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ABSTRACT The paper studies the influence of titanium-containing compounds on the formation of hydrosilicate
nanotubes under hydrothermal conditions. The possibility of titanium ions to enter the crystal structure, and
of titania the nanotube channel, has been analyzed. The influence of temperature on the ratio of compounds
forming under hydrothermal conditions was determined.
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1. Introduction

Both halloysite and chrysotile hydrosilicate nanotubes can be promising for use as fillers of composite materials [1-8],
as quasi-one-dimensional and nanotubular particles in modern devices, in technology and medicine [9-22], as well as pre-
cursors for the production of new materials [23-32]. Despite the existence of an extensive natural stock of nanotubular
halloysite and chrysotile particles [33], their synthetic analogues have a number of advantages. This refers primarily
to chrysotile nanotubes, since information on the synthesis of nanotubular halloysite is very limited. Apparently, the
synthesis of the halloysite Al;SioO5(OH)4 compound free from other ions impurities was described for the first time
in [34]. The difficulties of synthesizing halloysite and the possibilities of overcoming them were analyzed in [35,36]. The
publication of [34] was followed by a number of works [18,37-39], in which halloysite nanotubular particles were also
obtained. Theoretical aspects of the formation of crystalline nanotubular structures of any composition and structure were
discussed in detail in [40—46]. Still, experimentally, the synthesis of only chrysotile nanotubes of different composition
and morphology under different conditions and from different precursors has been studied in more detail [47-58]. There-
fore, studies of the behavior and properties of nanotubes depending on their composition, morphological and dimensional
parameters, use chrysotile hydrosilicate nanotubes, as a rule [59—61], the synthesis methods and conditions for which are
widely presented in the literature [62,63]. One of the advantages of synthetic materials, including nanotubes, compared
to the use of natural raw materials, is the possibility of producing them with a strictly specified composition, morphology
and particle size [64, 65]. Another important advantage of synthetic analogs over natural chrysotile that should also be
noted is their significantly lower toxicity, which was shown in [66]. This advantage is especially important because the
toxicity of chrysotile often limits its practical use [67-71].

Chrysotile structure is characterized by the possibility of isomorphic substitution of cations in both the octahedral and
tetrahedral sublattices. This was noted in many works devoted to both natural minerals [72,73] and synthetically produced
nanotubes [48-58,65,74]. At the same time, the high specific surface area, the large thickness of the interlayer gaps, the
presence of channels which can also harbor impurity components [75-78], makes the answer to the question about the
impurity localization ambiguous, i.e. it can be localized either in the crystal structure (in the octahedral/tetrahedral cation
positions), inside the channels, in interlayers, or on the nanotube surface. Depending on their localization, impurity
components can affect the structure and properties of nanoparticles in various ways.

Titania may be of significant interest as a modifying additive in the synthesis of chrysotile nanotubes. In [25,79], the
titania component was introduced onto the surface of nanotubes by the molecular layering method. In [75,80,81] devoted
to the analysis of the natural chrysotile, it was proposed to consider Ti** ions as isomorphically substituting Mg?* ions
localized in the octahedral sublattice. At the same time, a possibility of entrance of a very small amount of titanium ions
into the magnesium sublattice was pointed out.

In connection with the above reasons, it is relevant to study the nature of titania impurities localization during the
formation of hydrosilicate nanotubes under hydrothermal conditions, including the introduction of titanium-containing
additives in the form of various chemical compounds.
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2. Experimental

Compounds obtained from the interaction of MgO and TiOs taken at 1:1 mole ratio were used as a titania additive for
the introduction into the reaction system. The solid-phase synthesis of the additive was carried out by heat treatment of a
mixture of MgCOj3 (p.a.) and TiO (as Aldrich anatase). The initial components were mixed in a planetary mill, tablets
were pressed and calcinated sequentially at 850, 1100 and 1250 °C.

Magnesium hydrosilicate was synthesized under hydrothermal conditions in aqueous solutions of NaOH with a
0.23 M concentration, isothermal exposure for 24 hours at 300 and 350 °C, and ~ 70 MPa. The components were taken
based on the chrysotile Mg3SioO5(OH)4 stoichiometry (MgO:SiO4 = 3:2). MgO (p.a.) and SiO; (large fine-porous gran-
ular silica gel, GOST 3956-76) were used as the starting components. Additionally, a pre-prepared titanium-containing
additive (calculated as about 6 wt. % in terms of titania) was introduced into the reaction medium.

