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Abstract—Thermodynamic characteristics and water evaporation mechanism from silica structure in tem-
perature range 100—1000°C have been studied by thermogravimetry, mass spectrometry, 'H and 2°Si NMR.
It has been shown that liquid, surface-bound, and molecular-dispersed water is present on the surface and in
the bulk of silica particles. The role of different (OH),, groups in the structural change of silica upon thermal
and thermal steam treatment has been shown. A method for preparation of anhydrous silica used in the man-
ufacture of high-quality quartz glass has been proposed.
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INTRODUCTION

Water in dispersed oxides is a thermodynamically
complex system that depends on the properties of ini-
tial oxides (particle size, specific surface area, mor-
phology, admixture composition, etc.) [1-5]. In turn,
the properties of prepared oxide materials upon syn-
thesis in aqueous medium, in particular on hydrother-
mal and thermal steam treatment, are dependent on
the form of water involved in their structure. The ratio
of different types of hydrogen bonds between water
molecules and bonds between water molecules and
elements of metal oxide scaffold plays a key role in the
formation of resultant material [3—7]. For silicon
dioxide, this interaction includes the binding between

silanol ESi—OH, silanediol >Si(OH)2, silanetriol

—Si(OH);, and siloxane ;Si—O—Sié groups and
water molecules on the surface and in the bulk [8, 9].
The interaction between silicon—oxygen scaffold of
silica and water clusters of reaction medium are espe-
cially efficacious to control the properties of prepared
materials, which fundamentally affects the most
important thermodynamic parameter such as evapo-
ration enthalpy [10]. This is due to the fact that evap-
oration process generally includes two processes:
water molecule transfer through water—steam bound-
ary and the formation of water molecules in liquid
phase by degradation of water cluster structure [11—
13]. These processes are considerably dependent on
system parameters: temperature, pressure, and admix-
ture composition; it is the cluster structure of water

that extremely sensitive to admixture composition
[14]. Therefore, the authors [15] revealed the depen-
dence of water evaporation enthalpy on admixtures at
the level of 10~* wt % when studied the properties of
“anomalous” water. Admixture composition has a
dramatic effect on “anomalous” water properties,
including viscosity and thermal conductivity [15],
which at present provides a foundation to develop new
scientific and engineering approach to the synthesis
and study the properties of nanofluids. Nanofluids are
microsuspensions containing admixtures in the range
from 10~* to 1 wt % with average particle size about
40 nm. The properties of nanofluids may reach 50% of
tabulated values [16—20]. In this context, there is gen-
erality between water properties in disperse oxides and
water properties in nanofluids, which attracts atten-
tion to these subjects and causes numerous publica-
tions in this field [1-9, 16—20]. Thus, the work [16]
reported the dependence of thermal conductivity and
viscosity of nanofluids on nanoparticle concentration.
It was found that the thermal conductivity and viscos-
ity of nanofluids increase with nanoparticle concen-
tration.

The authors [16] studied by TGA the change in
enthalpy of water evaporation from nanofluids con-
taining Al,O; and TiO, nanoparticles in the range 0.01—
1 wt % with particle size of 13, 20, and 80 nm. It was
found that the higher volume concentration of nano-
fluid and larger Al,O; nanoparticles, the lower value of
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water evaporation enthalpy. Similar dependence is
observed for nanofluids containing TiO, particles.

Considerable interest is also attracted to the study
of physicochemical properties of water in thin layers
adjacent to phase boundary, which is called as surface-
bound water. Its properties are considerably different
from those of common liquid water. Interest in this
kind of water is determined by its role in physicochem-
ical processes (adsorption, catalysis, colloidal pro-
cesses), but its role in biological processes is the most
important. The properties of surface-bound water
were theoretically and experimentally studied in the
works [1—7, 10, 21]. The role of surface-bound water
in biological systems was considered in the works [21—
23]. The difference of properties of surface-bound
water from that of bulk water is determined mainly by
the properties of surface, the presence of polar groups
capable of hydrogen bonding, the presence of surface
ions, surface geometry, etc. Rearrangement of 3D net-
work of water structure proceeds under the action of
surface forces. Modification of water layer is deter-
mined by the nature and number of surface atoms
capable of hydrogen bonding with water molecules.

