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IlIpeocmaenen Ho6wlii MEmMOO NOAYUEHUS CLOHCHBIX OKCUOO08 MEOU U YUHKA HA NOBEPXHO-
cmu yeonuma mapxu NaX. Ileonumul nozpyscanu ¢ 600HbLIL pACHEODP HUMPAMOE MeOU, UUHKA U
ux cmecu (50:50) na neckonvko uacos, nocie uezo cywiunu ¢ meuenue 1 cym. Ileonumot, nokpol-
mule HUmMpamamu, 00padamuvleanu maerouiuUM pa3paoom ammocheprnozo 0asinenus 6030yxa 6 me-
yenue 10 mun. Bo epema nnazmennoi oopadomKku U3MeHANCA UGEen NOGEPXHOCHU UEOUNO6.
H3zmenenue mopghonozuu noeepxnocmu ucciedo8aiu ¢ NOMOWbI0 CKAHUPYOweil I1eKmpoHHOI
mukpockonuu. Ilokazano, umo na nosepxHocmu 06pa3yOMCa CAOHCHbIE HAHOPA3MEPHbBLE CHIPYK-
mypul, KOmopbsle no OAHHbIM IHEPZOOUCHEPCUOHH O PEHMZEHOBCKOU CREKMPOCKORUU NPEeOCmas-
aAa0m co6oii oKkcuovl meou u yunka. Onpedenenue yoeavbHoll NIOUWAOU NOGEPXHOCHU U pacnpe-
OejleHUA nOp NO pamepam noKaA3auio, Ymo Hia3MeHHAas 00padomKa yeonumos ¢ HAaHeCeHHbIMU
HA HUX HUMpamamu 6edem K yMeHbUIeHUI0 N10WA0U MUKPORODP U yMeHbuieHuio mezonop. Do-
moKamaiumuueckas aKkmueHoCmy NPOBEPAIACy HA NPUMEPE PA3TNOHCEHUA CIAHOAPMHO20 KPa-
cumensa memunenoswlit cunuil. Tax obayuenue ynompaghuonemogvim ceemom pacmeopa memu-
J1eH08020 cunezo ¢ meuenue 180 mun pacmeopa 6e3 ueonuma He NOKA3AIN0 HUKAKO20 U3MEHEHU
ORMUYECKoll NIOMHOCIMU PACMEOPO8, KAK U UCCIe006AHUs, NPOBEOEHHbIE 8 YCA08UAX OMCYHI-
Cmeus Kakoz2o-1ubo ceemoeozo usiyuenus. Iloxkazano, umo nocne 180 mun eo3oeiicmeusn ceema
Ha pacmeop memujieHo8020 cunezo paznoxcuiocs 70,3% kpacumens na yeonume c OKCuOOM meou
u 83,8 Ha uyeonume ¢ okcuoom yuuka. Haunyuwue pezynomamosl nokazanu oopazysvt ¢ ueonu-
mamu, NOKpuIMvIMU KOMHIEKCHBIM OKCUOOM MeOu U YHHKA, 20e homopa3znoricenue cocmaguio
87,9% 3a 180 mun obayuenus yrompaguonemosvim ceenom.

KiroueBble c10Ba: TICIOIIUN pa3psil, CJAOXKHBIE OKCHUIBI, (hOTOACTpAIAINS, METHICHOBBIN CUHUH
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A new method for producing complex copper and zinc oxides on the surface of NaX zeolite
is presented. Zeolites were immersed in a solution of copper and zinc nitrates for several hours,
after which they were dried for 24 h. Zeolites coated with nitrates were treated with atmospheric
pressure glow discharge in air for 10 min. After plasma treatment, the zeolites changed their color.
Changes in surface morphology were studied using scanning electron microscopy. It has been
shown that complex nano-sized structures are formed on the surface, which, according to energy-
dispersive X-ray spectroscopy, are copper and zinc oxides. Determination of the specific surface
area (BET) and pore size distribution showed that plasma treatment of zeolites with nitrates depos-
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ited on them leads to a decrease in the area of micropores and a decrease in mesopores. The pho-
tocatalytic activity was tested using the example of the decomposition of methylene blue dye. Thus,
the irradiation of a solution of methylene blue with light for 180 min without zeolite did not show
any change in the optical density of the solutions, as did shadow studies. After 180 min, 70.3% of
the dye on zeolite with copper oxide and 83.8% on zeolite with zinc oxide decomposed. The best
results were shown by samples with zeolites coated with complex copper and zinc oxide, where
photodecomposition was 87.9% after 180 min of light irradiation.

