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The aim of this work was to synthesize of nanostructured MoO3/TiO2–SiO2 composites with hollow spherical shape by thermal decomposition of
anion exchangers saturated with Mo7O6−

24 ions and treated with the TBT–TEOS sol. The effect of the kinetics (Kissinger and the Metzger-Horowitz
methods) of thermal decomposition of resins of porous and gel structures on the size of MoO3 nanoparticles and the strength of MoO3/TiO2–SiO2

spheres was shown. The formation of dense spherical nanostructured agglomerates of the composite is facilitated by reactions occurring at the
interface between the phases of cylindrical and spherical symmetry when using an anion exchange resin with a porous structure. The decomposition
reactions of the anion-exchange resin of the gel structure, accompanied by random nucleation, lead to the formation of hollow spherical agglomerates
of the composite with cracks on the surface. The materials were characterized by DSC–TGA, XRD and SEM.
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1. Introduction

Hollow spheres of metal oxides are intensively investigated for applications, such as controlled release capsules
for drugs, fillers, filters [1], gas sensitive materials [1,2], absorbents and separation materials, especially for fixed-bed
reactors or chromatography columns [3]. In recent years, hollow spheres of metal oxides have also been intensively
investigated for applications as catalysts [3–7]. This is because metal oxide with hollow micro and nanospheres only
has low density and good porous structure (usually contain both mesopores and macropores [3]), but also provides a
high surface area with more active acid-base oxide centers on the pore surface [4].

Many approaches to the preparation of oxide materials with spherical form of agglomerates have been proposed
to date, such as emulsion approaches [8], spray pyrolysis techniques [2], and templating synthesis [1]. Among these
numerous techniques of hollow spheres production, thermal decomposition of ion-exchange resins loaded with the
metal ions is the most attractive one due to its simplicity, ease for scale–up (in industry), and high quality resulting
materials [1, 4, 5]. In addition, templates and precursors are all commercially available and inexpensive. Moreover, it
has been reported [4] that using ion-exchange resin as a template can promote the formation of crystalline framework
with high structural stability in spherical agglomerates that can endure high temperature and other rigorous conditions.
This method was used for the first time for preparing plutonium oxide microspheres as early as 1989 [9]. Later it was
successfully applied to obtain spherical particles of Fe2O3 [3, 10], porous Al2O3, TiO2 [3] and ZrO2/Al2O3 mac-
robeads [4], MoO3 microspheres [1] and TiO2–SiO2/MxOy (M = Co, Cr) [6] and MoO3–TiO2–SiO2 composites [5].
Resins with various compositions and structures were used in these studies. Wang et al. [3] have reported a method of
preparing Fe2O3, Al2O3, TiO2 macrobeads using a cation-exchange resin with sulfonic acid groups as templates and
aqueous solutions of metal salts as precursors. In a follow-up work, Wang et al. [4] have reported a method to prepare
porous ZrO2 and ZrO2/Al2O3 macrobeads using cation exchange resins with sulfonate groups as templates (D72 in
H+ – type, poly (styrene-co-divinylbenzene) – matrix). Wang et al. [3] have shown that the loading content of metal
ions plays a key role in the preparation of metal oxide macrobeads with uniformity and integrity. Li et al. [1] have
successfully prepared hollow MoO3 microspheres by using anion exchange resin spheres Dowex 2 (Sigma Company)
in carbonated form and 12-molybdodiphosphoric acid solution (1 M, H3PMo12O40) as precursors. In their work [1],
it was shown that the choosing of appropriate calcination temperature is important to obtain hollow spheres. If the
temperature was increased to above 650 ◦C, no hollow spheres but white needle crystals form. In addition, they re-
ported that the heating temperature should not be raised too rapidly, otherwise the gas resulting from the organic resin
decomposition and oxidation created pressure which breaked the sphere shells.

