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Abstract—The physicochemical properties of the surface of silica precipitated from a hydrothermal solution
have been studied. The concentration of physically adsorbed water, and the net concentration of surface and
bulk (internal) hydroxyl groups have been found by low-temperature adsorption of nitrogen and thermogravi-
metric data. The concentration of internal silicone (internal water) under different temperatures of the silica
specimens under study has been estimated from the difference between the net concentration and the Zhuravlev
physicochemical constants. The type of noncrystalline silica containing substantial amounts of internal water
has been identified. The difference in mechanisms involved in internal and surface water extraction has been

established.
DOI: 10.1134/S074204630705003X

INTRODUCTION

To improve models of hydrothermal mineralization
it is necessary to clarify the role of colloidal silica [3,
6]. Considerable amounts of material are known to be
transported and precipitated in fractured porous rocks
in colloidal form during a volcanogenic hydrothermal
process [3, 6]. It is necessary to study the formation of
colloidal silica particles in hydrothermal solutions,
their precipitation, the sorption on the surface of colloi-
dal particles and codeposition of compounds, as well as
further transformation of the matter precipitated from a
colloidal noncrystalline to crystalline forms. The phys-
icochemical properties of hydrothermal minerals
whose formation involves colloidal silica are related to
the conditions for formation and precipitation of colloi-
dal particles. Knowledge of colloidal silica is also in
demand for developing the technology of extracting it
from the hydrothermal heat carrier and for using the
extracted material in industry [4, 5]. The purpose of this
study was the determination of the concentration of
physically adsorbed water and the surface and external
silanol groups in a silica that has been precipitated from
the hydrothermal solution of the Mutnovsky field.

Types of silanol groups on silica surface and the
content of internal water. Multiple papers and mono-
graphs by various authors, including the review [8],
demonstrate the high potential of noncrystalline, vari-
ously hydroxilated silica for use in science and technol-
ogy. Silanol groups =Si—OH are generally formed on
surfaces by two thermodynamically favorable pro-
cesses [8]. Firstly, the groups form during synthesis, for
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instance, as a result of condensation polymerization of
Si(OH),, when an oversaturated solution of monosili-
con acid is transformed to polysilicon acids with further
formation of SiO, sols and gels containing OH groups.
After drying, the terminal product is xerogel, which
preserves silanols partially or entirely on the surface as
well. Secondly, silanols can form as a result of rehy-
droxylation when thermally dehydrated silica is treated
with water or water solutions. A surface Si atom tends
to preserve the final tetrahedral configuration. That is
why the residual valency saturates with the OH group
in water after disclosing the silicon bridge =Si—O-Si=.

Various groups on the surface and inside silica are
illustrated in Fig. 1 [8]. They are (1) free single (iso-
lated) surface silanols =SiOH (type Q?), (2) free gemi-
nal (isolated) surface groups or silanediols =Si(OH),
(type Q?), (3) vicinal bridge silanols which are single
surface silanols, geminals and their combinations
bonded with hydrogen (H-bond), (4) silicon bridges
=Si~O-Si= having an O atom at the surface (type Q*),
(5) internal silanols located within the matrix and ultra-
micropores of SiO,. Consequently, noncrystalline sil-
ica, both untreated and hydrothermally treated within a
wide range of temperature, has only two different types
of OH groups at the surface, single and geminal ones,
further subdivided into isolated and H-bonded vicinal
silanols [8]. The taxonomy of surface groups frequently
uses the Q"-nomenclature suggested by D.V. Sindorf
and G.E. Masiel on the basis of data derived by 2°Si
nuclear magnetic resonance [8], where n is the number
of bridges (—O-Si) joined to the central Si atom in an
elementary SiO,, tetrahedron.
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Adsorbing properties of noncrystalline dispersed
silica are controlled, apart from their porous structure,
mainly by chemical activity of the surface. This activity
depends on the concentration of OH groups, i.e., the
total quantity of silanols and their varieties, as well as
on the temperature and energetic patterns of the silanol
distribution and the occurrence of SiOSi silicon
bridges.

