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The aim of this work is to develop a new method -microwave synthesis of zinc orthosilicate for
photocatalyst. A hydrothermal-microwave method for the synthesis of zinc orthosilicate for
photocatalysis from water-soluble zinc salts and sodium silicate has been developed and its
photocatalytic activity has been tested. The physicochemical properties of synthesized Zn,SiO,
have been studied and determined by various physicochemical analysis methods. Synthesized and
heat-treated zinc orthosilicate-willemite has a band gap of about 3.75 eV. The photocatalytic activity
of the obtained willemite was determined by the decomposition reaction of methylene blue under
UV irradiation. The conversion of methylene blue was determined by the optical method. The
obtaining zinc orthosilicate has a high photocatalytic activity and can successfully work as a
photocatalyst under UV irradiation. The conducted studies have shown the efficiency of microwave
synthesis of zinc orthosilicate compared to traditional methods.

Ref.36, fig. 9, tabl 1
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Introduction

Currently, research and practical application of the phenomenon of
photocatalysis in various fields of science, technology and ecology are
actively developing [1-7]. One of the most important tasks of ecology is
wastewater cleaning in the production of leather, textile, paper, food,
pharmaceutical industry, medicine, etc., where various dyes, pesticides and
organic preparations are widely used. In particular, organic dyes (methylene
blue (MB), methylene red, etc.) are very widely used in various fields, and
wastewater cleaning containing these dyes is an urgent problem. One of the
most important tasks of neutralizing organic dyes is their complete
mineralization -the transformation of organic compounds into less harmful
substances - carbon dioxide, inorganic salts - nitrates, phosphates, sulfates,
etc. Various methods are used for this purpose, including UV ozonation, UV
oxidation with hydrogen peroxide and heterogeneous catalytic
decomposition. The cheapest method is considered to be photocatalytic
oxidation. The photocatalytic activity depends on the type of catalyst,
radiation source, reactor design, etc. Due to the growing demand for cheap
effective photocatalysts, the creation of new composites with photocatalytic
activity is becoming relevant. Research in recent years have shown that
effective photocatalysts are semiconductors-oxides of iron, titanium, zinc,
etc. [8-18]. The aim of this work is to develop a microwave (MW) method
for the synthesis of a photocatalyst based on the ZnO-SiO, system - zinc
orthosilicate. There are various methods for obtaining zinc silicate with a
developed specific surface area - the calcination of zinc oxide and silicon
dioxide, exchanging reactions between zinc salts and sodium silicate, sol-gel
methods [19-23]. One of the foremost objectives in modern chemistry and
materials science involves the development of novel synthesis techniques for
substances to reduce energy consumption and accelerate the formation of
final products. Among these promising methods is the microwave (MW)
treatment of reaction mixture. MW synthesis proves to be an effective
approach for obtaining inorganic materials due to its capacity for uniform
and rapid heating, precise control over process duration and maintenance of
high process purity conditions. Simultaneously, it enables achieving a high
degree of structural motif unit packing in a short time frame while retaining
grain sizes within the nanometer range.

We have developed a new microwave method for the synthesis of zinc
silicate from solutions [24-25]. It was shown in [16-17, 24-31] that the MW
method is one of the most effective ways to obtain nanomaterials. The MW
synthesis of zinc orthosilicate from aqueous solutions of sodium silicate and
water soluble zinc salts is highly promising, easy to implement, is more
effective compared to solid phase or sol-gel methods and, most importantly,
yields nanoscale catalyst particles.
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This paper presents the results of studies on the preparation of zinc
orthosilicate (Zn,SiO;) by the MW method and the study of its
photocatalytic activity by the neutralization reaction of methylene blue. The
choice of MB is due to two reasons - it is widely used in various fields, and
based on its structure, MB can simulate the decomposition reaction of
organic dyes.

Methods

The composition of the initial and final products was determined by
physicochemical analysis methods (gravimetric, spectroscopic, photopolari-
metric, flame photometric). X-ray phase analysis (XRD) of samples was
carried on the URD 63 diffractometer, CuKa radiation. Differential thermal
(DTA) and thermogravimetric (TG) analysis was carried on the
"Derivatograph™ Q 1500 device (Hungary). IR spectra of samples in the
region of 400-4000 cm™ were obtained using a FTIR spectrometer Cary 630
(USA). SEM analysis was carried out using a Philips XL 40 scanning
electron microscope (Germany). The diffuse reflection spectra of Zn,SiO,
and the adsorbed MB dye on it were determined on the Cary 60
spectrometer (USA). The optical density of MB solutions was measured
using a Cary 60 spectrometer. The UV lamp Navigator is used for
photocatalytic reactions (maximum radiation of 253.7 nm and a power rating
of 15 W).

