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Abstract. The effect of ultrasonic treatment (UST) on
the physical-chemical properties of zinc-molybdenum
system ZnO-MoO; (Zn:Mo = 15:85, 25:75, 50:50,
75:25) was studied. Using XRD, FT-IR and DTA
methods it was shown that such treatment forms
molybdenum suboxides (Magneli phases of Mo4O;; and
MogO23 composition) and zinc molybdates (a-ZnMoQ,,
ZnMo0g0q0). Specific character of reagents ratio on the
formation of these compounds was determined. It was
shown that UST changes porous structure of the
compositions — non-porous mixture of oxides transforms
into composites with micro- and mesopores, resulting in
the increase of specific surface and significant reduction
of particlessize.

Keywords. zinc  oxide, molybdenum  oxide,
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1. Introduction

Zinc and molybdenum oxides powders, as well as
complex oxide compasites on their bases attract attention
due to their use as catalysts for luminescent materials
[1-3], catalysts and photocatalysts for various processes
[4-6], cryogenic phonon-scintillation detectors [7],
anticorrosive coatings [1-9], etc. Traditional methods of
Zn-Mo-O complexes preparing such as hydrothermal
method [8, 9], calcination [10], electrochemically activa
ted laser ablation [11], deposition [12], saturation [13],
microwave method [14] have a number of significant
lacks that are primarily associated with the use of these
metals salts, the need to remove anions from these salts,
the use of organic solvents or surfactants, process duration
and relatively high temperatures of the following thermal
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treatment. Use of oxides of these metals as raw materials
seems more appealing. However, direct thermal synthesis
of oxides leads, as the most of the mentioned methods, to
the formation of products with a low specific surface. In
[15] the possible use of mechanochemistry for the
ZnM 0O, synthesis from starting oxides for a fairly short
period of time was shown. Taking into account that
according to [16] mechanochemical processing conditions
are somewhat similar to a sonochemical process, this
paper studied the changes in the ZnO-MoO; system under
its ultrasonic processing, as a possible alternative
synthesis method.

Effect of ultrasonic trestment is based on the
disruption of the liquid medium through the formation of
microbubbles filled with gas or vapor liquid (the
cavitation phenomenon) in it, leading to the acceleration
of chemical reactions and diffusion process, and can
significantly reduce the fusion temperature and allows to
obtain highly dispersed, homogeneous and chemically
pure mixture of solid particlesin solutions[17-19].

There are several publications [20-23], which show
that the method of ultrasonic treatment can be used for
synthesis of, mostly, molybdate double salts using sats
(nitrates) of these metals. Data of metal oxides use as
initial compounds are absent.

The aim of this work was to study the effect of
ultrasonic treatment on physico-chemical properties of
zinc oxide-molybdenum system using oxide mixtures with
different atomic ratio of the elements Zn:Mo (15:85,
25:75, 50:50, 75:25).

2. Experimental

2.1. Materials and Synthesis

The samples of zinc-molybdenum system with a
molar ratio of ZnO:MoO3 = 15:85, 25:75, 50:50, 75:25
were prepared by mixing powders of ZnO and MoO;
(P.A.). Ultrasonic treatment (UST) of compositions (10 g
sample) was carried out in an aqueous medium during 1 h
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in UZDN dispersant, which operates under regime of
acoustic cavitation at the frequency of 22 kHz and the
load of 3 W/cm?. The temperature of the reaction medium
was maintained at 353 K by circulating cold water around
the reactor. After sonication the resulting suspension was
dried at 383 K intheair.

2.2. Analysis Methods

X-ray analysis of samples was carried out at PW
1830 diffractometer (Philips) with the usage of CuKa-
rays. Crystallite size (L) for the most intense reflections
was calculated by Scherrer equation:

_ K
b cosQ

where K — constant depending on the crystals form (K =
=0.9); 1 —length of X-ray wave (for CuKa A = 0.154 nm);
£ —peak width at haf height, radians; ® — diffraction angle.

FT-IR spectra were recorded at room temperature
in the air by " Spectrum-One" spectrometer (Perkin-Elmer
Instruments) in the range of 4500-400cm® in the
transmission mode (sample/KBr = 1:20 wiw).