Despite numerous studies, there is no explanation which allows us to obtain strong spheres of oxide composites
by the thermal decomposition of ion-exchange resins. It is still an urgent problem to select an ion-exchange resin,
which allows one to obtain agglomerates with strong spherical form. We believe that the formation of strong spherical
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agglomerates is primarily influenced by the mechanism of thermal destruction of the ion-exchange resin. In a previous
study [5], we demonstrated a route to prepare spherical particles of MoO3–TiO2–SiO2 composites using TOKEM-
400 and TOKEM-840 anion-exchange resins of the gel structure. It was established that the resin type influenced the
surface morphology of the composites. Materials based on molybdenum(VI) and titanium(IV) oxides are very impor-
tant because of their wide applications in gas sensors, solar cells, supercapacitors; electrochromic and photochromic
materials, and catalysts [11–18]. Silicon (IV) oxide was chosen as a binder for the formation of mechanically strong
spheres. Although several efforts have been reported to study the kinetics of the thermal decomposition of ion-
exchange resins [19, 20], the study on spheres formation as a result of thermal decomposition of ion-exchange resins
preliminarily loaded with the metal ions is still limited. The scientific literature contains information on molybdenum-
containing polymer-salt precursors, which shows the effect of the polymer composition on their thermal stability and
properties of the obtained oxide compositions based on molybdenum oxides [21–23].

The aim of this study was to determine how the decomposition kinetics of anion-exchange resins TOKEM-
320Y and TOKEM-400 influences the formation of the MoO3/TiO2–SiO2 nanocomposites with spherical shape of
agglomerates. The detailed analysis of thermal decomposition of anion-exchange resins preliminarily loaded with the
Mo7O6−

24 ions with the applied Ti(C4H9O)4 – Si(C2H5O)4 – C4H9OH sol and structural and morphological charac-
teristics of prepared nanocomposites was carried out. The kinetics of the thermal decomposition of resins in hydroxyl
form were also studied in the same conditions.

2. Experimental

2.1. Preparation of composites

The preparation of composites based on MoO3/TiO2–SiO2 with spherical shape of agglomerates was done ac-
cording to the procedure, which was proposed in our previous works [5, 7]. In the first step, TOKEM-320Y and
TOKEM-400 anion-exchange resins preliminarily loaded with Mo7O6−

24 ions were prepared. Weakly basic anion ex-
changers consisting of the styrene–divinylbenzene matrix (TOKEM-320Y) and polyacrylate matrix (TOKEM-400)
with tertiary amine in the hydroxyl form manufactured by PO Tokem (Kemerovo, Russia) were used as organic matri-
ces. These resins consist of spherical granules of 0.40–1.25 mm size. The anion exchangers were placed in a saturated
aqueous solution of (NH4)6Mo7O24·4H2O (0.24 M) (Yugraktiv, Russia) at room temperature for 24 h with continuous
stirring on a magnetic stirrer. The resins were then filtered off, washed with a small amount of water, and dried at
60◦C to constant weight in air. The synthesized samples were designated as Mo7O6−

24 (320Y) and Mo7O6−
24 (400).

In the second stap, the dried resins loaded with Mo7O6−
24 ions were placed in the sol based on tetrabutoxytitanium

(TBT, Acros, USA) and tetraethoxysilane (TEOS, Ecos-1, Russia). The aggregatively stable sol was prepared in
accordance with a procedure proposed earlier by Shamsutdinova et al. [24, 25]. The mixture of TBT and TEOS was
dissolved in a solution consisting of C4H9OH (Ecos-1, Russia), H2O and HNO3. The solute concentrations of TBT,
TEOS and HNO3 were 0.1; 2.2·10−2 and 2.5·10−3 mol L−1 respectively (initial HNO3 concentration was 70 wt. %).
The composition was selected based on the earlier study [5]. The sol was kept at room temperature for 3 days. After
applying the sol onto the prepared Mo7O6−

24 (320Y) and Mo7O6−
24 (400) samples, they were dried at 60◦C to constant

weight. The samples were denoted as TBT–TEOS/Mo7O6−
24 (320Y) and TBT–TEOS/Mo7O6−

24 (400).
At the last stage, the dried samples were annealed at 350◦C for 6 h and at 500◦C for 5 h. The heating rate of

the muffle furnace was 14 deg min−1. The MoO3/TiO2–SiO2 composites with spherical shape of agglomerates were
formed and denoted as MoO3/TiO2–SiO2 (320Y) and MoO3/TiO2–SiO2 (400).

