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The structural features of the natural chrysotile have been studied by transmission electron microscopy, scanning electron microscopy, energy-dispersive X-ray spectrometry, thermogravimetric and low-temperature nitrogen adsorption techniques. The chrysotile fibers are present as nanotubes of cylindrical morphology of various forms (rectilinear cylinders, cylinders with cup-like ends, tube twins, cylinder-in-cylinder and cone-in-cone tubes) with the outer diameters of 15 -30 nm and the inner ones of 2 -6 nm. The surface areas of the raw and the acid leached chrysotile samples obtained by nitrogen adsorption are 15.3 and 63.6 m 2 /g with the average pore diameter 9.8 and 3.9 nm respectively. The inner and the outer surfaces of the chrysotile nanotubes are evaluated by the geometric method as 16 and 80 m 2 /g. The thermogravimetric analysis reveals two main phases of mass loss associated with dehydration and dehydroxylation (with two overlaying steps) processes. The first phase is attributed to the dehydration reaction at low temperature range 293 -450 K with activation energy in the range 22 -32 kJ/mol. The second phase occurs between 798 and 985 K with activation energy 249 -298 kJ/mol for the raw sample and 130 -146 kJ/mole for the acid treated one.

INTRODUCTION

Nanotubes are an important part of the successful use of modern nanomaterials in the global technologies. A variety of them application has been considered due to their fiber form and the unique mechanical, thermal, and electronic properties. Many nanomaterials, both organic and inorganic nanotubes, are used to produce various novel stuffs, devices, and instruments that determined the progress in nanotechnology [1,2].

In fact, development of the nanotube-based technologies began since 1991 when Iijima [3] discovered the hollow cylindrical unidimensional structures of carbon nanotubes. However, the mineral fibers with hollow cylindrical structure, for example, chrysotile or zeolite offretite have long been aware. Wiese and Tschernich [4] described irregular offretite crystals forming hollow, hexagonal cylinders. Whittaker found the cylindrical lattice of chrysotile by X-ray diffraction [5]. Later, in 1971, the tubular morphology of chrysotile minerals from different mines was confirmed by high-resolution TEM [6]. The fundamental work about hollow cylindrical structure of chrysotile asbestos fibers and other fibrous minerals was issued in 1988 by Skinner with coauthors [7]. Hence nanotubes occurrence is connected not only with carbonic frameworks, but also with various other nanodimensional inorganic tubular structures that may be of immediate interest to study in the light of possible nanotechnology applications. A lot of inorganic nanotubes have been already synthesized with target to use in nanoelectronics as a dielectric matrix [START_REF] Skinner | Asbestos and Other Fibrous Minerals[END_REF]. Considerable recent attention has been focused on natural chrysotile, synthetic chrysotile nanotubes and nanofibrous silica produced from chrysotile [START_REF] Roveri | [END_REF]10].

It is customary to use chrysolite in industry for asbestos-cement production (pipes and sheets), thermal insulation, filtering devices, and friction material for brakes [11,12]. Although manufacture of such traditional materials from chrysotile as well as other asbestos minerals recently decreased considerably in view of risks for health [13], some new applications of this unique mineral develop. For example, chrysotile was tested as a template to synthesize semiconductor wires through filling its hollow nanodimensional core by a conductive material [START_REF] Roveri | [END_REF]14]. The nanowires of Hg, Bi, In, Sb and Pb were prepared by injection of these elements into chrysotile nanotubes [15]. Zhukov and coworkers [16] investigated the specific behavior of water and benzene in asbestos nanotubes. Chrysotile nanotubes can be also used as catalyst supports [17] and as adsorbents of the various surfactants from aqueous solutions [13,[START_REF] Yang | Colloids Surfaces A: Physicochem[END_REF]19].

Possibility of covalent bonding between organosilyl and silanol groups in the acid treated chrysotile was used to prepare new fibrous sheet polymers [20]. Propylamine-modified chrysotile was also described [21]. Possibility of optical second-harmonic generation in ferroelectric nanowires of sodium nitrite embedded into chrysotile nanotubes from a melt or solution was reported by Belotitskii et al [22]. Chrysotile was examined as a dielectric matrix to study mobility of liquids in confinement and as a matrix for hosting quasi-one-dimensional nanostructures [23]. The nanofibrous silica with the high surface area was extracted from chrysotile by the acid-leaching method [24,25]. Recently, chrysotile nanotubes were also synthesized under hydrothermal conditions [START_REF] Roveri | [END_REF]10,26].

The comprehensive characteristics of structural features and physicochemical properties of chrysotile nanotubes can promote their potential applications in nanotechnologies. The aim of this work was to investigate structural features, chemical composition, surface area and pore structure of the natural and the modified chrysotile samples using a set of techniques comprising transmission electron microscope (TEM), scanning electron microscope (SEM) coupled with EDX (energy dispersive X-ray) spectrometer, X-ray powder diffraction analysis, thermogravimetric analysis (TGA) and low temperature nitrogen gas absorption-desorption.

