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1. Silica Modifications and Products

1.1. Occurrence and Geochemistry

Silica [7631-86-9], silicon dioxide, SiO,, is the
major constituent of rock-forming minerals in
magmatic and metamorphic rocks. It is also an
important component of sediments and soils
[1-3]. Bound as silicates it accounts for ca.
75 wt% of the Earth’s crust [4]. Free silica
predominantly occurs as quartz, which makes
up 12-14 wt % of the lithosphere.

Quartz is the thermodynamically stable mod-
ification at ambient conditions (Fig. 1) occurring
as one of the main products of slowly cooled
silica-rich magmas such as granites, granodior-
ites, and related rocks. Itis also a primary mineral
of pegmatites and hydrothermal veins formed
during late stages of magmatic processes. In
metamorphic rocks like schists, migmatites, and
quartzites which suffered high temperature and
pressure due to deep burial in the Earth’s crust,
quartz is also a major constituent. Owing to its
hardness and low solubility, quartz is able to

resist erosion and occurs abundantly in sedimen-
tary rocks such as sand and sandstones. Quartz is
also the final product of the diagenesis process of
noncrystalline biogenic silica deposited in sea
floor sediments. In the form of chalcedony, mi-
crocrystalline quartz occurs as secondary filling
of veins and cavities in rocks and in petrified
wood and other organic matter. Flint nodules,
frequently occurring in limestone formations,
also consist of chalcedony.

Quartz owes its abundance to the action of
water in rock-forming processes. In rocks that
were formed at high temperatures under dry
conditions — volcanic eruptiva, silicate meteor-
ites, moon rocks and silica slags, for example —
quartz is rare. Here the high-temperature silica
modifications cristobalite and tridymite crystal-
lize (Fig. 1). Under the influence of high pressure
induced by burial in great depth or by meteoritic
impact, the high-pressure modifications coesite
and stishovite are stable.

Under more ambient conditions waterborne
unstable silica varieties such as micro- and non-
crystalline opals and chalcedony are formed.
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Figure 1. Calculated phase diagram of the SiO, system [6]
H-Q: high quartz, L-Q: low quartz, C: high cristobalite, T:
high tridymite (for the stability field of tridymite, see text).

Deep-sea sediments consisting of large masses of
biogenic silica, for example, are altered in a
diagenetic process with increasing burial depth
from noncrystalline opals via microcrystalline
opals to chalcedony and chert. Micro- and non-
crystalline silica minerals are described in more
detail in [5].

Keatite, silica W, and porosils (except for
melanophlogite) are artificial crystalline silica
products that do not occur in nature. They do not
have a stability field of their own and can be
synthesized under hydrothermal conditions only
in the presence of sodium (keatite) or with the aid
of organic template molecules (porosils). The
latter are described in more detail in Chapter 8.

Silica crystals are almost pure SiO, which do
not contain large quantities of impurities. Water,
however, can be incorporated in concentrations
from hundreds to several thousands of parts per
million in quartz (Fig. 2). The transition from
structural incorporation to microstructural inclu-
sion is fluent [7]. At elevated temperatures and
pressures water migrates rapidly through the
structural framework by splitting Si—O—Si
bonds and forming silanol groups. This mecha-
nism of hydrolytic weakening activates plastic
deformation, solid-state flow [8], reconstructive
transformations, and recrystallization. Traces of
alkali metal ions act as efficient transformation
activators (Fig. 2) [9]. Alkali metal ions as well
as Al and Fe are the most common nonvolatile

Figure 2. Two-dimensional scheme of incorporation of im-
purities in silica

Top: chemical point defects introduced by occupation of
silicon lattice sites and of interstitial sites by foreign atoms.
Bottom: water incorporated in the silica framework by form-
ing hydrolytic nonbridging oxygen (German: Trennstellen)
and by occupation of silicon vacancies or interstitial sites, and
water located at the surface as silanol groups and adsorbed
water molecules.

impurities in silica. Quartz usually contains
about 100 ppm of trace elements or less [5, 10,
11]. The concentration of impurities can be high-
er in tridymite and cristobalite than in quartz,
ranging up to 5000 ppm Al, 3500 ppm Na and
1500 ppm K [12, 13]. The trace elements can be
incorporated in at least two different ways
(Fig. 2) [14]. The first is the substitution of Si*"
by Al®  or Fe>™ on lattice sites and simultaneous
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addition of Li", Na™, K*, Mg?", or Ca®" on
interstitial sites. The second is the incorporation
of additional alkali metal ions to form alkaline
nonbridging oxygen sites (German:
Trennstellen).

1.2. Si—O Bond and Crystal
Structures

Despite its chemical simplicity, SiO, displays a
remarkable diversity of crystal structures. Apart
from the ultrahigh-pressure modification stisho-
vite with octahedrally coordinated silicon
(Fig. 3) and artificial silica W with chains of
edge-sharing tetrahedra, all crystal structures of
silica are made up of a three-dimensional frame-
work of corner-sharing tetrahedra (Fig. 3). The
noncrystalline silica phases consist of a continu-
ous random network of corner-sharing tetrahe-
dra. All four sp® orbitals of silicon overlap with

Figure 3. Top: SiOy,, tetrahedron and SiOg/3 octahedron.

2p orbitals of the four coordinating oxygen atoms
to form strong ¢ bonds [15]. Additional minor
contributions from 7 bonding may arise from
overlap of Si 3d orbitals with other O 2p orbitals,
which partly explains the observed shortening of
Si—O bond lengths with increasing Si-O-Si
bond angles [16]. The mixed bond character of
about 50 % ionic and 50 % covalent results in
bent intertetrahedral Si-O-Si angles in the range
of 120 to 180° with a mean of about 147° [17-19].
Band theory treatment is given in [20]. The
effective ionic radius of Si*" is 0.026 nm for
tetrahedral coordination by oxygen (O*": r
= 0.135 nm), and 0.040 nm for octahedral co-
ordination [21]. The mean Si—O bond length is
0.162 nm in the tetrahedra [22] and the mean
O—O distance is 0.264 nm (Fig. 3). The short
Si—O bond length is responsible for the high
bond strength.

The strong bonds and the three-dimensional
connectivity of the tetrahedra are the reasons for

Middle: tetrahedra configurations in the silica framework structures.
Bottom: stacking principles of idealized six-membered rings of tetrahedra: two-layer sequence in tridymite (left), three-layer

sequence in cristobalite (right).
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the high hardness (quartz: Mohs hardness 7), the
lack of good cleavage, high elasticity, high melt-
ing point (cristobalite ca. 2000 K), high activa-
tion temperature of the quartz—cristobalite trans-
formation (1300 K) and high transformation
temperature of silica glass (1300 K). Contrasting
with these properties, the resistivity of silica
to electron irradiation damage is relatively
low [23].

Silica is an insulator, a property that is utilized
in the fabrication of silicon-based microelectron-
ic devices by precipitation of ultrathin insulating
films of noncrystalline silica on the semiconduc-
tor substrate crystals.

The tetrahedra can be considered as rigid units
which remain almost unchanged upon thermal
expansion or compression by high pressure. They
are rotated or tilted instead. The variability of the
intertetrahedral Si-O-Si angles and the unre-
stricted torsion angle of connected tetrahedra
(Fig. 3) also account for the topological diversity
of the crystal structures of silica and the tendency
for glass formation. At elevated temperatures
quartz, cristobalite, tridymite, and melanophlo-
gite displacively transform into dynamically dis-
ordered high-temperature phases. Softening of
rigid unit modes plays an important role in these
thermally induced ferroic transitions [24]. In the
variable framework structures, planar defects
such as stacking faults in cristobalite and tridy-
mite, and twin planes in quartz and moganite
frequently occur. Growth twinning and transfor-
mation twinning are also common. Normally,
neighboring tetrahedra adopt the electrostatically
favorable trans configuration (Fig. 3). Rare ex-
ceptions with cis and trans configurations are
tridymite [9], melanophlogite, and coesite [26].

1.3. Crystalline Silica Phases

The crystalline silica minerals are listed in Ta-
bles 1, 2, and 3 together with their crystallo-
graphic data. Table 1 also lists the nonmineral
crystalline phases keatite and silica W. The por-
osils are treated in Chapter 8.

1.3.1. Crystalline Silica Minerals

The p-T diagram of silica, with stishovite,
coesite, quartz, and cristobalite, is shown in

Figure 8 [6]. Tridymite forms only in the pres-
ence of impurities which act as mineralizers. The
phase transformations between the stable phases
are reconstructive, requiring breaking and for-
mation of new Si—O bonds (except for the high
quartz—low quartz transition). Apart from high
quartz, all high-temperature and high-pressure
phases can persist metastably under ambient
conditions. Quartz and most of the phases that
are metastable under ambient conditions undergo
displacive transitions at elevated temperatures
without breaking of bonds. Melanophlogite, mo-
ganite, and the microcrystalline mineral species
have no thermodynamic stability field.

Quartz is the thermodynamically stable
form under ambient conditions. The tetrahedra
are arranged in the open structure of low or
o-quartz as helices along the trigonal c-axis.
Two types can be distinguished: a small helix
formed by three tetrahedra and a larger double
helix consisting of six tetrahedra. All threefold
screw axes are either left- or right-handed, and
this results in the optical activity of quartz with a
rotatory power of 27.71°/nm for Na light [10].
The crystals are enantiomorphous with the sym-
metry of the acentric space groups P3;21 or
P3,21. The right- and left-handed crystals are
mirror images of each other (Fig. 4). The twofold
symmetry axes perpendicular to the screw axis
are polar, and mechanical stress along the axis
produces a direct piezoelectric effect. The re-
verse effect is utilized in oscillatory devices.
Standard values of important properties are com-
piled in [27], and the relationships between crys-
tal structure and properties are given in [28]. The
low specific free surface energy of the thombo-
hedral faces {1011} results in a poor but distinct
cleavage.

The thermal expansion of «-quartz is high
(0, =133 x 10°K™, o33=7.1x10"°
K" and drops to even slightly negative values
at the displacive phase transition to high or -
quartz at 573 °C (Fig. 5). With increasing tem-
perature the tetrahedra are rotated clockwise or
anticlockwise around the dyad axes towards their
higher symmetry positions in 3-quartz. Addition-
al dyad axes coinciding with the threefold screw
axes in the double helices are generated at the
transition, turning them into sixfold screw axes.
The handedness of the helices is preserved, and
the space groups for left- and right-handed
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Table 1. Crystalline silica phases: space groups and unit cell parameters

Unit cell dimensions in nm
Phase Space group a b c o B Y
Mineral phases
Stishovite P4s/mnm 0.418 0.418 0.267 90 ° 90 ° 90 °©
Coesite C2/c 0.713 1.240 0.717 90 ° 120.3 © 90 °
Low quartz P3,21/P3,21“ 0.491 0.491 0.540 90 ° 90 ° 120 ©
High-quartz” P6,22/P6422° 0.500 0.500 0.546 90 ° 90 ° 120 ©
Moganite 112/al 0.876 0.488 1.072 90 ° 90.1 ° 90 °
Low cristobalite P4,2,2/P452,2° 0.497 0.497 0.693 90 ° 90 ° 90 °
High cristobalite® Fd3m* 0.713 0.713 0.713 90 ° 90 ° 90 °©
Low tridymite® cc 1.849 0.499 2.583 90 ° 117.8 © 90 °
L1-Ty (MC) Cc* 1.852 0.500 2.381 90 ° 105.8 © 90 °
Low tridymite” F1 0.993 1.722 8.186 90 ° 90 ° 90 °
L2-Tp (POs/10)
Low tridymite cc 0.501 0.860 0.822 90 ° 91.5° 90 °©
L3-Ty (MX-1)
High tridymite’ P2,2,2, 0.499 2.617 0.820 90 ° 90 ° 90 °
H4-T, (OP)
High tridymite® C112; (ap0)™! 0.501 0.875 0.821 90 ° 90 © 90.3 °
H3-T, (OS)
High tridymite” C222, 0.502 0.876 0.821 90 ° 90 ° 90 °©
H2-T, (OC)
High tridymite” P63/mmc” 0.505 0.505 0.826 90 ° 90 ° 120 ©
HI-T, (HP)
Melanophlogite Pm3n 1.344 1.344 1.344 90 ° 90 ° 90 °
Nonmineral phases
Keatite P4,2,2/P452,2" 0.746 0.746 0.858 90 ° 90 ° 90 °
Silica W Iema 0.836 0.472 0.516 90 ° 90 ° 90 °©
“Enantiomorphic (right- and left-handed);
" At 863 K;
‘At 573 K;

4 Average structure;

“For the nomenclature of the tridymite phases, see Fig. 8;
fSetting according to [53, 62];
#Setting according to [54, 63];

" Stacking disordered;
'Incommensuralely modulated;

JAt 428 K;

KAt 443 K;

!Four-dimensional super space group;
" At 493 K;

"At 733 K.

B-quartz are P6,22 and P6,22 with additional
twofold rotation axes perpendicular to the hex-
agonal c-axis (Fig. 4). The crystal structure of
B-quartz is disordered by intense thermal vibra-
tions of the tetrahedra, and the structure shown in
Figure 4 is only an average. An intermediate
phase occurs in a narrow temperature range of
1.7 K between o.- and B-quartz. It is incommen-
surately modulated and consists of a regular array
of microdomains with the orientation of twins
according to the Dauphiné law. The size of the
domains rapidly decreases with increasing tem-
perature [29]. Heating untwinned single crystals

of quartz to temperatures above the transition
point usually results in the formation of
Dauphiné twins [30].