Keywords: glow discharge, complex oxides, photodegradation, methylene blue
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INTRODUCTION

Transition metal oxides are strategically im-
portant in various types of production. In recent years,
there has been increasing interest in the use of metal
oxides to purify water from various types of contami-
nants [1-3]. In this case, oxides of one metal (TiO,
Al>,O3, ZnO) [4] are traditionally used. Single semicon-
ductors have some disadvantages, including high elec-
tron-hole pair recombination rate, photocatalyst deac-
tivation, poor selective adsorption, and high photocata-
lyst cost. To improve the photocatalytic activity of a
semiconductor and use its advantageous properties, the
use of multicomponent systems and oxides began.
Thus, double oxide ZnO/CuO has proven itself as a cat-
alyst and has been used for more than 30 years for the
synthesis of methanol [5-6]. A new round of interest in
ZnO/CuO research is associated with its use for the
conversion of CO into methane and methane into
methanol in DBD reactors [7-9]. Recent studies have
shown the possibility of using double oxide to purify
wastewater from organic contaminants, such as Rho-
damine blue, methylene orange [10], and methylene
blue [11].

Methylene blue has many potential applica-
tions in the textile, pharmaceutical, paper, dyeing,
printing, paint, medical, and food industries [12]. It is
also used as a potential material in dye-sensitized solar
cells [13], capacitors [14], sensors [15], microbial fuel
cells [16], etc. Despite its widespread use in industry
and medicine, methylene blue is toxic, carcinogenic,
not biodegradable, can pose a severe threat to human
health and aquatic organisms, and has a destructive en-
vironmental impact [17]. Therefore, using simple and
complex approaches to decompose methylene blue in
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water is very important [18]. The use of semiconductor
materials will make it possible to decompose MB into
CO;and H;0. The copper-zinc complex oxide was pre-
viously shown to be effective in dye decomposition,
but the decomposition rate was over 5-8 h [19-20].

Existing methods for producing oxide nano-
particles on the surface of zeolites involve using a large
number of reagents, complexity of execution, and high
cost of equipment. The method based on the use of
low-temperature gas-discharge air plasma is free of
these disadvantages. Using nitrates to apply zeolite and
air as a plasma-forming gas is a cheap and environmen-
tally friendly replacement for existing methods. The
products formed during plasma combustion and pro-
cessing of nitrates are already an integral part of natural
air. Moreover, the use of a simple structural and elec-
trical circuit makes the process fast and scalable. As a
result, we obtain oxides and complex oxides of transi-
tion metals, which have previously proven themselves
as catalysts for the decomposition of organic dyes,
such as methylene blue.

EXPERIMENTAL SECTION

Materials and methods

All the chemical reagents used in the experi-
ments were of analytical grade without further puri-
fication. 2.95 grams copper nitrate hexahydrate
Cu(NOs).-6H,0 100%, 2.97 grams zinc nitrate hexa-
hydrate Zn(NOs).-6H-0, as well as their mixture in a
molar ratio of 1 to 1 were used as starting materials.
NaX zeolite (Sorbis Group) with a 3-5 mm diameter
was used. In 40 ml of solution prepared by dissolving
nitrates in distilled water, 20 g of zeolites were placed
for 2 h and then dried at 50 °C for 24 h.
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Zeolites with nitrates deposited on them were
processed in a particular cell, as shown in Fig. 1. A
Spellman SL1200 was used as a power source. A volt-
age of 8 kV was applied to the titanium anode (suffi-
cient for a breakdown of the interelectrode space); a
steel plate with holes through which air was blown was
used as a cathode. The airflow rate was 5 L/min. The
cell was a cylinder 5 cm high with a conical narrowing
at the base (up to 1.2 cm). The interelectrode distance
was 7 mm. Discharge current was 50 mA — processing
time was 10 min. The cell design and flow are selected
so that the zeolites fall into the discharge generation
zone, where the main processes of converting nitrates
on the surface of the zeolites into oxides occur.