The properties of surface-bound water (heat
capacity, viscosity, density, electrical conductivity,
selective adsorption) were studied in the works [3—7,
10]. The most interesting is the direct experimental
measurement of thermal properties of surface-bound
water, in particular, activation enthalpy and energy of
evaporation, however, there are few such experiments
owing to considerable experimental difficulties. Vapor
pressure over surface of water column was determined
in the work [15] for structurally modified water
obtained in quartz capillary tubes and a considerable
decrease of equilibrium vapor pressure was detected.
Evaporation heat determined from the temperature
dependence of liquid column length at 200°C was 6 *+
1 kcal/mol on average. Based on the analysis of exper-
imental data for the physical properties of surface-
bound water, a model of its structure was proposed in
the works [24—26]. The model is based on the bimodal
distribution function of enthalpy for liquid water cal-
culated from experimental data for heat capacity. The
enthalpy distribution is a bimodal function with max-
ima at ~1 and 3 kcal/mol, which allowed the author to
postulate two-structural model of liquid water and
consider that surface-bound water is enriched with
ice-like component where fraction of molecules
bound by four hydrogen bonds rises from 0.1 in bulk
water to 0.4 in bound water [25].

Silica (silicon dioxide Si0,) is the inorganic poly-
mer of corpuscular structure. For silica crystalline
modifications, valence angles between silicon and
oxygen atoms are constant and determine the struc-
ture and properties of these modifications. At the
same time, the values of valence angles for amorphous
silica vary within 120°—180°, which in combination
with the presence of localized water molecules leads to
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disordering of its structure. The properties of amor-
phoussilica are determined mainly by the character of
supramolecular species: the size of flocculi, their sym-
metry, structure regularity, etc. The presence of water
in silica structure is related to both preparation
method and change in its structure on subsequent
treatment. The interaction of water with hydroxyl
groups on the surface and in silica bulk leads to its
structural modification, i.e., to the formation of sur-
face-bound water. Thus, amorphous silica may con-
tain the following structural elements: silicon—oxygen
scaffold produced by 3D network of siloxane bonds,
hydroxyl groups (OH), at silicon atoms, and water
molecules located in different regions of silicon-oxy-
gen scaffold.

To date, there is no unambiguous depiction of
hydrated silica structure. In spite of the large number
of studies dedicated to this issue [27—31], the struc-
ture, location, and character of localization of water
on the surface and in the bulk of silica, relative number
of silanol, silanediol, silanetriol, and siloxane groups,
the coordination of silicon atoms containing (OH),
groups, the character of mutual perturbation of silanol
groups and their interaction with water molecules or
clusters remain unclear.

This work deals with the study of water species on
the surface and in the bulk of hydrated silicon dioxide
and determination of the role of different (OH),
groups during structural change of silica on thermal
and thermal steam treatment.

EXPERIMENTAL

Chemicals used in the study were silicic acid (ana-
Iytical grade), silica (Angarsk chemical plant) (high
purity grade 14-4), silica samples prepared by hydroly-
sis of chemicals manufactured by Khimprom Produc-
tion Corporation (Novocheboksarsk): sodium silicate
(Na,Si0,), silicon tetrachloride (SiCl,), and tetrae-
thoxysilane (C,H;0),Si. To normalize the content of
hydroxyl groups and water, samples were heated in air
in the range 100—1500°C and exposed to hydrother-
mal and thermal steam treatment in laboratory auto-
claves at 150—350°C.

Thermogravimetric study was performed on a
1000D MOM and a Rigaku Corporation derivato-
graphs at heating rate of 10 K/min in the temperature
range 20—1000°C. Reference used was Al,O;. IR spec-
tra were recorded on an UR-20 and a Specord spec-
trometers in the range 400—4000 cm~! as KBr pellets.
'H NMR spectra were obtained on a Bruker WP-80
pulsed spectrometer operating at 80 MHz at ambient
temperature (300 K) using trichloromethane-d as a
solvent and internal reference; 2°Si NMR spectra with
Si—!H cross polarization with proton decoupling
during signal recording and sample spinning at the
magic angle were recorded on a Bruker MSL-300
spectrometer operating at 15.69 MHz using trichloro-
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—100 —140 9§, ppm

Fig. 1. 25i NMR cross-polarization spectra with proton
decoupling and spinning at the magic angle for silicic acid:
(1) initial, (2) after heating for 4 h at 1000°C, (3) after ther-
mal steam treatment for 4 h at 350°C.

methane-d as a solvent and internal reference. All
chemical shifts are given relative to the signal of
tetramethylsilane as external reference without cor-
rection for volume magnetic susceptibility. Measure-
ment procedure was reported in the works [10, 32].

