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Solvothermal DMSO-mediated synthesis of the S/Agi microstructures
and their testing as photocatalysts and biological agents

Abstract. S/Agl microstructures were produced by solvothermal DMSO-mediated synthesis using two
methods of sulfur precipitation: at room temperature (method 1) and by water (method 2). The samples
were obtained with different percentages of Agl: 10, 30 and 50 %. Microstructures were investigated with
help of XRD, Raman spectroscopy and SEM/EDS (elemental mapping). XRD and Raman spectroscopy
confirmed the presence of sulfur and Agl. EDS elemental mapping revealed that samples were composed
of large grains of sulfur covered by smaller grains of Agl. The obtained SEM micrographs revealed that the
1 method gave larger grains of sulfur in comparison with the 2" method. Testing of the microstructures as
photocatalysits showed the low activity; as the prepared samples were able to degrade no more than 7 %
of the molecules of Orange II. Significant biological activity was detected only for S/Agl (2) 50 % sample,
as it was able to suppress test strains of S. aureus ATCC BAA-39, Paeruginosa ATCC 9027 and Erwinia
amylovora at MBC/MFC 5000 pg/mL, and E. coli ATCC 8739 at 2500 pg/mL.
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activity.

Introduction

Micro- and nano-structures are widely used in
various fields [1-3]. Among them are structures
based on sulfur and silver iodide (Agl) [4, 5]. The
necessity of obtaining such structures is explained by
the possibility of their application in photocatalysis,
biochemistry and electrochemistry. The production of
silver halides is caused by high cost of the feedstock,
so the question arises of using cheaper accompanying
components that could enhance certain properties
and reduce the amount of used silver halide. Sulfur
can potentially serve as such a cheap and accessible
component.

Sulfur is an inorganic substance, which used
in wide range of the science and technology [6].
It is often used in production of batteries, because
of its semiconductor properties [7, 8]; in drugs
production because of its anti-inflammatory
properties and the ability to treat different diseases
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[6, 9]. In the production of fertilizers, sulfur used
in oxidized form, which improves the ability of
plants to absorb the necessary components [10];
in the production of antibacterial and antifungal
agents, sulfur is more active in nano-state [11,
12]. Sulfur is also used in photocatalytic CO,-
reduction [13] and hydrogen evolution [14]
in combination with C\N,. For degradation of
organic dyes, sulfur doping by ZnO and PbO is
also used [15, 12].

Agl is inorganic substance with specific
properties. The most common application of
the Agl is photocatalysis [16-22] because of its
photosensitivity. In degradation of model solutions
and various contaminants, Agl is used with other
materials for obtaining of the enhanced properties.
For example, it can be TiO,, Ag, Bi,O.I, BiOIl, C\N,,
SnS, and others [17-19]. Another application field of
Agl is microbiology, more accurately, the production
of antimicrobial agents [13, 17-19, 21]. Here Agl
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also used in combinations with other substances, like,
PVA, ZnO and chlorophyll [18].

Preparation methods of above mentioned
materials encompass mainly from hydrothermal
to solid-phase route [6-15, 20-24]. In our case, we
have chosen the solvothermal DMSO-mediated
method of synthesis. DMSO is aprotic and bipolar
solvent, which is used in medicine, biotechnologies,
chemistry and other fields [25]. DMSO is less
dangerous and toxic in comparison with other aprotic
and polar organic solvents; it can serve as a source
of sulfur and dilute a big number of substances [26-
28]. Our research group have already studied the
behavior and solubility of the sulfur in DMSO media
[29] and synthesized sulfur-containing materials with
silver compounds [30, 31]. In the present case, we
have used similar methodology to [30], however, the
mass ratios of the components was changed and in
the process of precipitation of sulfur by water, the
volume of it was different. Hence, this research work
is devoted to the synthesis of microstructures based
on sulfur and Agl, and further study of the effect
of the method of obtaining and the percentage of
components on the manifestation of photocatalytic
and biological activities.

Materials and methods

Materials. Silver nitrate, ammonia iodide,
sulfur, Orange II were provided by Sigma Aldrich
(Germany). Dimethyl sulfoxide and sodium chloride
were supplied by OJSC Mikhailovsky Plant of
Chemical Reagents (Russia). Mueller Hinton Agar
(M173) and Mueller Hinton Broth (M391) were
purchased from HiMedia (India). All reagents were
of analytical grade and deionized water was used in
experiments.