MATERIALS AND METHODS

Chrysotile is a fibrous hydrated magnesium silicate with ideal chemical formula Mg 6 Si 4 O 10 (OH) 8 belonging to the serpentine minerals group. This mineral is generated under hydrothermal condition by hydration of mafic or ultramafic rocks at the temperature up to 350 0 C [27]. Structurally the two-layers sheet of the chrysotile fibril is presented by the internal tetrahedral layer of tridymite (SiO 4 ) covalently bonded with the external octahedral layer of brucite (Mg(OH) 2 ) [26,28]. The structural misfit between the lattice parameters of brucite and tridymite layers (lateral dimension of silicate layer is smaller) causes a curvature explaining the tube-shaped nature of chrysotile [12,29]. The crystal lattice of chrysotile belongs to the monoclinic system and characterized by the following parameters: a = 0.53 nm, b = 0.91 nm, c = 0.73 nm and E = 93 0 [30]. The representative scheme of the chrysotile structure modified by Kumzerov, 2004 [31] is shown in Figure 1. The basic sites dominate on the mineral surface with positive zeta potential between pH 3 and 12 [32]. Falini et al. reported that chrysotile fibers are presented by different mineral states (conical, cone-in-cone, cylinder-in-cylinder, polygonal, and spirally concentric tube) that connected with specificity of the ore growth conditions [33]. Chrysotile structure is closely analogous to lizardite structure with the same difference as between carbon nanotubes and graphite [34]. The largest deposits of chrysotile asbestos are located in Canada, Russia and Kazakhstan. Chrysotile provides about 95% of all asbestos produced [35].

Chrysotile is incombustible, chemically stable, thermally insulating with high electrical resistance. Its fibrils are strong and very flexible [11]. The fibers are characterized by low thermal conductivity (0,3-0,4 W/(m•K), resistance to high temperatures (the structure does not destroyed by heating up to 500-600 0 C), high melting point (about 1500 0 C). They are stronger than steel, highly tolerant of corrosion and much cheaper than synthetic fibers. The measured tensile strength of chrysotile fibers has been reported in the range 1.1-4.4 GPa [29]. The morphology, structure and size of the chrysotile nanotube were examined using scanning electron microscopy (SEM LEO 1430VP) and transmission electron microscopy (TEM JEOL 1010). In order to make the TEM image of the chrysotile fibers cross-section, the sample was embedded in the LR Gold resin that polymerized after adding benzyl peroxide (1%) at -20 0 C. Then the material layer (70 nm thick) was cut off using and placed on a nickel form war-coated grid. The TEM microphotographs of the chrysotile fibrils Leica Ultracut ultramicrotom were obtained at 100 kV.

The chemical composition of the natural chrysotile and effect of the acid treatment of the sample were examined using EDX spectrometer (detector XFlash 4010 Bruker AXS) coupled with scanning electron microscopy. The X-ray diffraction patterns of the natural and the by the 2 M HCl solutions were obtained by X-ray diffraction analyses using X'Pert Pro diffractometer, Cu KD1 radiation (O = 1.5406 Å; 40 kV, 40mA) and the samples were scanned from 0° to 70° (2T in step sizes of 0.04° and a counting time of 1.0 s for each step.

Differential thermal analysis -thermo gravimetric analysis was carried out using a TGA-DTA Thermal Analysis Instruments SDT2960 derivatograph. The thermal behavior of the chrysotile before and after acid treatment was investigated in the temperature range 20-1000 °C and with a linear heating rate of 10 °C /min in nitrogen.

The activation energy of the dehydration degree of the chrysotile was estimated by data of the TG curve using the first-order kinetic equation (1) and the Arrhenius equation ( 2):

m = m 0 exp(ík*('T/W) (1) 
E a = [R *T 1 *T 2 /(T 1 -T 2 )] * ln[k 1 /k 2 ] (2) 
where, k (min í1 ) is the rate constant of mass loss, m 0 and m are the initial and the current mass of the sample, respectively, W is the heating rate (K min -1 ), R is the gas constant (8.314 J min -1 K í1 ), T is the temperature (K), E a is the energy of activation (kJ min -1 ), A is the preexponential coefficient (min -1 ), k 1 and k 2 are rate constants of mass loss of two different steps of the TG curve, and T 1 and T 2 are the finish temperatures of the different steps of the TG curve. The rate constant k 2 corresponds to the isokinetic step of the abrupt weight loss (steep slope of the TG curve with the significant DTG pick), while k 1 is the rate constant of the isokinetic step of the moderate weight loss (TG curve's section (baseline) directly before the DTG pick or directly after the same of the first steep slope of the TG curve). Possibility of use of the kinetic parameters of the thermogravimetric analysis to estimate energy of the phase transformation was based in the works of Kissinger [36], Coats and Redfern [37] and Ozawa [38].

By comparison, the activation energy was evaluated by the Arrhenius equation using data of the DTG curve:

E a = [R *T 1 *T 2 /(T 1 -T 2 )] * ln[V 1 /V 2 ] (3) 
where V 1 is the rate of mass loss (mass loss %/min) corresponding to the DTG curve section adjacent directly to the DTG pick (baseline) and V 2 is the rate of mass loss (mass loss %/min) at the DTG pick with all other symbols having been explained already.

Parameters of the chrysotile porous structure were determined by low-temperature nitrogen adsorption/desorption method. Nitrogen adsorption isotherms at 77 K were measured applying ASAP 2010 (Micrometrics, Norcross GA, USA) volumetric adsorption apparatus.