Spellman
SL1200 &

J_f Gas

Fig. 1. Scheme of the experimental setup
Puc. 1. Cxema sKcIepHUMEHTAIBHON YCTaHOBKU

As a result, the following samples were ob-
tained and used for morphological and catalytic stud-
ies:

o NaX (original zeolite without treat-
ment)

. CuO@NaX (zeolite coated with cop-
per nitrate and processed in a gas discharge)

. ZnO@NaX (zeolite coated with zinc
nitrate and processed in a gas discharge)

o ZnOCuO@NaX (zeolite with a depos-
ited mixture of copper-zinc nitrates processed in a gas
discharge)

Characterization

A scanning electron microscope Tescan
VEGA 3 SBH (Czech Republic) with an attachment for
elemental analysis was used to study the morphology
and composition of the surface.

XRD analysis was used to determine the com-
position, XRD analysis was used (DRON 3 M, Bure-
vestnik, Russia) with Cu Ka radiation at 0.154 nm. The
diffraction patterns were processed using QualX2 soft-
ware [21] and the open crystallographic COD database
[22].

Specific surface area determinations (BET)
and pore size distributions were measured on a Micro-
trac Belsorp miniX apparatus (BELSORP-miniX, Mi-
crotrac BEL Corp., Japan).
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Study of the decomposition of methylene blue

An SF-56 spectrophotometer (OKB Spektr, St.
Petersburg) with an optical path length of 10 mm was
used to study the kinetics of changes in optical density.
Experiments were carried out at room temperature. To
study the kinetics of changes in optical density, an
aqueous solution of methylene blue (MB) with a con-
centration of 2.8-10® mol/l was used. We used 5 g of
zeolites and 100 ml of methylene blue solution. Zeo-
lites and the solution were placed in 100 ml beakers.
Next, experiments were carried out using ultraviolet
light without stirring. An ultraviolet lamp with a wave-
length of 254 nm and a power of 9 W was installed at
a height of 30 cm from the glasses (power consumed
from the network was 30 W). At regular intervals, 2.5 mL
of sample was taken, and the spectral changes were
recorded at 663 nm to determine the residual concen-
tration of MB using a UV-Vis spectrometer, after
which the sample was returned. The degree of decom-
position of MB was calculated as follows:

D(%) = C"C—‘Oct-mo%, (1)

where Cq is the initial concentration of methylene blue;
C:— concentration of methylene blue after t minutes of
interaction with light.

For the completeness of the experiment, we
studied six samples, which were carried out in parallel.
The first experiment and the first sample were 100 ml
of a methylene blue (hereinafter MB) solution, which
was irradiated with ultraviolet light for a long time.
This was necessary to understand how quickly the dye
decomposes in distilled water without additives.

The second experiment involved 5 g of the
original zeolite in 100 ml of an aqueous solution of
methylene blue, which was placed in a box without nat-
ural or lamp lighting (hereinafter NaX no UV). This
experiment is necessary to understand the degree of ad-
sorption of the dye inside the zeolite.

The third experiment involved 5 g of the orig-
inal zeolite in 100 ml of a methylene blue (MB) solu-
tion, which was irradiated with ultraviolet light for a
long time (hereinafter NaX UV). This experiment was
carried out to evaluate the photocatalytic activity of the
original NaX, which contains aluminum oxide, which
exhibits catalytic activity [23]. The fourth experiment
was 5 g of zeolite with copper oxide after plasma treat-
ment in 100 ml of methylene blue (MB) solution,
which was irradiated with ultraviolet for a long time
(CuO@NaX). The fifth experiment was 5 g of zeolite
with zinc oxide after plasma treatment in 100 ml of
methylene blue (MB) solution, which was irradiated
with ultraviolet for a long time (ZnO@NaX). In the
sixth experiment, 5 g of zeolite with complex zinc and
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copper oxide after plasma treatment in 100 ml of meth-
ylene blue (MB) solution, which was irradiated with
ultraviolet for a long time (CuOZnO@NaX).