Characterization. X-ray diffraction (XRD) was
used for determination of the phase composition of
the samples. Analysis was conducted with Rigaku
MiniFlex 600 X-ray diffractometer using copper
radiation (A = 0.15405 nm). The XRD patterns were
processed with help of the ICCD-PDF?2 release 2016
database.

Raman spectroscopy was conducted for
identification of the samples composition and
proving the XRD results. Analysis was made on
Solver Spectrum (NT MDT Instruments, Russia)
spectrometer using an 1800/500 diffraction grating.

The morphology and size of the particles were
studied by scanning electron microscopy (SEM) and
particle distribution by Energy Dispersive X-ray
mapping analysis (EDS mapping). Analysis was
conducted on Quanta 200i 3D microscope (FEI,
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Netherlands). The analyses were conducted in the
NNLOT laboratory of al-Farabi Kazakh National
University.

Absorption spectra of the samples were
obtained with help of SF-56 (OKB Spektr, Russia)
spectrophotometer, using wavelength range from
350 to 700 nm.

Synthesis of the S/Agl microstructures (sulfur
deposition at room temperature), (1) The process of
the synthesis was conducted with using an apparatus,
which consist of three-neck round bottomed flask,
thermometer, backflow condenser and magnetic
stirrer. The similar procedure was used in [30]. For
obtaining silver iodide, the solutions of AgNO, and
NH,I in DMSO were used (50 mL of each solution).
The required amount of sulfur was dissolved in 100
ml of DMSO at 120 °C with constant stirring. Then
1/10 part of the NH,I was added drop by drop to
the reaction mixture and the content of the flask
was stirred for 15 minutes. After that, a solution
of AgNO, and NH,I were introduced into the flask
alternately, drop by drop. Thus, Agl is formed
because of the ion exchange reaction (1). Then, the
resulting mixture was cooled at room temperature
for 12 hours for complete precipitation of sulfur
from the DMSO solution. Further, the mixture was
stirred and precipitated in a centrifuge (Rotina 380,
Hettich, Germany) (4000 rpm, 10 min), washed
2 times with deionized water and dried for 12-14
hours, at 70 °C.

AgNO, +NH,I=Agl+NHNO, (1)

The marking of the samples depending on the
content of Agl and synthesis method was adopted as
follows: S/Agl (1) 10, 30, 50 % and S/Agl (2) 10,
30, 50 %. Here 10, 30, 50 % shows the content of
Agl, the rest is sulfur, (1) — a synthesis method in
which sulfur precipitates at room temperature and (2)
— a synthesis method in which sulfur precipitates by
diluting the reaction mixture with water.

Synthesis of the S/Agl microstructures (sulfur
deposition by water), (2) The initial steps of synthesis
were identical to the previous method described
above. However, the process of the precipitation of
sulfur was different. After adding solutions of AgNO,
and NH,I to the flask, deionized water was poured
into the mixture. The volume ratio of water to the
reaction mixture was 1:1. At final step, the products
were precipitated, washed and dried.

Synthesis of pure Agl. The procedure of obtaining
of pure Agl was the same as the previous, but the step
of introducing of sulfur to the reaction mixture was
excepted.
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Synthesis of pure S. The procedure of obtaining
of pure S was the same as the previous, but the step
of introducing of solutions of AgNO, and NH,[ to the
reaction mixture was skipped.

Photocatalytic activity. 20 mg of the micro-
structure was introduced to 40 mL of the Orange II
(10 mg/L). For uniform distribution of the sample in
the volume of the solution, ultrasound treatment was
used (3 min). To stabilize the samples, the adsorption-
desorption test was conducted in the dark conditions
for 1 hour (the sample was covered with aluminum
foil). When the adsorption process is complete and
the sample is stable, the visible light exposure begins.
The source of visible light was a 300 W OsramVita—
lux lamp equipped with a UV filter. The irradiation
intensity was 15 mW/cm?. Sampling was carried out
every 30 minutes. Then, the sample was centrifuged
(Rotina Micro 200, Hettich, Germany) for 3 min at
10000 rpm. The photocatalytic activity of the samples
was studied with help of UV-Vis spectrophotometer.
Each study was conducted twice to confirm the
results.

Biological activity. For study of the biological
activity the following bacterial strains of American
Type Culture Collection (ATCC) were used:
Staphylococcus aureus ATCC 6538-P (collection
sensitive strain); Candida albicans ATCC 10231
(collection sensitive strain); Escherichia coli ATCC
8739 (collection sensitive strain); Pseudomonas
aeruginosa ATCC 9027 (collection sensitive strain);
Erwinia  amylovora  (phytopathogenic  strain),
Staphylococcus aureus (subsp. aureus) ATCC
BAA-39 and Escherichia coli ATCC BAA-196™.
The sensitivity of microorganisms was studied on
standard nutrient media [32].

