, k, and R% The
results indicated that the dye degradation kinetics followed the first-order kinetics well.

After the degradation of the dyes using rGO-CNT-ZrO,, the catalyst was regenerated
from the degraded dyes by filtration. After filtration, The catalyst was thoroughly washed
and cleaned to remove any residual dye or reaction byproducts that may have accumu-
lated on its surface during degradation. This was done using ethanol and water, then
drying to remove excess moisture. Figure 2(b) represents the XRD of the regenerated
catalyst. No additional peaks were observed compared to Figure 2(a), indicating greater
stability of the composite.

3.4. Photo sensing

Figure 8 shows the photosensitivity characteristics of the nanocomposite as a function of
time (with and without UV illumination). Photosensitivity increases when UV light is used
to illuminate and decreases when the UV light is turned off. UV sensors based on rGO-CNT
-ZrO, have high photosensitivity compared to individual elements.

The UV detection mechanism is as follows: oxygen molecules are absorbed by
trapping electrons on the surface of the nanocomposite when exposed to UV light.
as shown by
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Table 3. Dye adsorption percentage, photocatalytic degradation efficiency, and photocatalytic degra-
dation rate.

k R?
Adsorption Photocatalytic Zero First Second
Dyes percentage (%) degradation efficiency ko kq ko order order order
Eriochrome black T 10.3 8.23 0.00489 0.00526 0.00514 0.89 0.956 0.932
Neutral red 124 11.91 0.00521 0.00553 0.00539 0.927 0.97 091
Indico carmine 20.53 15.83 0.00571 0.00596 0.00534 0.953 0.999 0.91
2 -
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Figure 8. UV sensing characteristics of Rgo-CNT-Zr02.

0,(g) + e~ — 0, (ads) (6)

This results in a decrease in carrier concentration and the formation of a depletion layer,
which directly impacts the decreasing conductance. When exposed to UV light, electron-
hole pairs are formed (Equation (5))

hv > e  +h" (7)
As shown by Equation (6), the overall reaction will be
0, (ads) + h™ — 0,(g) (8)

The holes will rise to the surface and capture adsorbed oxygen ions, decreasing the
depletion layer. The unpaired electrons in the conduction channel will move indepen-
dently along the current stream. After the UV light is turned off, the electron-hole pairs
will be recaptured.

4. Conclusion

In conclusion, we used a hydrothermal approach to create a high-quality rGO-CNT-
ZrO, nanocomposite powder sample. The XRD and TEM analyses show the cubic
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phase of ZrO, nanoparticles. Prepared composites exhibit outstanding antibacterial
activity along with other catalytic properties. The prepared catalysts were tested for
visible light degradation of different dyes, indicating higher photocatalytic activity of
rGO-CNT-ZrO,. Studies on photocatalytic activity revealed that rGO in composite
improves adsorption in the dark and the photodegradation efficiency of nanocompo-
sites when exposed to visible light. And the composite has the highest photocatalytic
activity against NR, IC and EBT dye of any of the catalysts tested. Furthermore, a UV-
sensor devices was developed based on the nanocomposite and it demonstrated high
photosensitivity, and fast response
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