The shape and size of nanoparticles and the nanotube channel filling parameters were determined using the trans-
mission electron microscopy (TEM) on a JEM 2100-F with an accelerating voltage Uac up to 200 kV. Dimensional
parameters, morphology and elemental analysis of the samples were also determined by scanning electron microscopy
(SEM) and EDX analysis performed on a Tescan Vega 3 SBH (Tescan, Czech Republic) with an EDX analysis attachment
(Oxford Instruments, England).

The phase ratio, crystal structure parameters, and crystallite size of the samples were determined using the X-ray
powder diffractometry data. These studies were carried out on a DRON-3M X-ray diffractometer (Bourevestnik Inno-
vation Center, Russia) in the reflection mode (Bragg—Brentano geometry) using CuK« radiation (A = 1.54 A, nickel
B-filter). The obtained data were processed and peaks identified using the DFWin software package and the ICDD PDF-2
database, as well as the Rietveld method, and the software described in [82].

The specific surface area was determined from the low-temperature adsorption data (BET method). Measurements
were made using a Nova 1200e instrument (Quantochrome).

3. Results and discussion

The X-ray diffraction pattern of a titanium-containing sample after heat treatment at 1250 °C shows that MgTi,Os,
MgTiO3, and MgO coexist in it as the main phases (Fig. 1). The ratio of the proportions of all the obtained compounds
calculated by the Rietveld method and presented in Table 1, made it possible to determine the Mg:Ti mole ratio as 54:46,
which, taking the error of X-ray analysis into account, is close to the (nominal) Mg:Ti ratio of 50:50 specified for the
synthesis.
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F1G. 1. X-ray diffraction pattern of a sample of the titana additive after heat treatment at 1250 °C. The
data on the main compounds detected in the sample are presented as bar diagrams

The X-ray diffractometry data on samples after hydrothermal treatment indicate their multiphase nature; the main
peaks are indicated in Fig. 2. The phase ratio calculated from these diffraction patterns shows that the introduction of
even a small amount of titanium-containing additive (~ 6 wt.% in terms of titania) into the reaction system significantly
affects the phase composition of the reaction products, which varies depending on the hydrothermal treatment temperature
(Table 2).
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TABLE 1. Phase composition of compounds after heat treatment at 1250 °C according to quantitative
X-ray analysis carried out using the software package [82]

Mg:Ti mole ratio (nominal ratio / | phase composition according to X-ray diffractometry data, wt. % / mol. %
calculation based on X-ray

diffractometry data) MgTiO3 TiO4 (rutile) | MgTizO5 MgsTiOy MgO
50:50/ 54:46 27.0/24.9 1.2/ 1.6 51.0/28.2 5.7/39 15.1/414

J 3

\J 2

1
‘ [ | N — | ' Mg,Si,05(OH), (JCPDS 43-662 Chrysotile)

l [ L] — ! - Mg;Si,05(OH), (JCPDS 22-1161 Lizardite, syn.)
[ T W TR TR A TR MgSiO; (JCPDS 35-610)

10 20 3 40 50 60 70
F1G. 2. X-ray diffraction patterns of samples Nos. 1, 2 and 3 (Table 2) after hydrothermal treatment.

The data on the main compounds detected in the samples are presented as bar diagrams

TABLE 2. Phase composition of samples Nos. 1, 2 and 3 after hydrothermal treatment under different
conditions (7', °C; P =~ 70 MPa), according to X-ray diffractometry data

No. | T, °C Mole ratio of compounds in reaction products, mol. %
Mg3SiQO5(OH)4 . . .
(chrysotile + | M&351401000M | o cioy | MoTio, | MeTip05 | 1102 | TIO:

. . (vermiculite) (rutile) | (anatase)
lizardite)

1 350 100 — — — — — —

2 300 93.6 — 1.9 1.6 1.3 1.6 —

3 350 83.8 0.2 12.1 2.7 — 0.2 1.0

Note: sample No. 1 synthesized without addition of titania; samples Nos. 2 and 3 synthesized with the
introduction of a titanium-containing oxide additive (~ 6 wt.% in terms of titania)



Formation of chrysotile nanotubes with titania in the internal channel 383

Comparison of the data given in the Table 3, based on the nominal elemental composition of the samples and deter-
mined by different methods, shows their agreement within the error limits of the methods. Therefore, these data allows
us to assume that the elemental composition of the samples corresponds to the specified one.

