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ABSTRACT

The present paper deals with analysis of the textural characteristics of titania/silica composites containing tin (IV)

oxide as a dopant in various concentrations. The oxide systems are synthesized by hydrolythic deposition of TiO, and SnO,

onto highly dispersed silica (S

BET

= 294 m’/g). Half of each obtained sample was calcined at 600 °C. Values of the main

structural parameters were calculated from adsorption-desorption nitrogen isotherms. D

ey Values combined with atomic

force microscopy (AFM) images indicate formation of different aggregates at small, medium and high concentrations of

the dopant. Subzero freezing points of bound water T, < 0°C obtained using differential scanning calorimetry (DSC), show

the confined space effects depending on structural features of the formed aggregates.

Keywords: SnO, doping agent, water phase identification, nano-, meso- and macropores studied.

INTRODUCTION

Titania and related mixed oxides are well-known
catalysts [1 - 9]. Their catalytic activity has been shown
to be related to both chemical (phase) structure and tex-
tural characteristics [7 - 17] depending on the synthesis
techniques (e.g., sol-gel [5, 8, 10 - 12, 14 - 18], CVD
[19 - 21], co-precipitation [22 - 24], impregnation [25
- 30], etc.) and reaction conditions (temperature, nature
of precursors, stoichiometry, sequence of components
introducing, etc.). For instance, it is stated in [ 17], that in-
creasing TiO, content in the aerogels provokes dropping
down specific surface area and pore volume. Hence, the
average reaction rate of epoxide conversion described in
the mentioned study decreased monotonously. Moreo-
ver, it was shown [17] that the reaction selectivity has
varied in a strong manner with the conversion. Thus, the

higher the titania content, the less the selectivity of silica/
titania catalysts. Miller et al. [8] reported of different
textural and catalytic properties of prehydrolyzed (two-
step hydrolysis technique), PH, and non-prehydrolyzed
(one-step hydrolysis technique), NPH, silica/titania
composites: the PH-samples possessed higher specific
surface area, larger pore sizes and total pore volumes,
demonstrating more effective activity in olefins isomeri-
zation, when compared to the respective characteristics
of the NPH-silica/titania. The effect of drying and heat-
ingon S, pore size distribution, and total pore volume
of the silica/titania aerogels was discussed by Brodsky
and Ko [18]. They carried out drying procedure at 343
K and 473 K for the mixed oxides. Dropping down S
in the course of calcination of the samples dried at 343
K, goes to almost the same values of specific surface
area as for aerogels, dried at 473 K. But the latter have
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larger V , despite its smaller decrease gradient, due to
subsequent heating. After calcination both mixed oxide
systems lose their ability to catalyze isomerization of
1-butene to cis/trans 2-butene.

The behavior of water, i.e. water phase transition,
confined in various materials was studied using differ-
ential scanning calorimetry (DSC) to discover different
states of water in free or bound forms [31 - 35]. Accord-
ing to the rules, bound water is unfrozen at subzero tem-
peratures and its content depends on various conditions,
such as the number of freezing-thawing cycles; amount,
sizes and shapes of pores; cooling-warming rate, etc.
In fact, the thermodynamics of water confined in pores
may be described by the Gibbs-Thomson relation for
the freezing point depression [34, 36, 37] derived from
the Kelvin equation for adsorbates interacting with the
pore walls [36, 38]:

AT = TbU]k - TPOT@ = 2TbUIk (Gwall—ice - Gwallfwater )Vwater /R -AH

where T™ and T™" correspond to the bulk and pore
transition (freezing or melting) temperatures, G and
(e}

tensions, V

wall—ice

wall-water Yepresent wall-solid and wall-liquid interfacial

\ater - Molar volume of water, R - pore radius, AH
- molar enthalpy of phase transition. Thin layers of water
being close to the pore walls are formed and their phase
transition temperature (T, ) differs from the value for bulk
water (273.15 K). The reduction of the phase transition
point AT is inversely proportional to the pore radius R. As
a rule, this phenomenon is characterized by formation of
bound water and belongs to first-order phase transition.