Silanol groups =Si—OH could be located both on the
surface (for surface silanols) and inside the particles of
noncrystalline silica and/or in superfine pores less than
1 nm in diameter, which can accommodate only the
smallest molecules, such as water molecules (for inter-
nal silanols). It was demonstrated in detail in [8] that
OH groups at the surface of wide transport pores are
easily involved in deuterium exchange (DE) reactions
with heavy water D,O in the form of steam or liquid
introduced at room temperature. However, adhesive
water inside the internal matrix of SiO, is almost not
involved in the process, and the isotopic exchange with
silanols in ultramicropores is very slow.

Internal silanols, i.e., OH groups that are bonded
covalently with Si atoms, but are found inside the silica
particles (see Fig. 1) and are not responsible for the sur-
face processes, are a widely occurring form of noncrys-
talline silica. It should be stressed that the =Si—-OH
groups inside SiO, particles are to be excluded from
consideration, when the goal is to calculate the surface
concentration of OH groups (silanol number 0y,
OH/nm?) and to study the surface silanols activity alone
because of their controlling influence in various pro-
cesses at the surface.

We reiterate that the internal OH groups are subdi-
vided into two basic types (a) those in the matrix of
noncrystalline silica particles and (b) those inside
superfine ultramicropores.

There are many means of silanol formation in the
matrix and in the ultramicropores of silica, an incom-
plete list of these is as follows:

(1) Specific silanols could remain in the structure of
an inorganic polymer of the silica recovered by conden-
sation of low-molecular polysilicon acids, if no suitable
reactants are available. As well, in the silica formed
from sodium silicate, a certain number of OH groups
could be captured inside as initial small particles are
being aggregated, as well as later during the aging of
the SiO, gel.

(2) Large spherical particles (globules) 10-20 nm in
diameter of pyrogenic silica are formed by aggregation
of elementary initial globules of diameter 1-2 nm that
have been obtained by condensation from flame. Initial
particles contain some surface silanols, and thus such
OH groups could be captured inside a large globule of
the terminal product.

(3) According to R. Iler’s work [1], when colloid
particles form by growing in alcaline solution (pH ~ 9),
sodium ions can be adsorbed on the particles simulta-
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Fig. 1. Types of silanol groups on silica surface.

neously with the precipitation of SiO,, facilitating cap-
ture of silanol in the silica structure.

(4) The occurrence of internal silanols can also be
explained by diffusion of H,O molecules into the SiO,
solid structure down to 15 nm depth at increased tem-
perature [8].

(5) A popular method of silanol formation in the
matrix and ultramicropores of SiO, is hydrothermal
treatment (HTT). For noncrystalline silica under HTT,
which means increased temperature and pressure, the
complex processes of silica dissolution and redeposi-
tion, as well as water diffusion inside the solid phase
occur. As a result, secondary, geometrically modified
silica is produced having a different pore structure that
can retain silanols or adhesive water both inside the
particles and in ultramicropores.

(5a) Using HTT in the autoclave at the stage of SiO,
hydrogels, a series of silica gels with mesoporous struc-
tures, dense particle packing, and lack of ultrami-
cropores has been obtained. Such silica samples typi-
cally contain silanols both at the surface and inside the
silica particles.

(5b) Using HTT at the stage of xerogels yielded sil-
icagels of globular, transient and spongy porous struc-
tures [8]. These samples contain silanols at the surface,
inside the particles, as well as in ultramicropores.

(5¢) HTT applied to initial pyrogenic silica (aero-
sils) in the autoclave yielded a series of aerosilogels
having various porous structures, with the samples con-
taining silanols both at the surface and inside the silica
particles [8].