RESULTS AND DISCUSSION

After plasma treatment, zeolites with nitrates
applied to them uniformly change their color over the
entire surface, in the case of nitrates containing copper
cations, from blue to dark brown. However, no color
change is observed on zeolites coated with zinc ni-
trates. After the zeolites were immersed in the solution,
dried, and cut, we found that the nitrates were adsorbed
by the surface layer of the zeolites no more than 1 mm
thick. Further plasma treatment changes the zeolite
granules' color; when cut, a color change is also clearly
visible at a depth of no more than 1 mm (the entire
depth of nitrate penetration). Based on the visual
changes, one can judge the decomposition of nitrates
to oxides. Therefore, plasma treatment of zeolites with ni-
trates deposited on them occurs evenly
over the surface. Further studies using X-
ray diffraction analysis and energy-disper-
sive X-ray spectroscopy confirmed that
only a thin layer of zeolite was processed.

X-ray diffraction analysis of ze-
olites with deposited nitrates after
plasma treatment in a glow discharge is
shown in Fig. 2. The spectra correspond
to NaX zeolite (00-150-5696). Since the
ratio of the original zeolites and the ox-
ides formed on them is not comparable,
and most of the characteristic peaks of
NaX can overlap the peaks of CuO and
ZnO, it is difficult to judge from the X-ray spectra the
successful formation of copper and zinc oxides on the
surface of the zeolites.
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Fig. 2. X-ray diffraction analysis of the original zeolites, and zeo-
lites with deposited oxides after plasma treatment. 1) NaX;
2) ZnO@NaX; 3) CuO@NaX; 4) ZnOCuO@NaX
Puc. 2. PeHTreHOCTPYKTYpPHBII aHaIU3 UCXOAHBIX LIEOJUTOB, U
HCOJMTOB C HAHECEHHBIMU HUTPATaMH I10CJIE TJIa3MEHHOM 06pa-
6otku. 1) NaX; 2) ZnO@NaX; 3) CuO@NaX;
4) ZnOCuO@NaX
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Due to the difficulty of identifying oxide peaks
on the NaX surface, energy-dispersive X-ray spectros-
copy was used. The results of elemental analysis are
shown in Table 1.

Table 1
Result of energy dispersive X-ray spectroscopy
Tabnuya 1. Pe3yabTaT 3HepProaucnepcHOHHON peHTIe-
HOBCKO# CIIEKTPOCKONMH

@ Content in atomic percent

&

& | NaX |zno@NaX | CuO@NaX |CuOZnO@NaX
L

O | 63.33 57.16 56.42 57.50

Na | 10.23 10.07 7.99 9.05

Al | 10.72 9.43 10.09 10.68

Si | 15.71 14.31 17.88 14.92

Cu 6.81 3.98

Zn 9.03 3.86

| i y :
Fig. 3. Images obtained on a scanning electron microscope of the

original zeolites; zeolites after plasma treatment; and zeolites with
deposited oxides after plasma treatment. a) General appearance
NaX; b) NaX; c) NaX after plasma treatment; d) CuUO@NaX;
e) ZnO@NaX; f) ZnOCuO@NaX
Puc. 3. N306paxeHus1, MOTy4eHHbIE Ha CKAHUPYIOLIEM SJISKTPOH-
HOM MHKPOCKOIIC, UCXOAHBIX LHEOJUTOB, ITOCJIE IUTa3MEHHOM 06pa—
60TKI/I, M 1COJIUThI C HAHCCECHHBIMH OKCUIAMH IT0CJIC IJIa3MEHHOU
obpaboTtku. a) O6umii Bua NaX; b) NaX; ¢) NaX mocrne mia3sMeHHO#H
obpadotky; d) CuO@NaX; e) ZnO@NaX; f) ZnOCuO@NaX