Preparation of bacterial suspension. For
preparation of the bacterial solution 5 mL of saline
solution was poured to the test tube, then the test
strain was added, and vigorously stirred. The result
suspension was tested forthe following characteristics:
for bacteria, the turbidity was 0.5 McFarland units
(which corresponds to a concentration of 1.5x108
CFU/mL); for yeast — like fungi, the turbidity was
2.5 (which corresponds to a concentration of 7.5%10%
CFU/mL). 1 mL of the suspension was transferred in
9 mL of sterile saline solution for tenfold dilutions.
As a result, a concentration of 1.5x10° CFU/mL for
bacteria and 7.5%10° CFU/mL for yeast-like fungi,
was obtained. The purity of bacterial strains was
examined before each experiment.

Method of two-fold serial dilutions. The
biological activity was studied on water suspensions
of microstructures (10 mg/mL).
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In typical experiment, 0.5 mL of Muller-Hinton
broth was poured to the plate with 48 wells. Then,
0.5 mL of the water solution of microstructure
was poured in the first well of the row and stirred.
Hence,1:1 dilution was obtained. For 1:2 dilution,
0.5 mL of mixture from the first well was stirred
and transferred to the second well. In that way other
two-fold serial dilutions up to 1:128 were prepared.
After that, 0.05 mL of test strains of microorganisms
were added to all wells. For each series of dilutions,
medium control and strain growth control were used.
Experimental procedures were carried out in two
repetitions for all samples [32, 33].

The incubation of the samples was conducted for
48 hours at a temperature of (22 + 1) °C for fungi
and for 18-24 hours at (37 = 1) °C for bacteria. The
seeding at Petri dish was carried out to determine the
number of living cells. The incubation conditions
were similar to conditions described above.

The biological activity was determined by
examining the visible growth of microorganisms on
the surface of a solid nutrient medium. The minimal
bactericidal (fungicidal) concentration (MBC or
MFC) was considered as a measure of the biological
activity.

All experiments were performed
repetitions.

in three

Results and discussion

XRD analysis. In the Figure 1 the XRD patterns
of the S/Agl (1, 2) 10, 30, 50 %, pure Agl and S (1,
2) are shown. According to the obtained results there
are three noticeable peaks of Agl at 23.76, 39.24 and
46.36°, which correspond to its gamma modification.
Also, with an increase in the content of Agl, the
intensity of these peaks increases. As for sulfur, it can
be seen that samples represented by one clear peak at
about 23.18° and small peaks in the range between
25 and 30°. There is also an increase in the intensity
of peaks, with an increase in the sulfur content in the
samples. In order to confirmthe presence of identified
phases, the Raman spectroscopy measurements have
been conducted.

Raman spectroscopy. In the Figure 2 the Raman
spectra of S/Agl (1, 2) 10, 20, 50 %, pure Agl and
S (1, 2) are shown. Pure Agl (orange spectrum) is
represented by two peaks at 74 and 109 cm’!, while
pure sulfur (red and blue spectra) has four clear peaks
at 89, 158, 223 and 477 cm’!. The obtained results
correspond to the [34]. The signals corresponding
to both phases could be identified in S/Agl. Hence,
synthesized samples contain both S and Agl.
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Figure 1 — XRD patterns the S/Agl (1, 2) 10, 30, 50%, Agl and S (1, 2)
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Figure 2 — Raman spectra of the S/Agl (1, 2) 10, 30, 50 %, Agl and S (1, 2)

SEM/EDS analyses. For understanding of
distribution of all components of the samples the EDX
mapping have been conducted. For this analysis only
50 % samples were analyzed, because the samples
with a higher sulfur content melted.
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In Figure 3 (a-h), the results for S/Agl (1, 2)
50 % are shown. In the case of S/Agl (1) 50 %
sample, large sulfur grains were detected (Figure 3a).
However, the small grains of sulfur also can be seen
(Figure 3 b). As for Ag and [ — it is evenly distributed
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on the surface of the sulfur particles. Thus, the large
grains of the sulfur are covered by a layer of the Agl
[31]. For S/Agl (2) 50 % the presence of large grains

was not evidenced. In general, more homogeneous
distribution of all elements was detected for this
samples.