Dauphiné twins are intergrowths of two right-
or two left-handed quartz individuals which are
rotated by 180° with respect to each other around
their common c-axis. This additional dyad axis is
identical with the twofold axis which is lost
during the high—low transition. Dauphiné twin-
ning is also referred to as electrical twinning.
Twinning according to the Brazil law also occurs
abundantly in natural quartz, i.e., in amethyst and
chalcedony. In this case right- and left-handed
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Table 2. Crystalline silica phases: crystal dimensions, density, and
displacive phase transitions

Displacive
Crystal Density ~ phase transitions
Phase dimension® g/em? in K
Mineral phases
Stishovite 2 4.29 -
Coesite 2 2.92 -
Low quartz 1,23 2.65 846
High-quartz 4 2.53 846
Moganite 3 2.62 -
Low cristobalite 1,2 2.33 540"
High cristobalite 4 221 540"
Low tridymite 1,2 2.27 398, 423, 493, 723
L1-T, (MC)
Low tridymite 1,2 2.28 398, 423, 493, 723
L2-Tp (POs/10)
Low tridymite 1,2 2.26 338, 398, 423,
493,723
L3-T, (MX-1)
High tridymite 4 2.24 398, 423, 493, 723
H4-T, (OP)
High tridymite 4 222 398, 423, 493, 723
H3-T, (OS)
High tridymite 4 221 398, 423, 493, 723
H2-T, (OC)
High tridymite 4 2.19 398, 423, 493, 723
HI-T, (HP)
Melanophlogite 1,2 ca. 2.0 ca. 333
Nonmineral phases
Kealtte 2 ca. 2.5 -
Silica W 2 (fibers) ca. 1.97 -

“1: macroscopic, 2: microscopic, 3: submicroscopic, 4: does not
exist at ambient conditions (not quenchable);
" Hysteresis of more than 20 K.

individuals are intergrown via the {1011} plane.
The new symmetry element introduced by the
twinning is a mirror plane parallel to {1120}.
Brazil twinning is also called optical twinning.

Table 3. Microcrystalline silica minerals

Both kinds of twinning neutralize or reduce the
piezoelectric effect of quartz, and crystals suit-
able for oscillatory and optical purposes must be
free from twinning. Twins according to the Jap-
anese law are less abundant. The twin plane is
{1122} and the c-axes of two twinned crystals
form an angle of 84°33'.

Other compounds crystallizing with the
quartz structure type are phosphates MPO, and
arsenates MAsO, (M = Al, Ga, Fe), BeF,, the
high-temperature form of GeO,, and the high-
pressure modifications of BPO,, BAsO,, and
phosphorus oxynitride (PON) [31-33]. B-Eu-
cryptite LiAlSiO4 and 7y-spodumene LiAl-
Si,0¢-1II are stuffed derivatives of B-quartz in
which the silicon atoms are partly replaced by Al
and Li incorporated on interstitial tetrahedral
sites (I, position) within the large helices [34].

Cristobalite is the low-pressure, high-tem-
perature modification of silica (Fig. 1). It per-
sists as metastable phase at low temperatures. A
displacive phase transition from the tetragonal
low-temperature o-form to the cubic high-tem-
perature B-form takes place near 540 K. The
transition is of first order with an hysteresis of
more than 20 K and a volume discontinuity of ca.
5%. The crystal structure of B-cristobalite is a
derivative of the diamond structure type in which
carbon is replaced by silicon and oxygen is
located midway between neighboring Si atoms.
The framework can be described as a stacking of
parallel layers of six-membered rings of tetrahe-
dra. Alternate tetrahedra point upwards and
downwards (Fig. 6). The stacking is a three-layer

Mineral or phase Species” Microstructure Refractive index Water content, wt %
Quartz microquartz granular grains < 20 um 1.54-1.55 <03
chalcedony length fast fibers, fiber axis <11.0>
Ch-wy g parallel fibrous 1.53-1.54 0.8-2.0
Ch-h g spherulites of radiating fibers ca. 1.54 0.3-0.8
quartzine Chs length slow fibers, fiber axis <00.1> ca. 1.54 0.5-1.0
Moganite crystal blades 1.5-3.0
Opal opal-CT O-CTys length slow fibers (lussatite) 1.45-1.46
0O-CTy lepidospheres of platelets 1.43-1.45 3.0-10.0
opal-C O-Crr parallel platy {101} ca. 1.46 1.0-3.0
O-Cy massy, tangled platy 1.0-8.0

“Ch: chalcedony, w: wall lining, h: horizontally banded, LF: length fast (negative optical character of the fiber elongation), LS: length slow
(positive optical character of the fiber elongation), C: disordered cristobalite, CT: disordered cristobalite/tridymite, M: massy tangled
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Figure 4. Tetrahedral model of the crystal structures of left-
and right-handed quartz. Top: low-temperature quartz; bot-
tom: high-temperature quartz. Perspective view on (001)
slices along the c-axis; [100] direction vertical.

sequence in cristobalite. In tridymite, similar
layers are stacked in a two-layer sequence with
antiparallel mutual orientation. Stacking faults
occur frequently in cristobalite and tridymite (cf.
microcrystalline opals). The space group of the

Figure 5. Thermal expansion of the unit cells of cristobalite
(top) and quartz (bottom).

Figure 6. Tetrahedral model of the crystal structure of
cristobalite.

Top: (111) slice of the cubic high-temperature form ([110]
direction vertical).

Bottom: (101) slice of the tetragonal low-temperature modi-
fication ([010] direction vertical).

average structure of -cristobalite is Fd3m [35].
The rigid tetrahedra perform rotational vibra-
tions by precessing around the straight Si-O-Si
lines [36-39]. At the transition temperature,
these motions become unstable, and the structure
collapses to form oval rings instead of the hex-
agonal six-membered rings of tetrahedra in the
average high-temperature structure. In o.-cristo-
balite the tetrahedra are arranged in helices con-
taining either left- or right-handed fourfold screw
axes parallel to the tetragonal c-axis [36]. Two
enantiomorphous forms exist with the space
groups P4,2,2 or P432,2. Loss of the threefold
rotation axis, the inversion center, and the cen-
tering of the unit cell during the phase transition
result in the formation of 12 twins and antiphase
domains [40]. The volume discontinuity at the
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transition leads to characteristic fish-scale micro-
cracking. These scales are rectangular if the
cristobalite is structurally ordered and are round-
ed in the presence of stacking disorder [41]. The
displacive cubic-to-tetragonal transition cannot
be suppressed by quenching, but stacking faults
lower the transformation temperature [138]. The
structure of B-cristobalite can be stabilized by
way of chemical stuffing. In Cag 9>Alp.09Sip.0102
some of the silicon atoms are replaced by alumi-
num, and calcium ions are incorporated on inter-
stitial sites in the large cages between the layers
of tetrahedra [34].

Other compounds with the a-cristobalite-type
of structure are the high-temperature forms of
AlIPO,4, GaPOy4, MnPOy, and AlAsOy [31, 32].
BAsO4, BPO4, BeSO, and phosphorus oxynitride
(PON) crystallize with the B-cristobalite struc-
ture. Stuffed derivatives are carnegieite NaAl-
SiO4 [42] and a variety of compounds with the
formula Na,MSiO4 (M = Ca, Be, Zn, Mg) [34].

Tridymite formsbetween 1200 and 1800 K
at ambient pressure, but traces of foreign ions,
preferably alkali metals, or hydrothermal condi-
tions [43] are necessary. The growth of tabular
crystals always starts with cristobalite nuclei
[44].

The crystal structure is a derivative of the
hexagonal wurtzite type with Si occupying the
Zn and S positions and oxygen placed between
the silicon atoms. Layers with six-membered
rings of tetrahedra are stacked in antiparallel
orientation to give a two-layer sequence. Viewed
along the hexagonal c-axis the layers are in the
totally eclipsed position in high-temperature tri-
dymite, leaving open channels in the structure
(Figs. 3 and 7).

With respect to bonding requirements, tridy-
mite is much less balanced than cristobalite. As a
consequence tridymite undergoes a cascade of
displacive phase transitions [9, 45] (Fig. 8).
Similar to B-cristobalite and B-quartz, the hex-
agonal high-temperature phase of tridymite is
dynamically disordered [46]. Upon cooling, dif-
ferent rigid unit modes of the tetrahedra succes-
sively freeze in by forming phases with collapsed
rings of tetrahedra [47]. In a first step alternate
layers of tetrahedra are laterally shifted with
respect to each other near 400 °C, reducing the
symmetry to orthorhombic [48]. In a second step
an incommensurately modulated phase with tem-

Figure 7. Tetrahedral model of the crystal structures of the
three room temperature forms of tridymite.

Top: (010) slice of L1-To(MC) with vertical [305] direction.
Middle and bottom: (001) slices of L2-Tp(POs,;0) and L3-
ToMX-1) with [010] and [100] direction vertical,
respectively.

perature-dependent lattice parameter v/3apey is
formed at 220 °C [49, 50] which discontinuously
locksinatca. 150 °Cresulting in a superstructure
with a 3v/3anelattice parameter [51, 52]. Finally,
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Figure 8. Displacive polymorphism and reconstructive stacking polytypism of cristobalite and tridymite.

2 phases with incommensurate displacive modulations; ® phase formed by thermal or mechanical stress (quenching or grinding);
¢ transition temperatures depend on the degree of stacking disorder.

Nomenclature of the tridymite phases: L = low-temperature phase, H = high-temperature phase, To = ordered tridymite,
Tp = stacking-disordered tridymite; in parentheses: M = monoclinic, O = orthorhombic, H = hexagonal, PO = pseudo-
orthorhombic, C = C-centered, P = primitive Bravais type, S = superstructure, X = unknown.

a monoclinic phase with a complex superstruc-
ture is formed at 116 °C in a first-order transfor-
mation [53, 54]. This modification is usually
obtained by flux syntheses and has been
found in moon rocks and meteorites. The trans-
formation path, however, can be modified
by thermal or mechanical stress or by lattice
imperfections like stacking faults. Most tridy-
mites occurring in terrestrial rocks contain stack-
ing faults and have a triclinic (pseudo-ortho-
rhombic) 2 x 2v/3 x 10superlattice [55]. The
number of high-temperature phases of pseudo-
orthorhombic tridymite and the respective tran-
sition temperatures depend on the degree of
stacking disorder [45]. A third room-temperature
modification can be produced by grinding mono-
clinic tridymite or by quenching from high tem-
peratures [56]. The phase is monoclinic and
displays an incommensurate structural modula-
tion [57-59]. Further modulated high-tempera-
ture phases can be obtained by reheating incom-
mensurate low tridymite [60].

All three low tridymite modifications
and cristobalite can be intergrown in the same
crystal [60, 61]. Impurities can be incorporated
by coupled substitution on lattice sites and
on interstices in the open structural channels
parallel to the c-axis [13]. In refractory-
grade crystals, trace element concentration is
1 wt% [13].

A compound with isotypic phases is AIPO,
[31]. Nepheline (Na3;KAI4Si40,6) and kalsilite
and kaliophilite (both KAISiO,) are stuffed de-
rivatives of tridymite. Another stuffed derivative
is CaAl,O4 [34].

Coesite is the high-pressure modification of
silica with the densest framework of SiOy, tet-
rahedra. It is composed of four membered rings
of tetrahedra which are linked in the form of
chains of rings. The chains are interconnected by
symmetrically different four-membered rings of
tetrahedra (Fig. 9). In this group the tetrahedra
are in cis configuration with an exceptionally
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Figure 9. Polyhedral model of the high-pressure modifica-
tions coesite and stishovite.

Top: perspective view along the c-axis of stishovite ([110]
direction vertical).

Bottom: (010) slice of coesite with vertical [101] direction.

large Si-O-Si angle, restricted by symmetry to
180° [25, 26].

Coesite metastably persists up to about
1300 K at ambient pressure. It is much less
soluble in hydrofluoric acid than quartz but has
a similar solubility to quartz in water under
ambient conditions. Coesite and stishovite are
rare and were synthesized prior to their detection
in nature.

Stishovite crystallizes in the rutile structure
type with silicon in sixfold coordination (Fig. 9).
The SiOg octahedra form chains by sharing two
opposite edges. Different chains are connected
by linking of octahedra corners [64, 65]. The
arrangement results in a very close packing of
oxygen, even though the Si—O bonds are longer
than in SiOy4 tetrahedra. Stishovite is about 43 %
denser than coesite [66]. It is the stable form of

silica under the conditions of the Earth’s mantle.
In the lower mantle stishovite probably trans-
forms from the tetragonal rutile structure to a
distorted structure with orthorhombic symmetry
(stishovite II). A ferroelastic transformation to
the denser CaCl, structure type is expected at
higher pressures which involves tilting of the
octahedra [66].

Moganite is closely related to quartz but
represents a new structure type with a lower
symmetry. The structure can be described as a
composition of alternate {1011} layers of right-
and left-handed quartz (Fig. 10), that is, a peri-
odic twinning according to the Brazil law on the
cell-dimension scale [67]. The only known oc-
currence of pure moganite is on Gran Canaria,
Spain, where it forms microcrystalline fillings of
fissures and cooling cracks in the ignimbrite

Figure 10. Tetrahedral models of the crystal structures of
moganite and melanophlogite. (001) slices with vertical [010]
direction.
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streams [68, 69]. It has been reported that mo-
ganite also occurs as a minor constituent of
microcrystalline quartz minerals [70].

The synthesis of a high-pressure, high-tem-
perature modification of phosphorus oxynitride
(PON) with moganite-type crystal structure has
been reported [33].