(5d) Various treatment methods applied to initial
porous glasses, including HTT (long-lasting boiling in
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Table 1. Chemical composition of a silica sample (wt %) precipitated from hydrothermal solution

Sample SIO2 T102 A1203 F6203 FeO

MnO MgO CaO NaZO Kzo P205

AK1b | 97.69 0.024 0.494 0.084 0.108

n/d n/d n/d 0.72 0.349 0.072

Note: n/d means not detected.

water) produced geometrically modified porous glasses
having various porous structures. Apart from surface
OH groups, these samples contain silanols inside the
particles and in ultramicropores [8].

(5e) It should be expected that internal silanols must
be found in samples of various noncrystalline silica
forming as solid deposits on the walls of wells, pipe-
lines and thermal equipment of heat and electric power
plants operating with natural high temperature hydro-
thermal heat carriers in the fields of Russia, New
Zealand, Japan, the United States, Philippines, Mexico,
Iceland, Italy and others [4, 5].

The mechanism involved in the production of
colloidal silica in hydrothermal solutions. Colloidal
silica forms in hydrothermal solutions as a result of suc-
cessive physicochemical processes. The initial concen-
tration of silica is controlled by the temperature of

chemical equilibrium between water and aluminosili-
cate minerals of the host rocks of geothermal fields [5].
In an equilibrium environment, the net concentration C,
of silicon dioxide SiO, in solution is in close agreement
with the solubility of alpha-quartz in pure water [5].
The silica in the solution is mostly found in the mono-
mer form as molecules of orthosilicic acid H,SiO,.

During ascending filtration in rocks or when rising
to the surface in producing wells of geothermal power
plants (GPP), because of decreasing pressure and tem-
perature, as well as partial transition of the solution to
the steam phase, silica becomes oversaturated with
respect to the solvability C, of noncrystalline silica [5].
The oversaturation is the driving force of nucleation
and polycondensation of orthosilicic acid molecules,
producing silicon bonds and partial dehydration [1, 5,
7], as follows:

OH OH OH OH
OH—Sl—OH + OH—SI—OH — OH—SI—O—SI—OH +H,0 (1)
OH OH OH OH

Simo(r?1 ~1y(OH) 3 4 2) + $1, 0, 1)(OH) 2, 4 5

Sl(m + n)O(m +n-1)

As aresult of polycondensation, the colloid particles
of hydrated silica are formed in the solution. Dissocia-
tion of surface silanol groups SiOH and separation of
proton H result in negatively charged particle surface.
Electrostatic repulsive forces prevent the coagulation of
particles and are responsible for the stability of colloi-
dal silica in hydrothermal solutions.

Physicochemical properties of silica precipitated
from hydrothermal solutions. Silica was precipitated
by freezing from a dispersoid solution of the Mut-
novsky field wells [4]. Drops of the solution were fro-
zen on the snow, colloidal silica particles concentrated
in spaces between ice crystals, drawing the particles
together and accelerating the coagulation. As a result, a
gelatinous mass of precipitated silica and snow mixed
together formed on the surface, which became a fine
powder after drying at 105°C.

The silica precipitated was removed from the plot
and dried. The density of the gelatinous silica sampled
from the snow surface was 2.0 g/cm?. After a drying
treatment lasting 12—16 h at 110°C the material became
a fine powder of density 0.22-0.24 g/cm?. The chemical
composition of silica is shown in Table 1. The weight
percentage of silicon dioxide in the samples after sub-
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OH(yy 4 2m+2) + H2O. (2)

traction of the losses due to drying at 110°C and igni-
tion at 1000°C was 95.0-97.69 to 99.02%, while the
combined weight percentage of calcium, aluminum and
iron did not exceed 0.6%.

The silica samples precipitated by freezing were
amorphous to X-rays, as illustrated by Fig. 2a. X-ray
diagrams support this by the occurrence of a halo-amor-
phous phase having the maximum at 0.387-0.40 nm.
After ignition at 1000°C the silica was transformed to
cristobalite (see Fig. 2b).

