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Abstract—A ternary heterosystem consisting of crystalline graphitic carbon nitride, zinc oxide, and zinc sul-
fide (g-C3;N4/Zn0O/ZnS) was obtained by the one-stage decomposition of a mixture of thiourea and zinc ace-
tate. The integral toxicity index of the resulting material was estimated in a luminescent test with a genetically
modified Escherichia coli strain as a test object. The effect of quenching the luminescence of E. coli was noted
both under exposure to UV radiation due to photocatalytic reactions on the surface of g-C3;N,/Zn0O/ZnS
leading to the formation of highly oxidative radical ions interacting with cell membranes and without irradi-
ation due to mechanical interactions with bacterial cells. At a 0.3 g/L concentration of g-C3N,/ZnO/ZnS in
aqueous solution, the toxicity index 7 reached 75.6% under UV irradiation. In this case, an increase in the
toxicity index T of the ternary heterosystem in a test concentration range from 0.1 to 0.3 g/L was 6 or 10—11%
under UV radiation or without illumination, respectively, as compared with that of the pure graphite-like car-

bon nitride obtained under identical conditions.
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INTRODUCTION

Clean drinking water is an important strategic
resource for humanity because still a quarter of the
world’s population does not have currently constant
access to it [1]. In addition to inorganic and organic
particles and chemical compounds dissolved in water,
various pathogenic microorganisms, such as bacteria,
viruses, protozoa, and fungi, present in water are also
dangerous [2, 3]. Conventional disinfection methods
involve the use of chemicals containing chloride ions
in most cases, and these ions are no less dangerous to
humans than pathogenic microorganisms [3].

The use of photocatalytic reactions on the surface
of semiconductors is an alternative disinfection
method; these reactions lead to the appearance of

highly reactive radical ions OH", O;, and 'O, and
H,0, molecules, which can interact with microorgan-
isms to cause their death [4, 5]. The high efficiency of
photocatalytic water purification was demonstrated
using titanium oxide (TiO,) [6, 7] and zinc oxide
(ZnO) as photocatalysts [8, 9]. The large band gap and
the position of the energy bands of these materials
provide efficient heterogeneous photocatalysis, but
the absorption spectrum of the above oxides narrows

to the ultraviolet (UV) range, which is only 4% of the
solar radiation energy [6—9]. Therefore, it is necessary
to search for other materials with high photocatalytic
activity that are easy to prepare and do not contain rare
or expensive elements.

Graphitic carbon nitride (g-C;N,) is a unique
organic semiconductor with aband gap of 2.70—2.88 eV at
room temperature [10, 11], which has high chemical
and thermal stability. It is recognized as an effective
photocatalytic material, which can be used to generate
hydrogen, purify water from chemical impurities, and
disinfect it [10—12]. The structure of the material con-
sists of monomolecular graphene-like layers of inter-
connected heptazine molecules held together by van
der Waals forces; because of this, it is similar to the
structure of graphite [10, 13]. In this regard, a similar
mechanism of the action of g-C;N, on pathogenic
microorganisms can be expected, when the antibacte-
rial effect is achieved due to both physical and chemi-
cal interactions [14—17]. Direct contacts of nanoparti-
cles or individual monolayers of g-C;N, with the pro-
tein membrane of a microorganism can lead to its
mechanical damage and death of the organism due to
leakage of the intracellular matrix. In addition, oxida-
tive stress damages DNA and induces mitochondrial
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dysfunction, which leads to the inhibition of bacterial
reproduction and growth [18].

To increase the efficiency of g-C;N, for water puri-
fication and disinfection, heterostructures including
various wide-gap semiconductors, such as ZnO, TiO,,
Zr0,, ZnS, SiC, or organic materials [19—23], which
in themselves are also effective photocatalysts [24], are
created on its basis. Multistep methods in which a
g-C;N, core is sequentially formed and covered with a
wide-gap semiconductor shell are commonly used to
obtain heterostructures based on g-C;N,.