Figure 3 — EDS mapping of S/Agl 50% (1) (a-d), (2) (e-h). a, e — EDS layered images;
b, f— EDS image of S distribution; ¢, g — EDS image of Ag distribution; d, h — EDS image of I distribution

To further confirm the presence of small Agl
particles on the surface of sulfur grains, a more
detailed SEM analysis was performed (Figures 4 —
6). In general, the presence of big particles covered
by smaller ones can be seen in all samples. It is
highly probable that sulfur is represented by dark
large particles with irregular form and Agl by small
light particles with even and clear boundaries.

The results of SEM analysis of S/Agl (1) 10 % are
shown in the Figure 4 (a — c¢) and of S/Agl (2) 10%
— in the Figure 4 (d — f). Here the first method gives
the largest grains of the sulfur. The average size of
sulfur in the S/Agl (1) 10 % is fluctuated from 20 to
50 um, while for the S/Agl (2) 10 % it has size range
from 10 to 20 pm. Agl particles obtained by method
1 have clear and smooth triangle and hexagonal form
with the average size of 0.5 — 3 um. Agl particles in
the S/Agl (2) 10 % are irregular with size from 0.3
t0 0.9 pm.

In Figure 5, 6 (a —f) the SEM of the S/Agl (1, 2)
30, 50 % are given. Here also the 1% method gave
sulfur with bigger size in comparison to the 2™
method. The morphology and the size of the sulfur
is similar to the samples with 10 % Agl content.
The Agl particles obtained by method 1 have also
triangular and hexagonal form with smooth surface
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and in the method 2 the Agl particles exhibit irregular
shape with loose surface. The size of Agl in the S/
Agl (1) 30 % is in the range from 0.2 to 0.6 um and
for S/Agl (2) 30 % from 0.4 to 1 pm. In 50 % samples
the 1* method produced sulfur particles with the size
range from 20 to 50 pm and the 2" method — from 5
to 10 um. Agl grains are represented by size from 1
to 3 um and from 0.5 to 2 um for both method 1 and
2, respectively.

For easier perception of the data on the particle
sizes of microstructures, we have given all the data
in Table 1.

Photocatalytic activity. Figure 7a shows a
comparison of the photocatalytic activity of the S/
Agl(1,2) 10,30, 50 % micro-structures and pure Agl
and S (1, 2). The results show that pure Agl is able to
degrade 99 % molecules of Orange Il after 180 minutes
of exposure to visible light, while after the same
duration, the S/Agl (1, 2) samples of all compositions
and pure sulfur do not show photodegradation higher
than 7 %. Hence, the synthesized microstructures do
not possess photocatalytic activity. Such result can
be explained by the micro-size of the sulfur, which
probably passivates otherwise photocatalytically
active Agl. Maybe the higher content of the Agl
could solve this problem.

International Journal of Biology and Chemistry 15, Ne 1 (2022)
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Figure 4 — SEM analysis of the: S/Agl (1) 10 % (a —2000x; b — 5000x, ¢ — 30000x magnification);
S/Agl (2) 10 % (d —2000x; e — 5000x, f— 30000x magnification)

Figure 5 — SEM analysis of the: S/Agl (1) 30 % (a — 2000x; b — 5000x, ¢ — 30000x magnification);
S/Agl (2) 30 % (d — 2000x; e — 5000x, f— 30000x magnification)

Int. j. biol. chem. (Online) International Journal of Biology and Chemistry 15, Ne 1 (2022)



N.V. Khan et al. 85

Figure 6 — SEM analysis of the: S/Agl (1) 50 % (a —2000x; b — 5000x, ¢ —30000x magnification);
S/Agl (2) 50 % (d — 2000x; e — 5000x, f— 30000x magnification)

Table 1 — The size ranges of the microstructures

Microstructure The size range of the sulfur, um The size range of the Agl, um
S/Agl (1) 10 % 20-50 0.5-3.0
S/Agl (2) 10 % 10-20 0.3-0.9
S/Agl (1) 30 % 20-50 0.2-0.3
S/Agl (2) 30 % 5-10 0.4-1.0
S/Agl (1) 50 % 20-50 1.0-3.0
S/Agl (2) 50 % 5-10 0.5-2.0

The kinetics of the photocatalytic process
was accepted as a pseudo-first-order reaction:
In (C/C) = kt. C, and C are initial and final
concentrations, respectively, of model solution in
moment of time ¢, £ (min™') is the rate constant
of the photocatalytic reaction [35]. Other kinetics
models were also studied, but the most suitable
one was the pseudo-first-order reaction. The &