Our work undertakes to survey textural characteris-
tics of the triple system silica/titania, doped by tin (IV)
oxide, depending on SnO, concentration and calcination
effect, and thermal properties of water inside the voids
between synthesized oxide particles.

EXPERIMENTAL

The mixed oxides were synthesized by low-tem-
perature hydrolysis of SnCl, and TiCl, to deposit SnO,
as a doping agent and TiO, - as a functional phase onto
the silica surface. The synthesis was carried in a glass
reactor, equipped with a mechanical Teflon stirrer, an
air blow-through emitter device and a heating system.
Nanosilica A-300 (50 g, S = 294 m*/g produced at
a pilot plant at Chuiko Institute of Surface Chemistry,
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Kalush, Ukraine) was added into the reactor after pre-
heating (6 h at 450°C in a muffle), and then a portion of
water, enough for hydrolysis, was added within stirring
at room temperature. In 1 h saturated solution of SnCl,
was introduced to form SnO, from 0.14 up to 30 mass
% against titania. Then in 30 min TiCl, was injected
into the mixture to generate TiO, in 15 mass % against
nanosilica. After all the precursors had been added, the
system was heated up to 100°C and thermally treated
during 1.5 h at stirring. To remove HCI the reactor has
been blown through by the air stream for 1 h. Finally the
mixture was cooled down to room temperature.

All obtained samples were heated to 100°C in a
drying box and kept for 3 h in order to remove residual
water and hydrochloric acid. Each triple composite
signed as Si0,/SnO,/TiO, was halved and one part was
calcined at 600°C for 6 h, until anatase as a crystalline
phase of TiO,, was formed, and the part of the samples
was left untreated.

To analyze the textural properties of the nanocom-
posites, low-temperature nitrogen adsorption-desorption
isotherms were recorded using a Micromeritics ASAP
2405N adsorption analyzer. The specific surface area
(SBET
method [38 - 40]. The total pore volume Vp was evaluated
using the nitrogen adsorption data at relative pressure p/p,

) was calculated according to the standard BET

~0.98 — 0.99. To calculate the pore size distributions, the
data from the desorption branch were used. The proposed
computational way is based on usage of a regularization
procedure under non-negativity condition for the pore size
distribution function (f(Rp) > () at any pore radius R),
at fixed regularization parameter o= 0.01. The pores as
the voids between spherical particles packed in random
aggregates were examined. This approach based on the
Nguyen-Do method [41, 42] was modified to be applied
for various nanomaterials. The fV(Rp) and f, (Rp) functions
were used to estimate contributions of different types of
pores (classified according to their sizes) to total pore
volume V and specific surface area S - nanopores
(V sano> Spano 3t R <1 nm), mesopores (V. S, at1<
Rp <25nm) and macropores (V__ .S at Rp >25nm)
[43]. To verify the model, the criterion Aw is used [44]:

AW — SBE T

~ Rmax

J.. fS (Rp)dRp

It reflects the condition of the appropriate use of the
proposed pore model.

-1
()
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The calculation of nanooxide fractality (roughness)
was performed on the basis of the FHH- method [40],
described in detail by Avnir and Jaroniec [45]. These can
be used in the range of multilayer adsorption. For this
purpose, the adsorption branch within p/p,=0.01 + 0.8
values has been used, where attraction between adsor-
bent and adsorbate is caused chiefly by van der Waals
forces [45, 46]. Fractal Dimension (D,) is calculated
from the plot corresponding to the eq. 2:

In(V/V ) = (Dg—3) - In[In(p,/p)] + const, 2)

where V, V are the adsorbed and saturation volumes of
nitrogen, respectively; p and p, are the equilibrium and
saturation pressure of the adsorbed nitrogen, respectively.

The morphology was studied using AFM (Nano-
Scope V, Veeco, USA) with 51205120 pixel density
and resolution power of 0.1 nm.