TABLE 3. Mg:Si:Ti mole ratio

Sample No. Mg:Si:Ti mole ratio
1 58:42:(-) 58:42:(-) (63£2):(37£2):(-)
2 57.2:38.9:3.9 59.5:39.3:1.2 —
3 57.2:38.9:3.9 58.7:39.7:1.5 (63.7£1.7):(36.0+1.6):(0.3+0.1)

The size of the rutile-structured titania crystallites calculated from the X-ray diffractometry data for the sample after
hydrothermal treatment at 300 °C, was about 8 nm. The sample obtained by hydrothermal treatment at 350 °C had rutile
crystallites of ~ 160 nm, and the anatase-structured titania crystallites were about 3 nm.

The differences in the parameter values of unit cells of the chrysotile nanotubes in samples Nos. 1, 2 and 3 do
not exceed the error limits of the analytical method. This may be due to the extremely insignificant replacement of
magnesium and silicon cations in nanoscrolls with Ti** ions. This conclusion correlates with the data in [75, 80, 81], in
which the entrance of extremely few titanium ions in the magnesium sublattice of natural chrysotile was noted. The slight
replacement of magnesium ions with Ti** ions [75,80,81] can be associated with both the difference in their ionic radii
(Rmg2+vry = 0.86 A, Rrigevy = 0.745 A [83] and with the energy for charge compensation when Mg2Jr ions are replaced
with Ti**. At the same time, the possibility of some replacement of Si** with Ti** ions in the tetrahedral (silicon)
sublattice cannot be excluded, although a comparison of the ionic radii Rsis+av) = 0.40 A with Rrisravy = 0.56 A [83]
shows their significant difference. The ionic radius of Ge** ions is known to be close to that of Ti** ions in the tetrahedral
position (Rge4+qv) = 0.54 A, Rris+av) = 0.56 A [83]), and [36] demonstrated the possibility of Si** cations replacement
with Ge** cations, and stabilization of the nanotubular structure of halloysite, structurally inverse with respect to the
chrysotile structure. Both options for the replacement of both magnesium and silicon ions with titanium ions in magnesium
hydrosilicate lead to the chrysotile structure destabilization due to a decrease in differences in the size of the octahedral
and tetrahedral sublattices and, consequently, to a decrease in the energy effect from the transformation of a flat layer
into a cylinder [40,43]. Apparently, this is related to the fact that even a slight replacement of cations in the structure of
magnesium hydrosilicate with Ti*™ ions, which is poorly detected by changes in unit cell parameters, leads to a noticeable
increase in the lamellar forms of magnesium hydrosilicate according to X-ray diffraction patterns (Fig. 2).

A comparison of the results on the nanoscrolls length distribution, obtained from the scanning electron microscopy
data for samples with and without the introduced titanium-containing additive shows that the influence of the additive on
the nanoscrolls dimensional parameters is small. A similar statement applies to the effect of the hydrothermal treatment
temperature on the outer diameter distribution of nanoscrolls determined from the TEM data.

The TEM data (Fig. 3) show that the channel in a number of nanotubes is partially enriched in a substance containing
elements that are heavier than magnesium and silicon. Since only titanium acts as such an element in this case, it is natural
to conclude that it is the titanium-containing oxide that is located in the nanotube channel, and since the average crystallite
sizes of only titania (rutile-structured after hydrothermal treatment at 300 °C, and anatase-structured after hydrothermal
treatment at 350 °C) are comparable with the dimensions of the nanotube channel diameter (Fig. 3), then the nanotubes
are filled with titania. During hydrothermal treatment at 300 °C, titania nanoparticles have a structure of rutile with
an average crystallite size of about 8 nm. The particles in the channel have an elongated shape that repeats that of the
channel with average dimensions of length Loy &~ 37 £ 16 nm and width drjo; ~ 14 + 5 nm. For empty nanotubes, the
diameter of the internal space (dy) is & 12 £+ 3 nm. An increase up to 350 °C leads to the localization of the main part
of titana in the nanotube channel in the form of anatase with a crystallite size of about 3 nm, and a small part of titania
(rutile-structured, with crystallites of about 160 nm) outside the channel. The distribution of nanotubes with the channel
unfilled with titania according to their internal diameter is close to bimodal (Fig. 3). The average values of the internal
diameter size distribution of these tubes are do(1) ~ 17 + 3 nm and dy(2) ~ 9 & 2 nm. The distribution of nanotubes
with a TiOs-filled channel according to the size of their internal diameter has a clearly defined bimodal character (Fig. 3)
with the internal diameter driox1) ~ 17 £ 4 nm and drio22) =~ 8 £ 1 nm. Anatase particles fill the channel in the form
of discontinuous inclusions with a length Ltio; ~ 42 4+ 3 nm and a width corresponding to the size of the nanotube inner
diameter.