The samples were desorbed at the temperature of 200 0 C under vacuum (10 -3 Torr) during 8 h to attainment of the constant mass. The adsorption data allowed the specific surface area, the total pore and the micropore volumes and the average pore diameter (D) to be calculated. The specific surface area S BET was evaluated from the adsorption isotherms according to the Brunauer-Emmett-Teller (BET) method. The total pore volume V total was evaluated by converting the volume of nitrogen adsorbed at p/ps 0.98. The mesopore surface area S BJH and the mesopore volume V BJH were obtained by Barrett-Joyner-Halenda (BJH) method applied to the adsorption branch of the nitrogen isotherm. The micropore volume (Vmic) and mesopore surface (Sext) of the samples were assessed also by the t-plot using the Harkins-Jura (HJ), the Halsey (H), and the Dubinin-Radushkhevich (DR) equations.

The geometric method was also applied to evaluate the chrysotile porous structure parameters. The external and the internal surface areas of the chrysotile nanotubes were calculated via the following expression:

S = [(1/(3.14 * r 2 * L )*(2*3.14 * r * L)]/U = [(1/V)*Si/e]/U ( 4 
)
where S is the specific surface of the external or the internal surface of an individual chrysotile nanotube (m 2 /g), g is the chrysotile density (2.53 g/cm 3 ), Si/e is the external or the internal surface of a nanotube (m 2 ), V and L are the volume (cm 3 ) and the length of a nanotube (cm) respectively, r is the external or the internal radius of a nanotube (cm 3 ).

The internal volume of the chrysotile nanotube was computed by the following expression: where Vsi is the sum internal volume of the chrysotile nanotubes (cm 3 /g), Vi is the internal volume of an individual nanotube (cm 3 ), V is the volume of an individual nanotube (cm 3 ). In this method the chrysotile tubes were approximated as hollow rectilinear cylinder 1 cm in length, 4 and 20 nm in the internal and the external diameters.

RESULTS AND DISCUSSION

Scanning electron microscopy

The images in Figure 3 show revealed morphology and sizes of the chrysotile fibers. The photomicrographs at the lowest magnification (Figure 3A) illustrate bundles of the chrysotile fibers from about 50 to 10 micrometers in size. Heterogeneity of these bundles as well as their ability to splitting-of processes (see squares in Figure 3A) with generation of thinner bundles can be observed. The detail observation at higher magnification (Figures 3C -3F)

demonstrates division of the separate bundles along the fiber axes into thin bundles and single chrysolite's fibers. The least bundles are one micrometer in average in size (Figure 3E), while the single fibers are about 50 nm and less (Figure 3F). Figure 3B demonstrates high flexibility of the fibers. Evidently, the fibers are very elastic with no broken traces. The chrysotile bundles with fluffing out of their ends are observed in a beam of the fibrils that have been specially incised to study their head ends (Figure 3D). It may be a relax effect of the bonding force of the individuals fibers in the bundles according to easy strain of densely packed bundles after mechanical section. The chemical compositions of the raw chrysotile and the chrysotile treated by 2M HCl obtained using SEM-EDX are shown in Table 1. The EDX spectra show that oxygen, magnesium and silicon are the base elements of the both chrysotile samples with presence of iron and aluminum in small amounts. Iron and aluminum may be included in the chrysotile structure or be present as mineral admixtures. Incorporation of these elements into the chrysotile crystal structure was recently indicated by spectroscopic study [39]. Possibility of magnesium substitution for aluminum in the structural brucite layer and silicon substitution for iron in the silicate sheets was reported by Brindley and Brown [START_REF] Brindley | Crystal Structure of Clay Minerals and their X-Ray Identification[END_REF] and Martin and Phillips [START_REF] Martin | [END_REF]. It is well known that sodium, calcium, nickel, chromium, cobalt or manganese also can be present in accessory minerals of the chrysotile. But the mentioned elements have not been detected due to too low detection limit of the EDX.

The data of Table 1 shows that molar ratio of magnesium and silicon makes up from 17 to 10 in the raw chrysotile, but from 8 to 10 in the leached one. It testifies that acid treatment resulted in partial destruction of octahedral layers of the raw chrysotile with leaching of magnesium. Other researchers reported that intense acid treatment can lead to almost complete washout of magnesium and this treatment method is used to obtain the nano-fibri silica forms from the chrysotile [24,25]. Dependence between intensity of magnesium diffusion from octahedral sheets and acid concentration, temperature, and fiber morphology was established [42].

Table 1. The elementary composition of the chrysotile samples (quantitative EDX analysis).

But contents of aluminum and iron do not decrease after the acid treatment that allows assuming that these elements are not present in the chrysotile as exchangeable ions, but in the form of weakly soluble accessory minerals or in the isomorphic form in the tetrahedral layers. The partial disappearance of peaks for the leached chrysotile was indicated at diffraction angles: 35.9 0 , 40.0 0 , 43.3 0 and 52.7 0 (Figure 4A).

These results supported the fact that the applied concentration of acid solution (2M HCl solution) and processing time (4 h) were insufficient to effective destroy of magnesium hydroxide layer and change of crystal structure of the chrysotile during the leaching process.

But the data obtained using SEM-EDX showed that a considerable percentage of magnesium was washed (Table 1). Therefore, in this case only partial (fragmentary) leaching of octahedral layer can be noted and thus the crystal structure is preserved. 