Infrared (IR) spectra of the silica samples have been
acquired with a Fourier IR spectrometer Vector 22/N
(Bruker) in the wave number range 250 to 4250 cm™.
There are three maxima in the range 250-1200 cm™!
associated with oscillations of Si—O-Si bonds in the
SiO, tetrahedron: two low maxima between 500 and
750-850 ¢cm™!, and a third higher one in the interval
1096-1104 cm™ (Fig. 3). The range 1200-4000 cm™!
always contains two low peaks around 1600-1640 cm™!
and 2344-2368 cm!, as well as a higher one in the
interval 3440-3480 cm™!, which represent the oscilla-
tions of hydroxyl groups OH.
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Fig. 2. X-ray diagrams of a silica sample before (a) and after (b) ignition.

The structure of the IR spectral curves, together with
two major peaks at 10961104 cm™' and 3440-3480 cm™,
are characteristic for various forms of noncrystalline
silicon dioxide.

A thermal analysis of silica sample AK1b was car-
ried out with a Pyris Diamond TG/DTA instrument
manufactured by Perkin Elmer. The data is presented
in Fig. 4, while values of the thermogravimetric (TG)
curve are listed in Table 2. The measurements were
made in open air at a heating rate of 20°C/min. The
differential TG curve has an extremum at 68°C, which
lies in the range of typical values for noncrystalline
silica [8].

Measurements of the reflection index for light at
the surface of dispersed silica in the range of 400.0—
760.0 nm were made with a MSFU-K spectrophoto-
metric microscope. The reflection index (whiteness) of
geothermal silica samples reached 91-95 to 94-98%,
increasing with increasing wavelength as follows:
0.9402 at 480 nm, 0.9531 at 500.0 nm, 0.95029 at
520.0 nm, 0.95394 at 540.0 nm, 0.96534 at 560.0 nm,
0.96592 at 580.0 nm, 0.97425 at 600.0 nm, 0.97911 at
620.0 nm, 0.97679 at 640.0 nm, 0.97182 at 660.0 nm,
0.97274 at 680.0 nm, and 0.98265 at 700.0 nm. These
values of the reflection index demonstrate the potential
of silica for use in various industries, including paper
production.

Measurements of specific surface area and pore
volume in a silica sample by low temperature
adsorption of nitrogen. The area and pore volume in
silica samples were measured by means of low temper-
ature adsorption of nitrogen using an ASAP-2010N
porometer (Micrometrics, United States). The tech-
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nique is based on measurements of adsorption/desorp-
tion isotherms for nitrogen at the temperature of liquid
nitrogen [2]. The experiment was done in order to mea-
sure changes in the mass of the dispersed sample to find
the amount of adsorbed nitrogen at a fixed relative pres-
sure of nitrogen P/P, (P is the nitrogen pressure in the
system and P, the pressure of saturated nitrogen vapor
at the experiment temperature) in a vial containing the
sample. The volume of adsorbed nitrogen V was first
determined for successively increasing values of the
relative pressure P/P, from 0.01 to 1.0 (the adsorption
curve), and then for the pressure P/P, decreasing from
1.0 to 0.04 (the desorption curve). The V(P/P,) relation
is presented in Fig. 5.
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Fig. 3. IR spectrum of a silica sample.

No. 5 2007



314

POTAPOV, ZHURAVLEV

TG 3-DTA,mV 1-TG, wt %
600 L 200 | 4100
550 F

150 98
500 F
4501 100 96
400 -
350 50 04
300 F
250 0 92
200 F

~50
150 - 90
100+ _100

sol 88
1 1 1 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900 1000 1100

T,°C

Fig. 4. Curves from thermal analyses of a silica sample: (/) thermogravimetric analysis; (2) differential thermogravimetric analysis;

(3) differential thermochemical analysis.