2.2. Characterization

The working range of pH of the TOKEM-320Y and TOKEM-400 resins in which they exhibit the maximal
exchange capacity was determined by potentiometric titration [26]. Potentiometric titration was performed by the
method of individual batches. The series of 0.1 g portions of the resins in the OH form were placed in glass flasks
(volume 50 mL) with glass stopper and poured of the HCl with various concentrations. The ionic strength of solution
was kept at 0.1 by adding NaCl. The total solution volume was 20 mL. The range of acid concentrations was from 0
to 12 mmol g−1 (Cinit = 0.1 mol L−1)). After the equilibrium was attained (24 h), the pH value of the equilibrium
solutions was measured with an I-160 MI pH meter (ESK-1062 combined glass electrode). The titration curve in the
pH–titrant amount (HCl, mmol g−1 resin) coordinates was obtained.

The total static ion exchange capacity was determined as described in our previously work [5]. Portions (0.1 g) of
the air-dry resin (TOKEM-320Y or TOKEM-400) in the OH form were placed in Erlenmeyer flasks, poured over with
25 mL of 0.1 mol L−1 HCl, and left for a week to attain the equilibrium. The solution was then separated from the
resin, and the decrease in the HCl concentration was determined by titration with 0.1 mol L−1 NaOH in the presence
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of the mixed indicator until the green color of the solution changed to pink. The total ion exchange capacity (TEC,
mmol g−1 resin) was calculated by the equation:

TEC =
(c0 − c1)V · 100

m (100 −W )
, (1)

where c0 is the initial HCl concentration (mol L−1); c1 is the HCl concentration after attaining the equilibrium
(mmol L−1); V is the HCl solution volume (L); m is the weight of the air-dry resin portion (g); and W is the weight
fraction of moisture in the resin.

The determination of moisture content was carried out experimentally. A portion of the air-dry ion-exchange resin
in the OH form was weighed and placed in a weighing bottle preliminarily dried to constant weight. The weighing
bottle with sample was weighed, placed in an oven and dried at 100◦C to constant weight. Then, the weighing bottle
was allowed to cool to room temperature and weighed again. Before and after drying the weighing bottle with a resin
was weighed on an analytical balance with an accuracy of 0.0001 g. The weight fraction of moisture in the resin
(W%) was defined as follows:

W =
(m1 −m2)

m1
· 100, (2)

where m1 and m2 are the weights of the swollen and dry resin (g), respectively.
The Mo7O6−

24 concentration in the initial and equilibrium solutions after the sorption was determined gravimetri-
cally [5, 27] by precipitation of Mo7O6−

24 ions in the form of PbMoO4.
The main stages of composites formation and the temperature conditions of the samples annealing were chosen

on the basis of thermal analysis of TOKEM-320Y, TOKEM-400 and anion-exchange resins preliminarily loaded with
Mo7O6−

24 ions and treated with the Ti(C4H9O)4 – Si(C2H5O)4 – C4H9OH sol. Synchronous thermal analysis was
conducted using an STA 449 F1 Jupiter thermoanalyzer interfaced with a QMS 403 Aolos gas mass spectrometer
(Netzsch-Gertebau GmbH, Germany). The samples were heated in air in the temperature interval from 25 to 1000◦C
and a heating rate of 7, 10, and 12 deg min−1, respectively. The measurements for each sample were conducted twice.
The kinetic parameters of the decomposition of anion exchangers were established by using Kissinger and Metzger-
Horowitz methods. According to the Kissinger method [28–31], at a constant rate of heating of a solid substance, the
maximum decomposition rate (β) of a substance is achieved at temperature (Tmax), which is related by the equation:

d
(

ln β
T 2
max

)
d
(

1
Tmax

) = −E
R

(3)