Transmission electron microscope study

The Figure 5 shows microphotographs of various forms of the chrysotile nanotubes that have been found using the TEM. The TEM images shown in Figures 5A and5B demonstrate cross section of some bundle of the chrysotile at different magnifications. One can see that the chrysotile is present in nanotubular states as rectilinear cylinders (1), cylinders with cup-like ends (2), and cylinders with deformed "cups" (3). Outer diameters of individual nanotubes range from 15 to 30 nm and iinner diameters do from 2 to 6 nm. But the modal values of sizes are about 4 nm for inner diameters and 20 nm for outer ones. As a result of the study samples of different serpentine deposits Yada [6] noted that the chrysotile tubes 22 -27 nm in outer diameters and 7 -8 nm in inner diameters are of greatest abundance. Olson and coworkers reported that the chrysotile is presented by long hollow tubes with typical external diameters about 20-40 nm, internal diameters 2 -8 nm and length of individual tubes about 1 cm or longer [10]. The chrysotile nanotubes obtained by synthesis method are characterized by the average outer diameter 14 nm and the average inner diameter of the channel 3 nm [10]. But these synthetic tubes were shorter (from 10 nm to 600 nm) than the raw ones. According to some other data synthesized chrysotile nanotubes were about 7 nm in internal hole diameter, while their external diameters ranged from 20 to 50 nm [26].

It is also very interesting that comparison of morphology of the natural chrysotile nanotubes and multiwall carbon nanotubes through observations in the TEM demonstrated striking similarity of the mentioned kinds of nanotubes [2].

Figure 5. The TEM images of the chrysotile fibers structure (the forms of the chrysotile nanotubes: 1 -rectilinear cylinders, 2 -cylinders with cup-like ends, 3 -cylinders with deformed "cups", 4 -folded structure of the "cup" walls, 5 -phenomenon of tubes twinning, 6 -cylinder-in-cylinder, 7 -cone-in-cone).

Reports about the chrysotile models of rolled structure may also found in the published sources [START_REF] Skinner | Asbestos and Other Fibrous Minerals[END_REF]33,43,44], but this structure of the fiber was not observed in the obtained TEM microphotographs. In our opinion, the deformed cup-like ends of the chrysotile tubes may look like as the rolled structure fragments.

The chrysotile nanotubes with clearly expressed cup-like ends (3) are presented in Figures 5C,4D, 4E and 4F. We assume that these cup-like forms of the nanotube ends can be caused by destruction of the magnesium octahedral layers and tensile deformation of silicon tetrahedral layers in end parts of nanotubes during preparation procedure of sample for the TEM study.

This hypothesis may be confirmed by some published data concerning elastic properties of tetrahedral layers [31,45,46,47]. In particular, elastic properties of the tetrahedral layers of montmorillonite were considered [45]. The ability of the silicon layers to stretching was described in the work of Fudouzi and Sawada [46]. The authors also noticed that if the silicone sheet was stretched in the horizontal direction it was reduced in size in the vertical direction. The elongation of tetrahedral and octahedral chains along the chrysotile fibers was investigated in the study of Kumserov and coauthors [31]. As a result of examination of pressure effects on structural changes of chrysotile Mookherjee and Stixrude established the elastic instability and the linear compressibility anisotropy of the mineral [47].

In our study diameters of top circles of "cup" range from 40 to 60 nm (Figure 5C) and are about two times higher than the base diameters. It may be assumed that tetrahedral layers in the tube ends are deformed and stretched in direction of b axis.

The deformation of the chrysotile nanotubes with generation of cup-like endings leads to the formation of folded structures (4) on the "cup" walls (Figure 5D). Figure 5 D also images the phenomenon of crystal twinning (5). The cylinder-in-cylinder ( 6) and cone-in-cone (7) morphology of the chrysotile tubes are demonstrated in Figures 5E and4F respectively. These both forms were observed in investigation of synthetic chrysotile [10,26]. The cylinder-incylinder morphology of the tubes seems to be presented as a special case of the tube consisting of several layers destroyed fragmentary. But origin of the cone-in-cone morphology forms may be connected with influence of some specific admixtures in growing process.

The hypothetical models of the chrysotile nanotubes are demonstrated in Figure 6. Unfortunately, the published works report mainly results of investigation of nanotubes (chrysotile, carbon, etc.) using electron microscopy in longitudinal projection. Only rare and virtual images of cross sections can be found in the publications without interpretation about the morphology origin. Cross section images are used to confirm the tubular structure.

In Figure 7 the published TEM images demonstrated the cross-section and the longitudinal morphology of chrysotile and other nanotubes are compiled. According to our interpretation of the TEM microphotographs presented in Figure 7 diameters of nanotubes in cross-section are evidently greater than in longitudinal position. cross sections of chrysotile nanotubes with outer diameters ranging from 24 -60 nm (Figure 7C) to 100 nm and greater (Figure 7D). These images present only section of nanotube perpendicular to the tubes axes. In this case it is hard to discuss a possible deformation of the tubes tips. The TEM studies of chrysotile tubes in longitudinally position showed that individual chrysotile tubes is generally about 20 nm in diameter [2,6,49]. Thus it may be admitted that larger diameters observed in the TEM microphotographs of chrysotile cross sections are caused tensile deformation in top of cutting tubes. Possibility of structural plastic deformation in walls of chrysotile tubes was also reported by Cressey and Cernik [49] and Dodony [51].

