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The zinc oxide porous plate with micro- and nanoelements of the surface structure was obtained by
sintering metallic zinc powder, characterized and tested for the photodegradation of model organic
dye (methyl orange) in water. The kinetics of dye photodegradation was studied via measurement
of variation of the optical density at the maximum observed for the dye at 465 nm. After 30 min
of illumination, the photodegradation efficiency of methyl orange was found to be about 100 %
when the ZnO plate with overall dimensions of 35 mm X 7 mm X 1 mm was used. The reaction rate
constant calculated using the first-order approximation was equal to 2.7 - 10”4 sec™!. It is necessary
to point out that the sample keeps its integrity after multiple experiments, which is important for
practical applications. The obtained results evidently demonstrate the potential of the method of
sintering metallic zinc powder for the production of efficient catalysts.
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I. INTRODUCTION

A promising method of water purification from organic
dyes is photocatalysis using semiconductor materials.
This technology, unlike the classic ones, does not requi-
re energy costs, because the process of decomposition
of chemical compounds is due to the irradiation of the
photocatalyst with the light of the visible or ultraviolet
range. Moreover, the complete oxidation of organic dyes
is carried out at ambient temperature [1-4].

Zinc oxide is the cheapest alternative to the
currently most efficient photocatalyst — titanium dioxi-
de. Compared to the TiOg semiconductor, zinc oxide has
a higher exciton binding energy, is more resistant to radi-
ation, and is a multifunctional material with piezoelectric
and — the case of impurities — also ferroelectric and
ferromagnetic properties. In addition, it is important to
note that controlled doping can reduce the effective band
gap in ZnO, which will make it possible to use visible
light for photocatalytic oxidation [1, 2, 5-7].

In recent years, among semiconductor materials in
heterogeneous photocatalysis increasing attention has
been paid to ZnO. It is known that there are zinc oxide
photocatalysts in the form of a single crystal [8], arrays
of micro- or nanorods on substrates [1, 4], nanopowders
[9], hierarchical microspheres covered with nanoparticles
[10]. However, they either have low photocatalytic acti-
vity or are difficult to separate from the solution.

In this paper, we report the data concerning fabricati-
on, characterization, and photocatalytic properties of the
zinc oxide porous plate with micro- and nanoelements of
the surface structure obtained by sintering metallic zinc
powder.

This work may be used under the terms of the Creative Commons Attribution 4.0 International License. Further distri-
v bution of this work must maintain attribution to the author(s) and the title of the paper, journal citation, and DOI.

II. EXPERIMENTAL

The pure metallic zinc powder was taken as an ini-
tial material for sintering. The powder was put into
a rectangular ceramic bath with overall dimensions of
10 mm x 10 mm x 70 mm. The ceramic bath was placed
into a horizontal oven. The powder was heated to
the temperature of about 673 K. After 1h, the oven
was switched off. After spontaneous cooling to room
temperature, the plate formed from sintered zinc powder
was removed from the ceramic bath. Then the plate was
repeatedly placed in a horizontal oven and heated to the
temperature of 723 K for the purpose of oxidation. After
1 h, the heating of the oven was turned off.

The morphology of the sample was examined
using REMMA —102 — 02 Scanning Electron Microscope-
Analyzer (JCS SELMI, Ukraine).

Methyl orange (C14H14N3NaO3S) was selected as the
organic dye for testing the photocatalytic properties of
the ZnO sample. The ZnO plate with overall dimensions
of 35 mm X 7 mm X 1 mm was placed into a standard
3.5 mL quartz cuvette with aqueous solution of methyl
orange (10 mg/L).

Prior to illumination, the sample was immersed in
the methyl orange (MO) solution for about 20 h in
darkness in order to achieve an adsorption—desorption
equilibrium state. Then, the MO solution containi-
ng the sample was irradiated cyclically every 10 min
over a period of 2 h by a DRT—125 Hg-quartz lamp
(with the power of the UV-VIS source 125 W, among
them ultraviolet was 70 W; with wavelengths of the
irradiation 220-400 nm and light flow 1850 lm). The
desired irradiation intensity can be achieved by the
variation of a distance from the lamp. In this work,
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the cuvette containing MO solution with a sample was
placed at the distance of 10 cm from a source of light.
The dye photodegradation kinetics was studied using
its concentration change, which was determined using
a portable fiber optic spectrometer AvaSpec-ULS2048L-
USB2-UA-RS (Avantes BV, Apeldoorn, Netherlands)
by measuring the optical density at the dye absorpti-
on maximum (465 nm). The detection of light in
the spectrometer was carried out by a 2048 pixel
CCD detector. The special software for automated
computer control for this type of spectrometer and
spectra processing was used (AvaSoft 8, Apeldoorn,
Netherlands).

