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Abstract
Sol–gel synthesis of mesoporous titania–silicas with the structure related to Type MCM-41 is carried out. The method of 
nitrogen adsorption has established influence of fluoride-anion on the adsorptive and catalytic properties of titania–
silica. The pore structure in titania–silica is in the form of an hexagonal array of uniform tubular channels. Asymptotic 
increase in a specific surface area of titania–silica catalyst with growth of F/Si ratio is shown. Both silicas and titano-silicas 
showed catalytic activity in the reaction of isomerization of α-pinene epoxide. The largest activity (100% conversion) 
and selectivity for campholenic aldehyde (57%) was shown by titanosilicate synthesized at Ti/Si = 25/75 and F/Si = 0.4.

Graphic abstract  Isotherms of nitrogen low-temperature adsorption-desorption and PSD curves for titania-silicas (7, 12) 
and silica (6) received at presence of fluoride-anion in ratio of F/Si equal: 7–0, 6–0.4, 12–0.4 mol/mol.
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1  Introduction

From the moment of opening mesoporous molecular 
sieves of MCM-41 and MCM-48 and creation of titanium-
containig zeolites of the TS-1 and TS-2 types [1] there was 
the significant amount of the works devoted to study-
ing of influence of synthesis conditions on properties of 
these materials. The separate group was assembled by 
researches on use of fluoride anions at synthesis [2].

In the present work the adsorptive and textural prop-
erties of titania–silicas obtained by using fluoride anions 
and cetylpyridinium template were measured from the 
isotherms of nitrogen low-temperature (77 K) physical 
adsorption–desorption. The activity and selectivity of 
mesoporous titania–silicas were estimated in reaction 
of α-pinene epoxide isomerization. Oxygen containing 
derivatives of terpene hydrocarbons, isolated from turpen-
tine and essential oils, are widely used in the synthesis of 

various fragrant and biologically active compounds. Thus, 
α-pinene oxide (2,3-epoxypinane) is a highly labile terpe-
noid and can be converted to various valuable products 
[3–19] (Fig. 1). In industry, isomerization of the α-pinene 
oxide is carried out in the presence of zinc halides as 
homogeneous catalysts to form campholenic aldehyde(I). 
Campholenic aldehyde is an important intermediate in the 
synthesis of several sandalwood fragrances which consti-
tutes an important growth area in perfumery chemicals 
(sandalor, bramanol, bogdanol, etc.). [3–6]. This process 
has several drawbacks, such as the formation of toxic 
waste, and the difficulty of separating the catalyst from 
the reaction mixture [4, 5]. Recently, a number of stud-
ies to develop new heterogeneous catalytic systems for 
2,3-epoxypinane isomerization to campholenic aldehyde, 
as well as other valuable products (trans-carveol, pino-
carveol, isopinocamphone, etc.) have been performed. A 
special attention was given to investigations of influence 
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of the nature and strength of the acid sites on the yield 
of reaction products [8–19]. Relatively high selectivity to 
campholenic aldehyde was exhibited B2O3/SiO2 (69%), HY 
(66.0%) and Al-MSU-S (86%) zeolites, which is explained by 
a large amount of Lewis acid sites [11]. The physicochemi-
cal and catalytic properties of iron-modified Beta-75 and 
ZSM-5 zeolites, MCM-41 silicate, as well as Al2O3 and SiO2 
were studied in [8]. In the presence of toluene as a solvent, 
Fe-MCM-41 was the most selective towards campholenic 
aldehyde (66%), which can be explained by the predomi-
nance of Lewis acid sites in the catalyst. A high concentra-
tion of weak and medium Brønsted acid sites in Fe-Beta-75 
afforded formation of up to 23% of iso-campholenic (fen-
cholenic) aldehyde (III). When N,N-dimethylacetamide 
was used as a solvent, the α-pinene oxide isomerization 
on H- and Fe- forms of Beta zeolites proceeded to form 
31–43% trans-carveol (VI), which finds application in per-
fume compositions [9].

