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1. Introduction

Photocatalytic and antibacterial activities of Tl-
Hg—-1 nanocomposites: sonochemical synthesis and
characterization

Elham Abkar,®> Mohammad Hassanpour,? Omid Amiri,"® Mojgan Ghanbari®
and Masoud Salavati-Niasari & *2

Efforts to find new and practical solutions to improve water quality and treatment of industrial effluents are
ongoing. In this study, TlyHgle/Hgl> nanocomposites were synthesized by a rapid ultrasonic method to
investigate their photocatalytic and antibacterial activity. Various synthesis conditions such as changes in
the ratio of precursors, use of surfactants, and changes in the power and time of sonication to achieve
particles with optimal size and morphology were performed. X-ray diffraction (XRD) and energy
dispersive spectroscopy (EDS) analysis confirmed the purity and formation of the nanocomposite.
Optimal nanoparticles in terms of size and morphology were selected by examining the images obtained
from scanning electron microscopy (SEM) analysis. The nanocomposites obtained in the presence of
PVP (polyvinylpyrrolidone) as a surfactant (sample no. 8) were selected as the optimal sample.
Transmission electron microscopy (TEM), differential reflectance spectroscopy (DRS), Raman, N,
adsorption/desorption analyzes were performed for the optimal sample to evaluate the properties of
nanocomposites. The band-gap for TlyHglg/Hgl, nanocomposites was calculated to be about 2.3 eV for
Hgl, and 3.1 eV for TlyHgle. The optimal sample was used to evaluate the photocatalytic activity for
decolorizing an aqueous solution of six different organic dyes. Finally, for rhodamine B, the
decolorization was about 80%. Also, Tl4Hgls/Hgl, nanocomposite showed a significant inhibition zone in
the antibacterial test. The maximum inhibition diameter of 50 mm was obtained against Streptococcus
pyogenes. The results showed that Tl4Hgls/Hgl, nanocomposites have good potential for many
industrial applications.

industrial effluents, is the photocatalytic process with nano-
materials under visible or UV light.® In the photocatalysis

In recent years, the use of nanomaterials has been evident in all
industries." This ranges from the textile industry to pharmacy and
water purification, and so on.”* Water as a source of life has always
been a concern of researchers. Different methods for treating
industrial effluents and drinking water have been proposed by
researchers in recent years and are being developed. Due to the
importance of water in human life, nanomaterials are also actively
involved in improving and helping water resources to find new
solutions in this direction.” Nanomaterials have fruitful water
treatment applications, such as membrane and filtration processes,
precipitation processes, and especially photocatalytic processes.®®
One of the most practical methods in improving the water
quality of various pollutants, including dye contaminants in
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process, several factors such as the concentration of contami-
nation, the amount of photocatalyst, the type of light emitted,
the pH of the environment, and some of the properties of the
photocatalyst used in the efficiency of the process are effective.'®
Among the required properties of a photocatalytic material are
unique optical properties and the ability to produce electron
holes after light irradiation.'* These unique properties exist in
a class of materials called semiconductors. Semiconductors are
of interest to researchers due to their excellent band-gap.*
Therefore, researchers have paid close attention to single crystal
semiconductor materials with a wide band-gap.”* Among the
attractive and encouraging items are materials with M,BX¢
structure (M = Tl, In and B = Hg, Pb, Cd, and X = Cl, Br, I).
Researchers in various fields have considered these three-halide
semiconductors due to their electronic/optoelectronic
properties.™

There are several ways to obtain nano-sized materials.
Among the different methods for synthesis nanoparticles, co-
precipitation, hydrothermal, microwave, and ultrasound can
be mentioned in wet-chemical synthesis methods.”® The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different reaction conditions for the synthesis of TlsHglg/Hgl, nanocomposite