Fig. 3 shows images obtained on a scanning
electron microscope of the original zeolites after
plasma treatment and zeolites with deposited nitrates
after plasma treatment. Zeolites coated with copper ni-
trates and treated in a glow discharge are very similar
in surface structure to the original samples. The main
difference becomes noticeable on the surface of zeo-
lites coated with zinc nitrates after plasma treatment;
the surface is covered with villi. Zeolite samples, after
wetting in a mixture of zinc and copper nitrates after
plasma treatment, have a well-developed surface on
which nanofilaments with inclusions of nanoballs are
clearly visible.
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Fig. 4. Adsorption and desorption isotherms of NaX and NaX
with deposited oxides after plasma treatment. CUO@NaX: 1 — Ads,
2 — Des; ZnO@NaX: 3 — Ads, 4 — Des;ZnOCuO@NaX: 5 — Ads,
6 — Des; NaX: 7 — Ads, 8 — Des
Puc. 4. V3oTepMBI ancopOLyy 1 1ecOpOIN HCXOIHOTO IIEOTUTA
M OEOJIUTOB C HAHECCHHBIMHU HI/ITpaTaMI/I MocJIe IIa3MEHHOMI 06-
padorkn. CUO@NaX: 1 — Ads, 2 — Des; ZnO@NaX: 3 — Ads,
4 — Des;ZnOCuO@NaX: 5 — Ads, 6 — Des; NaX: 7 — Ads, 8 — Des

N, adsorption/desorption isotherms at 77 K
and pore sizes distribution of nano-NaX and micro-
NaX are shown in Fig. 4. The isotherm of micro-NaX
is type IV (defined by IUPAC) [24]. Pore distribution
analyzed following the method in [25] are shown in
Table 2 shows data on the analysis of porosity of all
samples. Interestingly, the area of micropores and mes-
opores for all obtained samples is smaller than for the
original NaX. The ZnO@NaX sample had the lowest
values among the obtained samples, while the
ZnOCuO@NaX sample was closest to the original one.

K.V. Smirnova, Yu.A. Lebedev

This is most likely due to the thermal effects of gas-dis-
charge plasma (discharge temperature 1000-2000 K).
As a result, the surface may sinter, and the pore size
may decrease.

Study of the decomposition of methylene blue

The study of catalytic activity was carried out
using the example of the decomposition of the meth-
ylene blue dye using previously prepared samples; a
UV lamp was used as a radiation source. Absorption
spectra were examined at a wavelength of 664 nm,
which is associated with the MB monomer. The shoul-
der of this peak at a wavelength of 612 nm belongs to
the MB dimer, and two bands in the ultraviolet region
with peaks around 292 and 245 nm are associated with
substituted benzene rings [26]. Fig. 5 shows the change
in the absorption spectra of the MB solution during the
destruction process. As can be seen from Fig. 5-a there
is no significant change in the intensity of absorbance
light depending on the time of exposure to UV irradia-
tion. Additional tests have shown that the UV radiation
of this lamp does not have any effect on the aqueous
solution of methylene blue, even over a long period of
time (2-3 days). Approximately the same result was
shown by the dark experiment with the original NaX
(Fig. 5-b); in the absence of UV radiation, no change
in optical density was observed. However, irradiation
of the starting NaX leads to the decomposition of meth-
ylene blue (Fig. 5-¢). Most likely this is due to the com-
position of this zeolite. There are known studies where
titanium dioxide [27], SIO.@TiO: [28], ZrO@TiO2 —
Al,O;@TiO; [29], ZnO@AI,O3 [30] were used for
photodegradation.

Table 2
Results of studying samples using the BET method
Tabnuya 2. Pe3yJbTaThl HccIei0BaHusA 00pa3uoB Metogom BT
BET surface area | Micropore area | Mesopore area Micropore Mesopore
Sample name volume volume
asper [M? 9] 3 [m? g 3 [m? ] Vo [em® g Vo [cm® g
NaX 709.8 627.8 37.7 0.271 0.096
CuO@NaX 641.3 565.1 34.1 0.256 0.101
ZnO@NaX 587.7 515.4 31.3 0.226 0.088
ZnOCuO@NaX 659.6 586.5 32.4 0.238 0.099

Quite expected and natural results were demon-
strated by zeolites with nitrates deposited on them and
treated in a gas discharge. For the CuUO@NaX sample
(Fig. 5-d), the change in intensity of absorbance light
was almost the same as for the original NaX;
ZnO@NaX showed a better result (Fig. 5-e). It is
known that ZnO can be efficiently excited by ultravio-
let light. However, the radiative recombination rate is

ChemChemTech. 2025. V. 68. N 9

high for photogenerated electrons and holes in pure
ZnO, which limits its effectiveness as a photocatalyst.
ZnOCuO@NaX showed the best efficiency (Fig. 5-f).