Therefore, the activation energy can be calculated from the slope of the line between ln

(
β

T 2
max

)
and

1

Tmax
. In

equation (3), the activation energy is independent of the order of the reaction. The reaction order (n) can be calculated
from shape index (S) of endothermic or exothermic peaks (Fig. 1) as follows:

n = 1.26 · S0.5, (4)

S =
a

b
. (5)

FIG. 1. Shape index for typical endothermic DSC peak
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TABLE 1. The properties of TOKEM-400 and TOKEM-320Y anion-exchange resins

Resin SC ±0.06, mmol-equiv g−1 TEC ±0.2, mmol-equiv g−1 W ±0.3, %

TOKEM-400 6.64 9.2 29.1

TOKEM-320Y 1.97 7.2 51.0

The activation energy can be calculated by the Metzger-Horowitz method [32]. The Metzger-Horowitz equation
is as follows:

(1 − α)1−n − 1

1 − n
= −RT

2
max

Ea
exp

[
−Ea

RT

(
1 − Θ

Tmax

)]
, (6)

where Θ – the difference between the maximum temperature and the current temperature, α – degree of conversion.
If the reaction order is known, one can determine the activation energy from the angle of the straight line, obtained

in a graphical dependence
(1 − α)1−n − 1

1 − n
on Θ. When Θ = 0, that is, if the decomposition reaction rate reaches

a maximum, then (1 − αmax) = n1/(1−n). The reaction order determined by the Kissenger method was used to
calculate the activation energy by the Metzger-Horowitz method. The kinetic equation for each stage of decomposition

of the sample was selected by the Shatava method [33]. The linearity of the function log(α) versus
1

T
for the selected

kinetic equation on the linearity segment of the dependence of − log(α) on
1

T
was checked by trial and error. Of the

several kinetic equations tested, one was selected for which the correlation coefficient was maximum.
The phase composition of the samples was determined by X-ray diffraction (XRD) using a Rigaku Miniflex 600

diffractometer (Rigaku, Japan) with CuKα radiation in the 2θ range 10◦ to 80◦. The diffraction pattern was scanned
by steps of 0.02◦ and recording rate of 2 deg min−1. Resulting diffractograms were interpreted with JCPDS-ICDD
diffraction database. The MoO3 structure was refined by the Rietveld method by using the ReX powder diffraction
program [34, 35]; the crystal structure model was constructed using the VESTA program [36].

The morphology of the samples was studied by scanning electron microscopy (SEM). The distribution of the
elements on the surface was determined on the basis of energy-dispersive X-ray spectroscopic (EDS) analysis. It was
performed on a Hitachi TM-3000 scanning electron microscope with a ShiftED 3000 electron microprobe (Hitachi
High-Technologies Corporation, Japan).

3. Results and discussion

3.1. Properties of anion-exchangers

TOKEM-320Y and TOKEM-400 anion-exchangers have different structures and compositions. TOKEM-320Y
is a weakly basic anion-exchange resin of porous structure with the styrene–divinylbenzene matrix and tertiary amine
functional groups. TOKEM-400 is a weakly basic non-porous anion-exchange resin of gel structure with a polyacrylate
matrix and tertiary amino functional groups. These resins are free bases that undergo dissociation in an aqueous
solution as follows:

(TOKEM-320Y)
[[–CH2–CHC6H5–]n–C6H4N(CH3)2OH–]m �[[–CH2–CHC6H5–]n–C6H4N(CH3)2–]m+mOH−,
(TOKEM-400)
[[–CH2–CH(COOR)–]n–C6H4N(CH3)2OH–]m �[[–CH2–CH(COOR)–]n–C6H4N(CH3)2–]m+mOH−.
These resins are capable of ion exchange with Mo7O6−

24 . The ion exchange reaction can be expressed as follow:
[[–R–]n–C6H4N(CH3)2OH–]m+kMo7O6−