The experimental data were processed to construct
plots of nitrogen volume V(P/P,) versus relative pres-
sure, also referred to as adsorption and desorption
curves. In these plots the curves exhibit characteristic
hysteresis loops. The resulting experimental curves
are of the fourth type of adsorption isotherms accord-
ing to [2]. The curves are convex from zero to the
point P/P,= 0.3, a flexion point around P/P,=0.3-0.5,
after which the curves are concave. Near the point
P/P, = 1.0 the curves become convex again (Fig. 5).

The specific surface area was found by the
Brunauer—Emmet-Teller (BET) and Brunauer—Dem-
ing—Helthy (BDH) techniques. The calculations of the
specific surface area according to the BET were based
on measurements in the range of relative pressure P/P, =
0.0-2.0, and the BET equation for multimolecular
adsorption of vapor was used [2].

We used the V(P/P,) relation in the classical adsorp-
tion/desorption theory [2] to calculate differential dis-
tributions of the volume V), and the area S, of the pores
with diameters d,, in a specified range, as well as inte-
gral values of the pore volume and area with diameters
between 1.7 nm and a specified value d,. Differential
characteristics of pore volume dV,/dlog(d,) and pore

area dS,/dlog( d,) have been calculated.

The dV,/dlog(d,) curves have maxima around d, =

18.0 nm, and the dS,/dlog(d,) curves have maxima at
d,=11.7 nm.

Properties of the pores of the geothermal silica
samples found by the adsorption technique are dem-
onstrated in Table 3. This data shows that the specific
surface area of a silica sample acquired from the solu-
tion of Mutnovsky field wells reaches 300 m?/g, the
porosity is 1.1 cm?/g, and the mean pore diameter is
12.7-16.6 nm.

The micropore volume and area in samples of
hydrothermal silica are relatively small. The ratio of
micropore area to total pore area was 0.09-0.107, the
respective volumetric ratio is even smaller, 0.005—
0.0085 (Table 3).

The area and volume of the pores in relation to the
pore diameter are presented in Table 4. It is seen that the
pore size of the AK1b silica sample clusters in a narrow
range of diameter. The differential distribution of pore
volume over pore diameters has a maximum around
dp = 33 nm, while the area distribution over the diame-
ter is characterized by two close and roughly equal
maxima at 13 and 9 nm (see Table 4).

The pores of 5.18 to 20.61 nm diameter occupy
71.1% of the total volume, the respective percentage
figures being 79.8% for d, = 5.18-26.47 nm and 88.3%
for d, =5.18-40.00 nm. We note that 60.9% of the total

Table 2. Temperature dependence of the AK1b sample mass during thermogravimetric analysis, wt %

Tertrl‘lf:ra' 22.6 100 200 300 400 500 600 700 800 900 | 1000 | 1100
Mass, % 100 | 94.65 | 92.81 | 92.10 | 91.30 | 90.58 | 90.09 | 89.76 | 89.49 | 89.27 | 89.09 | 88.61
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 1 No. 5 2007
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Fig. 5. Nitrogen adsorption/desorption curves for a silica
sample: (/) adsorption curve; (2) desorption curve.

surface area is for the pores in the range of diameters
d,=5.18-26.47nm, while the pores with diameters of
c/;, = 5.18-40.00 nm make 76.4% of the total area.

Concentration of internal silanol groups. Know-
ing the specific surface area of silica Sggy (m?/g) and the
weight percentage Amy o (Wt %) of the mass losses

incurred by the thermogravimetric analysis, one can
find the concentration of silanol groups in a silica sam-
ple 8¢y (nm2):

8o = (Amy o X 2% 6.02% 109)/(18Sger).  (3)

The value of Amy ¢ in (3) equals the mass loss due

to heating at temperatures higher than the boundary
temperature Tpg. Below this temperature, the mass
losses due to heating results from removal of physically
adsorbed water from the silica surface, while above
Tgr, the sample loses its mass owing to condensation of
silanol groups accompanied by siloxane bond forma-
tion.