Thermogravimetric analysis was carried out on
DERIVATOGRAPH-Q F.Paulik, JPaulik, L.Erdey
(MOM, Hungary) system in the air within the temperature
range of 293-1073K at a heating rate of 10°/min,
sensitivity of 100 mg and sample weight of 200 mg.

Isotherms of nitrogen adsorption-desorption at
77K were obtained using NOVA-2200 Gas Sorption
Analyzer (Quantachrome, USA). According to BET and
BJH methods the specific surface area and distribution of
pore volume by samples size were calculated.

@

3. Results and Discussion

On diffractograms of initial oxides mixtures,
regardless of the Zn/Mo atomic ratio, we observed ZnO
and a-MoOs reflexes of orthorhombic modification with
maximum intensity reflection from the lateral plane (040)
of molybdenum oxide phase, characterized by lattice
parameters a = 3.963 A, b = 13.855 A, ¢ = 3.699 A [24]
(Fig. 1). It was found that 1 h ultrasonic treatment for each
of the compoasitions is accompanied by the following
general changes in X-ray: firstly, there is a mgjor
reduction in the intensity of reflexes with a smultaneous
increase of their width, which may indicate the reduction
of particle size of initial oxides; secondly, the emergence
of new fixed reflexes that characterize the formation of
molybdate and molybdenum suboxides of various
modifications (the so-called Magneli phases — Mo4O1s,
MogO23 [25], in which the average degree of oxidation of
molybdenum is +5.5 and +5.75, respectively). At the same
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time, each of the compositions has some individual
features.

In case of ultrasonic activation of ZnO/MoO; =
= 15:85 composition the relative intensity of reflex (040)
of molybdenum oxide significantly reduces, and the
intensity of the reflection from the plane (021) of the same
orthorhombic  modification o-MoOz; [26] reaches
maximum (Fig.1, curve 2). At the same time, after the
ultrasonic treatment of the sample its diffractogram fixes
new reflexes that show the formation of a stable phase y-
Mo4041 orthorhombic modification. The formation of this
phase as an intermediate product of MoO; to MoO,
reducing may be caused by the presence of hydrogen
molecules [25], formed by ultrasonic treatment in the
aqueous solution [20]. Estimation of quantity of these
oxides in the sample shows that a-Mo0Os; content is
86.1 %, and y-M040;; phase— 13.9%.

H2 H2
M003—>M04011—>M002 (2)

Diffractogram of Zn/Mo = 25:75 sample (Fig. 1,
curve 3) shows that ultrasonic treatment leads to a phase
transition of orthorhombic a-MoOs; modification in
monoclinic f-MoQOs;, the formation of which may be
caused by anisotropic destruction of a crystal. At the same
time new reflexes are observed on diffractogram that
show the formation of two zinc molybdate (as a result of
interaction between ZnO and Mo0Oj): a-ZNM0O, of
triclinic modifications with the domination of reflex from
the plane (-220) and lattice parameters a = 9.625A,
b =6.965A, ¢ = 8373 A and ZnMogOy of tetragonal
modification, which describes the presence of reflections
at 20 =18.52, 19.3, 61.2, 62.0 and 66.5°.

After ultrasonic treatment of the sample with the
equimolar content of zinc and molybdenum oxides its
diffractogram (Fig. 1, curve 4) shows reflexes of initial
compound a-MoO; and a new phase — f-MogOys  Of
monoclinic modification with the domination of this phase
reflection from the plane (-204) and lattice parameters
a=16.800A, b=4.040 A, c = 13.400 A. The formation
of this metastable compound can be explained by a
crystallographic shift in MoOs, which is the result of
intensive action of the ultrasound, accompanied by
ordering in the crystal structure and the removal of
oxygen atoms from the surface, resulting in the formation
of oxygen vacancies [27]. Lack of zinc oxide reflexes can
indicate its amorphization or the formation of X-ray
amorphous zinc molybdates.