24 = [–R–]n–C6H4N(CH3)2(Mo7O24)k–]m+aOH−.
The titration curves of anion-exchange resins are shown in Fig. 2.
One single pH drop on the titration curves indicates that the resins are monofunctional. The titration curves

exhibit no ascents throughout the examined pH interval. This infers that there are no intramolecular interactions of
the functional groups. The equivalence points coincide and correspond to a pH value of 4.6 for TOKEM-400 and
TOKEM-320Y. Hence, the maximum exchange capacity of anion-exchange resins is realized at pH < 4.6. The pH of
a saturated aqueous solution of ammonium paramolybdate corresponds to a value of 6.79 ± 0.03, which is within the
working interval of the maximal capacity of the above anion-exchangers resins. The properties of the resins (sorption
capacity of SC, total exchange capacity of TEC and moisture absorption W) are presented in Table 1.

The sorption capacity of the TOKEM-400 and TOKEM-320Y resins with respect to Mo7O6−
24 is less than the

exchange capacity. This indicates that not all the OH− groups of the resins participate in the exchange reaction. This
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FIG. 2. Titration curves of OH forms of anion-exchange resins with HCl solution: (1) TOKEM-400
and (2) TOKEM-320Y

fact can be explained by an increase in the rigidity of the polymer framework from the surface to the center of the resin
grain in swelling in the saturated solution and a decrease in the size of the voids between polymer chains, which leads
to a decrease in the cell size between the chains of the polymer preventing penetration of bulky Mo7O6−

24 ions into the
exchange sites.

The differential thermogravimetric (DTG) and thermogravimetric (TG) curves of TOKEM-320Y and TOKEM-
400 resins are shown in Fig. 3.

FIG. 3. Thermograms and TG-curves of degradation of resins (a) TOKEM-320Y, (b) TOKEM-400;
at heating rates 7(- - -), 10(−−−), 12(....) deg min−1

The shape of the thermograms suggests that TOKEM-320Y underwent four-step thermal decomposition and
TOKEM-400 underwent five-step thermal decomposition. The peak temperatures Tmax of each step with different
heating rates are shown in Table 2. Kinetic parameters of thermal decomposition of resins by modified Kissinger
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and Metzger-Horowitz methods have been determined. Kissinger plots were done using the data for Tmax at various
heating rates (Table 2). They are shown in Fig. 4.

FIG. 4. Kissinger plots for the thermal decomposition of (a) TOKEM-320Y and (b) TOKEM-400
resins

The Metzger-Horowitz plots (Fig. 5) were performed for the thermograms of the TOKEM-320Y and TOKEM-
400 decomposition at a rate of 10 deg min−1 using the values of the reaction order (n) which were determined by the
Kissinger and calculated by the Metzger-Horowitz methods. The reaction order obtained by the Kissinger method was
used to determine the activation energy by the Metzger-Horowitz method, since in this method there is an error in the
determination of (1 − α)Tmax , which may lead to an incorrect value of n. However, the value of n for all stages of
thermal decomposition of the resins could not be determined by the Kissinger method since some lines on the DSC
(differential scanning calorimetry) curve have no clearly defined basis: II stage for the TOKEM-320Y; III and IV
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TABLE 2. The peak temperatures Tmax of each step with different heating rates

Heating rate Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

(β),◦/min Tmax, ◦C

TOKEM-320Y/TOKEM-400

7 95.3 / 46.2 248.1 / 225.4 360.4 / 331.8 561.1 / 402.8 - / 493.4

10 100.2 / 51.3 255.0 / 232.1 365.1 / 339.5 565.0 / 409.1 - / 501.3

12 112.0 / 53.5 259.3 / 236.7 368.2 / 343.5 567.5 / 415.2 - / 506.5

TABLE 3. Kinetic parameters of the decomposition of TOKEM-320Y and TOKEM-400 resins

TOKEM-320Y

Method / Stage I II III IV V

25–160 ◦C 160–325 ◦C 325–445 ◦C 445–660 ◦C

Ea, kJ mol−1

Kissinger 47 105 218 473 no stage

Metzger-Horowitz 73/0.9 81/0.9 - 138/0.9 no stage

Metzger-Horowitz 69/0.9 - 168/1.4 115/0.6 no stage

(n Kissinger)