In the presence of Fe2O3–TiO2 mixed oxides, synthesized 
by the sol gel method, the main product of 2,3-epoxypi-
nane conversion was campholenic aldehyde (selectivity 
42%), which is explained the presence of strong Lewis 
acid sites in the solids, whereas over TiO2 a predominant 
(40%) formation of pinocarveol (IV) was observed [12]. 
An increase in the yield of aldehyde (II) from 25 to 38% 
was caused by gold deposition on TiO2 (> 70% anatase). 
In smaller amounts, the formation of compounds (IV) and 
(V) from Fig. 1 occurred on this catalyst [13]. The grafting of 
Fe3+ ions on SiO2 surface resulted in a catalyst with Lewis 

acidity, allowing selectivity to compound (II) of 56–72% 
[14].

The texture of the catalysts can have a significant effect 
on selectivity. Thus, isomerization of α-pinene oxide was 
studied at 30 °C in the presence of porous metal-benzen-
etricarboxylates, such as MIL100 (Al, Fe and Cr), MIL-110 
(Al) and MIL-96 (Al). The highest selectivity for campho-
lenic aldehyde (51–61%) at the substrate conversion of 
96–98% was achieved on MIL-100 series, which is presum-
ably due to their unique structure [16]. In the presence of 
US-Y zeolites having a three-dimensional large pore sys-
tem (7.4 Å) with supercages of 12 Å and a large amount of 
mesopores, selectivity to campholenic aldehyde was 75% 
at 0 °C [17]. A very high selectivity to this product (89–94%) 
was observed in the presence of Ti-Beta zeolites, which 
may be in result of comparable sizes of pores, reagents 
and intermediates [18]. However the influence of type and 
features of texture, just as the nature and strength of the 
acid sites, of ordered mesoporous titania–silicas on the 
composition of α-pinene epoxide isomerization products 
remains not studied. Therefore the establishment of such 
quantitative regularities and receiving new catalytic mate-
rials for α-pinene epoxide isomerization is represented 
very relevant task.

2 � Experimental

In the present work the procedure of the selective synthe-
sis of titania–silica was carried out by analogy with synthe-
sis of alumina–silica catalyst by neutralization of mix of 
solutions of the corresponding salts at presence of fluoride 
anion. Titanyl sulfate dihydrate and sodium metasilicate 
with the module of 1:1 were used as sources of Ti(IV) and 
Si(IV). For sodium hydroxide neutralization sulfuric acid 
(35%) was added into the solution and the mixture was 
kept at pH = 1 at 313 K within half an hour. Then water 
solution of titanyl sulfate dehydrate was added to the reac-
tion mixture. Its hydrolysis at pH value of 6.0 was carried 
out in the presence of ammonia hydrate solution (1: 1). 
The sediment was filtered and then dried up on air. For the 
purpose of cationic exchange xerogel was suspended in 
water solution of ammonium salt (3.0%) and then at value 
pH 9.0—twice in ammonia hydrate solution then twice 
washed with the distilled water heated to 333 K. At last, 
the filtered xerogel again was dried on air and thermally 
processed at first at 393 K and at 923 K, both times during 
2 h. The precipitation of titania–silica with molar ratio of Ti/
Si = 25/75 was carried out in a periodic regime by template 
method on cetylpyridinium matrix. The amount of fluoride 
at synthesis corresponded to F/Si ratio in work [2].

The adsorption and textural properties of the sam-
ples were estimated from isotherms of low-temperature 

Fig. 1   A scheme of α-pinene epoxide isomerization
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Fig. 2   Isotherms of nitrogen low-temperature adsorption–desorption and PSD curves for titania–silicas received by a template method at 
presence fluoride-anion in ratio of F/Si equal: 7–0, 10–0.1, 11–0.2, 12–0.4 mol/mol
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Table 1   Influence of fluorides 
on change of surface area 
of silicas and titania–silicas 
received by a template method

Sample 
number

MeSi F/Si,
mol/mol

Asp, m2/g ABET, m2/g AL, m2/g Aext, m
2/g ABJH ads, m

2/g ABJH des, m
2/g

1 Si 0 916 979 1378 1242 866 888
2 0.025 901 961 1357 1124 848 866
3 0.05 926 984 1387 1122 990 1124
4 0.1 948 1011 1426 1197 976 1008
5 0.2 920 982 1386 1135 958 986
6 0.4 960 1022 1442 1175 1024 1163
7 TiSi 0 580 626 894 792 334 343
8 0.025 605 648 919 765 426 473
9 0.05 601 643 910 761 461 500
10 0.1 618 661 936 823 422 432
11 0.2 656 714 1021 942 488 487
12 0.4 607 648 914 775 505 539