Taking Sggr = 300 m?/g for the AKIb sample,
assuming 1000°C as the terminal temperature of com-
plete removal of silanol groups, and substituting the
data of Table 2 into (3), we found the following theoret-
ical values of dpy for a variety of temperatures Ty,
arranged in pairs as follows: Tgr = 200°C, dpy =
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8.29 nm~2; 300°C, 6.71 nm2; 400°C, 4.92 nm2; 500°C,
3.33 nm2; 600°C, 2.23 nm2; 700°C, 1.49 nm2; 800°C,
0.89 nm%; 900°C, 0.40 nm™. According to Kiselev—
Zhuravlev model [8], the limiting value of oy for a
surface saturated with silanol groups at 200°C equals
4.6-4.9 nm=.

Assuming the removal of physically adsorbed water
from the AK1b silica surface to occur below 200°C, the
concentration of adsorbed H,O molecules would make
5.96 nm according to the thermogravimetric data in
Table 2 and relation (3).

Comparison of the Zhuravlev constants with the the-
oretical results shows that the silica precipitated from a
hydrothermal solution is likely to have the limiting con-
centration of silanol groups 0.ny, wWhich is equal to the
maximum value 4.6-4.9 nm2 (the Kiselev—Zhuravlev
constant) at 200°C [8].

According to the earlier results of Zhuravlyov [8],
the limiting concentration of OH groups at the surface
of various types of silica reaches 4.9 nm= at 200°C,
afterwards decreasing with increasing temperature to
generate a set of Zhuravlev’s physicochemical con-
stants Ooy. If we assume all this, the concentration of
internal silanol groups (internal water) Yoy per unit sur-
face area of the AK1b sample could be found as the dif-
ference:

Yon = Oon — Olom- 4)

The results of calculations based on (4) are summa-
rized in Table 5. They reflect the temperature control on
the spatial patterns of OH groups on the surface and in
the body of the AK1b sample. The curves of ¢y, Oy,
You(T) are shown in Fig. 6.

The values of 0,y rapidly decrease in the tempera-
ture range 190-400°C, while at higher temperatures, in
the range 400 to ~780°C, the rate of decrease slows
down and the curve becomes less steep. In the 190-
400°C interval, 0oy can be fitted by the linear equation

0o (OH/nm?) = —0.01227(°C) + 7.218. 5)
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Table 3. Dimensions, area and volume of pores in AK1b sil-
ica samples

Sample mass, g 0.13
Volume 1, cm? 17.45
Volume 2, cm? 54.32
Sg, m?/g 263.53
SpeT, M%/g 274.64
Spps M/g 26.33
Sac. m%/g 260.25
Spc, m?/g 333.52
Vg, cm’/g 0.871
Vyp, cm’/g 0.00827
Ve, cm?/g 1.078
Vpe, cm¥/g 1.088
dggT, NM 12.692
d,, nm 16.575
dp, nm 13.058

Note: Volume 1 and Volume 2 are the volumes of the vial automat-
ically measured by the instrument at indoor temperature and
after immersing the liquid nitrogen in a Dewar flask, respec-
tively. They are further involved in the mathematics to define
constants in the calculation; Sy is the area as determined at a
fixed pressure P/Py = 0.200; Sggr is the total area of pores
calculated by the BET technique; Syp is the total area of
micropores of roughly 1.7 nm diameter; S is the total area
calculated by the BDH technique from the adsorption curve
for pores of 1.7-300.0 nm diameter (BDH-area); Sp is the
area calculated by the BDH technique from the desorption
curve for pores of 1.7-300.0 nm diameter; V is the total vol-
ume of pores less than 40.0 nm in diameter measured at a
fixed nitrogen pressure P/Py = 0.950; Vyp is the volume of
micropores of roughly 1.7 nm; V¢ is the total volume cal-
culated by BDH technique with the adsorption curve for the
pores of 1.7-300.0 nm diameter (BDH-volume); Vp is the
total volume calculated by the BDH technique with the des-
orption curve for pores of 1.7-300.0 nm diameter; dggr is
the mean pore diameter equal to 4V¢/SggT; da is the mean
pore diameter calculated from the pore volume and area
found by the BDH technique on the adsorption curve, equal
to 4V ac/Sacs dp is the mean pore diameter calculated from
the pore volume and area found by the BDH technique on
the desorption curve, equal to 4Vp/Spc.