RESULTS AND DISCUSSION

To identify different forms of hydrated silica and
different water forms in its structure, the main issue is

AH, kcal/mol
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the coordination number of silicon atom in silicon—
oxygen scaffold. It is debatable question. In the
authors opinion [33, 34], in the case of localization of
water molecules at silicon atoms producing both silox-
ane and silanol groups, silicon coordination number
should be larger as compared with aprotic oxygen—sil-
icon compounds. The authors believe that one can
expect silicon CN = 5 or 6 in silicon aqua hydroxo
complexes.

Our ?Si NMR study showed that no silicon coor-
dination different from four was detected within
method sensitivity irrespective of the method of
preparation and subsequent silica treatment. For the
samples of aqueous amorphous silica prepared by
hydrolysis (SiCl,, Na,SiO;, and (C,H;0),Si), ¥Si
NMR spectra display three signals with chemical
shifts of —91, —100, and —109 ppm (Fig. 1, curve 1),
which refer to silanediol, silanetriol, and siloxane
groups, respectively.

Neither silanetriol groups nor orthosilicic acid
Si(OH), molecules were detected in any sample.
Obviously, only silicon atoms with CN = 4 are present
both on surface and in the bulk of silica. The spectra of
samples heated in air at 1000°C show only two signals
with chemical shifts —100 and —109 ppm (Fig. 2,
curve 2), which indicates the disappearance of silane-
diol groups and increase in the relative number of
siloxane bonds. Thermal steam treatment has the
same effect (Fig. 1, curve 3). One can suppose that the
disappearance of silanol groups accompanied by
increase in siloxane bonds proceeds due to reaction of
silanediol groups with neighboring silanol or silane-
diol groups (Scheme 1). Next, neighboring silanediol
groups recombine to form siloxane bonds.

—S8i—OH + HO—Si— —Si—0-Si<- + H,0

Scheme 1.

Silica samples for thermogravimetric studies were
obtained by hydrolysis of different precursors (SiCl,,
Na,Si0;, and (C,H;0),Si). The samples were washed
with distilled water and dried in air at 60°C. In all

O
10.0 - ©_0O a
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(@)
2 4 6 8
[H,O], wt %

Fig. 2. Dependence of water evaporation enthalpy on water concentration on open silica surface.
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Table 1. The forms of water on the surface and in the bulk of silicon dioxide

i AH, :
Silica obtained by hydrolysis T,°C |Thax °C ?Z:Sl’g;; vfgleﬁi(g?mm Form of water
Na,SiOs 90—180 | 135 5-8 8.5-9.5 Evaporation of different forms
of water
Na,SiO; (layer-by-layer evaporation) 90—180 135 9 10 Liquid
Evaporation of water bound by
1 5 hydrogen bonds with SiO, sur-
face
Na,SiO; and exposed to hydrothermal 50—260 | 250 6 10 Liquid
treatment at 180°C in 5 wt % NH,OH solu-
tionfor6 h (]ayer_by_layer evaporatlon) 260—500 350 1 5 Clusters, surface-bound water
500—650 | 550 0.1 2 Molecular-dispersed water

cases, thermogravimetric curves showed considerable
extended endothermal effect in the range 90—180°C
with maximum at 135—140°C, which is accompanied
by the weight loss of 5—8 wt % (Table 1). Evaporation
enthalpy was 8.5—9.5 kcal/mol of evaporated water,
which is slightly lower than evaporation enthalpy for
liquid water (10 kcal/mol). One can suppose that this
range includes the evaporation of different water
forms, which causes lower value of evaporation
enthalpy as compared with liquid water.

To verify this assumption, we performed layer-by-
layer water evaporation with simultaneous determina-
tion of evaporation enthalpy. Figure 2 displays ther-
mogravimetric curve for water evaporation from sili-
con dioxide obtained by hydrolysis of sodium silicate
with specific surface area of 180 m?/g.