Phase transitions of water were studied with the
DSC method (DSC PYRIS Diamond Perkin Elmer,
USA) with scanning rate of 5°C/min, and thermal
and

water

parameters such as water freezing enthalpy AH

temperature T | were estimated from the calorimetric

water”

diagrams.

RESULTS AND DISCUSSION

All curves of the nitrogen adsorption isotherms
for composites (Fig. 1) are of type II (corresponding
to the textural porosity of powders with nonporous
nanoparticles) [40] and characterized by presence of
narrow hysteresis loops. For non-calcined samples, the
loop onset is observed at higher pressure (p/p0 » 0.8)
than that for calcined samples (0.7). This is owing to
stronger aggregation of the nanoparticles in aggregates,
after calcination. Additionally, for samples at C(SnO,) =
1 - 5 mass %, the S, value decreases after calcination
(Tables 1 and 2). Changes in the SBET values are of a
nonlinear character with the increase of dopant content
in both systems. The highest value is for thermally un-
treated composite at 4 mass % of SnO, (Table 1, Fig. 2).

Actually, the largest magnitudes of the specific
surface area are observed at middle concentrations
(1 - 6 mass %), as compared to minimal and maximal
amounts of dopant. The calcination brings to other,

more complex behavior of S on plot of Fig. 2: there

BET
is a maximum at C(SnO,) = 6 mass %, viewed among
other composites and this value is higher than that for

the sample without treatment. The specific surface area

Table 1. Textural properties of non-calcined SnO,-doped silica-titania composites.

Si0y/Sn0,/TiO;  SBET  Snano  Smeso  Smacro Vp Vhano  Vmeso Vmacro Rp Aw
non-calcined - (mg) (%) (wg) (mUg) (cmYg) (cmYg) (em'y) (em’/g) (nm)
C(Sn0Oy),
mass %
0.14 244.6 12.3 2227 9.5 0.468 0.005 0.325 0.138 11.6 -0.126
1 272.0 22.6 243.1 6.3 0.449 0.009 0.342 0.098 10.1  -0.195
4 279.1 409 2333 5.0 0.609 0.016 0.527 0.066 11.5 -0.088
5 273.1 279  229.6 15.6 0.656 0.011 0.414 0.231 169 -0.256
6 271.4 26.5 239.8 52 0.709 0.011 0.634 0.064 12.4  0.017
10 209.8 29.4 179.3 1.1 0.369 0.012 0.344 0.013 10.4 -0.161
30 215.5 22.6 178.4 14.5 0.602 0.008 0.382 0.212 173  -0.168
Table 2. Textural properties of SnO -doped silica-titania composites calcined at 600°C.
Si0,/Sn0,/TiO, SBET Snano Smeso Smacro Vp Vmicro Vmeso Vmacro Rp Aw
cale. at600°C. - (m%/g)  (m¥g) (m/g) (m/g) (em’e) (eomz) (cmYg) () (nm)
C(Sn0Oy),
mass %
0.14 249.5 26.3 216.3 7.0 0.447 0.010 0.323 0.115 109 -0.204
1 262.4 28.8 228.7 4.9 0.571 0.011 0.494 0.066 11.7  -0.100
4 246.7 8.6 226.3 11.8 0.749 0.003 0.587 0.159 15.8 -0.054
5 263.3 9.5 2325 21.2 0.789 0.004 0.447 0.338 193  -0.187
6 281.3 16.0 263.9 1.4 0.627 0.007 0.605 0.015 10.7  0.026
10 2344 19.5 201.1 13.8 0.587 0.008 0.361 0.218 14.0 -0.121
30 228.8 15.2 204.4 9.2 0.497 0.006 0.355 0.136 11.7 -0.070
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Fig. 1. Isotherms of nitrogen adsorption-desorption for
composites: (a) non-calcined SiO,/SnO,/TiO, and (b) cal-
cined SiO,/SnO,/TiO,.
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Fig. 2. Changes in the specific surface area of composites
vs. the dopant content.

is smaller in the non-calcined samples with dopant’s
low concentration, and at 10 and 30 mass % it comes to
increase in comparison to the calcined analogues. This
phenomenon can illustrate the dependence of particles
morphology on the SnO, content. The doping oxide
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Fig. 3. Changes in S (a) and S__  (b) contributions to
S, vs. dopant concentration.

provokes more intensive consolidation of the particles
by heating at low concentrations than at the high ones.