Melanophlogite is a very rare mineral with
the  composition 46 SiO; - 6 (CO.,Ny) - 2
(CH4,N,). Agrigento and Livorno in Italy and
Mt. Hamilton in California are the only known
noteworthy occurrences [71, 72]. The guest mo-
lecules CHy4, CO,, and N are incorporated in two
types of large cagelike voids of the silica frame-
work (Fig. 10) [73]. A displacive phase transi-
tion from tetragonal to cubic symmetry takes
place between 40 and 65 °C. Melanophlogite is
the only mineral species among the large group
of artificial microporous silica phases which are
treated in Chapter 8.

Chalcedony and quartzine are microcrys-
talline quartz minerals (Table 3) [S] consisting of
submicroscopic fibers. The fiber elongation oc-
curs perpendicular to the trigonal c-axis in chal-
cedony and parallel to it in quartzine. The micro-
crystals are highly defective and contain a large
number of twin planes (left- and right-handed
quartz twinned according to the Brazil law) [74].
Chalcedony is the main constituent of banded
agate geodes, flint nodules, and chert. Quartzine
sporadically occurs as thin bands in agates. The
purity is usually high with less than 1 wt%
nonvolatile impurities and less than 2 wt % wa-
ter. The latter is incorporated at defects of the
crystal structure and in the microstructure be-
tween the fibers [75].

Microcrystalline opals consist of highly
stacking disordered cristobalite and tridymite.
A distinction is drawn between opal-CT and
opal-C [76, 77]. In opal-CT the stacking is
random tridymitic (two-layer sequence) and
cristobalitic ~ (three-layer sequence) [78],
whereas cristobalite dominates in opal-C [77,
79]. The microstructure consists of fibers
(lussatite) or of lepidospheric aggregates of thin
crystal blades (Table 3). The water content
can reach 10 wt % with a large portion of water
molecules dissolved in the defective crystal
lattice [80, 81].

1.3.2. Crystalline Nonmineral Silica
Phases

Keatite, silica W, zeosils, and most of the cla-
thrasils are synthetic crystalline forms of silica
for which no counterpart has been found in
nature. The porosils are described in Chapter 8.

Keatite has a tetragonal framework of cor-
ner-sharing tetrahedra which contains five-, six-,
and seven-membered rings of tetrahedra [82].
Structural channels run parallel to the a-axes, and
helices with fourfold screw axes parallel to the c-
axis (Fig. 11) [83]. Under mild hydrothermal
conditions microcrystalline fibers of keatite
are obtained by using silica glass as starting
material and dilute NaOH solutions [84]. It is a
metastable intermediate crystallization product.
Keatite can also be prepared under dry conditions

Figure 11. Tetrahedral model of the crystal structures of
keatite and silica W.

Top: (100) slice of keatite with vertical [001] direction.
Bottom: (110) slice of silica W with vertical [001] direction.
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by heating lithic silica gels with chromium oxide
as additive [85].

Stuffed derivatives of keatite are B-spodu-
mene LiAlSi,Og and HAISi,Og, which show
ionic conductivity.

Silica W [86] forms above ca. 1500 K in the
vapor transport reaction:

H,(g)+Si0,(s)—SiO(g)+H.0(g)

The crystal structure is isotypic with that of
SiS,. Infinite chains of edge-sharing tetrahedra
run parallel to one another and are held together
by weak interatomic forces (Fig. 11). At ambient
temperature, this very unstable configuration
collapses immediately on coming into contact
with traces of water. Tempering under the for-
mation conditions produces cristobalite [86].

Si0,-X is an alkali metal silicate hydrate
with the approximate formula MSi;;O505 -
3 H,O (M = K, Rb, Cs) [87].

1.4. Noncrystalline Silica Minerals

Noncrystalline (antiquated: amorphous) silica
has a short-range order of corner-sharing SiO,
tetrahedra like crystalline silica but no long-
range order and consists of a continuous random
network instead of an ordered framework struc-
ture. The intertetrahedral Si—O—Si angles cov-
er the full range from 120° to 180° with a maxi-
mum near 144° in silica glass [88]. The density of
the network and other properties are variable. In
nature, noncrystalline silica minerals are formed

Table 4. Noncrystalline silica minerals

by melting and subsequent quenching
(lechatelierites), by pressure densification (dia-
plectic glasses), by rapid quenching of silica from
hydrothermal solutions or by precipitation from a
solution, sol, or gel near ambient conditions
(opals). The range of Si—O—Si angles is nar-
rower in opals than in silica glass [89]. The mean
Si—O—Si angle is reduced in densified glass
[90]. The mineral species are listed in Table 4.

Due to the lack of structural order and stoi-
chiometry, the boundary between silica glass and
silicate glass is fuzzy. For natural silica glass it
can be arbitrarily drawn at about 3 mol % of
nonsilica components. Opals, however, can con-
tain considerable amounts of water and different
varieties (opal-Ag and -Ay) can be distinguished
by their microstructure and water content.

Lechatelierites originate from molten silica
formed by lightning strikes (fulgurites) or by
meteoritic impact (meteoritic glass) on quartz
sand or silica rocks [5, 10]. The glass body is
featureless like synthetic fused silica but may
contain some pores, inhomogeneities, and relicts
of quartz grains. The water content is usually less
than 0.1 wt %.

Opal-Ag consists of a close packing of
noncrystalline silica spheres with diameters
ranging from ca. 100 to 500 nm. Water fills the
interstices of the packing and is incorporated
within the spheres [80]. Homodisperse spheres
form a regular cubic, hexagonal or mixed
closest packing [91], which gives rise to Bragg
diffraction of visible light and produces the
characteristic play of color of precious opals

Refractive Water content,

Mineral or phase” Species” Microstructure index wt %
Opal-A (water containing non- opal-Ag precious opal close packing of homometric 1.45-1.46 4-6
crystalline silica particles) SiO, - nH,O spheres

potch opal irregular packing of heterometric 1.45-1.46 4-6

SiO, - nH,0 spheres

(water containing natural silica opal-Ay or hyalite botryoidal with striations and 1.45-1.46 2-4
glass) bubbles from degassing
Lechatelierite (almost water free silica fulgurite relics of quartz grains and pores
natural silica glass)

meteoritic silica glass” schlieren, meteoritic detritus and ca. 1.458 < 0.1

reaction products

“A: noncrystalline; G: gel structure; N: network structure;
be.g., Libyan desert glass.



434 Silica

Vol. 32

[92]. Heterodisperse spheres form irregular
packings that result in diffuse scattering rather
than in diffraction of light (potch opal).
Geyserite is precipitated in hot springs as
sinter from silica-rich aqueous solutions. Biogen-
ic opal-AG stems from plants (grass can contain
up to 5 wt % silica, rice husks even up 19 wt %)
or from skeletal remains of silica plankton. Silica
deposits on the sea floor locally formed massive
sediment layers with a total thickness of several
hundreds of meters (e.g., Monterey, California).
The water content usually ranges from 5 to
8 wt % (mostly molecular water) [5, 80] but can
reach up to 16 wt % in biogenic opals [93].

Opal-AN or hyalite is a water-containing
silica glass that was formed in volcanically active
areas by quenching of a silica-rich fluid or steam.
It can be found as botryoidal crusts and fillings of
vesicles in lava rocks [94]. The microstructure is
characterized by striations parallel to the surface.
Opal-An contains up to ca. 3.5 wt% water,
almost 40 % of which is bound as silanol groups
within the glass network [80, 95].

1.5. Colored Silica Minerals

Pure silica (e.g., rock crystal) is colorless. Except
for precious opal, the color of silica originates
from selective absorption by incorporated impu-
rities forming so-called color centers. In several
cases X-ray or Y radiation is necessary for the
activation of the color centers. Heat treatment has
an influence on the color, too. Several colored
varieties of silica are traded as gem stones.
Review articles on the origin of the color are
given in [10, 96, 99].

Amethyst has a violet color due to the in-
corporation of Fe*' on lattice sites and at I,
interstitial sites in the helices of the quartz struc-
ture. Irradiation removes an electron from iron on
lattice sites, turning it into Fe**. The electron is
tragped by interstitial iron, which is reduced to
Fe*. The color is not stable above ca. 300 °C but
can be restored by renewed irradiation [97, 98].

Citrine is yellow to yellow brown with a
smoky cast. It contains iron only at 4 interstitial
sites. If amethyst is heated in air at 300-560°C,
iron oxide particles of submicroscopic size are

exsolved, producing a yellow to yellow-brown
color with reddish tints.

Rose quartz occurs as massy aggregates of
quartz rather than as single crystals. The pale
pink to deep rose color originates from Fe — Ti
intervalence charge transfer in fibrous nanoinclu-
sions of dumontierite or a closely related phase
[100].

Smoky quartz or morion contains substitu-
tional AI°* on Si** lattice sites [101]. The black
or grayish brown color is caused by irradiation,
which produces an electron hole at oxygen bond-
ed to aluminum. The color center is destroyed by
heating above 200°C but can be renewed by
irradiation.

Other colored single-crystal quartz varie-
ties such as pink or blue quartz have been found
in nature or produced artificially but have gained
only minor commercial importance as gemstones
[102]. The color centers are often nonuniformly
distributed, but for example in amethyst they are
concentrated at Brazil twin boundaries parallel to
the {1011} faces [103].

Microcrystalline quartz minerals can be col-
ored by inclusion of foreign pigment particles in
the microstructure rather than by color centers in
the crystal lattice. Chrysoprase is green due to
submicroscopic nickel compounds, and the red or
brown color of jasper is caused by Fe,O3 or Fe
(OH);. Agate mainly consists of layers of trans-
lucent gray or white chalcedony which can be
naturally or artificially colored by infiltration of
iron or other compounds between the fibers. Fire
opal is probably also colored red by Fe’"
pigmentation.

The colors of precious opals, however, are
caused by Bragg diffraction of light and not by
absorption. Therefore, the color is of higher
spectral purity than in other gems. The diffraction
originates from the ordered arrangement of
homometric silica spheres and water with a lower
refractive index in the interstices of the sphere
packing. The maximum wavelength of the color
depends on the size of the spheres. Opals contain-
ing large spheres produce all colors up to red
whereas opals with smaller spheres show only a
blue or violet color. Different orientations of
grains with coherent sphere packing yield differ-
ent colors. The play of color observed on turning
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astone is enhanced by abundant stacking faults in
the packing sequence of the silica spheres, pro-
ducing diffraction streaks rather than sharp dif-
fraction spots [91, 92].

1.6. Silica Rocks

Many special, trade, and trivial names exist for
silica rocks, often with various meanings and
imprecise definitions. A classification based on
constituent silica phases and microstructure is
given in Table 5 [2, 104, 105]. Silica rocks
contain more than 90 wt% SiO,. An ordinary
sandstone, for instance, contains only about
65 wt % silica mainly as quartz grains. The rest
is matrix and cement (feldspar, CaCOs3, mica,
clay minerals, etc.). Transitions occur between
silica rocks with increasing burial depth in the
earth crust which not only result in a reduction of
porosity and water content. Quartz sand is solid-
ified to quartz sandstone (arenite or ganister) by
cementation of the grains and grades by recrys-
tallization into quartzite under pressure at elevat-
ed temperatures. Similarly, noncrystalline bio-
genetic silica remains of diatoms, radiolaria, etc.
are transformed under compression into porcel-
lanite and finally to chert. When the origin is
known these rocks are designated as diatomite,
radiolarite, or spiculite. Lydite and novaculite are
radiolarites of paleozoic age. Tripoli is a friable
porous porcellanite but the term is often used in a
broader sense for abrasives and polishing media
(Section 2.1). Ganister is a quartz sandstone
cemented by chalcedony or opal-CT. Sandstone
with less than 10 % matrix and cement is called
arenite and with more than 10 % matrix wacke
(quartz arenite and quartz wacke, respectively,

Table 5. Silica rocks (> 90 wt % SiO,)

when the total SiO, content is higher than
90 wt %). Chert nodules concentrated in layers
of cretaceous chalk or limestone are called flint,
silex (French), or Feuerstein (German). Agate
geodes are fillings of vesicles in volcanic rocks,
consisting mainly of chalcedony bands, inter-
stratified by granular microquartz, quartzine,
opal-C, opal-CT and coarse quartz crystals
[107]. Further silica rocks and stones such as
pegmatite quartz, vein quartz, sand, and gravel
that are used as raw materials are treated in
Chapter 2. A survey of industrial silica rocks is
given in [108-110].

1.7. Crystalline Silica Products

Here only silica products made by crystallization
from mobile mother phases or by transformation
in the solid state are discussed. In contrast to the
many noncrystalline silica products, crystalline
products are limited to hydrothermally man-
made quartz crystals and thermochemically pro-
duced polycrystalline silica.

Man-made or cultured quartz is of major
economic importance and its use is growing. In
contrast, the production of silica refractories for
use in high-temperature processes is stagnating.

1.7.1. Cultured Quartz Single Crystals

Manufacture. The growth of quartz single
crystals is carried out hydrothermally in sealed
steel autoclaves with constant temperature dif-
ference and density-driven convection [111]
(Fig. 12). Hydrothermal syntheses are defined
as reactions or crystal growth at high pressures

Classification Name

Main constituent silica minerals,
microstructure

Special, trade, and trivial names
(selection)

Sedimentary, nondetrital

porcellanite
chert

Sedimentary, detrital

Metamorphic
Volcanic

quartzite
geyserite

diatomite (Chap. 3

quartz sandstone

opal-Ag; porous coherent diatom
accumulation

opal-CT; microporous rather strong rock
chalcedony, granular microquartz; nonpo-
rous tough rock with conchoidal fracture
quartz grains cemented by direct contact,

authigenic outgrowth, chalcedony or opal-

CT
recrystallized quartz grains and cement
opal-Ag, opal-CT; friable, porous

kieselguhr [3]

tripoli [106], opoka

hornstein, novaculite, lydite, radiolar-
ite, chert

quartz arenite, quartz wacke, ganister,
zementquartzite

crystalline quartzite, felsquartzite
silica sinter
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Figure 12. Autoclave for quartz single crystal bar growth

and temperatures in aqueous solutions, whether
in the sub- or supercritical state [112].