The TEM images with the shape extension in transverse sections of carbon nanotubes are demonstrated in Figures 7G,7H, 7I and 7J [52, 53, 54 and 55]. Effect of stretching of the truncated tube ends can also be seen in the TEM image of MoS 2 nanotubes (Figure 7K) [56].

But the cup-like ends are especially well visible in titanium oxide nanotubes (Figure 7L) [57].

The TEM micrograph demonstrated in Figure 7L shows that cross section of titanium oxide tubes has typical diameters of about 200 nm, while the SEM micrograph of higher magnification (insert L1 in Figure 7L) presents that the same nanotubes are about 100 nm in outer diameter.

Nitrogen adsorption/desorption study and geometric method of calculation.

The low temperature nitrogen adsorption-desorption isotherms of the raw and the acid-treated chrysotile are shown in Figure 8. The forms of the both isotherms generally look like the isotherms of type IV with hysteresis loops of type H2 that is characteristic for mesoporous material according to the classification of IUPAC. The hysteresis loop of the raw chrysotile (Figure 8A) is manifested at high relative pressure from 0.85 to 1. Wang and coworkers reported that so high p/p 0 ratios of the hysteretic loop of nitrogen adsorption on nanofibriform silica and chrysotile correspond to large pores among neighboring fibers [35]. Very low nitrogen adsorption at the initial relative pressures indicates the practical absence of micropores in the raw chrysotile.

In contrast with the raw chrysotile the acid-treated sample exhibits a two-stage H2 hysteresis loop at relative pressure ranged from 0. conditioned with open interconnected system of mesopores with cage structures and blocking of the ink-bottle type pores [59,60]. The origin of such two-step desorption isotherms was explained also with existence of both open and blocked cylindrical mesopores in porous structures [61]. Presence of such hysteresis loops was explained due to some variations in the pore diameters along the pores [58]. The similar step-wise desorption isotherm of leached chrysotile was described in the study of Van der Voort et al [62]. Blocking of channels of natural chrysotile nanotubes can be caused by the remnants of mineral-forming fluids and formation of various mineral impurities during the long geological history of chrysotile deposits. The BJH pore-size distribution of the chrysotile before and after acid treatment is presented in Figure 9. The modal pore size of the raw sample was found as 3 nm (Figure 9A) with insignificant part of mesopores in a wide range from 5 to 20 nm. Figure 9B shows pore size distribution curve of the leached chrysotile with the highest adsorbed volume in pores of about 5 nm in diameter. The most part of nitrogen was sorbed in the pores with diameter of 2 -7 nm. The average pore diameter of the raw chrysotile obtained by BJH method (9.8 nm) is higher than the same of the treated chrysotile (3.9 nm) because the internal pores of the raw sample tubes are not always clean and part of wide mesopores between the individual tubes in tube bundles is significant.

Acid treatment of the chrysotile also leads to appearance of micropores of about 1 nm and less in diameter. It can be assumed that the micropores may appear as a consequence of destruction and plastic dislocations of the chrysotile sheets under influence of acid treatment.

The surface areas and the pore volumes of the samples calculated using the BJH method are presented in Table 2. The cumulative pore volumes of the chrysotile mesopores before and after acids treatment evaluated from adsorption curves were 0.014 and 0.038 cm 3 /g respectively. The surface areas of the raw and the leached chrysotile samples were calculated by the BJH method as 15.3 and 63.6 m 2 /g respectively. The acid treatments of the chrysotile nanotubes resulted in growth of the pores volume and the surface area due to removal of mineral admixtures from the channels.

Figure 9. Pore size distribution of the raw (Figure 9A) and the 2M HCl leached (Figure 9B) chrysotile calculated by BJH method from the adsorption branch of the isotherm.

The specific surface areas calculated by BET equation (Table 2) are 11.6 and 33.8 m 2 /g for the raw and the leached chrysotile samples respectively. The SBET value of the sample enlarged by the factor three as a result of 2M HCl leaching, but leaching of the chrysotile using HCl at 100 0 C to obtain nanofibriform silica resulted in the significantly higher BET surface area (368 m 2 /g) [25].

Based on the nitrogen adsorption/desorption method Morgan determined [63] the BET surface area of the chrysotile samples obtained from six different deposits in the range from 16 to 27 m 2 /g with anomalous value 59 m 2 /g of one deposit sample. Mendelovici with coworkers reported the specific surface area of natural chrysotile as 16.7 m 2 /g [64]. The BET surface area of naturally occurring asbestos varies generally from 10 to 20 m 2 /g [10]. As one can see in Figure 10 and Table 2 values of the micropores' volumes obtained from the Halsey and the Harkins-Jura t-plots are in close agreement, while the same values calculated by the Dubinin-Radushkevich plot are some higher (about 40% and 20% for the raw and the leached samples respectively). But in terms of the absolute units the mentioned difference is small taking into account very low volume of micropores. The micropores volumes calculated by the t-plots are about 7% and 20% of the mesopores volumes obtained by the BJH method for the raw and the leached chrysotile respectively. As a result of the chrysotile leaching the micro-and the mesopores' voids have increased by a factor of 7 and 2.7 times (Table 2).