Asaresult of the sample processing with an excess
of zinc oxide Zn/Mo = 75: 25 on its diffractogram (Fig. 1,
curve 5) we can observe reflexes of initial ZnO, f-MoO;
at 20 = 31.8, 56.0, 65.9 and 67.7°, and #-M0,0,; of
monoclinic modification, the reflex of this phase from the
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plane (810) is the most intensive. Evaluation of the
content of these compounds in the sample indicates that
the number is 36.0, 34.5 and 29.5 %, respectively.
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Fig. 1. ZnO/M 0O diffractograms: initial composition
50:50 (1); after 1 h UST of the compositions 15:85 (2);
25:75 (3); 50:50 (4) and 75:25 (5)
® 0-MoO3, o Y'MO4011, x o- ZNM 004, ¢ B'MOOg,
N ZnM 08010, # B'M03023, ~n- Mo40O43, © ZnO

Results of X-ray diffraction analysis of samples
after ultrasonic treatment are presented in Table 1. The

same table shows the results of particle size calculations
carried out using Scherrer eguation showing that the
process of ultrasonic treatment leads to 2-3 time reduction
inthe size of crystallites (L).

FT-IR results show that ultrasonic treatment
increases the intensity of the absorption bands of both
stretching vibration of water molecules adsorbed at 3540—
3590 cm' and deformation vibrations at 1627 cm’
obviously caused by processing conditions. In the
spectrum of initial samples (Fig. 2, curve 1 presents the
data for the sample ZnO/M 005 = 50:50), regardless of the
atomic ratio Zn/Mo, the bands of dretching vibrations of
asymmetric termina Mo=O bond a 988 cm™, linear
bridging Mo—Mo-O bond at 860 cm™ [28, 29] and Zn-O
bond at 500 cm' are observed [30, 31]. Due to the
samples ultrasonic processing there are some shifts of the
absorption bands and the appearance of new bonds
vibrations. So in the infrared spectrum of Zn/Mo = 15:85
sample (Fig. 2, curve 2) a sharp reduction in the intensity
of the absorption band of Mo=0O bond and its shift to
950 cm* is observed. The shift of Mo-O-Mo vibrations
toward the high-frequency region (897 cm™) may indicate
the increase in bridging bond length. Also the absorption
band at 577 cm™® appears in the spectrum of this
composition, which belongs to the vibrations of linear
bridging Mo—-O-Mo bond in y-M 0401;.

FT-IR spectrum of Zn/Mo = 25:75 sample (Fig. 2,
curve 3) is characterized by absorption bands at 500 and
531 cm™ which belong to vibrations of Zn-O bond in
oxide and zinc molybdate, respectively. Stretching
vibrations at 924 and 897 cm™ belong to terminal Mo=0
bond (its further shift may be noticed) and linear bridging
Mo—O-Mo bonds. At 655 cm™* we can observe absorption
band which can be attributed to bridging O—-Mo—-O bond
in zinc molybdate. It should be noted that this absorption
band is also observed in the infrared spectrum of the
sample with equimolar containing of oxides (Fig. 2,
curve 4).

Table 1
XRD resultsfor ZnO/M 003 compositions
with different component ratio after UST
Zn/Mo atomic ratio
Parameter —
Initial (50:50) 15:85 25:75 50:50 75:25
a-ZnM CD4' l]'MO4011‘
Phase composition a-;/ln?& 0{30083' B-MoOs, b al_\;\[/logogz& B-MoOs,
U ZnM 0O 3 Zno
d*, nm 0.35 0.33 0.30 0.33 0.27
L, nm 81 38 23 33 28

Note: *d — position of the reflex with maximal intensity
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Simultaneously for ZnO/MoO; = 50:50 (Fig. 2,
curve 4) we can observe the presence of absorption bands
at 832 and 746 cm'™*, which correspond to a linear bridging

Mo—-O-Mo bond and angular bridging Mgo Mo Pondin

MogOys, respectively [32]. In addition, spectrum of this
sample is characterized by a linear absorption band of
bridging Mo—-Mo-O bond at 882 cmi* and Mo=0 bond at
924 cm™, confirming the results of XRD about the
existence of a-M0O; phase.