The verification parameter Aw takes the absolute
values from |0.020] to |0.256| (Table 1), and shows a good
agreement of the proposed pore model with the real one.

The data (Tables 1 and 2) demonstrate that the main
contribution to pore size corresponds to mesopores -
more than 80 % for all studied SiO,/SnO,/TiO, systems.

At low concentrations of the dopant, the contribu-
tion of nanopores Snano decreases slightly after calcina-
tion and Smeso share is growing up, as clearly visible.
As a matter of fact, nanovoids at R < 1 nm could cause
the difference between the S, values atlow concentra-
tions of SnO, for both systems (Fig. 4). Macropores do

not exert a significant impact on S___ change profile.

BET
Thus, the SBET changes may be a function of nano- and
mesopores contributions.

Despite the negligible effect on SBET, macropores
contribute to the total pore volume. The increment of

V, with R, growth (Fig. 4) and the incremental pore
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Fig. 4. Relationship between the total pore volume v,
and the average pore radius R for initial and calcined
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Fig. 5. IPSD,, profiles of SiO_/SnO /TiO, nanocomposites:
non-calcined (a) and calcined at 600°C (b).

size distributions (IPSDV) for all types of pores (Fig. 5)
reaffirm the predominant role of mesopores. However,
the calcination results in growth of the macropores
contribution, especially at C(SnO,)) = 0.14, 1, 4, 5 and

10 mass %. This is clearly seen by the peak shift on the
IPSD,, plotted against large pore sizes (Fig. 5, b). By
way of illustration, in the case of C(SnO,) = 4 mass %
the macropore share is augmented almost 2 times after
calcinations, as compared to the initial analogue showing
a multimodal character of the PSD. It should be pointed
out that the composite at C(SnO,) = 6 mass % demon-
strates stability in the PSD before and after calcination.
As the PSD diagrams and data (Tables 1 and 2) show, if
the composite contains SnO, at concentration of 30 mass
%, high temperature brings the opposite effect, since
the macropores are of appreciable prepotency before
calcination and their share is 1.3 times bigher than that
without calcination.

Thereby, we keep observing lack of correlation
between S and V, within the dopant concentration
change, since it is precisely this fact that is explained
by availability of textural porosity and non-uniformity
of the pore shapes. The value of specific surface area is
defined by the composite particle sizes and the total pore
volume of voids between nanoparticles. Atomic force
microscopy (AFM) images of composites at C(SnO,) =
0.14, 5 and 30 mass % (Fig. 6, a-f) show certain changes
in the aggregate morphology. The more compacted ag-
gregates of non-calcined SiO,/SnO,/TiO, at C(SnO,) =
0.14 mass % (Fig. 6, a) cause S diminution since the
specific surface area of calcined SiO,/SnO,/TiO, is larger
(Tables 1 and 2, Fig. 6, d). The oxide systems at the mid-
dle of the doping oxide concentration at C(SnO,) = 5
mass % exhibit marked consolidation of the aggregates,
arranged into an ordered structure due to calcination. The
situation at C(SnO,) = 30 mass % for both systems is the
outcome of the complex relation between V, and S .
As it has been noted, the number of macropores drops
down after calcinations, but S gets a little larger since
its losses relative to nanosilica S, are 28.2 and 23.7
% for non-calcined and calcined samples, respectively.
The heated system becomes more compact, including
smaller oxide particles (Fig. 6-¢,f) by comparison to the
uncalcined sample. The latter contains agglomerates
built of aggregates with large voids (Fig. 6-b,c).