In this work, we applied another principle for the
creation of g-C;N,/wide-gap semiconductor hetero-
structures with the simultaneous pyrolytic decompo-
sition of starting substances (precursors) and the in
situ formation of a heterostructure using zinc acetate
to obtain wide-gap zinc oxide and zinc sulfide parti-
cles in the heterostructure. We also evaluated the effi-
ciency of these heterostructures for water purification
to remove contaminating microorganisms in compar-
ison with that of pure g-C;N,.

EXPERIMENTAL

Pure g-C;N, was synthesized by the pyrolytic
decomposition of precursors with their subsequent
thermal polymerization as described previously [25,
26]. Thiourea was used as a precursor; a weighed por-
tion of thiourea was placed in a ceramic crucible,
which was then tightly closed with a massive lid
through a gasket made of aluminum foil. This pro-
vided quasi-hermetic conditions under which excess
gases could leave the crucible volume, but the penetra-
tion of substances from the outside was limited. The
crucible prepared in this way was placed in a muffle
furnace, heated to a target temperature of 500°C for
2 h, and kept for 30 min at this temperature. The cru-
cible was gradually cooled for 8 h. The resulting mate-
rial was removed from the crucible and mechanically
crushed to a powdery state with a particle size of
smaller than 10 um.

The heterosystems based on graphitic carbon
nitride, zinc oxide, and zinc sulfide were also synthe-
sized by the pyrolytic decomposition of precursors
with their subsequent thermal polymerization. In this
case, thiourea and zinc acetate were used as starting
compounds as described elsewhere [27, 28]. The por-
tions of these substances of equal weights were placed
in a ceramic crucible, tightly closed, and heated in a
muffle furnace to a specified temperature of 500°C.

The structure and composition of the resulting
materials were studied by scanning electron micros-
copy on an S-4200 electron microscope (Hitachi,
Japan), X-ray microanalysis on a QUANTAX 200
spectrometer (Bruker, Germany), and X-ray diffrac-
tometry on a DRON-3 diffractometer (Russia) with a
source of Cukj, radiation (A = 1.54179 nm).
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The toxic effect of a photocatalyst was evaluated
using an Ecolum biosensor (Russia) based on a lyo-
philized culture of a specially selected genetically engi-
neered strain of Escherichia coli (E. coli) luminescent
bacteria with the lux operon embedded. The bacteria
of the intestinal group are of sanitary significance, and
they can contaminate water sources. Therefore, they
are well suited as a model pollutant, which can be
removed by a photocatalytic method.

The effect of photocatalysts on bacterial cultures
was assessed using a Biotox-10M environmental mon-
itoring instrument (NERA-S, Russia) by comparing
the integral luminescence of samples containing bac-
teria in the presence of photocatalyst particles and ref-
erence samples without a photocatalyst. The toxicity
index T, %, was determined as a percentage ratio
between the difference of the luminescence intensities
of the reference sample /;, without the photocatalyst
and the sample with the photocatalyst /r and the lumi-
nescence intensity of the reference sample /:

T =100x (1, — Ig)/I,. (1)

Before the measurements of the toxicity of sam-
ples, the Ecolum biosensor was rehydrated by adding
10 mL of sterile distilled water to a glass container with
the biosensor and keeping the resulting suspension at
room temperature for 30 min. Then, 0.1 mL of the
working suspension of bacteria and 0.9 mL of a sus-
pension of the powder particles of a test sample in dis-
tilled water were placed in the cells of the Biotox-10M
environmental monitoring instrument. Instead, 0.9-mL
portions of sterile distilled water were added to the ref-
erence samples. Thus, the total sample volume was
1 mL. The concentration of photocatalyst particles in
the resulting samples was varied from 0.1 to 0.3 g/L.
The toxicity of the samples was measured after 30 min
of exposure. Some of the samples containing particles
of materials based on carbon nitride were exposed to
UV radiation for 30 min.