In the 400-780°C interval, 0oy, 7 can be fitted by the
power-law equation

Oop(OH/nm?) =1155.67(°C)~1-03¢7, 6)

At temperatures of 190-400°C the thermal desorption
energy Ep is nearly independent of silanol concentra-
tion, being largely controlled by the set of perturbations
available on the surface of H-bonded OH groups, and
these perturbations disappear once the type of vicinal
silanols in hand is gone at ~400°C. Consequently,
H-bonds (lateral coupling) between neighboring vici-
nal OH-groups in conditions of high occupancy typi-
cally exist in this temperature region. At 400-780°C,
the main agents include free single and free geminal
OH groups, as well as SiOSi bridges. In the range 400—
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1200°C, the energy Ep dramatically increases from 25
to 50 kcal/mol and even higher, accompanied by a
decrease in Ogy. Under these conditions, the basic
mechanism involved in the transfer of OH-groups to
perform the condensation reaction could be an unor-
dered migration of protons along the surface (the acti-
vated surface diffusion of OH groups). At the terminal
stage a water molecule is precipitated owing to interac-
tion between two OH groups that accidentally approach
each other within a ~0.3 nm distance (a typical length
of the H-bond). If the concentration of OH groups is
low, the proton diffusion along the SiO, surface limits
the condensation process itself. At 800—1200°C gemi-
nals are lacking, and the condensation reaction is lim-
ited by interactions of distant free single OH groups
only. Accordingly, it is hard to approximate the range
reliably.

At a temperature of 200°C the concentrations of
internal and surface OH groups in the silica precipitated
from hydrothermal solutions are comparable. In the
range 200—400°C the internal water is removed slowly,
and the values of Yy decrease slowly with increasing
temperature. In the range 375-425°C, owing to a slow
removal of internal water, the concentration of internal
OH groups becomes equal to the concentration of the
surface groups, and slightly exceeds it around 400°C,
which is illustrated by the y(7) and ooy(7) curves inter-
secting in Fig. 6.

Starting from 400°C, the removal of internal water
is accelerated. At 600°C the internal OH groups are half
as common as the surface ones. The curves of dqp(7)
and ogy(7) (Fig. 6) intersect at about 900°C, which
indicates the existence of internal OH groups in AK1b
silica at high temperatures. A complete elimination of
internal OH groups occurs at 900-1000°C, when the
concentration of surface OH groups becomes signifi-
cantly lower than the initial 4.6-4.9 nm™. At 400
800°C the experimental values of Yo (nm~) that corre-
spond to the concentration of internal water in a sample
of silica precipitated from a hydrothermal solution can
be fitted by

InYou(T) = 0.943 — 0.0065(7% - 6732, TK).  (7)

The data acquired highlight an essential difference
between the removal of surface and internal water. In
the range 200—400°C, 0,o(7) decreases at a high rate,
while above 400°C the decrease slows down owing to
dissipation of vicinal silanols on the surface. By con-
trast, You(7) decreases slowly in the range 200-400°C,
but at 400-600°C the rate of decrease of internal OH
groups increases. We believe that the difference could
be associated, firstly, with the fact that the reaction of
silanol groups in the case of internal water occurs in the
bulk sample rather than on its surface. Secondly, in
order to remove the internal water the transport of water
molecules from inside to the surface of the particles is
needed. The transport of H,O can occur by diffusion
through the particles or through ultramicropores. The
diffusion rate grows with the increase in temperature,
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Table 4. Dependence of pore area and pore volume on pore diameter for an AK1b silica sample by low-temperature adsorp-