Table 2   Influence of fluorides 
on change of specific pore 
volume of silicas and titania–
silicas received by a template 
method

Sample 
number

MeSi F/Si, mol/mol Vsp ads, cm3/g Vsp des, cm3/g VBJH ads, cm3/g VBJH des, cm3/g VHK, cm3/g

1 Si 0 0.843 0.853 0.806 0.815 0.870
2 0.025 0.811 0.821 0.779 0.786 0.841
3 0.05 0.932 0.968 0.991 1.149 0.998
4 0.1 0.898 0.912 0.904 0.917 0.929
5 0.2 0.879 0.908 0.916 0.929 0.936
6 0.4 0.894 0.900 0.908 1.085 0.918
7 TiSi 0 0.476 0.515 0.425 0.427 0.558
8 0.025 0.562 0.595 0.529 0.551 0.629
9 0.05 0.562 0.565 0.497 0.516 0.581
10 0.1 0.510 0.531 0.447 0.448 0.562
11 0.2 0.578 0.600 0.526 0.539 0.630
12 0.4 0.540 0.563 0.521 0.536 0.591

Table 3   Influence of fluorides 
on change of mean pore 
diameter of silicas and titania–
silicas received by a template 
method

Sample 
number

MeSi F/Si, mol/mol Dsp ads, nm Dsp des, nm DBJH ads, nm DBJH des, nm DHК, nm

1 Si 0 3.4 3.5 3.7 3.7 2.6
2 0.025 3.4 3.4 3.7 3.6 2.6
3 0.05 3.8 3.9 4.0 4.1 3.0
4 0.1 3.5 3.6 3.7 3.6 2.7
5 0.2 3.6 3.7 3.8 3.8 2.9
6 0.4 3.5 3.5 3.5 3.7 2.7
7 TiSi 0 3.0 3.3 5.1 5.0 2.7
8 0.025 3.5 3.7 5.0 4.7 3.0
9 0.05 3.5 3.5 4.3 4.1 2.7
10 0.1 3.1 3.2 4.2 4.2 2.5
11 0.2 3.2 3.4 4.3 4.4 2.6
12 0.4 3.3 3.5 4.1 4.0 2.7
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nitrogen physical adsorption–desorption obtained via 
volumetry on an ASAP 2020 MP surface area and porosity 
analyzer (Micromeritics, United States). The pore surface 
area per mass unit of each solid (the specific surface area) 
was determined using the single-point (Asp), BET (ABET), 
and Langmuir (AL) methods. The single-point method was 
also used in calculating the adsorption and desorption 
pore volumes (Vsp ads and Vsp des). The cumulative adsorp-
tion and desorption volumes (VBJH ads and VBJH des) of pores 
of diameters in the range of 1.7–300 nm were calculated 
by the BJH (Barrett–Joyner–Halenda) method. The mean 
pore diameter, D, of a group of mesopores, is defined as 
(4 V/A = D) where (4 V/A) is the ratio of the volume to the 
area of walls of the group. The VHK and DHK were pore vol-
ume and pore diameter by Horvath-Kawazoe method. 
The DFT (density functional theory) model was used to 
describe the real structure of pore distribution in samples 
with pores in a broad range of sizes.

The annealed at 923 K samples were trained prior to 
analysis; i.e., they were held in a vacuum for 2 h at 523 K 
and a residual pressure of 133.3 × 10–3 Pa. The samples 
dried in air were held in a vacuum for 2 h at 373 K. Data 
of gas adsorption are shown in Figs. 1, 2 and Tables 1, 2, 

3, 4 and 5. The catalytic activity of samples was studied in 
α-pinene epoxide (0.5 g per run) isomerization at 353 K in 
toluene solution during 1 h. The amount of solid was 0.1 g. 
The reaction products were analyzed by gas chromatogra-
phy according to the procedure described in [5, 20].

In addition to gas adsorption, the samples were 
examined by X-ray diffraction on diffractometer Bruker 
ADVANCE D8, recording reflexes characteristic of ordered 
structures of type MCM-41 in the small angle region. FT 
IR spectra were recorded on IR-Fourier spectrometer Ten-
zor-27 in the region 4000–400 cm−1 using powder tablet-
ing with potassium bromide at a sample/KBr ratio of 2/800.