In Fig. 6 shows the change in the concentration
of methylene blue over time of UV irradiation. The
percentage of MB degradation is shown in the Table 3.
The best degradation effect during exposure to UV
light is observed for the ZnOCuO@NaX sample —
87.9%.
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Fig. 5. Time-dependent UV-Vis absorption spectra for decolorization of methylene blue in the presence of samples: a) MB;
b) NaXnoUV; c) NaX; d) CuO@NaX; e) ZnO@NaX; f) ZnOCuO@NaX. 1 — 10 min, 2 — 20 min, 3 — 30 min, 4 — 60 min, 5 — 90 min,

6 —120 min, 7 —

180 min

Puc. 5. CriekTpBI OTJIOMIEHHS METHIIEHOBOTO CHHETO OT BPEMEHH B3aUMOJCHCTBHUS C yIbTPAQHOIECTOBBIM H3TyIeHHEM ISl 00pa3IoB:
a) MB; b) NaXnoUV; c) NaX; d) CuO@NaX; e) ZnO@NaX; f) ZnOCuO@NaX. 1 — 10 mum, 2 — 20 muH, 3 — 30 muH, 4 — 60 MuH,
5—-90 mun, 6 — 120 muH, 7 — 180 Mmun

Table 3

Percentage of MB degradation depending on the time of ultraviolet irradiation
Taobauya 3. IIpoueHTHOE COOTHOLIEHHMS PA3J10:KeHUS METUJIEHOBOT0 CHHEro0 0T BpeMeHU Bo3/1eiicTBHS ¢ yabTpadu-
0JIETOBBIM CBETOM

. D. %
Irradiation time, min NaxXnoUV NaxUV | CuO@NaX | ZnO@NaX | CuOZn@NaX
10 201 243 21.4 32.8 30.3
20 19.0 208 21.9 38.2 36.1
30 208 18.2 265 454 6.8
60 26.7 358 52.9 54.4 65.9
90 248 341 432 58.8 715
120 203 43.4 5.9 67.9 793
180 26.4 56.3 702 83.8 87.9
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Fig. 6. Dependence of the concentration of methylene blue on the

time of interaction with catalysts in the presence of UV light.

1) MB; 2) NaXnoUV; 3) NaX; 4) CuO@NaX; 5) ZnO@NaX;

6) ZnOCuO@NaX

Puc. 6. 3aBUCHMOCTD KOHIIEHTPALIUH METHIICHOBOTO CHHETO OT

BPEMEHM B3aMMOJCHUCTBUS C KaTaau3aTopamu B mpucyrctBuu Y d
ceera. 1) MB; 2) NaXnoUV; 3) NaX; 4) CuO@NaX;
5) ZnO@NaX; 6) ZnOCuO@NaX

CONCLUSION

Thus, the work demonstrated a new method for
the synthesis of complex oxides on the surface of zeo-
lites from nitrates under the influence of low-tempera-
ture gas-discharge plasma. According to SEM data, the
resulting oxides had a well-developed surface mor-
phology. Using the example of the decomposition of
methylene blue, the catalytic activity of the resulting
substances was studied. Determined specific surface
area (BET) and pore size distribution showed that
plasma treatment of nitrate-loaded zeolites led to a de-
crease in micropore area and a decrease in mesopores.
The maximum degree of purification was achieved
when using zeolite coated with double oxide of copper
and zinc 87.9% under the action of ultraviolet radia-
tion. The use of zeolites with copper oxides deposited
on them showed a result of 70.3%, and with zinc oxide
— 83.8%. Additional study of the decomposition mech-
anisms is required, since zeolites themselves, when ex-
posed to UV, are capable of decomposing methylene
blue by 56.3%. Additional research into the processes
of formation of oxides on the surface of zeolites from
nitrates under the influence of a gas discharge at atmos-
pheric pressure is also necessary.
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