Natural quartz [113] is fractionated into chips
(lascas) of controlled size distribution (2.5—
4cm) and surface area. They serve as nutrient
and are filled into an iron wire basket which is
placed in the lower part of the autoclave. The
lower part is separated from the upper part by a
baffle of defined opening. Seed slices or rods, cut
with defined crystallographic orientation from
natural or man-made untwinned quartz crystals
with a low content of structural defects, are
hung in a rack and placed in the upper part of
the autoclave. Preferred seeds are Z plates, cut
parallel to {0001}, and Y rods, cut parallel to
{1120} and {0001} and perpendicular to one of
the a-axes.

Aqueous growth solutions with different
mineralizers (mainly 0.5-2.0 M NaOH or
Na,CO; and additives such as Li,O) fill ca.
70-80% of the inner autoclave volume. Special
syntheses, e.g., the growth of amethyst, which
needs structural incorporation of traces of iron,
require K,CO3 or NH4F solutions [97, 114].
After sealing, the autoclave is electrically heated
to a working temperature of ca. 675 K at the
outer wall of the nutrient part (75) and ca. 20—
40 K less at the seed part (7) (Fig. 12). The

Figure 13. p-T diagram of H,O, isochores for various per-
centages of autoclave filling [115, 116]
C: critical point at 22.04 MPa, 547.4 K

actual temperature difference AT in the reactor is
much smaller (5-10 K). With increasing temper-
ature, the pressure increases according to the
percentage filling (Fig. 13). Under working con-
ditions, it is ca. 100—150 MPa. A rupture disk in
the pressure tubing at the seal prevents hazardous
pressure increase.

During heating and cooling of the autoclave,
at pressures below ca. 80 MPa, the hydrothermal
system passes through a region of retrograde
SiO, solubility. Above 80 MPa the solubility
increases with temperature and pressure
(Fig. 14). The mineralizers increase the solubili-
ty strongly, for example, at 673 K and 100 MPa
from ca. 0.15 wt % SiO, for pure water to about

Figure 14. Solubility of SiO, in H,O [117]
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2-3 wt %. The solubility is approximately pro-
portional to the mineralizer concentration [117].
Concentrations of NaOH or Na,CO; above
2 mol/L, however, can lead to deposition of
sodium silicate glass at the bottom of the auto-
clave, which obstructs the growth process.

In the nutrient section SiO, goes into solution.
The solution at the bottom part of the autoclave
has a higher temperature than the solution in the
seed section and rises in the gravitational field
due to its lower density. Above the baffle, it
becomes cooler and supersaturated with SiO,,
and growth starts at the seeds. The cooled solu-
tion has a higher density and sinks into the
nutrient section where it is warmed and becomes
subsaturated. It dissolves silica from the nutrient
and ascends, and so on in a permanent circulation
driven by density difference until the desired
quantity of nutrient has been transported to the
growing quartz crystals.

The effective nonequilibrium distribution co-
efficient is defined as

keff ~ Csacl/clacl

where C; , is the actual trace element concen-
tration in the solid, and C) . the actual trace
element concentration in the liquid. The trace
impurities accumulate in the solution [118] and
the grown quartz crystals are of higher purity than
the nutrient quartz. Doping with traces of special
components changes the physical properties. For
example, doping with LiF improves the electrical
quality.

Raising p, T, and AT increases the rate of SiO,
transport and of quartz growth. However, the
high-temperature strength of the autoclave alloy
sets limits on p and 7. A low-pressure and a high-
pressure process are usually applied. A pressure
of 70-100 MPa, a temperature of 620 K, a tem-
perature difference of 10 K, and a 0.6 to 0.8 M
sodium carbonate solution are typical of the
former and yield a growth rate of about
0.4 mm/d. The high-pressure process (100-
150 MPa, 650 K, AT = 25 K, 1.0 M sodium
hydroxide solution) yields a growth rate of up
to 1.0 mm/d, but at the expense of higher costs
for equipment [100]. The transition of convec-
tion from laminar to turbulent or even cellular
flow with increasing AT limits these factors as
well. Increasing face instability [118] and defect
concentrations with increasing rates of transport
set further restrictions.

The corrosion of the autoclave steel alloy is
inhibited by formation of a dense coating of
microcrystalline acmite NaFem[SizOG] and
traces of emeleusite LiNazFeIH[Sif,Ols] by reac-
tion with the growth solution.

The duration of growth runs varies between
one and four months. The grown quartz crystals
are formed by grinding to ca. 15-20 cm long
bars. The orientation of the bars is determined by
X-ray diffraction before cutting them into wa-
fers. An autoclave with 250 mm inner diameter
and an inner length-to-diameter ratio of 12 gives
a yield of ca. 100 kg of quartz bars per month.
The loss by removal of seeds from the bars is ca.
20 wt %. Part of the cutting waste is used in the
jewelry industry. The growth parameters which
determine yield and quality of man-made quartz,
are complexly coupled [120]. Dimensions and
yield capacities of autoclaves are given in
Table 6.

The largest production capacities exist in
Japan, the United States, Russia, and China;
smaller capacities are found in Europe, South
Korea and South Africa. The total production of
cultured quartz was estimated at about 200 t/a in
the USA at an average value of ca. $ 186 per
kilogram in 2005.

Small amounts of colored quartz [96] for
jewelry are grown in Russia. While blue (Co-
containing) and light green and yellow (Fe)
quartz are already colored in the growth process,
the Al and Fe color centers for smoky quartz and
for amethyst must be activated after growth by y
radiation. Seeds for the first-mentioned color
variations are Z plates, whereas for smoky quartz
and amethyst X plates cut parallel to {1011} are
used because of face-specific incorporation re-
quirements of the coloring elements.

Filter and oscillator quartz must be free of
twinning and need low defect concentrations
[121]. Structurally incorporated impurities are
determined by chemical trace element analysis.
Impurities which produce paramagnetic defects
(e.g., Fe) can be detected by electron spin

Table 6. Dimensions and yield capacities of autoclaves for man-made
quartz

Inner Inner Inner Yield per

diameter, cm  length, m  volume, L  run, kg
Japan 65 13 4500 2000
United States 40 4.5 560 250
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resonance spectroscopy [122]. Traces of water
are determined by IR spectroscopy [123, 124].
Inclusions of foreign elements, depending on
type, size, and position in the microstructure of
the crystal are recognizable by X-ray diffraction,
under the polarizing light microscope (PLM), or
with the scanning electron microscope (SEM)
and can be chemically analyzed by energy dis-
persive X-ray spectroscopy (EDS) in the SEM or
with the electron microprobe [125]. Dislocations
produce diffraction contrast in X-ray topography
[126, 127]. Brazil twinning can be detected with
PLM, but Dauphiné twinning can only be made
visible by etching. Both types of twinning can be
differentiated by X-ray topography [128, 129].

The quality of resonators is described by the
electromechanical Q value. This dimensionless
quality factor is defined as:

0 =2nfL
R

where f is resonance frequency, L inductance,
and R resistance.

The Q value increases with decreasing energy
loss due to relaxation and internal friction. The
slower the decay of the oscillation amplitude
after cutting off the excitation, the higher is Q.
The quality of the quartz crystals contributes to
the resonator Q value. The latter is not measured
directly but a material Q is determined instead. A
correlation between the IR absorption of struc-
tural OH groups (hydrolytic nonbridging oxygen,
Fig. 2) at 3580 and 3410 cm ™' and the material
Q value is usually utilized for quality control
[130]. An empirical infrared a value is defined:

a = 1/tlog (T3s00/T3500)

where a is the extinction coefficient at
3500 cm™ !, ¢ the thickness of the sample in
centimeters, and 7,, the transmittance at wave
number 7.

The material Q can be evaluated from

10%/0 = 0.144+7.74a+0.444>

The three highest grades have a material Q of
1.8,2.2, or 3.0 x 10°

Radiation in space, from uranium or thorium
impurities, or from other sources affects the
oscillator frequencies by acting on alkali metal
impurities. Therefore the quartz must be grown to
extreme purity Alkali metal ions on interstitial
sites can be removed (swept) electrolytically

after growth. This is done at elevated temperature
(below the transition temperature of 573 °C in
order to avoid electrical twinning) by applying a
field of 1 kV/cm [119].

For further specification, the quartz bars are
examined for inclusions which might contain
acmite impurities that stem from reaction of the
hydrothermal solution with the steel walls of the
autoclaves. The density of dislocations is deter-
mined microscopically after etching with ammo-
nium bifluoride by counting the etch pits or
channels. The best grades have dislocation den-
sities of 10, 30, or 100 per cm?.

Most of the cultured quartz is optically right-
handed, as right-handed seed crystals are nor-
mally used. Electronic applications are treated in
[131, 132]. Natural single-crystal quartz is now
used only for a few special applications.

Despite the increasing demand, growth capac-
ities are not markedly increasing because of
improved cutting technologies, photolithograph-
ic etching, and miniaturization.

The Piezoelectric Effect of Quartz. If
stress is applied along one of the three polar
twofold rotation axes of quartz an electric polar-
ization is produced (direct piezoelectric effect).
The direction of the polarization vector is re-
versed upon changing from compressive to ten-
sile stress and vice versa. Stress perpendicular to
a polar axis and perpendicular to the trigonal c-
axis (along the y-axis) also yields an electric
polarization along the polar axis.

P; = dijCj

i,j,k=1,2,3
P; = electric polarization
dj = piezoelectric moduli

Ojx = stress tensor

The anisotropy of the piezoelectric effect is
described by a third-rank tensor with 27 compo-
nents. Due to the symmetry of the stress tensor
and the point-group symmetry of quartz (32) the
number of independent components is reduced to
two for quartz

dyj = —231 x 10712 C/N

di3 = —0.727 x 1072 C/N

for right-handed quartz (the signs of dj; are
reversed for left-handed quartz [133]).
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If an electric field is applied in appropriate
direction the shape of a quartz crystal changes
(<0.1 %). This is called the converse piezoelec-
tric effect. An alternating electric field causes the
crystal to vibrate.

gjt = dijkE;

i,j,k=1,2,3
E; = electric field
djj = piezoelectric moduli
€j; = strain tensor

Uses The piezoelectric effect was detected
by Pierre and Jacques Curie in 1880/1881
using quartz crystals. In 1917, the first sonar was
constructed by Langevin to detect submarines.
Since the 1920s quartz oscillators have been used
for frequency control in radio broadcasting and
communication electronics. The first oscillator
for frequency stabilization, cut from natural
quartz, was described 1921 by Capy [131].
A quartz crystal is stimulated to vibrate
mechanically at its resonance frequency. The
piezoelectric response in turn is then utilized
for stabilization of the frequency of the circuit.
The use of quartz resonators increased as a
consequence of the mass production of color
TVs since the 1960s, quartz clocks and watches
since the 1970s, and the developments in
digital microelectronics. Today, virtually no
appliance or device is working in communication
electronics or computer technology without a
quartz oscillator.

The resonance frequency depends on the cut
and the shape of the quartz crystal. Initially, only
cuts perpendicular to the x-axis were used for
sonar transducers. Today, quartz tuning forks for
wristwatches are produced from x-cuts. For other
purposes, different cuts are preferred. So-called
AT cuts are most commonly used. An AT-slice
cuts the y-axis and forms an angle of 35.3° with
the trigonal c-axis. As the dj,; piezoelectric
constant has a negative and the d;,3 constant a
positive dependence on temperature, an AT cut
provides independence of the resonance frequen-
cy from temperature [133].

In the megahertz range bulk waves are uti-
lized. For the gigahertz range surface acoustic-
wave devices are now produced by photolitho-
graphic techniques similar to those used in the
semiconductor industry [119].

Due to its good elastic properties and very
high stability, quartz is still the most important
piezoelectric material. However, in the fields of
ultrasonics and piezoelectric sensors and actua-
tors, quartz is widely replaced by materials like
lead zirconate titanate (PZT) ceramic which
show a much stronger piezoelectric effect [134].

Other uses of quartz single crystals utilize
optical properties like optical activity, birefrin-
gence, and dispersion.

1.7.2. Polycrystalline Silica Products

Refractory Silica. Dense shaped silica pro-
ducts consist per definitionem of greater than
93 wt % SiO, [135]. Usually, the silica content
varies between 95 and 97 wt %. Refractory silica
is available in three grades: superduty, regular
duty, and coke-oven quality [136, 137]. Silica
bricks are used up to 1925 K. The major applica-
tions of dense silica bricks are coke ovens, super-
structures of glass-melting tanks, and hot-blast
furnaces (checker bricks). Unshaped silica mixes
are used for monolithic structures and repairs.