The reactor was a silica glass with a volume of 300 ml and a diameter of
80 mm, the distance of the UV lamp from the surface of the test solution was
100 mm. The specific surface area and pore volume of the samples were
measured by nitrogen adsorption by the BET method (on the device
"AccuSorb 2300E" (Micromeritics, USA) and adsorption of benzene vapor
by the weight method.

Experiment

The synthesis of zinc orthosilicate (Zn,SiO,) was carried out in a
CE1073AR (Samsung) microwave oven, the microwave frequency was
2.45GHz, the output power was 600 W, in an open pyrex glass flask
equipped with a reverse refrigerator and a stirrer. A flask with a volume of
1000 ml was loaded 2/3 by the initial solutions - 300 ml of zinc sulfate
(1,0 mol /1) and 300 ml of sodium silicate (0.5 mol /1), reaction temperature
95-100°C, reaction time - 30 minutes. The obtaining zinc orthosilicate
precipitate was filtered and repeatedly washed with distilled water (70-80°C)
to remove Na+ and SO, ions and dried at 115-120°C. To obtain the
crystalline phase of zinc orthosilicate — willemite, the samples were heat-
treated in an electric furnace of the brand LHT 08/17 of the company
“Nabertherm" (Germany) at a temperature of 1000°C for 2 hours on the air.
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The photocatalytic activity of willemite was determined by the degradation
reaction of methylene blue under UV irradiation under various conditions.
The initial concentration of MB was 10 mg/l, the the volume of MB solution
was 100 ml, the amount of catalyst was 100 mg, the UV irradiation time was
5-60 min. The decomposition reaction was carried out with free access of
air. To obtain a homogeneous mass, the solution with the catalyst was mixed
with a magnetic stirrer for 30 min in the dark and the resulting suspension
was irradiated with a UV lamp. Samples (about 2 ml) were taken every 5-
10 min, centrifuged and analyzed. The MB concentration before and after
irradiation in the presence of a catalyst was determined by measuring the
optical density of the solution at 664 nm.

Results and discussion

The results of the analyses show that zinc orthosilicate of the
composition Zn,SiOy4, which is a white, fine powder, has been synthesized.
On the basis of XRD (fig.1), it was found that during heat treatment of
synthesized zinc silicate, a crystalline phase is formed — willemite (JCPDS
70-12350).
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Fig.1. XRD patterns of zinc orthosilicate, a —MW synthesis (100°C), b —heat-treated at
700°C, ¢ — heat treated at 1000°C.

Heat treatment of the sample leads to the improvement of the triclinic
crystal structure of willemite. This is also evidenced by the IR spectra
(fig.2). Displacement and narrowing of IR absorption bands (fig.2 a, b)
caused by deformation fluctuations of Zn-O-Si bonds with maxima at
922 cm™ and 535 cm™ at 890 cm™ and 574 cm™ respectively. Displacement
and narrowing of IR absorption bands 890 cm™ (fig.2 a, b) are caused by
v symmetric stretching SiO4?, 932 and 974 cm™ -v asymmetric stretching
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Si04?, 462 cm™ -v asymmetric deformation SiO42, 574 cm™ -v symmetric
stretching ZnO, and 605 cm™ -v asymmetric stretching ZnO,. The appea-
rance of the vibrations of SiO, and ZnO, groups clearly suggest the formation
of the Zn,SiO, phase [32, 33].

At the same time, the absorption bands of valence vibrations of OH
groups (3000-3500 cm™) and deformation vibrations of H,O at 1632 cm™
disappear.
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Fig.2. IR spectra of Zn,SiO, synthesized (a) and heat-treated at 1000°C (b) zinc orthosilicate.