TOKEM-400

Method / Stage I II III IV V

25–100 ◦C 100–275 ◦C 275–365 ◦C 365–450 ◦C 450–600 ◦C

Ea, kJ mol−1

Kissinger 62 80 133 157 193

Metzger-Horowitz 22/2.8 78/2.1 128/0.8 103/2.5 131/2.8

Metzger-Horowitz 63/1.0 76/2.0 - - 80/1.2

(n Kissinger)

stages for the TOKEM-400. The limitation of the applicability of the Metzger-Horowitz method does not allow us to
determine the reaction order of the third stage of the TOKEM-320Y decomposition.

The kinetic parameters of each stage of thermal decomposition of the resins are presented in Table 3.
The activation energies for the first stage of the decomposition of the TOKEM-320Y and TOKEM-400 resins

with endothermic effects as well as the mass spectra (Fig. 6) of their decomposition products suggest that at this stage
the most mobile water molecules adsorbed on the resins were removed. Also, water molecules formed as a result of
the destruction of weakly basic anion exchangers in the functional group were removed.

The Shatava method (Fig. 7) shows that the dehydration rate of resins is described by the Avrami kinetic equation
− ln(1−α) = kτ and corresponds to the process of diffusion of water molecules through a layer of a solid phase with
random nucleation and their growth. The activation energies of the second stage decomposition of the resins indicate
chemical destruction of the anion-exchange resins matrix, which is accompanied with exothermic effects. As can be
seen from the Fig. 6, at this stage, C3H+

7 , C3H+
4 CH3N+ hydrocarbon fragments with mass numbers m/z=43, m/z=40,

m/z=29 respectively were found in the gas phase from both resins.
In addition, the presence of CO (m/z=28) in the mass spectra of resins in the temperature range of the second

stage was also observed, which indicates the oxidation of hydrocarbon structures. The decomposition rate of the
TOKEM-320Y resin polymer matrix can be described by the equation with the maximum coefficient in the correlation
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FIG. 5. Metzger-Horowitz plots for the decomposition of (a) TOKEM-320Y and (b) TOKEM-400
(reaction order (n) determined by the Kissinger (curves 1) and the Metzger-Horowitz (curves 2)
methods)
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FIG. 6. Mass-spectrometric data for degradation products of the (a) TOKEM-320Y and
(b) TOKEM-400 resins

coordinates of the linearity of the function log (g(α)) from
1

T
1−(1 − α)

1
2 = kτ which corresponds to the description

of the reaction at the phase boundary of cylindrical symmetry. The decomposition of the TOKEM-400 resin polymer
matrix is limited by a process that can be described using the Avrami equation (as well as in the first stap. See Fig. 5).
Random nucleation is a limiting stage. The polymer matrix of the TOKEM-400 resin continues to decompose in
the third stage as well. The rate of its decomposition cannot be described by the Shatava method because the kinetic

equations of different mechanisms of heterogeneous processes in coordinates [log (g(α))]−
[

1

T

]
have linear character

with correlation coefficients R = 0.995–0.999. The rate of decomposition of the TOKEM-320Y resin polymer matrix
is described by two equations for the third stap: the Yander equation (1− (1−α))

1
3 )2 = kτ and the reaction equation

at the phase boundary of spherical symmetry 1 − (1 − α)
1
3 = kτ . At the fourth stage, the TOKEM-320Y anion

exchange resin burns out with the formation of CO2 and H2O (Fig. 6) in the temperature range from 450 to 660◦C.
The limiting stage is described by the Avrami equation − ln(1 − α) = kτ (Fig. 7).