Silica Bricks. Raw materials for industrial
silica brick production are high-grade quartzites
or silica cemented quartz sandstones with >97
wt % SiO,. The raw material is crushed, washed,
and sieved. The sieve fractions are mixed to the
desired grain size distribution. Small amounts of
quartz sand are also used, and 1-4 wt % Ca(OH),
is added as mineralizer (transformation activa-
tor) and bonding agent. Sulfite lye acts as plas-
tifier of the batch and provides sufficient strength
for manual or mechanical shaping and drying.
The bricks are fired at about 1700-1760 K in
tunnel or shuttle kilns for one to three weeks
(depending on their shape). The quartz raw ma-
terial transforms into stacking-disordered cristo-
balite and tridymite under these conditions. The
volume of the bricks increases by 4-5 % due to
the higher specific volume of the high-tempera-
ture silica modifications. The amounts of cristo-
balite and tridymite depend on the raw material
blend as well as on production parameters, main-
ly temperature and time of firing [138-140].
Tridymite forms only in the presence of suitable
impurities and mineralizers; the longer the dura-
tion of firing the more is formed (see Sec-
tion 1.3.1) [141-144]. The rate of the quartz
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transformation varies for the different types of
raw materials. It depends mainly on the crystal-
lite size distribution and on the amount and
distribution of impurities (Al,O3, TiO,, alkali
metal oxides, Fe,O3). Quartzite transforms more
sluggishly than quartz sandstone with a high
content of microcrystalline quartz in the cement.

The burnt silica bricks contain small amounts
of residual quartz (<6 wt%) and wollastonite
CaSiOj;. The latter is a crystallization product of
an intergranular glass phase (SiO,/Ca0O/Al,O3).
An excess of residual quartz must be avoided
because of an irreversible after-expansion
(Fig. 15) in service above ca. 1500 K, which is
due to the transformation of the residual quartz
into cristobalite/tridymite.

The content of residual quartz is easily deter-
mined by X-ray powder diffraction [145]. The
quantitative determination of cristobalite and
tridymite, however, is difficult due to their struc-
tural defects [138, 139], and large errors can
result if these are not taken into account [146].

+ + + +

Figure 15. Illustration of the piezoelectric effect in quartz.
Left: Simplified structural model of quartz viewed along the
trigonal c-axis; small circles represent silicon and large circles
two oxygen atoms. The trigonal a;-axes and the orthogonal x-
and y-axes are shown. Middle: Deformation of the structure
due to stress applied along the x-axis (one of the three polar
twofold rotation axes) produces charges on surfaces perpen-
dicular to the x-axis (longitudinal direct piezoelectric effect).
Right side: Stress applied along the y-axis also produces
charges on the faces perpendicular to the x-axis (transverse
direct piezoelectric effect). Change from compression to
tension reverses the signs of the electric charges.

Silica bricks expand on heating and reach a
maximum between 1075 and 1275 K of ca. 1.3—
1.5 vol % and have a small negative expansion at
higher temperatures (normally 0.1-0.2vol %)
which is attributed to a structural contraction of
the tridymite and cristobalite components [147,
148]. Due to the comparatively low thermal
expansion, refractory silica has a very good
thermal shock resistance above 875 K. Below
this temperature, however, extreme care must be
taken on heating and cooling to avoid cracking. A
further valuable feature is the extraordinarily
good creep behavior of refractory silica under
compression at high temperatures. This is attrib-
uted to the very small content of liquid phase
which is due to the low content of impurities (in
particular, < 1.5 wt% Al,O; and < 0.4 wt%
alkali). Silica bricks are used up to 1925 K. The
corrosion resistance against acid slags is good.
However, alkali-containing vapor may cause
corrosion by melt formation below 1750 K.

Table 7 gives a survey of the properties of
silica bricks. For the production of very dense
silica bricks with high thermal conductivity,
Si3Ny or SiC is mixed into the raw batch. During
firing these compounds are oxidized, and the
resulting crystalline silica fills the intergranular
pores [150, 151].

During operation in a temperature gradient,
silica bricks develop zones with different micro-
structures and silica phases without significant
change of shape. Above ca. 1730 K cristobalite
predominates, and between 1580 and 1680 K
tridymite [147, 152, 153].

The major applications of dense silica bricks
are coke ovens, superstructures of glass-melting
tanks, and hot-blast furnaces (checker bricks).
Unshaped silica mixes are used for monolithic
structures and repairs.

Cristobalite sand, powder, and flour are
produced from quartz sand by calcination in
rotary furnaces at 1800 K or from flint in shaft
furnaces with subsequent grinding in ball mills.
Another route works with processed sand and
addition of mineralizers at 1500 to 1700 K,
leading to products with > 99 wt % SiO,. The
former products are used as refractory mortars
and ramming mixes in ceramic kilns and for
blending with quartz or other mineral sands for
various uses (e.g., in foundries) preferably as a
modifier of thermal expansion. Heat-insulating
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Table 7. Material properties of dense silica bricks [149]

Refractoriness

Apparent under load Thermal
Bulk density, porosity, Cold crushing (differential) expansion Thermal conductivity
Application g/cm? vol % strength, MPa Tos, °C 1000 °C, % 1000 °C, W m ' K™!
Coke oven 1.78-1.90 18-23 30-60 1610-1650 1.3 1.8-2.2
Glass 1.81-1.85 19.5-21.5 30-40 1630-1670 1.4-1.5 1.8-1.9

furnace

lightweight (up to 60 % porosity) silica refrac-
tories are produced by addition of material that
burns off during firing (e.g., sawdust, cork).
Diatomaceous earth (see Chap. 3) can also be
used as raw material. Burned diatomite consists
of about 80 wt % crystalline silica, mainly cris-
tobalite with some quartz. It serves as heat-insu-
lating material for use up to 1200 K.

High-purity cristobalite from processed sand
serves as weathering- and exhaust-resistant white
filler which has no yellow shade for thermoplas-
tic road marking (flour as pigment, sand as anti-
skid), for production of plastics, adhesives, wall
paint, and texture coatings. Surface treated (pref-
erably with siloxanes) flour is incorporated into
silicone rubber and cable coverings and into
EVA or PE foils as IR absorber. It is used for
glaze frits, engobes, and other ceramics inter alia
as modifier of thermal expansion. In silicate
chemistry it serves as raw material.

Rice husk ash is prepared by burning the
husks at about 800-900 K for ca. 2 h. The husks
contain ca. 9-19 wt % noncrystalline silica, the
ashes ca. 85 wt %. They are used as additives to
Portland cement for reduction of the alkali—silica
reaction and the detrimental cracking that is
caused by this reaction [154].

Refractory silica cloth is replacing asbestos. It
consists of 810 mm thick glass fibers with a
silica content of more than 96 %.

1.8. Noncrystalline Silica Products

Most of the noncrystalline silica products are
treated in Chapters 3—7. Only silica glass and
silica fume are briefly described here.

Silica glass is pure vitreous silica with di-
verse industrial applications. It is produced either
by melting natural quartz crystals above 2050 K

(fused quartz) or by vapor-phase hydrolysis of
SiCl, in a methane oxygen flame (fused silica).
The use of vitreous silica produced by sol—gel
processes is restricted to thin-film technologies.
The main benefits of silica glass are broad trans-
parency to ultraviolet to near infrared, high re-
sistance to thermal shock due to the low thermal
expansion of 5.5 x 1077 K" and high chemical
corrosion resistance [155]. These properties led
to uses as optical material, optical waveguides
and chemical apparatus. Silicate glass is treated
in detail in — Glass, 1. Fundamentals.

Silica fume is a very fine powder consisting
of noncrystalline silica spheres with an average
diameter of ca. 0.1 wm. It forms at temperatures
of about 2050 K as a byproduct of the reduction
of quartz in electric arc furnaces for the produc-
tion of silicon and ferrosilicon. The silica vapor is
condensed and collected to prevent its emission.
Silica fume is mainly used as an admixture in
cement, concrete, and mortars to improve
strength and durability. Due to the small particle
size and the large surface area (up to 30 m%/g), it
acts both as a microfiller that reduces the porosity
and as a pozzolan which reacts with the calcium
hydroxide from the cement [156].

2. Quartz Raw Materials
2.1. Physical Forms and Occurrence

The range of quartz in nature is vast. Table 8
describes the physical forms and Table 9 lists the
geological occurrences of raw materials
[157-166].

The main characteristics of quartz raw mate-
rials are grain size and shape, their distribution
functions, surface area and roughness, sorption
capacity [163], chemistry, physical properties,
and cost. Increasing demand for extremely pure
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Table 8. Physical forms of quartz raw materials

Name

Formation and properties

Remarks, synonyms, and trivial names

Idiomorphic quartz

Lump quartz

Quartz pebbles

Granular quartz

Quartz sand

Quartz powder

Quartz rock

freely grown, euhedral faced, monocrystalline, possibly
twinned, transparent colorless or smoky to dark brown or
black

fragmented, anhedral, monocrystalline, may be twinned,
transparent, colorless, smoky, milky, or white

weathering product from quartz veins, worn by action of
water, smoothly rounded, mono- or polycrystalline, trans-
parent to white or yellowish white or gray

xenomorphic product of natural (weathering) or industrial
processing from granitic—pegmatitic rocks, monocrystalline,
may be twinned, transparent to translucent, yellowish, gray,
or smoky

unconsolidated, wind- or water-eroded and transported
weathering product of fragmented rocks, grumbled into
mono- or polycrystalline grains, rounded or angular anhe-
dral, the majority of grains are discernible with the naked eye,
white to yellowish in bulk, in the individual grain transparent
to translucent

unconsolidated product of grinding or milling of coarser
quartz, individual grains not discernible with the naked eye,
white opaque in bulk

intergrowth of quartz grains or consolidated by cementation
of grains

rock crystal, smoky quartz

chunk quartz, lascas, brazil pebbles, lump silica

if transparent: rhinestone or rheinkiesel, grain
size 2-60 mm

grain size 0.5-1 mm [159]

silica sand, grain size 0.06-2.0 mm

quartz flour, silica powder, silica flour, grain
size 0.002-0.06 mm

quartzite, quartz sandstones, see text and
Table 5

quartz for silica glass production and in the
quartz oscillator industry, and the growing use
of refined grades of sand makes consistency and
long-term availability important [161].
Impurities and their accessibility to refining
processes are of major importance. In most cases,
trace element analysis gives bulk composition
and no information about the location of impuri-
ties in the microstructure. This, however, is

Table 9. Geological occurrence of quartz raw materials

essential for choice of quartz processing meth-
ods. Figure 16 shows the principles of impurity
distribution in a crystal.

Quartz gravel and sand are the most im-
portant raw materials on a volume basis; the
construction industry consumes about 95 % of
production (ca. 65 % structural and ca. 30 %
civil engineering). In 1995 Germany produced

Name

Occurrence

Remarks

Idiomorphic quartz

Vein quartz

Pegmatite quartz

Quartz from disseminated
hydrothermal deposits

Quartz gravel and sand

grown in veins, vugs, vesicles, and shear fissures of igneous,
metamorphic, or sedimentary rocks

xenomorphic and dense quartz filling of veins, cracks, faults,
dikes, bedding planes, fractures, or joints in zones of
structural weakness of igneous, metamorphic, or sedimen-
tary rocks

polymineralic veins, most frequently of granitic composition
(quartz, feldspar, mica), however, it may be of any other
composition, or coarse crystalline areas in granites or other
igneous plutonic rocks but also in metamorphic rocks with all
transitions to the rock itself

polymineralic fillings of dispersed vein systems in large
volumes of rocks, dissemination along cracks and fractures
or in zones of high permeability for hydrothermal solutions
occurrences are widespread and diverse, mainly in creta-
ceous, tertiary, and alluvial beddings; detrital product ob-
tained from rocks by various weathering, transport, selection,
and bedding conditions [204-207]

chemical purity and transparency increases
from base to top of crystal

quartz frequently contains fluid and solid
inclusions [174, 205] (Fig. 16)
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Figure 16. Principles of impurity distribution in a single crystal. A) Structural incorporation a) Random; b) Growth sector
specific; ¢) Zonal B) Microstructural inclusion d) Skeletal growth and face specific adsorption, possibly with subsequent
overgrowth; e) Dendritic growth or precipitation; f) Accumulated and accidentally ingrown, e.g., in fissures or dendritic

cavities. C) Types of fluid inclusions in quartz [174-176].

v = vapor, | = liquid; squares, rectangles, and triangles represent crystallites.

18 x 10° t of sand (56 % river sand, 44 % high-
purity sand with > 98 wt % SiO,). The over-
whelming part of the sand supply for Europe
comes from Belgium, Germany, and the Nether-
lands. In 1995 the EU produced ca 16 x 10° t of
high-purity sand. The main consumers were the
float- and container-glass industry with rising
customer specifications [167]. Recycling of glass
reduced the demand for sand in container
glassworks.

Tripoli contains ca. 98-99 wt% SiO,. It
occurs in sedimentary strata as a leaching product
of calcareous cherts or siliceous limestones.
White tripoli is low in iron impurities (< 0.1
wt % Fe,03); rose or cream tripoli contains up to
1 wt% Fe,03. It consists of submicroscopic
quartz crystallites. Particles with sizes 5 to
100 um are crystallite aggregates. White South-
ern Illinois Tripoli has the composition SiO,
99.5, Al,05 0.009, Fe,05 0.025, CaO 0.15, TiO,
0.005 wt %.

Kieselerde isanatural mixture of quartz and
kaolinite [168]. The mineralogical and chemical
composition of Kieselerde from Neuburg (Do-

nau) follows [168]: 62-84 wt% quartz, 10—
30 wt % kaolinite (content increases with de-
creasing grain size), 6—8 wt % accessorial miner-
als; 78-87 wt % SiO,, 8-14 wt % Al,O5, < 1
wt % Fe,0s, 60 ppm P, and 35 ppm S (both
relative to Si).