Comparison of DTA, TG data (fig. 3) from XRD showed what
processes take place when heating samples. Fig. 1(b) shows the presence of
crystal structure. On the TG curve there is a loss of mass with an
endothermic effect at 240°C (by DTA), at which crystalline water
disappears, at 670°C an exothermic process takes place (fig. 3), which,
according to XRD, is associated with the formation of a nucleated
crystalline phase (fig. 1b), which is also evidenced by the larger half-width
of X-ray reflections. The exothermic peak at 8660C. and XRD data (fig. 1c)
show that at this temperature the crystal formation of zinc orthosilicate
(willemite) is completed.
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Fig.3. DTA-TG analysis of zinc orthosilicate.
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This is evidenced by the narrowing of the X-ray reflection lines, as well
as the narrowing of the 922 cm-! IR absorption spectra and the appearance
of new bands (574, 605, 890, 932, 974 cm™ (fig. 2b).

The average diameter- D of crystalline particles is calculated from XRD
to the Scherrer equation: D = KA/Bcosd, where K is the dimensionless
particle shape factor, (Scherrer constant), for spherical particles it is assumed
to be 0.9; A is the wavelength of X—ray radiation (CuKa—~0.154 nm); B is
the width of the reflex at half-height (in radians and in units of 20); 0 is the
diffraction angle (Bragg angle).The results of the measurements of specific
surface area, pore volume and particle size are shown in tabl.1.

Table 1

The results of measurements and calculations the volume of pores, specific
surface area and the particles size of the synthesized Zn,SiO,.

Synthesis and heat treatment Specific Volume Particle sizes D,
conditions surface pores, nm
area, m?/g cm®/g
From XRD nm

MW synthesis at 100 °C 58,6 0,39 26

Heat treatment at 700 °C, 2hr in 19,3 0,26 53

the air

Heat treatment at 1000 °C 6,0 0,15 94
(Willemite), 2 hr in the air

The data in table 1 show that heat treatment leads to a decrease of
specific surface area, a decrease of the volume of pores and an increase of
the diameter of the crystals.

The nanoscale structure of the synthesized zinc orthosilicate is also
visible on SEM images shown in fig.4. It can be seen that heat treatment of
synthesized zinc orthosilicate leads to an increase in particle sizes.
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Fig.4. Electron microscopic images of zinc orthosilicate. a -100 °C; b -. heat-treated at 700 °C,
c-. heat-treated at 1000 °C.
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Diffuse reflection measurements of willemite and willemite
impregnated methylene blue- were carried out in the region of 220-950 nm
before and after UV irradiation. The results are shown in fig.5.
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Fig.5. Diffuse reflection of samples: 1- willemite, 2 and 3-willemite with adsorbed MB before
(2) and after (3) UV irradiation.

It can be seen from the figure that samples with an adsorbed MB layer
actively absorb light with a wavelength of 600-700 nm. The band in the
region 220-350 nm corresponds to absorption involving charge transfer.
When a layer of MB is deposited on the surface of zinc orthosilicate (as
indicated by the presence of a band at 664 nm), the absorption in this region
(200-350 nm) decreases. The diffuse reflection of synthesized zinc
orthosilicate (willemite) in the visible region of the spectrum is more than
95%. The band gap of crystalline zinc orthosilicate (willemite) equal to 3.75
eV was determined from the data of diffuse reflection spectrum: it is

calculated from plot in Tauc coordinates (fig.6).
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Fig.6. The plot in Tauc coordinates for calculate the band gap of willemite.
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The spectrum of adsorbed MB on willemite showed that the maximum
absorption is at 664 nm. This absorption wavelength has MB both in
aqueous solution (fig.7) and adsorbed on willemite (fig. 5). In [34], the
absorption spectra of MB adsorbed on various clays with different acidity in
the visible region were studied. MB has the forms (MBH,+, MB+),,
(MB+)3, MB+. It is shown that the form that has an absorption maximum of
670 nm is the MB® and MB+ forms. Based on this, it can be assumed that the
MB on the willemite surface is either in the form of a neutral MB° or MB+.
Our measurements of the zero-charge point of the surface by the method
[35, 36] showed that the surface has a very weak acidity: pH = 5.3. On
such a surface, a strong interaction between MB and the acid centers of zinc
orthosilicate is impossible. Thus, MB on the surface of willemite is either in
the form of MB+ or MB°. Absorption at 664 nm (fig.5.3) UV irradiated zinc
silicate sample impregnated with MB shows that water, or rather OH-ions,
plays an important role in the catalytic oxidation of MB. About participation
of water in the photocatalytic process can be assumed from fig. 5.3, where it
can be seen that the irradiation of MB sorbed on the catalyst in the absence
of water does not lead to a change in the spectrum.