3.2. Thermal analysis of TOKEM-320Y and TOKEM-400 resins with Mo7O6−
24 ions and treated with the

TBT–TEOS sol

Thermograms of the decomposition of TOKEM-320Y and TOKEM-400 resins loaded with Mo7O6−
24 ions and

treated with the TBT–TEOS sol are presented in Fig. 8. The one endothermic and four exothermic peaks (Fig. 8b)
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FIG. 7. The linearity of the function log(g(α)) of 1000/T for decomposition of (a) TOKEM-320Y
and (b) TOKEM-400 resins

corresponding to the four stages of decomposition are observed on the thermogram of the decomposition of TOKEM-
400 resin with Mo7O6−

24 ions and TBT–TEOS sol as well as on the thermogram of the decomposition of TOKEM-400
resin. Two high-temperature exothermic peaks with maxima at 485.1◦C and 564.6◦C, respectively, are observed in
the fourth stage (450–600◦C). Therefore in this temperature range, parallel decomposition reactions are observed, the
total activation energy of which is 193 kJ/mol and the reaction order was 1.1 (Horowitz-Metzger method); 156 kJ/mol
and 0.8 (Kissinger method). Mass spectra indicate that these reactions were reactions of the burning of hydrocarbon
residues with the formation of CO (m/z = 28), CO2 (m/z = 44) and H2O (m/z = 18) (Fig. 6b). It is known, that
ammonium paramolybdate decomposes in three stages, which are accompanied by endothermic effects [31]. The
formation of MoO3 began in the third stap above 290◦C. The activation energy of this stage is 150 kJ/mol and the
reaction order is ∼1. The decomposition of paramolybdate ion on the anion exchange resin cannot be established
from the thermogram. The total process in the temperature range (162–360 ◦C, stap two), where, according to the
literature the formation of molybdenum oxide begins, is accompanied by an exothermic peak and is characterized by
an activation energy of 65 kJ/mol with the reaction order 1.1 (Horowitz-Metzger method); 74 kJ/mol and 0.8 (Kissinger
method). In this temperature range, the formation of H2O (m/z = 18), CO (m/z = 28) and hydrocarbon residues with
(m/z = 40) were observed in the gas phase. The thermogram of the TBT–TEOS/Mo7O6−

24 (320Y) decomposition
(Fig. 8a) indicates three stages, which were accompanied by one endothermic effect with a maximum of 93.8◦C and
exothermic effects that cannot be separated.

The Shatava method is not applicable to determine a suitable kinetic equation that would describe each stap of the
thermolysis of TOKEM-400 and TOKEM-320Y resins loaded with Mo7O6−

24 ions and treated with the TBT–TEOS

sol because the kinetic equations of different mechanisms of heterogeneous processes in coordinates [lg (gα)] −
[

1

T

]
have linear character with correlation coefficients R = 0.995–0.999. The decomposition temperature, at which the
thermolysis of the TBT–TEOS/Mo7O6−

24 (320Y) sample ends, is ≈500◦C and for the TBT–TEOS/Mo7O6−
24 (400)

sample is ≈600◦C.

3.3. Phase composition, structure and surface morphology of oxide composites MoO3/TiO2–SiO2

Phase compositions of the MoO3/TiO2–SiO2 (320Y) and MoO3/TiO2–SiO2 (400) composites obtained at 600◦C
were installed based on the results of XRD analysis. XRD patterns of the samples were identical. The XRD (Fig. 9)
and refinement of the crystal structure by the Rietveld method indicate that the oxide composites are a mixture con-
sisting of the main component of orthorhombic α-MoO3 and an admixture of TiO2 with an anatase structure. The
diffraction lines of the samples belong to orthorhombic α-MoO3 with the unit cell parameters a = 1.387, b = 0.370
and c = 0.396 nm. Based on the atomic coordinates, the structure of α-MoO3 was visualized using the VESTA
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FIG. 8. Thermograms (β = 10 ◦C/min) and mass-spectrometric data for degradation products of
(a) TBT–TEOS/Mo7O6−

24 (320Y) and (b) TBT–TEOS/Mo7O6−
24 (400) samples

program (Fig. 10). The samples obtained from different anion-exchange resins differ only in the grain size, which was
estimated from the value of the coherent scattering region. The use of TOKEM-320Y resin makes it possible to obtain
nanostructured composites with an average grain size of 25.6 nm, which form an agglomerate up to 7 µm. The use
of TOKEM-400 resin leads to the formation of composite grains with an average size of 55.5 nm, the grains of which
form sintered agglomerates up to 150 µm.