3 � Results and discussion

The measured sorption isotherms of silicas and also tita-
nia–silicas precipitated with supramolecular template in 
the presence of fluorides belong to Type IV (a) of sorp-
tion isotherms, characteristic for mesoporous adsor-
bents, according IUPAC classification (Figs. 2, 3). The 
features of hybrid hysteresis of Type H5 prove existence 
of the open and partially blocked mesopores (Fig. 2) [12]. 

Table 4   Influence of fluorides 
on change of surface area 
of silicas and titania–silicas 
received by a not template 
synthesis

Sample 
number

MeSi F/Si, mol/mol Asp, m2/g ABET, m2/g AL, m2/g Aext, m
2/g ABJH ads, m

2/g ABJH des, m
2/g

13 Si 0.025 419 446 631 490 482 564
14 0.05 408 435 614 478 484 576
15 0.1 418 446 629 491 483 575
16 0.2 431 462 654 519 502 603
17 0.4 424 452 638 502 501 599
18 TiSi 0.025 190 202 286 221 122 147
19 0.05 236 253 361 294 188 228
20 0.1 222 236 334 260 144 173
21 0.2 226 242 343 268 151 184
22 0.4 259 275 388 297 161 192

Table 5   Influence of fluorides 
on change of specific pore 
volume of silicas and titania–
silicas received by a not 
template method

Sample 
number

MeSi F/Si, mol/mol Vsp ads, cm3/g Vsp des, cm3/g VBJH ads, cm3/g VBJH des, cm3/g VHK, cm3/g

13 Si 0.025 0.717 0.715 0.749 0.743 0.719
14 0.05 0.702 0.692 0.729 0.722 0.702
15 0.1 0.672 0.661 0.703 0.695 0.672
16 0.2 0.619 0.618 0.655 0.646 0.619
17 0.4 0.611 0.611 0.646 0.641 0.612
18 TiSi 0.025 0.153 0.152 0.118 0.130 0.153
19 0.05 0.230 0.229 0.204 0.222 0.231
20 0.1 0.175 0.174 0.135 0.148 0.175
21 0.2 0.188 0.187 0.149 0.165 0.189
22 0.4 0.203 0.201 0.153 0.168 0.203
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Fig. 3   Isotherms of nitrogen low-temperature adsorption–desorption and PSD curves for titania–silicas received by not template method at 
presence fluoride-anion in ratio of F/Si equal: 18–0.025, 19–0.05, 20–0.1, 21–0.2, 22–0.4 mol/mol
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The circumstance that the second step on isotherms of 
titania–silicas is more indistinct (Fig. 2) in comparison 
with the isotherms measured on silica attracts atten-
tion. Porous bodies with isotherms of Type IV (a) and 
hysteresis of Type H5 can be characterized as uniformly 
mesoporous adsorbents with the prevailing MCM-41 
motive of ordering structure elements. Their texture is 
described by well defined irreversible isotherm of Type 
IV (a). At values of relative pressure lower than the begin-
ning of the loop (p/p0 ˂  0.42) the texture is described as 
isotherm of Type IV (b). It is characteristic for reversible 
nitrogen capillary condensation in this p/p0 area and 
inherent in mesoporous adsorbents with the blocked 
cylindrical mesopores. The emergence of hysteresis loop 
of Type H5 and the lack of micropores are connected 
with special conditions of template synthesis of sorbents 
therefore a contribution of micropores near contacts of 
particles and also influence of “alignment” of contact 
places when aging and drying hydrogels it is necessary 
to recognize as extremely small. In the presence of fluo-
ride-anions the type of isotherm remains. The hysteresis 
on nitrogen sorption isotherms of the samples received 
with fluoride-anion, but in the absence of the template, 
has Type H2 inherent in porous bodies with expansions 
and narrowings of mesopores “equivalent” cylindrical on 
all length and with more wide PSD curves (Fig. 3).

By t-plot method it is shown that micropores in samples 
are absent (or are absent almost completely), and respec-
tively micropore surface area and micropore volume 
can not be counted (Tables 1, 2, 4, 5). It should be noted 
increasing in external surface (Aext) of samples received in 
the presence of fluorides (Table 1). It can be explained with 
more correct form of particles. The resulting materials are 
more correctly considered to be disordered mesoporous 
molecular sieves. The adsorption isotherms inherent in 
them are a hybrid of Type I and Type IV isotherms. Both 
the Langmuir equation and the BET equation model the 
adsorption behavior of nitrogen on the surface in terms of 
the monolayer capacity can be used for surface area meas-
urement based on that assumption. The Table 1 shows that 
Langmuir surface area is always higher than BET surface 
area The difference (AL − ABET) in the series of samples 1–6 
is almost one and a half times greater than in the series of 
samples 7–12 and is about 26%.