In the IR spectrum of the sample with zinc oxide
excess (ZnO/Mo0; = 75:25) we can observe the presence
of absorption bands of Zn-O bond at 445 cm*, bridging

(0] .
angular /"), bond a 691 and 792cm™ in

7n-Mo4013, linear bridging Mo—-O-Mo bond with a strong
intensity at 864 cm* and terminal Mo=0 at 922 cmi™.

Thus, the IR results confirm the structural changes,
recorded by XRD, that occur during sonochemical
processing of initial oxides mixture.
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Fig. 2. ZnO/M0OsIR-spectra: initial compoasition 50:50 (1);
after 1 h UST of the compositions 15:85 (2); 25:75 (3);
50:50 (4) and 75:25 (5)

Thermogram of the initiad mixture regardless of
oxides atomic ratio (Fig. 3a) shows the presence of
endothermal effect on the DTA curve within 413481 K,
which corresponds to the removing of adsorbed water
with a small weight loss (=6 %). This fact may be due to
the small surface area of initial oxides, and absence of
micro- and mesoporesinit, asit was shownin[15].

The nature of thermoanalytical curves changes
after ultrasonic treatment of the samples (Fig. 3b-d). So
for the composition Zn/Mo = 25.75 there are two
endothermal effects (Fig. 3b) within 348-573 K (peaks at
423 and 498 K), which belong to the removal of adsorbed
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water with a total weight loss (=42%). The second
endothermal effect —within 963-1043 K with a maximum
at 993 K (without weight loss) is associated with melting
of nanodispersed MoO; (for massive molybdenum oxide
Tm =1063-1074 K and it is known that the temperature is
reduced with increasing the dispersion degree of oxide). A
small exothermal effect at 678 K without the weight loss
may be associated with the crystdlization of zinc
molybdates, phases that are formed as a result of
processing and can partly be in an amorphous state.

For the composition ZnW/Mo = 50:50 (Fig. 3c) we can
also observe two endothermal effects associated with the
removal of water, with maxima at 448 and 550 K. Buit first, a
fixed weight loss is much lower (16 %) and, secondly,
endothermic effect at 550K is much larger and is shifted to
the area of higher temperatures. This fact may indicate the
presence of pores in the sample from which desorption of
water goes harder. Two weak exothermal effects are
observed at 723 and 798 K. The first one may be associated
with the crydallization of amorphous zinc molybdate, the
formation of which was proposed basing on infrared
spectroscopy. The second one, with a dight increase in
weight (less than 1%) can be attributed to the partia
oxidation of S-MogOs. Endothermic effect at 1013K is
associated with the melting of nanodispersed MoOs.

According to the thermogram of ZnO/MoO; =
=7525 sample the removal of water from it is
considerably more difficult and consists of three stages.
The first stage — with 2% loss of water at the temperature
of endothermal effect 448K and the second — at the
temperature of 550 K (3% weight loss) are similar to the
previous sample and indicate the presence of a porous
dructure. The most interesting is the appearance of the third
stage with the endothermic effect at 653 K and 8 % weight
loss. This may indicate the formation, in this sample as a
result of sonochemical processing, of narrow pores, from
which water desorption begins at higher temperatures. The
exothermal effect a 733 K, which is accompanied by the
increase in mass, can correspond to the partial oxidation of
n-MosO1; and effect at 793 K, without weight changing,
corresponds to f-MoO#® a-MoOstrangtion (or crystali-
zation of partially amorphed zinc oxide).