Int. j. biol. chem. (Online)

was found from the linear graphs. High Pearson’s
correlation coefficient » was a proof of the kinetic
order of model solution degradation. Figure
8 b shows the pseudo-first order kinetics for
photocatalytic degradation of Orange Il by S/
Agl (1, 2) 10, 30, 50 % microstructures. In the
Table 2, the values of k and r for all synthesized
samples can be found.
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Figure 7 — Photocatalytic degradation of Orange II: a — comparison of the photocatalytic activity
of the S/Agl (1, 2) 10, 30, 50 %, pure sulfur and Agl; b — Pseudo-first-order kinetics
for photocatalytic degradation of the Orange II by all samples

Table 2 — Pseudo-first order rate constants of photocatalytic degradation of the Orange II for all samples

Sample Thzr‘aitgzc:r)lrilrs;]ant, Pearson’s coefficient, r
S/Agl (1) 10 % 0.006 0.974
S/Agl (2) 10 % 0.008 0.912
S/Agl (1) 30 % 0.019 0.911
S/Agl (2) 30 % 0.006 0.957
S/Agl (1) 50 % 0.046 0.983
S/Agl (2) 50 % 0.044 0.981
Agl 1.638 0.961
S (1) 0.001 0.898
S(2) 0.001 0.867

Biological activity. The resistance of the
microstructures to microorganisms was measured
relying on the MBC (MFC). The MBC (MFC) values
were calculated from the dilutions. As concentration
of the water suspensions of the samples was 10 mg/
mL (10000 pg/mL), the calculations were done
by the next scheme: 1:1 dilution corresponds to
5000 pg/mL, 1:2 dilution corresponds to 2500 pg/
mL and etc. These calculations were performed
for all formulations and all dilutions (from 1:1 to
1:128). According to the study, pure substances and
microstructures of all compositions did not show the
ability to suppress microorganisms, only S/Agl (2) 50
% was active. It was able to suppress S. aureus ATCC

Int. j. biol. chem. (Online)

BAA-39, P.aeruginosa ATCC 9027 and Erwinia
amylovora at MBC/MFC 5000 pg/mL. As for E.
coli ATCC 8739, the S/Agl (2) 50 % was effective
at 2500 pg/mL. Such results may indicate that there
is a bond between sulfur and Agl, which leads to the
manifestation of biological activity. This percentage
ratio and the method of obtaining were the optimal
conditions for this system. The results indicate
the need for further investigation of the synthesis
conditions and their effect on the manifestation of
biological activity. Hence, precipitation of sulfur by
water during the synthesis and the equal amount of the
components were optimal conditions for obtaining of
the S/Agl microstructures with antimicrobial action.
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Conclusion

S/Agl  microstructures were prepared by
solvothermal DMSO-mediated synthesis using two
methods of sulfur precipitation: at room temperature
(method 1) and by water (method 2). The samples
were represented by the next percentages of Agl: 10,
30 and 50 %.

XRD and Raman spectroscopy revealed that
all samples contain sulfur and Agl. According to
EDS elemental mapping, sulfur is present in the
form of both large and small grains. The large
grains are covered by a thin layer of Agl. SEM
results have shown that sulfur have irregular
shape for both methods of synthesis. As for a size
particles, first synthesis method produced sulfur
with greater size (20-50 pm). Agl particles have
triangular and hexagonal shape. 10 % samples
represented by Agl size range from 0.5 to 3 um,
30 % — from 0.2 to 0.3 um, 50 % — from 1 to 3 pm.
The second method yielded sulfur particles with
size from 5 to 20 um. The size of the Agl particles
was the next: 10 % — 0.3 — 0.9 um; 30 % — 0.4 —
1 pm; 50 % — 0.5 — 2 um. The morphology of Agl
particles is represented by non-defined shape. In
general, method 1 gives larger particles of sulfur
in comparison with method 2.

The potential application of the S/Agl (1,2) 10,30
and 50 % in the photocatalysis was not confirmed, as
neither of the samples was able to degrade molecules
of Orange II under visible light irradiation. The
kinetics of the photocatalytic process was accepted
as a pseudo-first-order reaction.

Biological activity was studied on the six types
of the test strains. Only S/Agl (2) 50 % was able
to inhibit test strains of S. aureus ATCC BAA-39,
P.aeruginosa ATCC 9027 and Erwinia amylovora
at MBC/MFC 5000 pg/mL, and E. coli ATCC 8739
at 2500 pg/mL. The manifestation of biological
activity by only one sample can be explained by the
formation of a bond between sulfur and Agl. Thus,
the precipitation of sulfur with water and a 50 %
content of sulfur and Agl are optimal for obtaining
microstructures with the ability to suppress certain
microorganisms.
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