Sample no. TII : HgI, ratio Surfactant Time of sonication (minutes) Power of sonication (W) Grain size (nm)
1 1 — 20 60 33
2 2 — 20 60 30
3 3 — 20 60 26
4 0.5 — 20 60 31
5 2 SDS 20 60 27
6 2 NaHSal 20 60 26
7 2 EDTA 20 60 35
8 2 pPVP 20 60 33
9 2 PVP 20 40 25
10 2 pPVP 20 80 23
11 2 pPvP 10 60 31
12 2 PVP 30 60 30

ultrasound is one of the fast and affordable methods.'* When
the device is turned on, the released waves cause bubbles to
form inside the solution. These bubbles, like small reactors,
have a high temperature and pressure. The exploding of these
bubbles and the release of energy, and the presence of these hot
spots are considered one of the nanoparticle formation mech-
anisms."” In addition to being fast and straightforward, this
method is one of the methods considered by researchers due to
its low energy consumption.*®

In this project, T1,;Hgls/Hgl, nanocomposite was synthesized by
the ultrasonic method. Different conditions were applied to achieve
the appropriate morphology. This project aims to investigate less
studied applications on these materials, including photocatalytic
activity. Although some studies have shown the toxicity of some
nanocomposite components (such as Hg and TI), the nano-
composite activity against a group of bacteria and fungi was also
investigated in this project. Thus, in some encounters with some
microorganisms, it may be possible to use this nanocomposite.

2. Experimental

2.1. Materials and characterization

All reactants employed in this research were provided in high-
grade quality. Mercury(u) acetate (Hg(OAc),), lithium iodide
(LiI-2H,0), thallium(i) nitrate (TINOj;), polyvinyl pyrrolidone
(PVP-25000), sodium salicylate (NaHSal), sodium dodecyl sulfate
(SDS), ethylenediaminetetraacetic acid were purchased from Merck
and utilized with no more refinement. The XRD of products was
recorded by a Rigaku D-max CIII XRD using Nifiltered Cu Ko
radiation. SEM images were obtained on Philips XL-30ESEM,
equipped with energy-dispersive X-ray spectroscopy. The EDS anal-
ysis with 20 kV accelerated voltage was done. An MPI Ultrasonic with
the power of 1000 W, 20 kHz, from Switzerland (multi-wave ultra-
sound generator) by a transducer/converter was provided. A tita-
nium oscillator was utilized for ultrasound radiation. The mixtures
temperature vs. time was recorded for measuring the output power.
This process was done in our previous work.**** The d7/d¢ evaluated
plans from temperature (7) vs. time (f) data. Then the power of
ultrasonic can estimate as follow:

Power = (d7/dt) x ¢, x M

© 2021 The Author(s). Published by the Royal Society of Chemistry

which M is the mass of water (solvent, kg), and ¢, is the heat
capacity of water (J kg~' K™*). The calculated value from output
power was estimated at 16.2 W, in the di-ionized water (for the
input power of about 60 W).

2.2. Synthesis route

First, 0.2 g of thallium nitrate and 0.1 g of Lil-2H,0 were dis-
solved in distilled water for 10 minutes on a magnetic stirrer,
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Fig. 1 XRD patterns obtained from Tl4Hglg/Hgl, nanocomposite in
differentratios of Tlto Hgl, precursors; (a)1:1,(b)2:1,(c)3: 1, and (d)
1:2.
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separately. Then two solutions were mixed. As a result, a yellow
solution of thallium iodide was obtained. Separately, 0.087 g of
Hg(OAc), was dissolved in distilled water on a magnetic stirrer
for 10 minutes, and 0.075 g of LiI-2H,0 was added to it. Finally,
an orange mixture containing Hgl, was formed after a few
minutes. The resulting solution was added to the first solution
containing TII. After 10 minutes of mixing, the resulting solu-
tion was sonicated. Different conditions were applied to obtain
the optimal size and morphology, such as changing the ratio of
precursors, adding surfactants, and changing the time of use
and ultrasonic power, which are detailed in Table 1. All reaction
steps were performed at ambient temperature. The resultant
precipitates were filtered, washed using distilled water, and
dried in an oven at 70 °C.