tion of nitrogen

Pore diameter Mean diameter, Pore volume, Net pore volume, Pore area, Net pore area,
d,, nm nm g/cm? cm’/g m?/g m?/g
333.0-125.1 150.03 0.0238 0.0238 0.635 0.635
125.1-88.9 100.89 0.0333 0.0571 1.321 1.956
88.9-72.7 79.1 0.0284 0.0856 1.438 3.394
72.7-40.0 47.2 0.1539 0.2395 13.03 16.42
40.0-26.5 30.4 0.1669 0.4065 21.94 38.37
26.5-20.6 22.7 0.1303 0.5368 22.90 61.27
20.6-16.7 18.2 0.1182 0.6550 25.93 87.20
16.7-14.0 15.1 0.0960 0.7510 25.35 112.55
14.0-11.6 12.6 0.1005 0.8516 31.89 144.45
11.6-10.3 10.89 0.0550 0.9066 20.23 164.68
10.3-8.36 9.11 0.0764 0.9831 33.57 198.25
8.36-7.00 7.55 0.0425 1.0257 22.55 220.80
7.00-5.97 6.40 0.0243 1.0501 15.25 236.06
5.97-5.18 5.52 0.0141 1.0642 10.24 246.310
5.18-4.54 4.81 0.0079 1.0722 6.624 252.93
4.54-4.02 4.24 0.0039 1.0761 3.760 256.69
4.02-3.58 3.77 0.0011 1.0773 1.226 257.92
3.58-3.20 3.36 0.000061 1.0774 0.072 257.99
3.20-1.96 2.01 0.000059 1.0774 0.118 258.11
1.96-1.86 1.91 0.00046 1.0779 0.963 259.07
1.86-1.76 1.81 0.00053 1.0784 1.178 260.25

Table 5. The distribution of OH groups at the surface and in the volume of an AK1b silica sample precipitated from hydro-

thermal solution

T, °C 200 300 400 500 600 700 800 900 1000 1100 1200
don 8.29 6.71 4.92 3.33 2.23 1.49 0.89 0.40 n/m n/m n/m
Oon 4.90 3.55 2.35 1.80 1.50 1.15 0.70 0.40 0.25 0.15 0.0
You 3.39 3.16 2.57 1.53 0.73 0.34 0.19 0.0 n/m n/m n/m

Note: n/m means “not measured”.

which leads to a steeper slope of the You(7T) curve in the
range 400-600°C.

CONCLUSIONS

(1) Comparison of thermogravimetry analysis of sil-
ica precipitated from a hydrothermal solution in terms
of the temperature relation Ony(7) with the set of
Zhuravlev’s physicochemical constants has revealed
considerable amounts of internal OH groups, compara-
ble with the amount of surface OH groups at 200°C.
Hence we have established a new type of nocrystalline
silica containing significant amounts of internal sil-
anols. They are silica samples produced by coagulation
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and precipitation of colloid silica particles from a
hydrothermal solution or by adhesion of colloid parti-
cles at the walls of a transport channel as the hydrother-
mal solution was flowing in it.

(2) We believe that the high concentration of inter-
nal water in silica precipitated from hydrothermal solu-
tion can be attributed to: (i) the mechanism involved in
the formation of colloid particles by polycondensation
of orthosilicic acid molecules and by the presence of
noncompensated areas in the structure of inorganic
polymer; (ii) the action of the water solution at
increased temperature and pressure that is equivalent to
hydrothermal treatment leading to dissolution and rede-
position of silica, and diffusion of water.

No. 5 2007



318

(3) Comparison of 0o(7) and You(7) relationships
for silica precipitated from a hydrothermal solution
points to an essential difference between the mecha-
nisms involved in the removal of internal and surface
water. In the range 200—400°C the rate of removal of
internal water is low, but increases at 400-600°C. This
difference could be associated with the fact that in the
case of removal of internal water, the condensation of
silanol groups occurs inside the particles or in ultrami-
cropores, while the transport of condensation products
to the surface of the particles occurs by molecular dif-
fusion, the rate of which grows with temperature.
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