Adsorption studies showed that al original
compositions are powders with low specific surface
(Table 2), and recelved for them nitrogen sorption
isotherms are typica for the mono-polylayer adsorption
by microo or macroporous adsorbents (type I
classification IUPAC) without capillary-condensation
hysteresis (Fig. 4, curve 1). This means that adsorption in
this area occurs not in the pores, but in voids between
loosely packed particles of powders. Also distribution
curves by pore size shows that the main pore volume of
the initial compositions Zn/Mo = 15:85, 25:75, 50:50,
75:25 belongs to macropores with maximum values at
101, 87, 86, 132 nm, respectively.
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Fig. 3. Thermogramms of theinitial sample 50:50 (a) and after 1 h UST
of the compositions 25:75 (b); 50:50 (c) and 75:25 (d)
Table 2
Characteristics of the samples por ous structur e before and after UST
Compoasition
grﬁ?gg 15:85 25.75 50:50 75:25
Sernm¥g | Voemlg | Sermdg | Voemig | Sermig | Voomig | SermTg | Vs cmig
Initial 1 0.011 1 0.013 2 0.026 3 0.068
1hUST 3 0.029 6 0.044 3 0.056 14 0.164
/g gy
45 4 0,204
40
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Fig. 4. Isoterms of nitrogen sorption
of theinitial sample 50:50 (1) and after L h UST
of the compositions 15:85 (2); 50:50 (3)
Insertion: distribution curves by poresize
of initial composition 50:50 (1); after Lh UST
of the compositions 15:85 (2); 25:75 (3); 50:50 (4)
and 75:25 (5)
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Ultrasonic processing of the samples increases the
specific surface area and pore volume by 3-6 times
(without changing of isotherms type) (Table 2). Thisis due
to the fact that UST of the compounds with low specific
surface leads to their disperson. Also at the distribution
curves by pore size for the compositions ZnMo = 15: 85
and 25.75 main pore volume bdongs to mesopores that
have a maximum value of diameter at 15 nm (Fig. 4, curves
2 and 3), which is in agreement with DTA data. For the
samples Zn/Mo = 50:50 and 75:25 the main pore volume
belongs to macropores with a diameter of 88 and 87 nm,
respectively, the number of mesopores is sharply increased
(Fig. 4, curves 4 and 5). It should be noted that for the last
compositions the presence of one more maximum is typical
(in the area of 1.9 nm), which may be explained by water
high-temperature desorption (Fig. 3g).

Comparison of data on ultrasonic and mechano-
chemical [15] processng of Zn/Mo = 50:50 samples
indicates that they are similar, as it was suggested in [16].
Thus, in both cases, the treatment results in partia
recovery of molybdenum oxide with the formation of
MogOy3 phase

4. Conclusions

Research shows that ultrasonic treatment of system
ZnO/MoOzcompositions leads to considerable changes of
phase composition and surface morphology of
compositions that involve both reduction of oxides of
molybdenum and its suboxides formation and occurrence
of chemical reactions between oxides with formation of
zinc molybdate.
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BIL/IMB YJIbTPA3BYKOBOI'O OBPOBJIEHHSI HA
BJACTUBOCTI OKCHUIHOI ZnO-M 00; CUCTEMMU

Anomauin. /locniosrceno enius yivmpasgyko6ozo 00pobdieHHs
(V30)  orcuomoi  yunr-moniooenosoi  cucmemu  ZNO-MoOs
(Zn:Mo=15:85, 25:75, 50:50, 75:25) wma it ¢hizuxo-xiviuni enac-
musocmi. Memooamu P®DA, I4-®DII ma JTA noxazano, wo make
00pobenns npusodums 00 YmeEopeHHs cybokcudie moniboeny (paz
Maeneni cknady MosOy i MogOx) ma moniooamis yunxy: o-ZnMoQOy,
ZnMogOyg. Bemanognero cneyugiumicns 6niugy cniegioHouieH s pea-
2enmig Ha opmysants yux cnoayk. [lokazano, 8 pesynvmami yivmpa-
368YK08020 00pobNenHs 8i00Y8AEMbCA 3MiHA NOPYBAMOL CIMPYKMypu
KOMRO3UYiL — 3 HENopysamoi’ cymiuti OKCUOi8 YMeopIorOmMvbCs. KOMNO-
3Umu 3 HAAGHICMIO MIKPO- M ME30NOP, WO 6ede 00 30iIbUEHHS NUMO-
MOI NOBEPXHI 3pA3KI8 M CYMMEBO20 3MEHUEHHS POSMIPY YACIUHOK.

Knrwuosi cnosa:. oxcuo yunxy, okcuo monibo0eny, COHOXimisl,
cyboKcu0 MoniboeHy, mMoniooam yuHKy.