Values of the external surface area calculated by the t-plots and the BJH method are in good agreement with one another, especially in the case of the leached chrysotile. Values of the surface area obtained by the BET plot method are a little less than the above-mentioned ones, but it can be explained by the fact that this method covers a smaller range of the relative pressures than the t-lpots.

Figure 10. The t-plots of nitrogen adsorption onto the raw and the acid leached chrysotile.

Some parameters of the chrysotile porous structure are also estimated by the geometric method using the average geometric dimensions of the nanotubes derived from the TEM observation with the given chrysotile density of 2.56 g/cm 3 . The specific surface areas and the internal pore volumes of the raw and the leached chrysotile nanotubes calculated by equation 1, 2 and 3 are presented in Table 3.

The sum values of the inner and the outer surface of the chrysotile nanotubes calculated by the geometric method are about six times higher than the same values of the raw samples obtained by the different techniques using the nitrogen adsorption/desorption method (Table 2). But the surface areas of the leached samples evaluated by the BJH, the HJ and the H techniques are smaller than the total value of the surface area obtained by the geometric method by a factor of 3. Such difference is conditioned by the fact that the geometric method is based only on calculation of the certain amount of ideal nanotubes with clean channels and pores between the tubes in bundles are not taken into account.

Table 3. The porous structure parameters of the chrysotile nanotubes calculated by the geometric method.

Specific surface area, m 2 /g Pore volume, cm 3 /g S external S internal V internal phase is probably due to dehydration of physically sorbed water molecules from the mineral tubes surface [65]. Intensity of dehydration process is expressed by clear peaks of the DTA and the DTG curves at temperature 307 and 314 K for the raw and the treated samples respectively. It should be noted that in case of the raw sample the dehydration process has gone on slowly up to temperature about 450 K with flattening of the TG curve slope (Figure 11A) and it follows that the temperature range of dehydration of the raw chrysotile seems to be wider as of the treated one. The fact that the weight loss of the acid leached chrysotile is higher than the same of the raw sample is also deserving of attention. The mentioned characteristics of the treated chrysotile (the higher weight loss and the more narrow temperature range) may be connected with unblocking of the nanotube channels of the raw chrysotile during the leaching process resulting in increase of the surface area and adsorbed water amount. Unlocking of the channel accelerates diffusion of adsorbed water molecules and narrows the temperature range of dehydration. The diffusion from the external surface of the chrysotile tubes is probably very fast in the both type of the samples. The more intensive dehydration of the chrysotile was found in the completely leached sample at heating temperature less 373 K with about 10% weight loss [66].

The second phase expressing in abrupt weight losses on the TG curve in temperature ranges 844 -985 K (weight loss about 10 %) and 798 -955 K (weight loss about 11 %) for the raw and the treated chrysotile is associated with dehydroxylation processes. These temperature ranges are accompanied with the clear peaks of the DTG curves corresponding well with the endothermic peaks of the DTA curves. But Figure 11 demonstrates the evident bimodal character of these peaks (especially the DTG peaks) with manifestation of the main peak at 854 and 914 K for the raw and the treated samples respectively. Such bimodal peaks may be divided into two subpeaks with their own temperature ranges. On this basis the second phase of the weight loss should be divided into two steps (step I and step II) with the following temperature ranges: 844 -908 K and 908 -985 K for the raw chrysotile and 798 -841 K and 841 -955 K for the treated sample (Figure 11). The similar two-step weight loss in the chrysotile dehydroxylation was also indicated by other researchers [65,67]. This phenomenon was explained by presence of two types of the chrysotile particles with different reactivity [67]. MacKenzie and Meinhold [65] reported that thermal behavior of the chrysotile is characterized by two different steps of dehydroxylation processes. In this case the first dehydroxylate step is due to unchanged part of the original chrysotile while the second one appears by formation of forsterite. These conclusions seem to be acceptable. According to this study results intensity of the first dehydroxylation step was also reduced considerably owing to acid leaching and removal of the significant part of magnesium. Relation between the first dehydroxylation step and octahedral layers of the chrysotile should be noticed. It may be assumed that the part of chemical coordinated water molecules could migrate from octahedral magnesium layers to tetrahedral silica layers (or remain between silica layers after leaching of magnesium layer in walls of chrysotile tubes) under the temperature condition of the first dehydroxylation step. Then the chemical coordinated water molecules connected with tetrahedral layers as silanol groups are removed at higher temperature.

The complete dehydroxylation of the chrysotile took place at 985 and 964 K for the raw and the treated samples with the endothermic peaks of 953 K and 920 K respectively (Figure 11).

The complete dehydroxylation of the raw chrysotile samples with the broad endothermic peak in the temperature range 873 -1073 K was reported by other researchers too [65,68]. The dehydroxylation of the chrysotile with endothermic peak at 923 K was described recently by

Viti [69] and Zaremba and coworkers [70].

On further heating, the exothermic peaks at ~1100 K which are not accompanied by any weight loss appear in the DTA curves of the both chrysotile samples. According to the published data such exothermic reaction corresponds to recrystallization of chrysotile into forsterite (Mg 2 SiO 4 ) [69].