The gas adsorption research of influence of fluorides 
on properties of titania–silicas allows to establish the 
dependence of specific characteristics of surface area on 
concentration of fluoride anion (Table 1). The most sig-
nificant changes of isotherms and pore size distributions 
caused by presence of fluoride anion before nucleation 
stage of synthesis and further in the process of maturing of 
a mesomorphic phase happen at increase in its concentra-
tion to F/Si values of 0.1–0.2. At the same time changing 
specific surface area with growth of F/Si has an asymptotic 
current, and changing pore volume—generally extreme 
(Tables 1, 2).

Change of a mean pore diameter depends on the 
nature of changing specific surface area and pore vol-
ume (Table 3). Pore diameter values average 3–4 nm that 
will be coordinated with the data obtained for a model 
mesoporous adsorbent MCM-41 (Table 3) [7].

Thus, it is revealed that fluorine ions rather actively influ-
ence on synthesis of titania–silica. They catalyze reaction 
of hydrolysis of silicate ions and it is possible that thereby 
accelerate formation of a mesophase. Though noticeable 
influence of fluoride anions on process of the organization 
of ordered mesostructure on stages of nucleation was not 
observed, it is quite probable that the surface hydropho-
bization with fluorine ions in the presence of cetylpyridin-
ium matrix promotes formation of silicate framework with 
higher rigidity. Maturing of a mesophase further acceler-
ates under influence fluoride-anions. The effect of fluoride 
anion is obviously not related to the coagulation process 
under the influence of cations. Theoretically, a change in 
the texture of titania–silica under the action of fluoride 
anion can be explained by the fact that the ≡SiOH groups 
are at least partially replaced by ≡ SiF groups, as a result of 
which the surface becomes hydrophobic. Such silicas then 
undergo flocculation by hydrophobic bonds. The decrease 
of the number of ≡SiO− groups is partially compensated 
by the incorporation of F− anions into the neutral silica 
framework I0 (S+[I0F−] mechanism).

Use of fluorides before nucleation stage of titania–silica 
synthesis can lead to transformation of their adsorptive 
properties and textural characteristics. Fluoride-anions 
promote transformation of pore volume, internal and 
external surface area. Thus, by gas adsorption research of 
influence of fluorides on properties of titania–silica before 

Table 6   α-Pinene epoxide 
isomerization products on 
titania–silicas

I, α-pinene epoxide; II, campholenic aldehyde; III, iso-campholenic aldehyde; IV, pinocarveol; V, iso-pino-
camphone; VI, trans-carveol; VII, trans-sorberol; VIII, p-cymene; IX, pinol

Sample 
number

Ti/Si F/Si X(I), % Selectivity, mol%

II III IV V VI VII VIII IX

6 0 0.4 41.0 57.4 6.4 1.4 5.6 10.0 8.2 5.5 1.3
7 25/75 0 94.0 53.8 8.7 2. 4.5 15.3 7.3 3.2 1.3
12 25/75 0.4 100 57.1 9.2 2.7 5.0 13.9 6.9 4.0 1.5
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nucleation stage and further during maturing mesophase 
dependences of specific characteristics of surface area, 
pore volume and average pore diameter on concentration 
of fluoride anions are established.

Both silicas and titania–silicas showed catalytic activ-
ity in the reaction of isomerization of α-pinene epoxide 
(Table 6). For all experiments, campholenic aldehyde II was 
the main reaction product (53–57%), which is obviously 
due to the presence of Lewis acidity in the solids [20]. It 
is important to note that although the selectivity of the 
studied materials to (II) was similar, the introduction of 
titanium atoms led to a sharp increase in the conversion 
of α-pinene epoxide to 94–100% (Table 6). This fact clearly 
indicates an increase in the acidity of the catalyst by rea-
son of the presence of titanium. A slight increase in selec-
tivity (from 53 to 57%) with an increase in F/Si from 0 to 
0.4 can be explained by an growth in the strength of acid 
sites on the surface of the titania–silica catalyst happens 
in the presence of fluoride anions in the course sol–gel 
synthesis. However, as can be seen from Tables 2 and 3, the 
diameter and volume of pores does not affect the activity 
and selectivity of the studied materials.