2.3. Photocatalysis process

Tl,Hgls/HgI, nanocomposite photocatalytic test was performed
under UV light for six organic dyes. The photocatalysis proce-
dure was performed as follows: 0.03 g of the nanocomposite was
dispersed in 50 ml of a 5 ppm dye solution in a quartz tube at
ambient temperature. The resulting suspension was aerated in
a dark environment for 20 minutes before applying UV light to
achieve absorption and excretion equilibrium. After aeration,
the resulting solution was exposed to UV light. The solution was
sampled for 90 minutes at specified times. The collected
samples were centrifuged to separate the nanocomposite from
the dye solution. Then the samples were analyzed by UV-vis
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Fig. 2 XRD patterns obtained from Tl4Hgle/Hgl, nanocomposite in
different surfactant; (a) SDS, (b) NaHSal, (c) EDTA, and (d) PVP.
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spectrophotometer. The efficiency of TI,Hgls/Hgl, nano-
composite in photocatalytic process in decolorization is calcu-
lated as follows:**

% decolorization= ((4, — Ag)/4y) x 100;

where A, and A, is the amount of dye absorption before and after
exposure to light.

2.4. Antibacterial test

The conventional well diffusion (WD) method was used to evaluate
the antibacterial activity of the Tl,Hgls/Hgl, nanocomposite. The
nutrient agar medium was used in order to support the growth of
the bacteria. For the preparation of 1000 ml nutrient agar medium,
primarily, 28 g nutrient powder was dissolved in 1000 ml distilled
water. This medium was autoclaved at 121 °C under 15 lbs pressure
for 20 minutes. The following microbial strains were used in order
to investigate the activity of the Tl,Hgls/Hgl, nanocomposite as;
Aspergillus niger (ATCC 9029), Aspergillus brasiliensis (ATCC 16404),
Bacillus subtilis (ATCC 6633), Candida albicans (ATCC 10231),
Escherichia coli (ATCC 25922), Klebsiella pneumonia (ATCC 10031),
Pseudomonas aeruginosa (ATCC 27853), Salmonella paratyphi-A
serotype (ATCC 5702), Shigella dysenteriae (PTCC 1188), Staphylo-
coccus aureus (ATCC 29737), Staphylococcus epidermidis (CIP 81.55),
Streptococcus pyogenes (ATCC 19615). The freshly grown liquid
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Fig. 3 XRD patterns obtained from Tl4Hglg/Hgl, nanocomposite in
a different time and power of sonication; (a) 20 minutes, 40 watt, (b) 20
minutes, 80 watt, (c) 10 minutes, 60 watt, and (d) 30 minutes, 60 watt.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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culture of the bacteria was dispersed in agar plates. 300 mg ml™* of
the Tl,Hgls/Hgl, nanocomposites were injected into the wells and
kept in an incubator at 37 °C for 24 h to examine the inhibition
effect of the nanocomposites on the freshly grown cultures. After
complete incubation, the zone of inhibition was measured. Finally,
the bacterial strains and yeast sensitivity to Tl,Hgls/Hgl, nano-
composites were investigated for their minimal inhibition concen-
tration (MIC) values using the micro-well dilution assay method.*

3. Result and discussion

XRD analysis was performed on all samples to investigate the
crystal lattice and nanocomposite formation. All samples confirmed
the formation of the Tl,Hgls/Hgl, nanocomposite. As shown in
Fig. 1, 2, and 3, the XRD pattern confirms the presence of both the
tetragonal phase of Tl,HgI (JCPDS no. 16-0212, space group P4,bc)
and Hgl, (JCPDS no. 4-0455). Crystalline sizes were calculated from
the Scherrer equation, D. = KA/B cos 6.*> The crystalline size for
nanocomposites for each XRD pattern was calculated separately and
listed in Table 1. The average crystallite size of the synthesized
nanocomposite was calculated at about 29 nm.
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Fig. 1 (a-d) shows the XRD pattern of synthesized nano-
composites in different ratios of precursors (sample no. 1-4,
respectively). By changing the ratio of substances and reducing
the amount of Hgl,, the intensity of the prominent peaks
related to HgI, in the 26: 22, 25, 33, 41, and 56 were significantly
reduced. Different results were obtained by adding surfactant in
the synthesis steps. As shown in Fig. 2(a-d) (sample no. 5-8,
respectively), the characteristic peaks of Hgl, reappeared with
appropriate intensity by the addition of SDS. The intensity of
these peaks decreased when NaHSal was added, and when
utilizing EDTA, a new peak appeared at about 26:20 degrees.
When PVP was used as a surfactant, the Hgl, index peaks dis-
appeared, and only peaks in the range of 41 and 56 degrees with
low intensity can be seen in the pattern.