The activity of the obtained photocatalyst (crystalline form ortosilicate-
willemite) was studied by the decomposition reaction of methylene blue
under UV irradiation. The MB conversion is determined by the optical
method. Figure 7 shows the optical densities of methylene blue solutions at
different values of the wavelength of the spectrum before and after UV
irradiation for 5 to 30 min. It has been experimentally established that the
dependence of the optical density of the solution on the concentration (C) of
MB is linear. Based on this, the concentrations of solutions are determined
by the values of the optical densities of the MB solution at a wavelength of
664 nm, which corres1p‘?nds to the maximum absorption of MB solution.
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Fig.7. Optical density of methylene blue solutions at different values of the wavelength of the
spectrum before (1) and after UV irradiation: 2-5 min, 3- 10 min, 4- 20 min, 5- 60 min.
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The conversion curves of methylene blue under UV radiation under
various conditions are shown in fig.8 Without a catalyst, the degree of
decomposition of MB under UV irradiation is 36% in 45 min. In the presence
of a catalyst, the conversion of MB reaches 85-93% after 25-30 minutes of
irradiation.  The decomposition reaction of methylene blue on the
synthesized catalyst is almost completed in 30 minutes under UV irradiation.
Experimental data of photocatalytic decomposition of MB under UV
radiation show that the synthesized crystalline zinc orthosilicate-willemite
has photocatalytic activity. The conducted studies have shown the effective-
ness of the MW synthesis of the willemite zinc orthosilicate photocatalyst in
comparison with traditional methods [7, 18-23, 37-38].
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Fig.8. Conversion of MB vs time under UV irradiation 1-without catalyst, 2-in the presence of
Zn,Si0,4 (willemit) catalyst. The source of UV radiation is the Navigator lamp.

The photocatalytic decomposition of MB on the surface of the catalyst
can be explained by the following mechanism. The process of heterogeneous
photocatalytic decomposition of a substance in an aqueous medium can be
divided into the following stages: transfer of a substance from an aqueous
medium to the surface of the photocatalyst; adsorption of a substance;
photocatalytic decomposition of the adsorbed substance; desorption and
removal of decomposition products from the surface of the photocatalyst [1-
5]. The proposed scheme of the processes occurring during the photo-

catalytic oxidation of MB is shown in fig.9.
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Fig.9. The scheme of the processes of photocatalytic oxidation of MB.
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When UV radiation with an energy equal to or greater than the band gap
width (for Zn,SiO, AEg = 3.75) is applied to the willemite (photocatalyst),
an electron-hole pair (e- h +) is generated. The photogenerated positive
holes of the valence band (VB) react with adsorbed water on the surface of
Zn,Si0y, or with hydroxyl groups. This process leads to the formation of a
radical «OH, which has strong oxidizing properties. The electrons of the
conduction band react with electron acceptors - oxygen adsorbed on the
surface of dissolved in water. O, radicals are formed.

Zn25i04+ hv — h+VB +e

02 +e— 02-

OH(s)+h ™ — «OH

The highly active radicals O, and «OH formed in this way oxidize the
MB adsorbed on the surface of the photocatalyst to form intermediate
compounds, which decomposing form inorganic ions, as shown in fig. 9

* OH + MB— oxidized products —degradation

O, +MB— oxidized products —degradation

Conclusion

1. The zinc orthosilicate photocatalyst was synthesized first time by the
MW method from the aqueous solutions.

2. Synthesized and heat-treated zinc orthosilicate-willemite has a band
gap of about 3.75 eV. The UV lamp used for photocatalysis has a
maximum radiation energy approximately in this area.

3. The synthesized zinc orthosilicate —willemit exhibits high activity in
the photocatalytic degradation of methylene blue and can
successfully work as a photocatalyst under UV irradiation.

4. The conducted studies have shown the effectiveness of the MW
synthesis of the willemite zinc orthosilicate photocatalyst in com-
parison with traditional methods.

Acknowledgement

The authors are grateful for the collaboration with the Institute of
Chemical Physics after A.B. Nalbandyan, National Scientific Laboratory
after A.E. Alikhanyan and Institute for Physical Research.