IR spectra confirm the presence of titanium (IV) in the 
framework of titania–silicas (Fig. 4). Along with the absorp-
tion peaks of 1100, 800, 465–475 cm−1, which correspond 
to the Si–O-Si bond vibrations, the absorption band with 
a frequency of 960–970 cm−1, which is characteristic of 
titanium-containing molecular sieves, is localized in the 
spectra. It is usually referred to as the Si–O–Ti bridge vibra-
tions and is considered responsible for the antisymmet-
ric vibrations of the Si–O–Ti bond in which the titanium 
atom is in tetrahedral coordination [21]. Antisymmetric 

vibrations of Ti–O–Ti bond during tetrahedral coordina-
tion are absorbed in the area of about 735 cm−1 [22].

Analysis of diffractograms in the region of small 
Bragg angles, 2θ < 10°, by the most intense reflex 
d100 = 4.1204 nm [ASTM 049-1712] allows the identifica-
tion in the silica samples of a defect-free “mesoporous 
molecular sieve” MCM-41 with hexagonal packaging of 
cylindrical mesopores (Fig. 5). Inclusion of titanium (IV) is 

Fig. 4   IR spectrum of titania–
silica with a molar ratio of Ti/Si 
equal to 25/75
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Fig. 5   X-Ray diffraction pattern of titania–silica with a molar ratio of 
Ti/Si equal to 25/75.I
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accompanied by their disordering, and d100 reflex is not 
recorded. The main peaks in the low-angle region charac-
teristic of the MCM-41 disappear. This may be due to the 
destruction of the far order in the mesoporous structure 
and the increase in the number of defects in the hexagonal 
capillary packaging.

Undoubtedly, the mesoporous titanosilicate MCM-41 
catalyst with a structure ordered by the Type of MCM-
41, which changes the course and direction of reac-
tions in terpene conversions, opens up new prospects 
for renewable raw materials in the fields of fine organic 
synthesis, including in the production of medicines and 
aromatic substances, organic products of small tonnage 
chemistry, etc. Compared with the works on the synthe-
sis and structural characterization of micromesoporous 
materials, mesoporous zeolites, materials with pores of 
1–2 nm, containing d- metals, and hierarchically organ-
ized porous systems with stable cohesion of micropores, 
mesopores and macropores, providing satisfactory trans-
port of reagents [23–27], the present work is a study of 
the relatively simple low-temperature synthesis of mate-
rials ordered by type MCM-41, and the expansion of their 
use in catalysis as a catalyst for the reaction of isomeriza-
tion of α-pinene epoxide. In theory and in the applied 
field, an adequate reflection of the progress achieved is 
the optimization of the physicochemical properties of 
nanoporous materials by comprehensively characteriz-
ing their texture (porous structure), including analysis of 
pore sizes, surface area, porosity, and pore size distribu-
tion [21, 28–31].

4 � Conclusion

According to adsorption–desorption N2, the texture of 
titanosilicates has the shape of a hexagonal matrix of 
homogeneous tubular channels. Isotherms measured 
correspond to Type IV(a) and hybrid hysteresis of Type 
H5, according to the IUPAC classification, and confirm the 
presence of both open and partially blocked mesopores. 
Such isotherms are observed on the model mesoporous 
adsorbent MCM-41 and confirm that capillary conden-
sation-evaporation can occur in open space with open 
ends about 3–4  nm wide. The obtained titania–silicas 
exhibit catalytic activity in the reactions of isomerization 
of α-pinene epoxide. The main reaction product is cam-
pholenic aldehyde, which is associated with the presence 
of Lewis acidity. Although the reliability of the investigated 
materials for α-pinene is about 94–100%, which proves the 
increase in the acidity of the catalyst due to the presence 
of titanium. A slight increase in the selectivity of the tita-
nia–silica catalyst with increasing F/Si ratio is associated 

with an increase in the strength of acid sites on its sur-
face under constant conditions in the presence of fluoride 
anion. Moreover, the pore diameter and pore volume are 
satisfactory transport agents and do not affect the activity 
and selectivity of the studied materials.
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