Next, to further explore the instrumental factors, including
time and power, two different times and power were tested to
evaluate the effect of application time and device power. Fig. 3
(a-d) showed the XRD pattern of the nanocomposite when the
device parameters changed (sample no. 9-12, respectively). In
all four patterns, the characteristic peaks of Hgl, increased
significantly by changing the time and power of the device.
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Fig. 4 SEM images of synthesized nanocomposites using different ratios of Tl to Hgl, precursors; (@) 1:1, (b) 2:1,(c) 3:1,and (d) 1: 2.
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In the synthesis of nanoparticles by ultrasonic method,
several general mechanisms are proposed: forming bubbles and
hot spots, radical production, and the formation of vesi-
cles.’®**** However, in the synthesis of Tl,Hgls/HgI, nano-
composites, what is most likely is the mechanism of the
formation of bubbles and hot spots in the synthesis medium.
The formation and bursting of these bubbles increased the
temperature, which promotes the reaction to the product. The
progress of the reaction is summarized below:

2TI(NO,) + Lil, — 2TII (1)
Hg(OAc), + Lil, — Hgl, 2
ATII + HgIz sonication(heat) Tl4Hg6 (3)

SEM images were applied to study the morphology of the
synthesized nanocomposites. Fig. 4 (a-d) shows the SEM
images of synthesized nanocomposites using different ratios of
precursors. The particles stuck together in almost all the
proportions used and formed large balls. However, Fig. 4(b)
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shows small agglomerated particles when the precursors were
used in a 2 : 1 ratio. Different surfactants were used to obtain
particles with a suitable size and morphology. Fig. 5(a-d) shows
the SEM images of nanocomposites synthesized in the presence
of surfactants. The obtained images show that only when PVP
was used as a surfactant (Fig. 5(d)), the particle size changed,
and the particle size became more petite than the other. When
other surfactants such as SDS, EDTA, and NaHSal were used,
micrometer-sized bullet-shaped particles were obtained. Due to
the appropriate size obtained when PVP was used as a surfac-
tant, it was selected as a suitable surfactant in continuing
studies.

The time and power of sonication as influencing factors in
particle size and morphology were investigated in the nano-
composite synthesis process. Two different times and powers
(10 and 30 minutes, 40 and 80 watts, respectively) were applied
in this study. As can be seen from Fig. 6 (a-d), the change in
power did not positively affect particle size or a notable change
in particle morphology. The spherical particles with micrometer
sizes were obtained as in the previous samples (Fig. 6(a and b)).
However, the particle size changed significantly with the change
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Fig. 5 SEM images of synthesized nanocomposites using different surfactant; (a) SDS, (b) NaHSal, (c) EDTA, and (d) PVP.
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Fig.6 SEMimages of synthesized nanocomposites using different time and power of sonication; (a) 20 minutes, 40 watt, (b) 20 minutes, 80 watt,
(c) 10 minutes, 60 watt, and (d) 30 minutes, 60 watt.

Fig. 7 TEM images from the sample prepared in the presence of PVP as the optimal sample (sample no. 8).
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Fig. 8 Raman spectrum of Tl4Hglg/Hgl, nanocomposite (sample no. 8) at ambient temperature (25 °C).

in the sonication time. Smaller and monodisperse particles were
formed when the time of sonication was 10 minutes. However,
some agglomeration is observed because of the high activity of
nanoparticles. In contrast, by increasing the time to 30 minutes,
the particles agglomerated and formed masses because of the
temperature increasing and interaction of nanoparticles.

According to the XRD analysis and review of images obtained
from SEM analysis, sample no. 8 was selected as the optimal
sample in terms of purity and appropriate size. The optimal
sample was used for the rest of the supplementary analyzes in the
continuation of the project. Fig. 7 shows the TEM images from the
sample prepared in the presence of PVP as the optimal sample
(sample no. 8) in two magnifications. As can be seen, the nano-
particles are adhered together and agglomerated. According to the
images, this event increased the particle size, which was predict-
able in the synthesis of nanoparticles due to their high reactivity.