Chalcedonies (Section 1.3.1) are classified
according to their deposition as wall-banded
Ch-w or horizontally-banded Ch-h (Table 3).
According to the optical character of their fiber
elongation, two varieties can be distinguished:
chalcedony with length-fast elongation: Ch-wy g
and Ch-hy g and quartzine Chy g with length-slow
elongation. Chalcedonies occur in various geo-
logical environments, filling veins, vugs, and
vesicles in volcanic rocks, sediments, ore depos-
its, or covering and impregnating plants in re-
gions with volcanic activity [169, 170].

Ch-w is bluish gray in reflected and brownish
in transmitted light due to Rayleigh scattering. It
has a brown color if it was impregnated with
ferrous humic acid waters (then called sarder). It
possesses an open submicroporosity which
makes it artificially impregnable with coloring
solutions and allows penetration of liquid
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impurities. The microstructure is monominera-
lic, of high toughness, and high purity, which
makes it a good material for milling devices,
mortars, and bearing stones.

Chalcedony is slightly weaker than quartzine. If
quartzineisinterstratified into chalcedonylayers, it
forms a raised abrasion relief [171]. Since the
resistance to HF etching is reverse, etch leveling
is possible. Ch-h has almost no open porosity.

2.2. Processing

Impurities may be fixed on the surfaces of the
individual quartz crystals or grains. Then they are
rather easily accessible for removal. If they are
included as minerals or fluids in the microstruc-
ture (Fig. 16) [163, 172, 173], the crystals must
be crushed for removal. If the impurities are
incorporated into the crystal structure, dissolu-
tion of the crystal is required for removal. Detri-
mental accessory minerals in quartz sands are
mainly rutile, zircon, tourmalines, magnetite,
hematite, ilmenite, chromite, Mn oxides, feld-
spars, and clay minerals.

Purity grades of processed natural quartz raw
materials are [159]:

Grade Impurity content (ppm Si)
Low > 500
Medium high 300-500
High 2-50
Ultrahigh 1-8
Processing of coarse monocrystalline

quartz to lumps or lascas [159]:

e Size reduction (weight specification for lascas
ca. 15-50 g)

¢ Under water: sorting out of pieces with visible
inclusions; under UV light: fluorescent pieces

¢ Under visible light: sorting of different grades
of transparency.

Product: various grades of lascas.
A special process is y-irradiation-aided selec-
tion of lascas [159]:

e Irradiation with doses < 1 Mrad

e Color sorting [177]; the depth of color is
mainly a function of the Li/Al trace element
concentration ratio (Fig. 17)

Figure 17. Irradiation color (y radiation, 1 Mrad) and Li/Al
concentration relationship for initially colorless first-grade
lascas (Minas Gerais, Brazil) [159].

Processing of quartz rocks, vein quartz,
and quartz from disseminated hydrothermal
deposits:

¢ Breaking and sieving.

Product: quartz of low chemical purity for pro-
duction of high purity silicon compounds.

Processing of granular quartz from deeply
weathered feldspathic rocks [159]:

¢ Crushing and grinding

Multistage flotation

High-field magnetic separation

Chemical treatment with dilute sulfuric or
oxalic acid or chlorination at ca. 600 K

¢ Sieving

Product: medium- to high-purity granular
quartz (type QUINTUS, Unimin Corp. New
Canaan, Connecticut, USA).

¢ Acid (HF) leaching

Elutriation with deionized water to pH > 6
Vacuum drying

High-field magnetic separation
Chlorination at ca. 1400 K

Product: high-purity granular quartz (type
IOTA, Unimin Corp., New Canaan, Connecticut,
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Table 10. Trace element analyses (ppm/Si) of UNIMIN-JOTA-quartz grades [208]

Li Na K Ca B Al Fe
Grade min. max. min. max. min. max. min. max. min. max. min. max. min. max.
Standard ST 0.7 1.5 0.9 1.5 0.7 1.5 0.4 1.5 0.08 0.10 15.2 22.0 0.3 1.5
JOTA-4 0.2 1.0 1.0 1.3 0.4 1.0 0.6 1.0 0.04 0.05 7.9 10.0 0.6 1.0
JOTA-6 0.2 0.3 0.1 0.2 0.1 0.2 0.5 0.7 0.03 0.04 7.9 9.5 0.2 0.3

USA; Table 10) preferably for production of
silica glass implements: halogen and high-inten-
sity discharge lamp tubings and semiconductor
applications such as Czochralski crucibles and
diffusion tubes.

Processing of quartz gravel:

e Separation of sand
e Washing
¢ Sizing and drying

Product: filter pebbles, beach pebbles for milling
stones, gravel for concrete.

Processing of quartz sand [178, 179] var-
ies depending on the required grade. Process
steps are:

e Washing in water to remove loose impurities

e Friction washing (attrition)

¢ Crushing of agglomerated grains in water

¢ Rubbing off strongly adhering impurities (iron
oxides and oxide hydrates, clay minerals)

e Screening

e Multistage flotation to remove accessory
minerals

¢ Chemical treatment with aqueous acids (sulfu-
ric, oxalic, fluoric)

¢ Chlorination at ca. 600 K

e Physical treatment by magnetic and electro-
static separation of iron oxide and feldspar
contaminants

¢ Surface treatment with amino-, epoxy-, meth-
yl-, methacryl-, or vinylsilanes [180, 181].

Sand for use in cement-based products should
be free of chlorides and clay minerals. Sand for
special mortars must be freed from organic re-
sidues by calcination [182].

Quartz powders are produced by dry grind-
ing in encapsulated mills with chert or corundum

lining and balls. Refining of powder from high-
purity vein quartz gives grades with 8-50 ppm

Fe/Si.

Processing of quartz

rocks includes

breaking, milling, sieving, washing, and sizing

[178, 179].

Biological removal of iron impurities with
cultures of acid-producing bacteria or fungi (e.g.,
Aspergillus niger) on a nutrient of molasses is

discussed in [183].

2.3. Uses

Important uses of quartz raw materials or semi-
finished materials are listed below [161]:

Use

Raw or semifinished material

Abrasives and grinding media
Ceramics

Chemicals

Construction of buildings and
roads

Fillers, extenders

Filters

Foundry

Gems

Glasses, enamels, glazes
Hydrothermal growth of quartz
single crystals

Metallurgy

Milling

Optical and oscillator devices

Silicon metallurgical grade,
silicon alloys

Vitreous silica

Well fracturing

sand, powder, tripoli, novaculite
quartzite, quartz-cemented sand-
stone, sand, powder

sand, powder

gravel, sand, powder, quartzite,
sandstone

powder, tripoli

gravel, sand

sand

monocrystalline quartz, chalce-
dony, agate, chert

sand, powder

lump quartz, granular quartz

quartzite, sandstone, sand, powder
silex, chalcedony, flint, quartzite
monocrystalline man-made and
natural quartz

lump quartz, quartzite, quartz- ce-
mented sandstone

lump quartz, granular quartz, sand
sand

Abrasives and Grinding Quartz Quartz
sand and powder are used for grinding, scouring,
and polishing. The conchoidal fracture, hardness,
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and brittleness provide and maintain particles
with sharp cutting edges during use. The use of
quartz in sandblasting is decreasing due to health
hazards (Chap. 9). Quartz sand is also of declin-
ing importance for sandpaper. Quartz powder is
utilized in abrasive soaps and in scouring pow-
ders. Sandstones are used for grinding. Tripoli is
friable and its grains have no sharp edges. Tripoli
grades with 98-99 wt % SiO, are used for polish-
ing [184]. Novaculite (Table 5) from Arkansas
and Missouri, USA, has a microstructure of
minute angular quartz grains with open porosity.
It is used as oil-soaking whet- and honing stone.
Whetstone grades range in porosity from 0.1 to
15 % [184].

Ceramics and Refractories. Batches for
stoneware, porcelain, fireclays, and aluminum
silicate refractories contain quartz as a nonplastic
filler and glass former. White-burning, low-iron
quartz powders produced from sand, flint, or
quartz rocks are used. Flint is calcined before
grinding. In pottery and earthenware, quartz sand
and powder act as nonplastic fillers [185]. For
silica refractories, see Section 1.7.2.

Chemicals. A wide range of chemicals is
produced from quartz. Here, only one important
product that is representative of different reaction
processes and reaction temperatures, is briefly
described.

Sodium or potassium silicate (waterglass; —
Silicates) are melted from quartz sand and the
alkali metal carbonates. Usually, the sand is of
container-glass grade with < 0.1 wt % each of
Al,O5; and CaO and a very low iron content
(< 0.02 wt % Fe,03). Very high purity products
require sand with < 0.02 wt % Al,O5 and CaO
each. Melting is performed in tank furnaces at ca.
1700 K (furnace route) [186].

Waterglass from the hydrothermal route is
produced in autoclaves by reaction of quartz
sand with aqueous NaOH solution at ca. 430-
500 K.

Construction of Buildings and Roads.
Quartz sand and gravel are an integral part of
asphalt, mortars, and concrete. For good rheo-
logical behavior sand or gravel should consist of
well-rounded grains or pebbles. Optimized grain
size distribution minimizes water demand and
shrinkage in the setting reaction and contributes

to the development of high binder strength.
Quartz sandstones with various cementing mate-
rial and quartzites have long be used as building
stones [187]. Bricks and tiles are fired from
mixtures of quartz sand and clay.

Since 1894 when the first calcium silicate
(CS) units were industrially produced [188], their
use for masonry in central Europe has rapidly
developed [189].

Quartz sand (fluviatile) from a broad coastal
strip of the Netherlands and North Germany
(about 18 x 10° t/a) is processed according to
the following (simplified) process scheme:

e Mixing and pretreatment of sand, lime, and
water

¢ Densification and shaping by pressing

e Hardening in the autoclave with steam or water
at about 16 bar and 475 K for ca. 6-8 h

In the hardening reaction, the calcium silicate
hydrate (CSH) phases, preferably tobermorite
and xonotlite, form a cement between the quartz
grains. This gives the units a high compression
strength. Essential process parameters for the
quartz sand are: grain size distribution (sieve
line) and the shape and surface of the grains.
The accessory minerals [mostly (in wt%) < 5
feldspars and micas, < 3 clay minerals, < 3
calcium carbonates, < 1 iron manganese oxides
and oxide hydrates] [190] take part in the hard-
ening reaction. Fe and Mn enter the crystal
structures of the CSH phases as doubly charged
ions and produce almost no hue. Humic matter
spoils the process. About 1.5 t of sand is needed
for the production of 1 m® CS units. In central
Europe CS masonry is appreciated mainly due to
its high raw density and sound absorption, its heat
capacity and resistance against fire, and the good
compression strength which allows the construc-
tion of space-saving walls.

Oil Well Cementing. Heat in the depth of
oil wells converts the calcium silicate
hydrate (CSH) gel of tobermorite character in
the settling portland cement with its good ce-
menting properties into oi-dicalcium silicate hy-
drate (a-C,SH). This causes the development of
a porous and weak microstructure with open
pathways for corrosive fluids. Addition of quartz
sand and powder prevents this deteriorating
transformation. Portland cements for use at very



Vol. 32

Silica 447

high temperatures contain 35-50 wt % of SiO,
additives [191].

Fillers and Extenders [192-194]. Quartz
and cristobalite fillers are hard and strong with
high resistance against chemicals and weather-
ing. They give the final product a characteristic
dependence on thermal expansion. In paints,
quartz increases the acid resistance and improves
flowability, durability, and wear resistance. Si-
lane-treated fillers [195] are used for corrosion
prevention in primers instead of heavy metal
pigments [196]. In engineering plastics and re-
sins, compressive and flexural strength and ther-
mal shock resistance are improved. The insulator
character of quartz and its resistivity to surface
leakage currents make it a valuable filler for
epoxy resin encapsulations, high-voltage insula-
tion, bushings, switch cases, cast resin transfor-
mers, and for filling and fixing of coils. For
example, reaction hardening resins may contain
up to 80 wt % SiO,. Silane-treated quartz powder
in epoxy castings reduces shrinkage and electri-
cal loss, increases E moduli, compression
strength, and thermal conductivity [197, 198].
Quartz is used as a filler in rubbers instead of
carbon black when colors other than black are
required. In tire linings, it gives improved heat
aging, adhesion, and tear strength.

Filters. Quartz pebbles, preferably mono-
crystalline, and sand are the main filter materials
for drinking water purification and softening.

Foundry Technology [160, 178, 179, 199].
Quartz sand is used in molds and cores. Refrac-
toriness (i.e., the temperature at which sintering
begins; ca. 1500-1700 K, depending on the con-
tent of feldspar), thermal shock resistance, cohe-
siveness in the moist state, and high-temperature
strength are the most important properties. For
cast iron, the mold must contain > 85 wt % SiO,
and for steel castings 95 wt %. Granulometric
factors such as particle size distribution, grain
shape, state of grain surfaces, and surface area are
also important. Coarse sand with low surface area
requires less binding agent (usually montmoril-
lonitic clay). Monocrystalline well-rounded
grains ensure good permeability to gases evolved
during casting. Mold surfaces made of fine sand
give smooth molding surfaces that do not require
machine finishing. The sands may naturally con-

tain enough clay minerals for good mold
strength, or require additional binders, which
increases costs.

Specifications for foundry sand grades of
different refractoriness:

> 1775
>99

1575-1775
95-99

< 1575
<95

Beginning of sintering, K
Quartz, wt % (rest: feldspar
and clay minerals)

Glasses, Enamels, and Glazes [161, 167,
186, 200-204]. Different types of glasses and
enamels require various grades of quartz raw
materials. The silica content of glazes is mainly
supplied by the silicate ingredients (feldspar,
clay). If additional SiO, is required, quartz or
flint powder is added.