The total mass losses of the raw and the treated chrysotile are evaluated as 14.6 and 17.1 % respectively (Figure 11). About two-thirds of the observed difference (2. 44 kJ/mol) was determined in investigation of dehydration of the amorphous silica using the mass spectrometric thermal analysis [START_REF] Zhuravlev | Structurally bound water and surface characterization of amorphous silica[END_REF]. The dehydration enthalpy of kaolinite was evaluated as 44.4 kJ/mol by calorimetry analysis [73]. The activation energy of dehydration period of clay sample at temperature from 373 K to 673 K was established as 67 kJ/mol by Dutta with coworkers [67]. The termogravimetric analysis of single-walled aluminosilicate nanotubes showed that complete dehydration was achieved at 523 K in a vacuum [74]. Three dehydration endotherms of ferruginous smectite were found at about 333, 373 and 433 K [75]. The activation energy of the dehydroxylation phase of the untreated chrysotile was evaluated in the ranges 249 -256 and 283 -298 kJ/mol of the first (phase IIa) and the second step (phase IIb) of this phase (Table 4). The dehydroxylation phase of the treated sample is characterized by significantly lower activation energy within the ranges 130 -132 and 141 -146 kJ/mole of both dehydroxylation steps. It may be concluded that two dehydroxylation steps as well as two types of the chrysotile samples differ from one another by activation energy values. The activation energy of the first dehydroxylation step is lower than the second one and the raw chrysotile sample is characterized by significantly higher energy of the both dehydroxylation steps comparing with the treated one.

The activation energy of dehydroxylation of chrysotile asbestos in temperature range 893 -1023 K was determined as 184 kJ/mol using kinetic data and the classical Avrami model [68].

The determined values are in rough agreement with the same values obtained in this study.

The similar values of the dehydroxylation activation energy were also calculated for other clay minerals. For example, the activation energy of dehydroxylation of pyrophyllite is approximately 200 kJ/mol by Stackhouse and coworkers [76] and 224 kJ/mol with the top of the DTG peak at 923 K according the results of Perez-Rodriguez with coauthors [77]. Bray and Redfern reported that kinetics of dehydroxylation of montmorillonite was running in the temperature range 723 -873 K with activation energy 50 kJ/mol [71]. The value 197 kJ/mol was determined for kaolin [78] and 278 kJ/mol was estimated for dehydroxylation period of kaolinitic clay sample [68]. The activation energy 169 kJ/mol with endothermic peak at 832 K was determined for dehydroxylation of halloysite clay containing over than 95% of mineral halloysite [79]. Dehydroxylation of brucite (Mg (OH) 2 ) was carried out with an apparent DTG peak at temperature 668 K and activation energy 188 kJ/mol [80]. On the basis of the above published data the activation energy values of dehydroxylation of various clay minerals are from 169 kJ/mol for halloysite to 278 kJ/mol for kaolinitic clay. It should be noted that although the halloysite is chemically similar to kaolinite, but contains some additional water and its energy of dehydroxylation is lower. In this study values of energy in the range of 249 -298 kJ/mol for the raw chrysotile and 130 -146 kJ/mole for the acid treated chrysotile that is more hydrated (weight loss is more than 15%) have been obtained. Dependence of the dehydration energy on amount of water molecules in the material structure is confirmed by the published results. Zhuravlev found that the activation energy of water desorption from amorphous silica could vary in the range of 87 -207 kJ/mol and concluded that the energy value decreased with increase of OH groups coverage on the surface [START_REF] Zhuravlev | Structurally bound water and surface characterization of amorphous silica[END_REF]. Decrease of the dehydration energy (in the range 154.4 -56.1 kJ/mol) with growth of water content in clay minerals structure was also reported [81].

CONCLUSIONS

The raw chrysotile is presented by bundles of fibers about 50 to 10 micrometers in size, which are able to splitting with generation of thinner bundles up to one micrometer. The outer diameters of individual nanotubes vary from 15 to 30 nm, while the inner diameters range from 2 to 6 nm. The single chrysolite fibers are presented by cylindrical nanotubes of various forms: rectilinear cylinders (the most widespread), cylinders with cup-like ends, cylinder-incylinder and cone-in-cone tubes. The manifestation of the cup-like ends in the chrysotile nanotubes is probably caused by destruction of magnesium octahedral layers and stretching deformation of silicon tetrahedral layers (relax effect) in the end parts of nanotubes.

The nitrogen adsorption isotherms of the raw and the acid leached chrysotile are similar to type IV pattern with the hysteresis loops of type H2 according to the classification of IUPAC and suggesting mesoporosity of the material containing both open and plugged mesopores.

The surface areas of the raw and the leached chrysotile sample are evaluated using the BJH method as 15.3 and 63.6 m 2 /g respectively. The surface area calculated by the BJH method is in good agreement with the external surface obtained by the Halsey t-plots. The average pore diameter of the raw chrysotile (9.8 nm) determined by the BJH method is higher than the same parameter of the treated chrysotile (3.9 nm), because the tube channels of the raw materials are not always clean and a part of wide mesopores between the tubes in bundles is more significant.

The sum inner (16 m 2 /g) and outer surface (80 m 2 /g) of the chrysotile nanotubes calculated by the geometric method is about six times higher than the surface values of the raw samples List of Tables Table 1. The elementary composition of the chrysotile samples (quantitative EDX analysis).