Fig. 8 demonstrates the Raman spectrum of Tl,Hgls/Hgl,
nanocomposites (sample no. 8) at ambient temperature (25 °C).
The distinct absorptions are symbolized in the range of 30-
110 ecm~". Thus, seven lines were found in the spectrum of
T1,Hgls/HgI, nanocomposites, which were located at 33.52,
39.50, 45.47, 57.39, 69.29, 75.22, and 101.85 cm ™ '. All seven
lines are following T1,Hgls/HgI,.** Also, these vibrational lines
can be allocated by regarding the TIl,Hgls containing the
vibrational states of TII and Hgl,. The peak at 57.39 was
ascribed to the TI-1, and the peak at 69.29 cm ™" is attributed to
the symmetric stretching of the TI-1.** The Raman bands at
101.85, 45.47, and 33.52 cm ' are allocated to Hgl,.> The
Raman shift of TI,;Hgls/HgI, nanocomposites was agreed to the
Raman shift rates of T1,;Hgls mentioned in the literature. The
results propose a blue shift in the Raman spectrum owing to the
captivity of phonon and stress influence, which is caused by
reducing the particle size.>”**

EDS analysis was used to investigate the presence of
elements were used in the synthesis of nanocomposites. The
EDS analysis output in Fig. 9 confirmed TI, Hg, and I elements

22244 | RSC Adv, 2021, N, 22238-22249

in the nanocomposites. Also, it showed that no element was
present as an impurity in the nanocomposites.

One of the main parameters in detecting semiconductor
materials is the band-gap value. DRS analysis was used to
investigate the energy band of the synthesized nanocomposite,
which was performed in the wavelength range of 300 to 500 nm
for T1,Hgls/HgI, nanocomposites. The resulting spectrum is
shown in Fig. 10. Tauc's equation was used to obtain the band-
gap.” The results obtained from these calculations in the form
of diagrams («hv®) in terms of (hv) inside the DRS diagram are
quite clear. The estimated band-gap for this nanocomposite was
about 2.3 eV for Hgl, and 3.1 eV for Tl,Hgle. Values of 2.1 and
2.5 eV have been reported for Hgl, and Tl,HgI, particles in the
literature.**** The difference between obtained and the reported
values can be attributed to particle size change. As the particle
size decreases, the band-gap increases.*?

Absorption and desorption of N, at 77 K were used to eval-
uate the pores and specific surface area of the synthesized
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Fig. 9 EDS analyses from sample no. 8 as the optimal sample.
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Fig. 10 DRS analyses from sample no. 8 as the optimal sample a
nanocomposite.

nanocomposites. As is clear from Fig. 11, the type III isotherm
with a type H3 hysteresis loop for the nanocomposites was ob-
tained.”” The data were obtained using BET and BJH calcula-
tions of specific surface area, the total pore volume, and the
mean pore diameters. The specific surface area was 46.47 (m”
g™ "), the total pore volume was 10.67 (cm® g~ '), and the mean
pore diameter was 1.21 nm. The results showed that a suitable
surface area of the nanocomposite could be provided. This
surface area contributes significantly to dye absorption and the
number of active sites in the photocatalysis process.****

After performing diagnostic analyses and confirming the
formation and purity of the nanocomposite, and examining
some properties of the synthesized nanocomposite due to the
obtained band-gap, this nanocomposite was used to evaluate its
decolorization ability against organic dyes under UV light in the
photocatalysis process. Six organic dyes include: rhodamine b,
methylene violet, acid black, methylene blue, malachite green,
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Fig. 11
calculations of sample no. 8.
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nd inset resulting graph to estimate the band-gap of TlyHglg/Hgl,

and methyl orange, were used in this photocatalytic test. The
photocatalysis process was performed for 90 minutes under UV
light. Photocatalysis testing was performed in three values of
0.03, 0.05, and 0.07 gr of the nanocomposite (Fig. 12 (a-c),
respectively). Among these six dyes, rhodamine was the only dye
that showed a decolorization of over 60%. With increasing the
amount of nanocomposite was used as the photocatalyst, the
percentage of decolorization also increased in different dyes.
When 0.07 gr of the nanocomposite was used, the highest
decolorization percentage was obtained for rhodamine b, which
was about 80%.