Funding

The research was carried out with the financial support Science
Committee of the Ministry of Education, Science, Culture and Sports, of the
Republic of Armenia within the framework of scientific project No. 21T-
1D146 “Microwave synthesis of composites with photocatalytic properties”.

Conflicts of interest or competing interests:

317



The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence the
work reported in this paper.

8hu4b UPLPUUSE UPUrNuLhLUSPL
UPLET2 SNSNYUSULPSDh ZUUUL

U.0.0Urqeusuy, r.0.UuU8U9UL8UY, S9.4rPANr3UL, U.U. NUUNr3UY,
U.U. 16SrNuUsuy, S.U.UUS3UY, 4. 4. Z2UNkEe3NkL3UL, U.2. FUTUL3UYL,
E.U.ULGRUTULSUY, L. UNUUUL3UL, 4.9.AUNIUUSUL

dwp ghtlhp opfnufypljwmfs dfplpnwppugpy wfiufdhy: Uywldby § ghthp opfdnufyf-
fuinp wpufdhgfp Spgpofdhpdwp-dplypnugppugfl dkfdng Jpnod nidkyf ghihf wgkphy
e fdynitip: Upsfdbg s ZnsSiOqp $pypljuppdpulus §umlnfdyniibph niuncd-
Wwuppfby b npnydly by Spgplwppidpulwl whappgp mweppbp Sb@agibpny: Uph-
[lgyms b Yhpdudymlyfms ghihf opfFnufyplyunfsfpybdfunf wpghyfms grmne -
Olllm[lql.uql.uil lrb[;ﬂlz_ﬂl{: I]Lﬂl.l.lgl{l‘lll H[Iilqll 0[1[3””[1[[14[-"”12[ nLil[I Flllp({[I -.?)nl.nnlll.u—
UILLI[[IL”[Iq mqmﬁl{nLﬁJﬂLiI b_ ql.l.lpnll 4‘ CLUXHIZHL[JJLUJF lllz[lll.l.llnbl npu[lru :%nmnlil.u—

bwufipocffyniuhbpp googg by mdby gl opfdoufyfljwmfs dplpowfpwfii ufiufdhyf
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Lenpto nanHol paboTHI sBIsieTCs] pa3paboTKa HOBOI'O METO/1a — MUKPOBOJIHOBOTO
CHHTE3a OPTOCWIIMKATa IIMHKa 1yisl (hoTokaranusaropa. Paspaboran ruapoTepMaibHO-
MHUKpPOBOJIHOBOW METOJ CHHTE3a OpPTOCHJIMKATa IMHKA JuIsl (OTOKaTajiuza M3 BOJO-
pacTBOPUMBIX COJIEH IIMHKA U CHJIMKATa HATPUS M MPOBEPEHA ero POTOKaTATUTHIECKAs
aKTUBHOCTh. (DU3MKO-XMMHYECKHE CBOMCTBAa CHHTE3UPOBAHHOTO Zn,SiO,; M3yveHbl W
OTIpEJIeTICHbl PA3IMYHBIMH METOAaMH  (H3MKO-XUMHYECKoro asHanm3a. CHHTE3upo-
BaHHBIH M TEpMOOOPaOOTaHHBIN OPTOCHINKAT-BIIJIEMUT IIMHKA UMEET IIMPHUHY 3arpe-
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LIEHHOH 30HBI 0k0/0 3,75 5B. MOTOKATAMIUTUYECKYI0 aKTUBHOCTbH IOJIyY€HHOTO BMII-
JIEeMUTa OIpEeAe/sIM 10 PEaKUUU Pa3JIoKEHHs METHICHOBOro cuHero mnox YO-
oOyyenneMm. KoHBepcHI0 METHIEHOBOTO CHHETO ONpPENEISUTH ONTHYECKUM METOJIOM.
[MonyueHHBI OpPTOCHIIMKAT IMHKA 00JagaeT BHICOKOH (OTOKATaNUTHYECKOH aKTHB-
HOCTBIO M MOJXKET yCIIeIIHO paboTaTh B KadecTBe (oTokaTaiauzaropa npu Y D-o0imy-
yenuu. [IpoBeneHHbIe MccnenoBanus Nokasanu 3G (HeKTHBHOCTh MUKPOBOJIHOBOI'O CHH-
Te3a OPTOCUWIMKATA UHKA 10 CPAaBHEHUIO C TPAAULIMOHHBIMU METOJAMHU.
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