RESULTS AND DISCUSSION

A light yellow solid material with a complex micro-
structure, which included a large number of plates and
particles ranging in size from 1 to 10 um chaotically
connected to each other was obtained as a result of the
heat treatment of thiourea at 500°C in a closed cruci-
ble (Fig. 1a). According to X-ray microanalysis data,
the synthesized material contained carbon and nitro-
gen in the ratio Co/Cy = 0.48 (Table 1). This ratio is
lower than the corresponding stoichiometric value
(0.75) due to the incomplete polymerization of the
material and a so-called kinetic limitation caused by
the decomposition of the formed g-C;N, with the
release and evaporation of carbon-containing sub-
stances (in particular, HCN) in the course of the syn-
thesis [17—19]. The oxygen concentration in the mate-
rial was 5.43 at %.
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The material obtained as a result of the heat treat-
ment of a mixture of thiourea and zinc acetate was also
yellowish brown solid powder, but it had a slightly dif-
ferent microstructure containing larger crystallites
(Fig. 1b). The ratio of carbon to nitrogen was 0.82,
which is higher than a stoichiometric value of 0.75.
This fact indicates the presence of residual carbon,
which can appear in the residual matter due to the
decomposition of the acetate ion (CH;COO™) of zinc
acetate in the closed volume of the crucible. The ratio
C;,./Cs was 1.64, which exceeds the stoichiometric
value of unity. The presence of excess zinc can be asso-
ciated with oxygen, the concentration of which
reached 7.45 at %. This value is 2 at % higher than the
concentration of oxygen in the material formed upon
the annealing of thiourea, and it is close to the amount
of free zinc; this fact indicates the possibility of the
occurrence of a ZnO phase.

The X-ray diffraction patterns of the samples (Fig. 2)
showed lines corresponding to reflections from the
(210), (002), and (600) crystallographic planes of
g-C;N, at the angles 20 = 12.75°, 27.65°, and 44.45°,
respectively [21]. The diffraction pattern of the sample
synthesized from a mixture of thiourea and zinc ace-
tate contained a large number of reflections from var-
ious crystallographic planes of ZnS with a cubic
sphalerite-type crystal lattice and ZnO with a hexago-
nal lattice of the wurtzite type. The most intense peak
at an angle of 20 = 27.5° corresponded to the (111)
plane of ZnS, and the other peaks were related to
reflections from the following planes: ZnS (200) at
20 = 33.2°, ZnS (220) or ZnO (102) at 47.6°, ZnS
(311) or ZnO (110) at 56.5°, ZnS (400) or ZnO (201)
at 69.5°, and ZnS (331) or ZnO (202) at 76.9° [28].

Prokaryotic test models are well suited for evaluat-
ing biological action characteristics, integral toxicity,
and antimicrobial potential in relation to innovative
technologies and materials [6, 29—32]. The results of
the evaluation of the integral toxicity of the obtained
materials (Fig. 3) indicate that their destructive effects
on opportunistic pathogens F. coli without exposure to
UYV radiation linearly increased in proportion to their
concentration. The toxicity of particles synthesized

Table 1. Elemental composition of the resulting materials

Fig. 1. Electron micrographs of the surfaces of (a) a pow-
der obtained by the heat treatment of thiourea and (b) a
thiourea/zinc acetate composite.

from a mixture of thiourea and zinc acetate was, on
average, 10—11% higher.

Irradiation with UV light led to an increase in the
toxicity index T by 10—20% and a change in the
dependence of its value on the concentration of the
test materials in solution from linear to exponential.
This value was higher than 50% at concentrations
greater than 0.2 g/L; for this reason, the materials
obtained can be classified as highly toxic substances.

. Element concentration
Element concentration, at % .
ratio
Precursor

Ce Cn Co Czn Cs Cc/Cn Cz4/Cs
Thiourea 30.80 63.77 5.43 — — 0.48 —
Thiourea/zinc acetate 36.23 44.28 7.45 7.49 4.55 0.82 1.64
Dashes indicate the absence of the corresponding elements.
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Fig. 2. X-ray diffraction patterns of a powder obtained by the heat treatment of thiourea and a thiourea/zinc acetate composite.