III. RESULTS AND DISCUSSION

The surface monitoring of the photocatalyst based on
ZnQ, obtained by sintering metallic zinc powder, showed
the presence of porosity and micro- and nanoelements
of the structure (Fig. 1). Figure 1 clearly shows mi-
crogranules with a diameter of about 10 pm in diameter
and aggregates of microgranules up to 30 pm in diameter.
The surfaces of the spherical microgranules are coated
with microneedles about 10 nm, long with the base and
top diameters of about 1 ym and 100 nm, respectively.
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Fig. 1. Micrographs of the photocatalyst surface — a porous
ZnO plate with micro- and nanoelements of the structure

Light-matter interactions during photocatalytic
processes are critical and governed by the properties of
the irradiated light and semiconductor material [11].
After reaching a critical thickness of approximately
89 nm for ZnQO, the photocatalytic properties of the
material mostly reach a plateau [11]. Therefore, the
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number of generated electron—hole pairs and, accord-
ingly, the catalytic activity of the photocatalyst depend
on the surface area of ZnO illuminated by a light source
[2]. And our experimental sample had a developed
surface.
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Fig. 2. Absorption spectra of an aqueous solution of MO

taken at different intervals of irradiation with a DRT-125

lamp during the photocatalysis using a catalyst — porous
ZnO plate with micro- and nanoelements of the structure
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Fig. 3. Change in the relative concentration of MO with the
time of irradiation during photocatalysis

The relative irradiated dye concentration C, was
calculated using the formula [4, 12]:

C(t AJ65
CT—CLO)X 100%:ﬁx 100 %, (1)
0

where Cj is the starting dye concentration; C(t) — the
dye concentration after irradiation for time t; A3% and
A65 — dye solution optical densities at 465 nm before
and after irradiation for time ¢. The dye degradation effi-
ciency Ees was calculated using the formula [1, 13]:

Eeﬂ‘ = [CO — C(t)/CO] X 100%

_ [Agﬁfi _ A?65/A365] x 100 % (2)
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The reaction rate constant k, determined from the
slope of the C,. dye concentration versus time, is used
to quantify the photocatalytic activity of the sample.
If the photodegradation reaction obeys first-order ki-
netics, then the solution of the kinetic equation can be
represented as follows [1, 14]:

C(t) = Cp x exp(—kt). (3)

Thus, by plotting the dependence of In[C(t)/Cy] on
time ¢, we can find the value of the reaction rate constant.

Figure 2 shows that for photocatalysis, the absorpti-
on maximum of the dye at 465 nm gradually decreases
during the test time of 120 min. A permanent decrease
in absorbance indicates a decrease in the concentration
of MO, which is visually confirmed by the discoloration
of the reaction solution.

Figure 3 shows changes in the relative concentration of
the dye C,. as a function of degradation with the partici-
pation of the catalyst from the time of irradiation during
photocatalysis.
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Fig. 4. Graph of the dependence of the MO degradation effi-

ciency on the time of light irradiation using a photocatalyst

a porous ZnO plate with micro- and nanoelements of the
surface structure

Figure 4 presents the graph of the dependence of the
MO degradation efficiency on time of light irradiation wi-
th using a photocatalyst a porous ZnO plate with micro-
and nanoelements of the surface structure. After 30 min,
100 % of MO degraded.

The reaction order was determined graphically. If we
plot a certain function of concentration along the ordi-
nate axis, and time along the abscissa axis, then a
straight-line dependence will indicate the correct reacti-
on order. In our case, the obtained graphical dependence
is linear in the coordinates In[C(t)/Cp] on time, which
corresponds to the first-order kinetics. Fig. 5 illustrates
the results of the approximation of the photodegradation
kinetics, using the first-order equation (3). The value of k
for the porous ZnO plate with micro- and nanoelements
of the surface structure is found to be 2.7 -107% sec™!.
The correlation coefficient for the kinetic curve of the
reaction is R = 0.9916.
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Fig. 5. The linear approximation of the kinetic curve of
photocatalytic MO degradation with porous ZnO plate

Since we are dealing with reagents that are in different
phases, the reaction rate will depend on the contact
surface area of the phases. Substances that react in the
adsorbed state must first be transferred to the surface,
and then the reaction products must be desorbed from
the surface. The sample created by us possessed high
photocatalytic properties. For comparison, as reported
in paper [8], after 180 min of illumination, the values of
E.g and k were found to be 48% and 4.3 -107° sec™!
for a single ZnO crystal, respectively. For compari-
son, for the sample in the form of ZnO nanopowder,
reported in paper [9], the values of F.g and k were
found to be 75 % and 8.1 - 10~7 sec™! in 80 min, respecti-
vely. Slightly higher than in our case, the values of the
methylene blue dye degradation efficiency (100 % after
25 min of illumination) and the reaction rate constant
(3.6-1073 sec™!) were obtained for a zinc oxide-based
powder photocatalyst in the form of hierarchical mi-
crospheres with a diameter of 8-10 pm coated with
nanoparticles larger than 20 nm [10]. However, a filter
must be used to separate the powdered photocatalyst
from the solution.