Fig. 7 shows surface roughness dependence by
fractal dimension (D) values. It was established that
the values obtained are from 2.40 to 2.65. In our case,
the formation of pore structural stuff [46] has been built
from aggregates, i.e. the pattern of the objects is far
from the isotropic form. Fig. 7 shows that, there are two
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Fig. 6. AFM images of SiO,/SnO,/TiO, (non-calcined: a - 0.14 mass %, b - 10 mass %, ¢ - 30 mass %; calcined at 600°C:

d - 0.14 mass %, e — 5 mass %, f - 30 mass %).

slants seen on the plot D,— C(SnO,) for both systems,
which is in close dependence on the SnO, content. The
trends have obverse characters, which may be caused by
the heating effect. At concentrations of SnO,=0.14 - 4
mass %, the D¢ values of the calcined samples are a little
smaller than those in noncalcined composites.

Calorimetric investigations clear up the realization
of the processes of pore structure changes. The peaks
situated in Fig. 8 and Fig. 9 indicate appearance of
bound water, which is characterized by depression of
the freezing point (t_ < 0 °C), relative to the freezing
point of free bulk water (t, = 0°C).

The peaks areas under the appointed base line, cor-
respond to the specific enthalpies of water freezing AH
(J/g) and their absolute values illustrate the quantity of
frozen water confined in the oxide composites (Table 3).

Except for sample at C(SnO,) = 0.14 mass %, all
other samples exhibit decrease in AT, showing that the
number of narrow pores drops down. This is a natural
corollary of the heating effect.

The systems, most concentrated by dopant (Fig. 8,
9-¢), have bimodal profiles even after calcination. The
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Fig. 7. Fractal dimension tendencies vs. SnO, concentra-
tions in the SiO,/SnO,/TiO, composites.

higher-temperature peak stays at the same phase transi-
tion position (t=-4 °C). This may be explained by a
stable domain shaping inside the large pores (macropo-
res), because their amount steepens after calcination.
However, the values of the enthalpies of freezing for
all calcined samples are higher, and their changes are
non-linear in the course of the rise in dopant content.
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The calcination effect causes elimination not only of
bulk water after synthesis, but also of the molecules
bound chemically and physically inside the composites
structure, i.e. the surface of the calcined composites
becomes more active than the non-calcined ones. Thus,
water is adsorbed in a large quantity in contact zones
of adjacent nanoparticles in aggregates of the annealed
silica/titania composite.

CONCLUSIONS

Textural features of SnO,-doped silica/titania com-
posites synthesized via hydrolysis at low-temperature
were studied. It has been found that pore size distribution
(PSD) profiles of calcined and non-calcined materials
are bi- or trimodal, and illustrate: (1) - the mesopore
domination giving more than 80 % in both composites,

(2) - macropores contribution rise after calcination in
systems doped with 0.14; 1; 4; 5 and 10 mass % of SnO,
and (3) - stability of the PSD profile of the system at 6
mass % of SnO, (3).

It was established that, there is a nonlinear change
in the total pore volume and the specific surface area,
which increase with SnO, concentration, that is usual
for mixed oxides.

The calculations based on the Frenkel-Halsey-Hill
method with values for fractal dimension D from 2.40
to 2.65 are usual for nanooxide materials, i.e. the doped
silica/titania are formed of aggregates of nanoparticles.

As our analysis shows, congruous changes in the total
pore volume vs. the average pore radius indicate that there
is no particles consolidation and the voids shapes are kept
uniform enough. This is observed for both systems.
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Calorimetric data, obtained by the DSC method,
corroborate the supposition of higher surface activity of
calcined samples on account of bigger water domains
formation, which is in line with the higher values of
specific freezing enthalpies AH,, observed in the cal-
cined samples. As the results indicate, there is no a linear
dependence of AH,_ vs. dopant concentration in the both
samples sets. The calcination effect causes to shrinkage
of the temperature range of endothermal peaks, i.e. the
water domains formation becomes more uniform in
comparison with the thermally untreated samples.

All samples are shown to be apt to confine water in
their voids, i.e. there is only a form of “sub-zero” water,
present inside the pores and “in-bulk” water is absent. This
confirms agsin the porous character of the synthesized stuff.
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