Hydrothermal Growth of Quartz [159]
(Section 1.7.1). Brazilian lascas were used
worldwide as nutrient chips until the Brazilian
quartz embargo in 1974. Since then, many other
sources for high-purity low-cost lump quartz and
granular nutrient were made accessible.

Metallurgical-Grade Silicon, Silicon Alloys
and Silicon Carbide (— Silicon; — Silicon
Carbide, section 4.2.5). For chemical- or metal-
lurgical-grade silicon, quartz lumps or pebbles
(25—-150 mm) are reduced with coke in electric-
arc furnaces. The lumps and pebbles must not
decrepitate during heating and therefore should
preferably be monocrystalline and free of fluid
inclusions. The grade of quartz raw material
depends on the required grade of the products.
Metallurgical-grade silicon with 99.0 wt % Si
requires (in wt %): > 99.0 SiO,, < 0.2 ALO;,
< 0.1 Fe,03, < 0.1 MgO and CaO each, < 0.02
TiO..

Low-grade silicon (98 wt % Si) for steel and
aluminum production needs quartz with (in
wt %): 98 SiO,, < 0.4 Al,0O3, 0.2 Fe,03, < 0.2
MgO and CaO each, < 0.1 P,Os, < 0.002 TiO,.

Production of 1 t metallurgical-grade silicon
requires ca. 2.5 t of quartz. The worldwide sili-
con production is ca. 650 000 t/a.

Metallurgy. Quartz in the form of lumps or
granules of vein quartz, quartzite, or sandstone is
used as a flux in melting metal ores, for slagging
iron oxides and basic oxides, and for balancing
the silica/lime ratio of blast furnace burdens. In
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both cases, the SiO, content must be >90 wt %
with lumps and granules in the size range of
0.8-2.5 cm.

For welding fluxes, quartz powder is used with
acontrolled grain size distribution of < 0.25 mm
with an average of 0.06 mm for coated standard
electrodes. The size of quartz particles in ag-
glomerated fluxes must be < 0.06 mm.

Milling. Nodular chert (flint, silex) and very
finely crystalline quartzite with > 96 wt % SiO,
and homogeneous microstructure serve as linings
for mills. Rounded flint nodules are preferably
used as grinding pebbles.

Belgiansilex consists of chalcedonic silica with
evenly distributed calcite as secondary mineral
phase and represents a material with high overall
toughness. Yugoslavian silex has a coarser micro-
structure and sometimes contains coarse quartzite
butis nevertheless of very good durability. Quartz-
ite can only be used if it is free of accessory
minerals. Translucent iron-free chalcedony from
agates is used in ball mills and mortars for size
reduction of high-purity quartz and silica glass.

Quartz for Optical and Oscillator De-
vices. Natural monocrystalline idiomorphic
quartz is preferably used for optical devices as
wafer plates, Brewster windows and prisms,
birefringent filters, and tuning elements for laser
optics. Only small amounts of man-made quartz
are used in these applications. Oscillator quartz
devices, however, are almost exclusively made
from man-made quartz, for reasons of quality
(low damping) and cost advantages.

Vitreous Silica. Transparent silica glass is
melted from lascas or granular quartz with an
impurity content < 30 ppm, the latter being by
far the most important feed. Translucent to white
opaque fused silica is produced from quartz sand
with an impurity content of < 300 ppm. In both
cases low contents of aluminum and iron impu-
rities are essential.

A titanium content indicates the presence of
submicroscopic rutile crystallites, which cause
bubble problems in transparent silica glass dur-
ing tube drawing. Silica glass for semiconductor
uses, if not produced from high-purity silicon,
must be very low in heavy metal impurities.

Well Fracturing. For hydraulic fracturing
of oil, gas, or geothermal wells, a fluid with

suspended quartz sand is pumped at high pressure
into the well. Existing openings are enlarged and
new voids are created. When the fluid is with-
drawn, the remaining sand holds the fractures
open. Frac sand must have >98 wt % SiO, and
well-rounded grains to make placement easier
and to provide good permeability. It must consist
of single-crystalline grains which are clean and,
in particular, free of adhering feldspar, clay, or
carbonate minerals. The solubility in hydrochlo-
ric acid (a measure of the carbonate content) must
be < 0.3 wt %. The content of soft particles must
be < 1 wt%.

3. Diatomites
3.1. Introduction

The term diatomite (kieselguhr) refers to sedi-
mentary rocks that are mainly composed of the
skeletons of single- celled diatoms.

The low density, high porosity —and thus
high absorption capacity for liquids — low ther-
mal conductivity, and outstanding filtration prop-
erties make diatomite a versatile raw material
[209-211].

Deposits with similar petrographic character
or analogous physical properties, named accord-
ing to their origin or area of application, include
siliceous earth, “Bergmehl”, “Saugschiefer”,
“Polierschiefer”, and tripolite, not all of which
are true diatomites.

The designation “tripolite” is derived from
the ancient name ferra tripolitana (after the city
of Tripolis). The name referred mainly to miner-
als used as grinding and polishing agents, but also
as lightweight building blocks. Today, the term
tripolite refers to extremely fine-grained quartz
pelites of inorganic origin [212].

3.2. Formation, Composition,
and Quality Criteria [229-231]

Diatoms can be described as being almost “ubiq-
uitous”, occurring in marine, brackish, and fresh-
water environments.

The plant organisms possess a silicified
membrane and vary in size between several
micrometers and ca. 2 mm (generally 10—
150 wm).
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The skeletons are composed of opal-like,
amorphous silica (SiO, - x H,O) and exhibit a
wide range of porous fine structures and shapes.
Including fossil forms, at least 15 000-20 000
different forms have been distinguished.

Rock-forming processes involving diatoms
occurred worldwide from the Upper Cretaceous
period onwards. Commercially exploitable de-
posits have been formed since the tertiary period.

The deposits are associated with sedimenta-
tion areas in which nutrients were abundant and
the supply of silicates or dissolved silica was
sufficient that a rich diatom flora developed and
the frustules of the dead organisms accumulated
to an appreciable thickness on the bed of the
water body.

Such conditions are found worldwide, mainly
in areas with volcanic activity, but also to a lesser
extent in lakes with a largely decalcified envi-
ronment and intensive chemical weathering of
quartz sands or silicates (e.g., the German diato-
mite deposits) [212, 213].

Formation of diatomites of considerable
thickness also occurred in marine coastal areas
with continual subsidence, a periodical barrier to
the open sea, and a regular supply of nutrients
[214]. In addition, diatomites of brackish origin
were formed in former saltwater lakes.

Important quality criteria for crude diatomite
include the particle-size distribution, shape, and
fine structure of the diatoms (Fig. 18). However,
these can be altered with regard to their structural
framework (and porosity) by calcination (see
Section 3.4) [215, 216], which is important for
the various applications as filtration agents. Fur-
thermore, the chemical and mineralogical com-
position plays an important role, since higher
contents of certain components can limit eco-
nomically viable processing and refinement of
the crude product.

Apart from water and organic substances the
most frequent additional components of diato-
mites are quartz, calcium carbonate, and clay
minerals.

The content of water and organic substances is
only of minor significance for quality assess-
ment, since they can be removed by drying or
calcination.

Quartz sands or other rock fragments of simi-
lar particle size can be removed by air classifica-
tion. In this respect, the conventional specifica-
tion of the SiO, content of a crude diatomite is not

very informative. For the assessment of a diato-
mite it is not the total SiO, content which is
decisive, but the content of opal (diatom
skeletons).

In contrast, the presence of fine-grained car-
bonates [CaCO;, CaMg(COj3),] in amounts
greater than 5—10 mol % is problematic because
they form complexes during processing which
adversely affect the filtration properties and low-
er the chemical inertness.

Clay minerals restrict the range of applica-
tions, but are advantageous for the production of
insulating or refractory bricks or for use as
powders.

Higher iron contents, particularly as pyrite or
markasite, require refinement by calcination (see
Section 3.4). The color of the diatomites becomes
reddish-gray or pink due to conversion into
Fe,0j3. The filtration properties are hardly influ-
enced, whereas the use as fillers can be affected
considerably by this coloration. In the latter case,
a Fe,0O3 content of > 5-6 % can already be a
limiting factor.

3.3. Occurrence and Mining

Diatomite deposits are distributed worldwide.
Their economic exploitability and market poten-
tial depend on numerous factors such as mining
conditions, and processing and transport costs.
The size and quality of the deposit, exploitation
costs, transport conditions as well as the question
whether the diatomite is for a domestic market or
whether itis to be exported play a significant role.
In 1995, the world demand for diatomite was ca.
1.2 x 10° t/a [217].

The largest diatomite deposits in the world are
found in the United States in the district of
Lompoc, California. These are upper Tertiary
(Miocene) marine deposits with an economically
exploitable diatomite thickness of ca. 300 m. In
addition, large quantities of marine and freshwa-
ter diatomites are mined in Georgia, Mississippi,
Nevada, Oregon, and Washington. In 1986, the
United States accounted for about one-third
of world production (575 000 t), followed by
Rumania, the CIS, and France, with outputs of
(246-272)x10° t (1986). The production in Ru-
mania and the CIS is almost entirely used in the
building construction industry. Further, notewor-
thy deposits and production sites are located in
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Figure 18. Light micrographs of various diatomites (diatom fraction)
A), B) Lompoc, California, United States; C) Myvatn, Iceland; D), E) Munster-Breloh, Germany; F) Hetendorf/Hermanns-

burg, Germany; G) Neuohe/Unterlii}, Germany

Algeria, Argentina, Australia, Brazil, Germany,
Iceland, Italy, Kenya, Korea, Mexico, Peru, and
Spain, whereby in several of these countries the
export of diatomite is of no significance [218].
Danish “Moler” is a clay-rich diatomite (diato-
maceous earth), which is produced and exported
in considerable quantities (63 500-72 600 t/a).
It is used predominantly for the production of
insulation materials (e.g., fire-resistant insulating
bricks).

The only large, economically workable diat-
omite deposits in Germany are freshwater for-
mations of Pleistocene age. They are situated on
the edge of the Liineburger Heide in the area of
Hetendorf/Hermannsburg, =~ Neuohe/Unterlif3,
and Munster-Breloh as well as in the Luhetal
(Bispingen/Hiitzel/Schwindebeck). Here indus-
trial usage began with the establishment of the
first open-cast mine in 1863. Thus, German
diatomite mining represents the earliest modern
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exploitation of this raw material. Up to World
War I almost the total world requirement could
be met, with an export quota of > 30 %.
Diatomite is generally mined in open- cast
mines, occasionally also by subsurface or under-
water mining (Myvatn, Iceland). Mining by hand
is now rare (Third World countries). Almost
everywhere, modern, cost-effective mining meth-
ods are used, with excavators and wheel/front
loaders, and trucks or conveyor belts for transport.

3.4. Processing

Worldwide, the processing methods for crude
diatomite differ only slightly from one another.
The most important principle is minimization of
mechanical damage to the structure of the diatom
skeletons. Hollow forms should not be destroyed
and pores not blocked (e.g., by sintering during
calcination). The high porosity, the most impor-
tant property of diatomite, must be retained. The
processing steps are shown in Figure 19.
Preliminary size reduction of crude material is
carried out with spiked rollers, charging boxes, or

Figure 19. Diatomite processing

sieve kneaders to give a uniform grain size that
ensures even heat transfer during further treat-
ment. This is particularly important because of
the low thermal conductivity of diatomite.

The following types of processed diatomite
are produced.

Dried Diatomite [6/790-53-2]. Depending
on the climatic conditions at the production site,
the crude diatomite from the deposits is either
stored in the open for predrying or transported
immediately to storage hoppers. Crude diatomite
contains 30-65 % water, which is removed in
countercurrent driers. Simultaneous grinding and
drying is also practiced, whereby preheated air is
blown into the grinders. However, this is only
possible for crude products with a low moisture
content. Drying is followed by gentle grinding
and screening. Granulation gives products that
are used as absorbents (e.g., for oil) or as pet
litter.

If the starting material is of high purity and has
a low content of organic substances, the dried
diatomite can also be used as a filtration agent or
catalyst support. These diatomites vary in color
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from white to yellowish or gray-brown, depend-
ing on their origin, and consist predominantly of
amorphous silica with a low crystalline content
(generally < 3 %).

Calcined Diatomite [9/053-39-3]. To re-
move organic substances and alter the particle
size, dried diatomite is calcined in gas- or oil-
fired rotary kilns at 800-1000 °C. During calci-
nation, the diatom frustules and their fragments
are hardened and partially agglomerated by sin-
tering. The degree of sintering can be controlled
by altering the temperature and duration of the
process. The diatomite is then ground and clas-
sified by cyclones and sorters into grades with
different particle-size distributions (fine and me-
dium calcined diatomites). Iron impurities, pres-
ent as Fe,Oj after calcination, color the products
pink or yellowish to dark brown.

The old-fashioned furnaces with several
decks, similar to pyrite-roasting kilns, are still
used to a limited extent. They have the advantage
of a slow calcination process at relatively low
temperature which causes little damage to the
structure. The kilns are loaded with moist crude
diatomite, which is dried on the upper decks,
calcined in the middle, and cooled on the lower
decks.

Fluidized-bed drying and calcination process-
es were tested as early as the 1920s, but were
unsuccessful due to technical problems. Nowa-
days modern fluidized-bed technology is also
used for the processing of diatomite. Advantages
include energy savings, short production times,
mild treatment of the diatomite, and more com-
pact design of the plants.