The increase in the percentage of decolorization with
increasing the amount of catalyst can be due to increase the
active sites and further increase the absorption of dye on the
catalyst surface.***® Reviewing various articles showed that this
nanocomposite might be a type-II heterojunction.’** There-
fore, it is also possible to imagine the photocatalytic process

0.0018
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& 0:0012 4

»ldr,

dr7
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1 10
I p/nm

100

(a) The isotherm obtained from the study of N, adsorption/desorption on Tl4Hglg/Hgl, nanocomposite, (b) the graph obtained from BJH

RSC Adv, 2021, M, 22238-22249 | 22245


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra03666a

Open Access Article. Published on 23 June 2021. Downloaded on 1/13/2026 4:10:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

~
]
~

View Article Online

Paper

Decolorization(%o)

100

Time(min)

(b)

8

& 2 3

Decolorization(%)
8

w

T T T T T

50 60 70 80 20 100

Time(min)

—— Rhodamine b

—— Methylene blue

—— Methylene violet

—— Malachite green

Acid black

———Methyl orange

80

70

Decolorization(%)

T T T T T

50 60 70 80 90
Time(min)

100

Fig. 12 Photocatalysis test results for six dyes in the presence of different amounts of Tl4Hgle/Hgl, nanocomposite (a) 0.03 gr, (b) 0.05 gr, and (c)

0.07 gr.

when Hgl, and Tl,Hgls nanoparticles are together, as fallow:
after UV light irradiates the TIl,Hgls particles, which has
a higher band-gap, the generated electrons are transferred to
the conduction band of the Hgl,. This electron-hole circulation
increases the recombination times, increasing the number of
free radicals produced. An increase in the number of free
radicals increases the amount of decolorization.***

The photocatalysis process was repeated five times for
rhodamine b to evaluate the stability of the photocatalytic
activity of the synthesized nanocomposite. As shown in

22246 | RSC Adv, 2021, N, 22238-22249

Fig. 13(a), the photocatalytic activity did not show a significant
change, although there was a slight decrease in decolorization
percentage.

The scavengers were used to evaluate which radical species
are effective in dye decolorization. Various materials are applied
to trap free radicals.**** 1,4-Benzoquinone and benzoic acid
were used to remove superoxide, and hydroxide radicals,
respectively. Therefore, photocatalysis testing was done in the
presence of these materials for rhodamine b under the same
conditions. As shown in Fig. 13(b), the results showed that

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra03666a

Open Access Article. Published on 23 June 2021. Downloaded on 1/13/2026 4:10:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
100 (
a
90 )
80
= 70
£
=
& 60
=
L s
=}
“
& 40
8
= a0
20
10
0
1 2 3 4 5
Cycle
100
90 (b) —— Without scavenger
80 ~—— Benzoquinone
= 7 Benzoic acid
8
=
= 60
2
S s0
°©
< 4
8
> 30
20 /
L
10
0
0 10 20 30 40 50 60 70 80 920 100
Time (min)
Fig. 13 (a) Evaluation of the stability of photocatalytic activity of
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Table 2 Results of antibacterial test of Tl4Hgle/Hgl, hanocomposite®
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hydroxide radical as a free radical produced in the photo-
catalytic process plays a significant role in the decolorization of
dye contamination in the presence of TIl,Hgls/Hgl, nano-
composite. According to the results, the mechanism of the
photocatalytic process can be considered as follows:

TL,Hgl,/Hel, i + e (4)

h* + H,0 - H" + OH (5)

h*+ OH™ - OH (6)

e + 02 - 027 [7)

OH + dye contamination — decolorization product (8)

After studying the photocatalytic properties of the synthe-
sized nanocomposite, this nanocomposite was used against
several bacteria and fungi. The results of antibacterial testing in
the well-diffusion method were very significant and exciting.
Comparing the test results with the famous antibiotics rifampin
and gentamicin, the obtained inhibitor zone diameter showed
that the bacteria are susceptible to this nanocomposite. The
highest inhibitor zone diameter was obtained for Staphylococcus
aureus and Streptococcus pyogenes about 40 and 50 mm. The
results of antibacterial activity and control test of common
antibiotics are given in Tables 2 and 3, respectively. These
extraordinary results were predictable due to the presence of
HglI, in the nanocomposite and its antibacterial properties,
which have been confirmed in other works.**® The mechanism
of ROS production in nano-sized materials is also one of the
most likely mechanisms inhibiting bacterial growth.*”