The structural characteristics are in good agreement with the literature data [37]. The presence of silicon oxide in
the composites is confirmed by the results of MRSA (Fig. 11). X-ray emission spectra of MoO3/TiO2–SiO2 (320Y)
and MoO3/TiO2–SiO2 (400) samples were identical. The spectrum contains characteristic lines corresponding to Mo,
Ti, Si and O (Fig. 11). Consequently, the composites were a mixture of molybdenum and titanium crystalline oxides,
as well as X-ray- amorphous silicon oxide.

SEM images show that the dense and non-destroyed spheres of the MoO3/TiO2–SiO2 composites with diameters
ranging from 0.3 to 0.5 mm were formed from the precursors with TOKEM-320Y resin (Fig. 12a). As can be seen
from the micrograph (the sphere we have broken), spheres are hollow inside.

The surfaces of the MoO3/TiO2–SiO2 (320Y) spheres consists of many lamellar particles of various sizes and
shapes. The particle size is from 0.5 to 3 microns. These particles are arranged irregularly and their appearance indi-
cates the presence of several phases. The presence of several phases on the surface is also observed for MoO3/TiO2–
SiO2 (400) sample (Fig. 12b). As can be seen from the micrograph, dense spheres are not formed. Fig. 12b (the
broken spheres) clearly shows that these spheres are hollow inside. The surface of the destroyed and non-destroyed
spheres consists of sintered particles and has a large number of cracks. In addition, unlike the spheres obtained from
precursors with TOKEM-320Y, these spheres are easily destroyed by mechanical action.

4. Conclusion

The nanostructured MoO3/TiO2–SiO2 composites with hollow spherical form were obtained by the method of
thermal decomposition of anion exchangers (TOKEM-320Y – porous structure, TOKEM-400 – gel structure) satu-
rated with Mo7O6−

24 ions and treated with the TBT–TEOS sol. The MoO3/TiO2–SiO2 composite was a mixture of
orthorhombic MoO3, TiO2 (anatase structure) and amorphous SiO2. The presence of TiO2 and SiO2 in the composite
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FIG. 9. X-ray diffraction patterns of prepared
MoO3/TiO2–SiO2 composites

FIG. 10. Structure of
α-MoO3 (Pnma)

FIG. 11. X-ray emission spectrum of MoO3/TiO2–SiO2 composites



244 S. A. Kuznetsova, O. S. Khalipova, K. V. Lisitsa, et al.

FIG. 12. Scanning electron micrographs of (a) MoO3/TiO2–SiO2 (320Y) and (b) MoO3/TiO2–
SiO2 (400) composites

did not affect the MoO3 structure. The decomposition kinetics of TOKEM-320Y and TOKEM-400 anion exchangers
affected the surface morphology and strength of the spherical MoO3/TiO2–SiO2 composites. Reactions and diffusive
processed at the interface of cylindrical and spherical symmetries, where the velocity of the reaction boundary is the
same in all directions contribute to the formation of dense spherical agglomerates. The decomposition reactions of the
anion-exchange resin, accompanied with random nucleation, resulted in spherical agglomerates that had cracks on the
surface. The activation energy of each stage of thermal destruction of anion exchange resins obtained by the Kissinger
method slightly differed from the values of activation energies obtained by the Metzger-Horowitz method. However,
there is a pattern, i.e., an increase in the decomposition temperature of resins leads to an increase in activation energy.
The discrepancy between the reaction order by Shatava method and that by the Kissinger and Metzger-Horowitz meth-
ods proved the low sensitivity of the latter method in multistage processes. The reactions and diffusion proceeded at
the interface of cylindrical and spherical symmetries, where the velocity of the reaction boundary was the same in all
directions contributed to the formation of dense spherical agglomerates.
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