CONCLUSION

The porous zinc oxide plate with micro- and
nanoelements of the surface structure was obtained
by sintering metallic zinc powder and analyzed. The
catalytic properties of the material in the photocatalytic
degradation of MO dye were determined. Our catalyst
had high catalytic activity and can be easily separated
from the solution, which is important for commercial use
[15].
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TETEPOTEHHUM ®OTOKATAJII3 IIOPUCTOI IIJIACTUHMU ZnO 3 MIKPO- TA
HAHOEJIEMEHTAMHJ HA ii TIOBEPXHI

JI. T'punax’, B. Typko!, B. Bacinses!, P. Cepkiz', A. Kocrpy6a®
L Tveiscoruti nayionasvrul yrisepcumem imens Isarna Ppanxa, eya. Jpacomanosa, 50, Jdveis, 79005, Ypaina,
2 JTvsiscoruti nayionaivhutl yrieepcumem eemepunaproi meduyuny ma Giomeznorozit imeni C. 3. Iocuybrozo,
eya. Ilexapcoka, 50, JIveie 79010, Ykpaina

Iopucry mractuny 3 ZnO 3 Mikpo- Ta HaHOEJEMEHTAMY CTPYKTYPHU TOBEPXHI OTPUMAHO CITIKAHHSIM
METAJIEBOrO TMOPOINKY IUHKY, OXapaKTEPU30BAHO Ta BUMPOOYBAHO HA (POTOMErPAIAINI0 MOIAEITHHOTO Op-
raniunoro 6apsHuka (MerusopanKy) y Bouai. Anasiz mopdosioril nosepxui dporokaranizaropa na 0cHOBI
ZnQO, OTPUMAHOTO CIiKAHHIM TOPOIIKY ITUHKY, TTOKA3aB HASBHICTH TOPUCTOCTI T8 MIKPO- i HAHOEIEMEHTIB
crpykrypu. Ha moBepxHi 3pa3ka yTBOpUINCS MiKpOrpanynu giamerpom mpudam3no 10 MM i arperaru mi-
kporpanys aiamerpom n0 30 mxm. IloBepxHi cpepuanux MiKpPOrpaHys MOKPUTI MiKPOTOJIKAMU TOBYKUHOIO
npubiu3ao 10 MKM, 3 giaMeTrpoM OCHOBH Ta BepXHbOI yacTunu npubsiau3no 1 mm i 100 M BignosimHo.

s mepeBipku (DOTOKATATITUYHAX BIACTUBOCTEH 3paska Zn() BUKOPUCTAHO OPraHivHUN DAPBHUK Me-
rusopank (MO) — (C14H14N3NaO3S). Orpumanuii 3pa3zok po3mipamu 35 MM X 7 MM X 1 MM momimasm
B CTaHJAPTHY KBapUOBY KioBeTy 06’eMoM 3.5 M1 3 BogHUM po3unHoM Merusiopanxky (10 mr/x). Kiosery 3
pozuaunom MO 3i 3paskom poamintyBasu Ha Bigcrani 10 cm Big jkepena citia. Kineruky dorogerpaganii
0apBHMKA, BUBYAJIU 34 3MIHOK MOr0 KOHIIEHTPAIll BUMIPIOBAHHSM ONTHUYHOI T'YCTUHHU 33 MAKCHUMYMY TIO-
rinHaHHg GapBHuKa (465 HM) NOPTATUBHUM BOJIOKOHHO-ONTUYHUM crekTpoMerpoM AvaSpec-ULS2048L-
USB2-UA-RS (Avantes BV, Anennopn, Hinepnanu).

IMix yac dporokaranizy makcumym norsiunanis 6apsauka (3a 465 HM) HOCTYLOBO 3MEHILYBABCsL. Y 2Ke
miciig 30 xB ompowminennsi horokaraiizaropa ebekTuBHICTL posmany OapBHUKa (Feg) mocarma 100 %.
[Mocriiine 3HUXKEHHs MONTMHAHHS CBIIYUTHL MO 3MeHinenHs: KouneaTpaiii MO, mo BidyanbHO miareep-
JIPKY€ETHCsI 3MIiHOIO KOJIbOPY peakItiiHoro po3uuny. s KifbKicHOI OmiHKr (POTOKATATITUIHOI aKTHBHOCTI
3pa3Ka BUKOPUCTAHO KOHCTAHTY TITBUIKOCTI peakIiii k, Ky BU3HAYUEHO 3 HAXUIIY 3aJI€3KHOCTI KOHITEHTPAIIiT
6apsuuka C). Bix dacy. 3uadenus k myis mopuctol miactuau ZnO 3 MiKpo- Ta HAaHOEJIEMEHTAMY CTPYKTYPH
nosepxui cramosuao 2.7 - 1074 ¢,

Orpumanuit porokaTasizaTop MaB BHCOKY KATAJITHYHY AKTHBHICTH, JIEPKO BiJJiIgBCH Bis pO34uHy
Ta 36epiraB CBOIO IJIICHICTD MiCas Hararopa3oBUX €KCIEePUMEHTIB, 110 BayKJIMBO JIJIST KOMEPIIHHOTO BUKO-
PUCTAHHS.

KirrouoBi cjioBa: OKCu/l IAHKY, reTeporeHHuii porokarasis, (poromerpasanis, METUIOPAHK, abcopo-
HifiHa CIEeKTPOCKOIIis.
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