Table 2. The basic parameters of the chrysotile porous structure evaluated by nitrogen adsorption method.

Table 3. The porous structure parameters of the chrysotile nanotubes calculated by the geometric method.

Table 4. Kinetic parameters of dehydration and dehydroxylation of the chrysotile samples obtained by the thermogravimetric analysis. 
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 1 Figure 8B) that suggests existence of open and plugged mesopores. The loop stage at lower relative pressure (p/p 0 = 0.4 -0.8) may indicate a void in the chrysotile nanotube's channels formed after acid leaching processes. But the loop type of this stage can also correspond to the partially blocked channels. Kierlik with coworkers explain the same isotherm loop by diameter variations along the pores [58]. The second stage of the hysteresis loop (p/p 0 = 0.8 -1) can be attributed to open mesopores and macropores. According to the published data this kind of isotherm hysteresis loop is
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  -plots with the Halsey (H), the Harkins-Jura (HJ) and the Dubinin-Radushkevich (DR) equations corresponding to the derived isotherms are shown in Figure 10. Two different stages are presented by the Halsey and the Harkins-Jura plots (Figure 10 A, B, D and E). The first stage corresponding to very low relative pressure (p/p 0 < 0.25) represents nitrogen adsorption in micropores. The points of straight lines at so low relative pressure describe the micropores volume. The second stage conforms to nitrogen adsorption in meso-and macropores. The straight lines intercept with the adsorption axis presents the nitrogen volume in mesopores as monolayer or the so-called "external surface area". Intercepts of the straight line with the adsorption axis in the Dubinin-Radushkevich plots (Figure 10C and 10F) correspond to micropores' volume.
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 4 The thermogravimetric study TG, DTG and DTA plots of thermal stability of the raw and the acid treated chrysotile are shown in Figures 11A and 11B. The TGA curve displays two distinct phases of mass loss of the chrysotile samples with temperature increase. The first phase appears as a steep slope of the TG curve in low temperature range 295 -313 K (weight loss 0.4 %) for the raw sample and in temperature range from 293 to 340 K (weight loss 3.7 %) for the treated sample. This

  5 %) falls to the share of the dehydration phase at low heating temperature and about one-thirds falls to the share of the dehydroxylation phase of the treated sample. The temperature range of the dehydroxylation phase for the raw sample was shifted 50 degrees up. This phenomenon is probably caused by the higher water content of the acid treated chrysotile.

Figure 11 .

 11 Figure 11. The thermal stability of the chrysotile samples (TG/DTG/DTA curves).

  obtained by different techniques using the nitrogen adsorption/desorption method. But the surface areas of the leached samples evaluated by the BJH, the HJ and the H techniques are smaller than the total value of the surface area obtained by the geometric method by a factor of 3. The thermogravimetric analysis of the chrysotile samples up to temperature of 1273 K revealed two main phases of mass loss accompanied by clear peaks of the DTG curves. The first phase is attributed to the dehydration reaction at low temperature range 293 -450 K with values of the activation energy in the range 22 -32 kJ/mol. The second phase is due to the dehydroxylation reaction with two overlaying steps occurring between 798 and 985 K with significantly higher values of the activation energy of the raw sample (249 -256 kJ/mole of the first step and 283 -298 kJ/mol of the second step) in comparison with the acid treated one (130 -132 kJ/mole and 141 -146 kJ/mole for the first and the second step respectively). The phenomenon of lower activation energy and shift of the dehydroxylation phase 50 degrees down of the treated chrysotile is probably due to higher contain of water molecules and changes of sheets' composition in the chrysotile as a result of the acid treatment.
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Table 2 .

 2 The basic parameters of the chrysotile porous structure evaluated by nitrogen BJH S extHJ S extH V total V mesBJH V micHJ V micHJ V micDR

	adsorption method.		
	Sample	Specific surface area, m 2 /g	Pore volume, cm 3 /g	D BJH,
	S BET S Raw 11.6 15.3 8.7	14.2 0.051 0.014	nm 0.0011 0.0011 0.0019 9.8
	Leached 33.8 63.6 56.5	60.1 0.074 0.038	0.0047 0.0047 0.0096 3.9

Table 4 .

 4 Kinetic parameters of dehydration and dehydroxylation of the chrysotile samples obtained by the thermogravimetric analysis.

	Phase,	DTG peak,	K 1 ,	K 2 ,	Ea(k),	V 1 ,	V 2 ,	Ea(V),
	T range, K	K	min -1	min -1	kJ/mol	% min -1	% min -1	kJ/mol
	Raw chrysotile							
	I, 295 -313	307	0.00138 0.00242 23.9	0.0927	0.1835	29.0
	II a, 844 -908	884	0.00058 0.00712 249.6	0.0589	0.6533	256.7
	II b, 908 -985	953	0.00058 0.01095 283.7	0.0589	1.2980	298.6
	Leached chrysotile							
	I, 293 -340	313	0.00169 0.00615 22.7	0.1627	1.006	32.1
	II a, 798 -841	834	0.00125 0.00347 132.4	0.1055	0.2883	130.4
	II b, 841 -955	914	0.00268 0.04327 146.2	0.1055	1.235	141.6
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