Test microorganism DZ MIC MBC Test microorganism DZ MIC MBC
Aspergillus niger 23 125 125 Pseudomonas aeruginosa 18 <3.91 125

Aspergillus brasiliensis 22 250 250 Salmonella paratyphi-A serotype 31 7.81 62.50
Bacillus subtilis 27 7.81 62.50 Shigella dysenteriae 31 7.81 31.25
Candida albicans 23 <3.91 >3.91 Staphylococcus aureus 40 31.25 125

Escherichia coli 28 <3.91 <3.91 Staphylococcus epidermidis 18 15.63 62.50
Klebsiella pneumonia 32 7.81 62.50 Streptococcus pyogenes 50 >3.91 >3.91

4 DZ: inhibition zone in diameter (mm), MIC: minimal inhibition concentration as mg mL ™', MBC: minimum bactericidal concentration as mg

mL .

Table 3 Results from the study of conventional antibacterial drugs for various bacteria®

Antibiotics Rifampin Gentamicin Antibiotics Rifampin Gentamicin
Microorganism DZ MIC DZ MIC Microorganism DZ MIC DZ MIC
Aspergillus Niger NA NA NA NA Pseudomonas aeruginosa — 31.25 20 7.81
Aspergillus brasiliensis NA NA NA NA Salmonella paratyphi-A serotype 8 15.63 18 3.90
Bacillus subtilis 19 31.25 30 3.9 Shigella dysenteriae 9 15.36 17 3.90
Candida albicans NA NA NA NA Staphylococcus aureus 21 31.25 27 1.95
Escherichia coli 11 3.90 20 3.90 Staphylococcus epidermidis 44 1.95 39 1.95
Klebsiella pneumonia 8 15.63 17 3.90 Streptococcus pyogenes 21 0.975 32 0.975

¢ DZ: inhibition zone in diameter (mm), MIC: minimal inhibition concentration as mg mL ™", NA: no activity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Comparison of the obtained results with the results of
previous work in which only T1,HgI was synthesized,*® showed
that the presence of Hgl, beside Tl,Hgls and preparing the
nanocomposite improved the antibacterial and photocatalytic
activities of Tl,Hgls. For example, the inhabitation zone of
microorganisms in the current study (Tl,Hgls/Hgl, nano-
composites) is much larger than the previous study (Tl,Hgls
nanostructures). Tl,Hgls/Hgl, nanocomposites degraded
rhodamine b about 80% under UV light, Tl,Hgls degraded 76%
under the same condition. These outcomes revealed that the
presence of Hgl, enhanced photocatalytic and antibacterial
performances.

4. Conclusion

In summary, the T1,;Hgls/HgI, nanocomposite was synthesized
by the ultrasonic method. Various conditions were applied in
the synthesis method, including the addition of surfactant,
changing the ratio of precursors, and changing the conditions
of the device to obtain nanocomposites with appropriate size
and morphology. After reviewing the results obtained from XRD
and SEM analyzes, the synthesized sample was selected as the
optimal sample in the presence of PVP with a time of 20
minutes and a power of 60 watts. Numerous analyzes were
performed to evaluate the properties of nanocomposites on the
optimal sample. The DRS analysis results and band-gap calcu-
lation provided suitable optical properties of this nano-
composite for the photocatalytic process. The photocatalysis
process was performed for six organic dyes as well as in three
different nanocomposite quantities. The photocatalytic activity
of Tl,Hgls/Hgl, nanocomposite for rhodamine b in the highest
amount of nanocomposite (0.07 gr) showed the highest
percentage of decolorization (about 80%). This nanocomposite
was also used to study its antibacterial properties against
several bacteria and fungi using the well-diffusion method.
Extraordinary results were obtained in the study of antibacterial
properties. The inhibition zone diameter for Staphylococcus
aureus was about 40 mm and for Streptococcus pyogenes was
about 50 mm, which was significantly different from the halos
obtained from conventional antibiotics. Generally, the results
show the potential of this nanocomposite to investigate other
applications, but the toxicity of this nanocomposite and its
components in all processes should be investigated.
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