Figure 2 shows that evaporation enthalpy is 10 kcal/mol
for the sample of silicon dioxide containing 9 wt % of
water upon water layer evaporation from open pores
up to 1 wt % water, which indicates the evaporation of
liquid water. Starting from the layer of 1 wt % water,
evaporation enthalpy is 5 kcal/mol, which enables one
to draw a conclusion that this range includes evapora-
tion of water bound by hydrogen bonds with silanol
and silanediol groups on the surface of silicon dioxide.

To study water state in the bulk of silicon dioxide,
the studied samples were subjected to hydrothermal
treatment in autoclave at 180°C in 5 wt % ammonium
hydroxide solution for 6 h. For this sample, DTA
curves showed three endothermal effects with maxima
at 100, 400, and 500°C. Evaporation enthalpy for dif-
ferent water forms was 8, 5, and 1 kcal/mol. Obviously,
the dehydration of modified samples of silica proceeds
in three temperature ranges: 50—120, 250—500, and
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500—1000°C and is accompanied by endothermal
effects and marked weight loss.

Water evaporation from open silica gel pores pro-
ceeds in temperature range 50—120°C. The total
amount of water evaporated in this temperature range
is ~6 wt % of sample weight. The integral heat of evap-
oration is ~10 kcal/mol, while activation energy of
evaporation determined from gravimetric curves by
non-isothermal kinetics under linear temperature
growth is ~10 kcal/mol. These data indicate that ther-
modynamically inhomogeneous liquid water under-
goes evaporation in this temperature range. Thus, after
evaporation of the main water amount, the heat of
evaporation for remaining layer, which constitutes 1%
of sample weight, is ~6 kcal/mol and corresponds to
the heat of evaporation of liquid water (Fig. 2). It is
convenient to study evaporation in the second tem-
perature range on the samples subjected to hydrother-
mal or thermal steam treatment. Three thermal effects
of 10, 5, and 1 kcal/mol were detected for these sam-
ples were obtained at 250, 350, and 500°C, respec-
tively. Evaporation of surface water completes after
heating for 3 h at 150°C.

For initial samples containing ~6 wt % water,
'"H NMR spectrum under magic angle shows only one
line with chemical shift of 5 ppm, while IR spectrum
displays one wide band in the range 3200—3800 cm~!.
After heating for 3 h at 150°C, 'H NMR spectrum
exhibits a wide line with chemical shift of 2 ppm; IR
spectrum displays three wide resolved bands with
maxima at 3200, 3450, and 3680 cm~!. ¥Si NMR
spectrum is identical to that of the initial sample. Tak-
ing into account that the chemical shift of liquid water
on silica surface is 5 ppm, the line with chemical shift
of 2 ppm may refer to surface-bound water in globule
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bulk. One can suppose that structural water modifica-
tion in silica bulk is determined by silanediol groups,
whose presence is evidenced by the line with chemical
shift of —90 ppm in ?°Si NMR spectrum.

For samples subjected to hydrothermal treatment,
'H NMR spectrum shows two lines with chemical
shifts of 5 and 3 ppm. The heating of these samples for
3 h at 400°C leads to disappearance of the line at 5 ppm.
Only one line at 3 ppm remains in the spectrum,
which may be referred to surface-bound water formed
due to modification of liquid water with silanol and
siloxane groups. It is significant that these samples
(like in silica heated at 1000°C) show in ¥Si NMR
spectrum only two signals with chemical shifts of —100
and —109 ppm of almost the same intensity due to
silanol and siloxane groups.

The '"H NMR spectra of samples heated at 1300°C
show only one line with chemical shift ~1 ppm, while
IR spectrum displays one band at 3680 cm~!. Since the
absorption of isolated hydroxyl groups in IR spectrum
is characterized by the band at 3750 cm~' [10], one can
draw a conclusion that high-temperature thermal
treatment leads to formation of silanol groups, which
are associated with neighboring water molecules
bound by two hydrogen bonds with the proton of the
silanol group and oxygen atom of siloxane bond,
rather than free silanol groups.