Titania-filled parts of nanotube channels alternate with the unfilled ones (see Fig. 3). Along with that, the characteris-
tic lengths of the titana-filled parts of nanotube channels (Lrioy) are comparable in length with the unfilled ones. It should
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F1G. 3. TEM image of nanotubes with a titania additive obtained under hydrothermal conditions at:
a) 300 °C and b) 350 °C, and the corresponding histograms of the length (LTi0;) distribution of nanotube
titania-filled parts, as well as histograms of the internal diameter distribution of the unfilled (dy), and of
the titania-filled (dti0z) nanotubes

be noted that the length (Ltio2) distribution of the titana-filled parts of nanotubes becomes narrower with the increasing
temperature of hydrothermal treatment (Fig. 3). Taking into account the differences in the structural state (Table 2) and
sizes of titania crystallites in cases of hydrothermal treatment at 300 and 350 °C, it can be concluded that almost all
rutile-structured titania is localized inside the nanotube channel at 300 °C, while at 350 °C most of the titania in the form
of anatase is located inside the channel, and a smaller part of the rutile-structured crystallites sized at about 160 nm is lo-
cated outside the nanotube. Differences in the structural state of titania in nanotubes can apparently be associated with an
increase in the proportion of nanotubes with a smaller channel diameter with the increase in temperature of hydrothermal
treatment, since such changes in the size of spatial restrictions, as was shown in [84], lead to stabilization of the anatase
structure of titania.

It is interesting to note that the parameters of intermittent filling (Lrjo, values) of the nanotube channels with titania
correlate with the characteristic values of the size of chrysotile nanotube pre-nuclei [32, 85, 86] and with the values of
the size of crystallites of which the nanotubes consist, as a rule [87]. This may testify in favor of the aggregation-
accommodation mechanism [88] of nanoscrolls formation. It should be noted that the formation and stable existence of
the above-described formations can be considered as a synthesis of core-shell type structures, in which the core is titania
and the shell is a chrysotile nanotube [89, 90].

Some reduction in the specific surface area of samples obtained with the introduction of titanium-containing additives
during the synthesis of hydrosilicate nanotubes under hydrothermal conditions from Sy, 1 = 58.9 m?/g for sample No. 1
to Snoo = 42.4 m2/g and Sn,3 = 47.3 mz/g for samples Nos. 2 and 3, respectively, can be associated both with the
formation of particles of the non-tubular structured compounds (Table 2) with small values of the specific surface area,
and with the filling of channels of some part of nanotubes with titania, which prevents the entrance of gas into this channel.
However, due to the small values these changes, they cannot be considered critical from the point of view of the use of
materials based on such nanotubes in the cases when variations in the specific surface area are not of great importance for
the effective functioning of the material.
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4. Conclusions

It has been shown that when magnesium titanates are used as an additive in the hydrothermal synthesis of chrysotile,
titania forms and localizes in channels of chrysotile nanotubes. At 300 °C of hydrothermal treatment, titania nanoparticles
have a rutile structure with an average crystallite size of about 8 nm. The particles in the channel have an elongated shape,
repeating that of the channel with average dimensions of length Loy ~ 37 £ 16 nm and width dpjo; &~ 14 = 5 nm. An
increase in the temperature of hydrothermal treatment up to 350 °C leads to the localization of the main part of titania
in the nanotube channel in the form of anatase with the crystallite size of about 3 nm, and of a small part of titania
outside the channel, with the rutile structure and the crystallite size of about 160 nm. Anatase particles fill the channel as
discontinuous formations with sizes Ltios =~ 42 & 3 nm, drioz(1y ~ 17 £ 4 nm, and drioz2) =~ 8 £ 1 nm.
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