According to the results of X-ray microanalysis and
X-ray diffractometry, the material synthesized as a
result of pyrolytic decomposition of thiourea was
polycrystalline bulk g-C;N, with randomly located
crystallites. The addition of zinc acetate to the starting
reagents led to the formation of ZnS and ZnO crystals,
which were embedded in a matrix of C;N,. Such a
material can be designated as the ternary heterosystem
g-C;N,/Zn0O/ZnS. The formation of a ternary nano-
heterosystem by the pyrolytic decomposition of
thiourea and zinc acetate was described in detail else-
where [27, 28]. In this process, the hydrogen sulfide
formed as a result of the decomposition of thiourea

-u- g—C3N4
801 _o_ g-C;N,/Zn0O/ZnS 1
70 L - 4- g-C3Nyafter UVirradiation ¥
-v- g-C3N,/Zn0O/ZnS d
60 | after UV irradiation v/
; >
> 50 r - 7 7 s g
E e E . s
E 40 F _-XIT-- _,+—"’
O TELSE Sat S5 ]
30 - ¥ &
e _& -
0F o &--
10 1 1 1 1 1
0.10 0.15 0.20 0.25 0.30

Photocatalyst concentration, g/L

Fig. 3. Effects of the obtained materials on pathogenic
microorganisms before and after exposure to UV radiation.
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reacts with zinc oxide, which is a decomposition prod-
uct of zinc acetate, to form zinc sulfide under condi-
tions of limited oxygen availability.

An increase in the toxicity of pure g-C;N, particles
with their concentration in solution without UV illu-
mination showed that they exhibit a mechanical toxic
effect, which is similar to that of graphene [14—16], on
microorganisms leading to the destruction of their cell
membranes upon direct contact. The demonstrated
efficiency of the g-C;N,/Zn0O/ZnS ternary heterosys-
tem is higher due to an additional toxicological effect
upon the direct contact of ZnO and ZnS nanoparticles
with the protein shells of bacteria. In this contact,
electron exchange can occur to induce the oxidative
stress of microorganisms [33—35] or phosphate deple-
tion of their membranes [33, 36].

Under UV irradiation, charge carriers are gener-
ated both in g-C;N, and in ZnO and ZnS nanoparti-
cles; then, they participate in the formation of
hydroxyl radical ions OH", superoxide ions O, , and
singlet oxygen '0,. Highly oxidizing ions react with
bacterial cell membranes to cause their destruction,
which leads to the observed increase in the toxic
effects of pure g-C;N, and the g-C;N,/ZnO/ZnS het-
erosystem.

The difference between the efficiencies of
g-C;N,/Zn0O/ZnS and pure g-C;N, upon irradiation
with UV light decreased in comparison with the results
obtained in the absence of irradiation; however, the
efficiency of the heterosystem remained somewhat
higher. This fact indicates a more intense photocata-
lytic process involving both electrons and holes, which
is achieved due to the wider band gaps of ZnO and
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ZnS as compared to that of g-C;N,. However, pure
g-C;N, retained its high efficiency in water disinfec-
tion due to its large specific surface area.

CONCLUSIONS

The g-C;N,/ZnO/ZnS ternary heterosystem
obtained in situ in a process using the thermal decom-
position of thiourea and zinc acetate at a temperature
of 500°C demonstrated photocatalytic efficiency to
75.6% under irradiation of microorganisms with UV
light at a maximum test concentration of 0.3 g/L with
the use of E. coli as an example. The photocatalytic
effect of the g-C;N,/ZnO/ZnS heterosystem was
somewhat higher than that of pure g-C;N, obtained
under identical conditions due to a heterogenecous
photocatalytic process on the surface of crystals of the
wide-band-gap semiconductors ZnO and ZnS.

The particles of pure g-C;N, and the
g2-C;N,/Zn0O/ZnS system also exhibit high toxicity
without UV irradiation due to mechanical toxic effects
on microorganisms leading to the destruction of their
cell membranes upon direct contact. In this case,
g2-C;N,/Zn0O/ZnS is more effective due to the toxico-
logical effect of ZnO and ZnS nanoparticles in their
direct contact with the protein shells of bacteria.
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