Our study showed that water structurally modified
by surface forces is located both on the surface and in
the bulk of particles of amorphous hydrates silica
along with hydroxyl groups and liquid water. The
structural modification of water is determined by the
presence of polar hydroxyl groups both on the surface
and in the bulk of silica particles. Depending on the
number of hydroxyl groups at silicon atom (silanol,
silanediol), the character of structural modification
may vary significantly. The interaction of water mole-
cules with hydroxyl groups at silicon atoms leads to
formation of clusters of surface-bound water with
slightly lower heat of evaporation as compared with
the heat of evaporation of liquid water (~6 kcal/mol).
This form of water can be located both on the surface
of silica particles (when water content is not higher
than 1 wt %) and in the bulk of its particles. When sil-
ica structure is partially dehydroxylated due to
removal of first of all silanediol groups, the character
of water modification changes and is determined by
interaction with silanol hydroxyl groups. For this form
of water, the heat of evaporation is considerably lower
and varies in the range 1—3 kcal/mol. Thus, high acti-
vation energy is typical for bound water in the bulk of
silica particles, which indicates the relative difficulty
of water diffusion from the bulk of silica particles.

It was shown in the works [35—39] by computer
experiment method that the local water density in the
volume confined by flat surfaces is oscillated along
direction perpendicular to the confined surface, atten-
uating at a certain distance from solid support, which
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can result in change in hydrogen bonding structure
and, therefore, to water modification. Continual water
structure transfers to discrete cluster state where clus-
ter sizes are determined by homogeneity domains.
Hydrogen bonds of water molecules in one layer have
larger energy than those in different layers.

The results of study of thermodynamic properties
of water clusters were reported in the works [35, 36].
Formation enthalpy of water dimer determined by
mass-spectral method is 4.2 kcal/mol, while the aver-
age enthalpy per one water molecule is 2.1 kcal/mol.
The enthalpy of addition of water molecule to dimer is
6.7 kcal/mol, while the average enthalpy of one mole-
cule in trimer is 3.6 kcal/mol, which is by factor 1.7 higher
than that for the dimer. The average enthalpy of one mol-
ecule is 8.4 kcal/mol for tetramer and 9.4 kcal/mol for
pentamer, which is close to evaporation enthalpy for
pure water.

The comparison of our results with available litera-
ture data shows that hydrated silica contains liquid
water on the surface (in open pores). Upon heating a
sample, as water escapes down to content of ~1 wt %,
it undergoes modification owing to surface hydroxyl
groups. The value of evaporation enthalpy of 6 kcal/mol
obtained by us allows us to conclude on the basis of the
works [35—37] that water is present on silica surface as
dimers at content lower than 1 wt %. The bulk of silica
particles probably contains clusters with different
number of water molecules, which is evidenced by the
presence of three resolved bands in IR spectrum
(3200, 3450, and 3680 cm™") in the region of stretch-
ing vibrations of hydroxyl groups and a strong band at
1640 cm™! related to the deformational vibrations of
water molecules. Proton exchange between water mol-
ecules and hydroxyl groups determines the averaged
chemical shift of 2 ppm in 'H NMR spectrum. The
removal of isolated water molecules bound to silanol
and siloxane groups from the bulk is kinetically very
difficult, which is evidenced by the high value of evap-
oration activation energy. Therefore, this form of water
is present in silica up to its melting and even in quartz
glass (a band at 3680 cm™!). At the same time, the low
value of evaporation enthalpy (~1 kcal/mol at 500°C)
indicates the relatively weak binding of these mole-
cules in the bulk of silica particles. Thus, the bulk of
silica particles can include liquid water, surface-bound
water as clusters, and water in molecule-dispersed
state, i.e., bound by hydrogen bonds with protons of
silanol groups and oxygen of siloxane bonds.

The structure of silica surface hydrate cover is of
great importance for such processes as catalysis and
adsorption, whereas the energetic state of water in the
bulk of particles play a key role in the processes of sil-
ica structure modifications upon thermal and thermal
steam treatment. The obtained results are important
for the preparation of new silica-based materials with
prescribed properties.
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CONCLUSIONS

Enthalpy and mechanism of water evaporation
from silica structure in the range 100—1300°C was
studied. It was shown that liquid, surface-bound, and
molecule-dispersed water is present on the surface and
in the bulk of silica particles. The role of different
(OH),, groups in the process of silica structure change
upon thermal and thermal steam treatment was
shown.
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