Flux-Calcined Diatomite [68855-54-9]. In
this process, dried or calcined diatomite powder
is calcined with the addition of alkaline fluxes.
Sodium carbonate is generally used as flux in
amounts of 1-6 %, either mixed with the diato-
mite before calcination or continuously added
during calcination. The calcination temperature
is 1000-1200 °C. The addition of sodium car-
bonate leads to the formation of a sodium silicate
glass melt which binds the diatom frustules and
their fragments into agglomerates. Since the iron
contained in the diatomite is also bound, a white
product is formed. The degree of agglomeration
can be controlled by varying the temperature, the
type and amount of flux, and the reaction time.

This process is also known as activation. The
high calcination temperatures in the presence of
alkali lead to a partial transformation (up to 65 %)
of the amorphous silica into cristobalite, a crys-
talline silica modification. The porosity and the
specific surface area are strongly decreased. The
annealing and cooling processes are followed by
grinding and classification, to give white filter
diatomite (the main product) and a dust-like fine
fraction which is used as white filler and
auxiliary.

Commercially Available Forms, Products,
and Producers. Powder diatomite is sold in
paper sacks containing 15-25 kg as well as loose
in big-bags and silo trucks. Granulated material is
available in paper or plastic sacks containing
30 kg, sometimes also in big-bags or silo trucks.

Examples of commercial products are:

Celatom (Eagle-Picher Minerals Inc., Reno,
United States)

Celite (Celite Corp., Newark, United States)

Clarcel (Ceca SA, Paris, France)

Dicalite (Grefco Inc., Torrance, United States)

Fina/Optima (Meyer-Breloh, Munster,
Germany)

Skamol (Skarrehage Molervaerk a/S Nykgbing,
Mors, Denmark)

Table 11 lists the chemical and physical prop-
erties of several commercially available
diatomites.

3.5. Analysis

Chemical and physical testing begins with the
crude diatomite in the mine, continues during the
individual production stages, and finishes with
the test certificate of the end product. The results
of the crude diatomite tests determine the work-
ing plan for the different regions of an open- cast
mine.

The following analyses
undertaken:

and tests are

Chemical Analysis. The contents of silica,
iron, aluminum, calcium, magnesium, manga-
nese, titanium, sodium, potassium, and, depend-
ing on requirements, also other elements are
determined after alkaline dissolution or acidic
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Table 11. Chemical and physical properties of commercially available diatomites®
Property 1 2 3 4 5 6 7 8 9
Color white- yellow- pink yellow- brown white white white yellow-

gray brown brown brown
Si0,, % 89.0 725 90.7 87.5 86.0 89.5 90.7 91.5 90.2
ALO;3, % 35 7.1 39 43 2.8 4.1 39 1.6 2.8
Fe,05, % 0.9 5.0 1.4 2.9 4.7 1.6 2.1 0.7 2.5
CaO, % 1.1 1.2 0.5 1.9 0.6 0.5 1.0 44 0.7
Na,0, K,0, % 0.8 1.4 0.9 0.8 0.7 3.6 35 1.9 0.9
Ignition loss, % 2.0 4.7 0.5 0.7 0.3 0.2 0.1 0.1 0.4
Bulk density, g/L 107 290 120 140 125 229 200 195 209
pH value 7.0 52 715 6.9 7.0 10.0 9.7 9.5 6.7
Water uptake, % 255 200 250 205 201 156 160 200 196
Specific surface 19.2 25.4 15.2 13.0 16.1 1.9 1.6 3.0 10.6
area, m?/g
Average particle 14.2 19.3 159 14.1 13.9 22.5 30.1 6.5 14.7
size, um
Wet density, g/L 228 280 271 255 209 297 290 350 357
Permeability, Darcy 0.06 0.09 0.28 0.09 0.08 1.20 1.60 0.08
Crystalline content, % 2.0 2.2 7.6 9.2 9.8 58.1 59.7 62.7 10.3

“1) American filter diatomite, dried; 2) Danish filler diatomite, calcined; 3) American filter diatomite, calcined; 4) French filter diatomite,
calcined; 5) German filter diatomite, calcined; 6) American filter diatomite, flux calcined; 7) French filter diatomite, flux calcined; 8)
Spanish filler diatomite, flux calcined, very fine; 9) German regeneration filter diatomite, calcined.

extraction. Filter diatomites for breweries are
also tested for beer-soluble iron, calcium, and
sometimes other elements [219].

Physical Tests. Water content, loss on igni-
tion (at 1050 °C), bulk density, tapped density,
pH value (10 % in water), water absorption ca-
pacity, and specific surface area are determined
by conventional methods [219]. The particle-size
distribution is determined by laser scattering or
air-jet screening. For the fine fraction, the sedi-
mentation method is used. The wet density is the
density in g/L of a filter cake flushed with water.
Since the majority of diatomite is used for filtra-
tion, the determination of the permeability is of
major importance since it determines the perfor-
mance and the retaining power of a filter diato-
mite. In general, the methods developed by the
individual producers in which the rate of perme-
ation of water is measured, are sufficient. The
company CECA (France) possesses a patent for a
permeameter which allows fully automatic mea-
surement. The EBC filter is of simpler construc-
tion and allows Darcy values to be precisely
measured [220]. Apart from the relative units
used by the diverse producers, the Darcy has
become generally accepted as the unit for the
permeability of a filter agent. For filter materials
with the permeability of 1 Darcy the flow rate of a

liquid of viscosity of 1 mPa - sis 1 mL -s ' -

cm 2 filter area for a filter- cake thickness of
1 cm and a pressure difference of 0.1 MPa. Since
the permeability can be determined rapidly, this
is a suitable method for differentiating between
fine, medium, and coarse diatomites [219,
221-223].

The amorphous silica content of a diatomite is
determined by the alkali solubility. This property
is of significance for catalyst diatomites, or for
diatomites which serve as a silica source in
cement, or as chemical reagents in other silica-
containing products. The specific surface area is
used to assess the porosity of a diatomite. It is
generally determined by nitrogen adsorption
(BET method). The degree of whiteness is mea-
sured with a leucometer.

3.6. Storage and Transport

Processed diatomite is stored in steel or stainless
steel silos, mostly with a circular cross section
and equipped with various discharge aids, since
diatomite tends to form bridges. Material packed
in sacks is stored and transported on wooden
palettes in amounts of 600-1000 kg enveloped
by a shrink film, and also in big-bags made
from plastic- coated webbing with a capacity of
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600-1500 kg. Loose material is transported in
silo road vehicles or rail containers with a capac-
ity of 30-75 m>. The diatomite is conveyed
pneumatically or with screw and vibrational
conveyors.

3.7. Environmental and Health
Protection

Diatomite rarely contains toxic compounds.
Since, however, it can contain crystalline mod-
ifications of SiO, in addition to amorphous silica,
dust safety measures are of special significance.
This is especially true of white activated diato-
mites, which can contain up to 65 % crystalline
cristobalite. The MAK value for uncalcined di-
atomite is 4 mg/m> and for calcined diatomite,
0.3 mg/m’. The TLV for uncalcined diatomite is
10 mg/m3. The International Agency for Re-
search on Cancer (IARC) published a monograph
concerning crystalline silica in 1987 [224]. This
summarizes the research results concerning the
influence of crystalline silica on humans and
concluded that apart from causing silicosis it
may also cause cancer (see also Chap. 8). Hence,
crystalline silica is classified in group 2 A. As a
result of this, the diatomite producers founded the
International Diatomite Producers Association
(IDPA), whose aims include informing personnel
working in the diatomite industry and the con-
sumer about these hazards, and to ensure adher-
ence to the work protection regulations by in-
creasing the information available [225, 226].
The regulations of individual countries concern-
ing the handling of dusts containing crystalline
silica differ widely:

United States:  29th Federal Statute book
1910.1000 from 19. 01. 1989, which classifies
crystalline silica as a hazardous substance and
specifies tolerance levels.

EC: Directive 67/548/EEC from 18. 09. 1979
concerning the classification, packaging, and
labeling of hazardous substances.

United Kingdom:  Control of substances
which damage health No. 1857 from 1988.

Germany: UBG 119-4.86 Quartz: protec-
tion against dust dangerous to health; UBG 100-

4.85, rule G.1.1.: concerning the health precau-
tions; GefStoffV 8.86: labeling regulations.

France: No. 50.1289 from 16. 10. 1950
changed into No. 63 576 from 11. 06. 1963 con-
cerning medical precautions against occupation-
al silicosis. No. 11 453 from 19. 07. 1982 de-
termines the dust concentration in the air of the
work place. No. 87-200 from 25. 03. 1987 reg-
ulates the content of safety data sheets for dan-
gerous substances. L 231-6 from 10. 10. 1983
lists dangerous substances and determines the
packaging and labeling regulations.

Spain:  from 27. 11. 1985 classification and
labeling of dangerous substances.

Italy:  No. 256 from 29. 05. 1974, No. 927
from 24. 11. 1981, No. 141 from 20. 02. 1988
concerning the classification, packaging, and
information for hazardous materials.

3.8. Uses

The main uses of diatomite are the following:
60 % of world production is used as a filtration
agent; ca. 25 % as filler diatomites, including
carrier materials; and ca. 15 % for other uses.

Filtration Agents. Diatomite is used in
both pressure and vacuum filters of various de-
signs. Fine, medium, and coarse diatomites,
as well as mixtures thereof, are employed,
depending on the desired clarity and flow rate
[227]. Coarse diatomites are used for precoat
filtration in pressure filters in amounts of ca.
1 kg/m? of filter area. Fine and medium diato-
mites are added to the slurry to be filtered, usually
in amounts of 100-200 g/m? filter area (— Fil-
tration, 2. Equipment, Chap. 16.). For use as filter
aids diatomites must fulfil the following
requirements:

Good preservation of the diatom structure
Optimal particle-size distribution

Low content of soluble components

High volume and therefore high capacity for
materials causing turbidity

5. Formation of filter cakes with high permeabil-
ity, low compressibility, and low tendency to
form cracks

b NS
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The most important uses of diatomite are
for the filtration of beer, wine, fruit juice,
sugar cane juice, swimming pool water, solvents
for chemical cleaning, wastewater, varnishes,
and paints etc. Large quantities of diatomite
are used for the production of cellulose-
based filter beds, filter candles, and special filter
papers.

Fillers. Diatomite is used as filler and aux-
iliary, for example, to modify the rheological
properties of polymers. It increases the thermal
stability of bitumen, the Shore A hardness of
silicone rubber, and is a reinforcing filler in
plastics, rubber, and adhesives. Dust-like, white,
activated diatomite is used as a delustering agent,
for adjusting the viscosity of paints, and as an
antiblocking agent for plastic films.

Insulators. Loose diatomite has long been
used for insulating double-walled kilns made
from fireclay bricks, as well as for producing
insulating sheets and bricks. Danish Moler is
especially well suited for producing insulating
bricks, since its clay content functions as a
ceramic binder. In the VSI process (vacuum
super insulation), a special form of diatomite
acts as a supporting and insulating layer in
double-walled elements that contain a high
vacuum. Thus, extremely high insulation values
are achieved. The VSI process is being tested for
long-distance heat transport.

Absorption Agents. Due to their high ca-
pacity for liquids, diatomites are used to produce
gas purification agents as well as absorption
agents such as cat litter and drying agents. Diat-
omite is also used to ensure the flowability and to
prevent clotting of foodstuffs, fire extinguisher
powders, and seeds.

Other Uses. Diatomite serves as a fine
scourer in polishes and cleaners such as car
polishes, toothpastes, and silver polishes. Diato-
mite is employed as a catalyst support, for the
production of pyrotechnics and matches, as a
packing material for the transportation of haz-
ardous liquids, and for the filling of acetylene
bottles. In some countries it is used as the silica
source for the production of cement and calcium
silicate.

3.9. Recycling

Attempts to regenerate diatomite have been un-
dertaken for many years [228]. This is only
economically viable for diatomites loaded with
organic residues, which can be purified by leach-
ing or calcination. In Germany, the company
Tremonis operates a thermal process for recy-
cling filter residues from breweries. The flow
diagram of the plant is shown in Figure 20. The
regenerated diatomite is classified as fine diato-
mite. It is added to the fresh diatomite for beer
filtration in quantities of up to 50 %.

4. Colloidal Silica
4.1. Introduction

Silica sols are stable disperse systems in which
the dispersion medium (or continuous phase) is a
liquid and the disperse or discontinuous phase is
silicon dioxide in the colloidal state of subdivi-
sion. This state comprises particles with a size
sufficiently small (< 1 wm) not to appear affect-
ed by gravitational forces but sufficiently large
(> 1 nm) to show marked deviations from the
properties of typical solutions (see — Colloids,
Chap. 4.).

The limits given for the colloidal size range
are not rigid since they depend to some extent on
the properties under consideration [232].

Silica sols are commonly known as colloidal
silica. Although the ultimate particles that con-
stitute silica gels, xerogels, cryogels, aerosols,
and pyrogenic (fumed), precipitated, and coacer-
vated silica have lost their mobility by aggrega-
tion. They are also in the colloidal range of
particle size and are therefore known as colloidal
silicas. However, in this chapter the terms silica
sol and colloidal silica are used as synonyms.
Figure 21 illustrates the relationship between
silica sols, gels, and powders [233].

In commerecial silica sols the disperse silica is
amorphous and the dispersion medium in most
cases is water (aquasols or hydrosols). Disper-
sions in organic solvents are also commercially
available (organosols). Silica sols are fluid and
stable toward gelation and settling. Most com-
mercial sols are close to monodisperse and con-
sist of dense discrete spheres with a diameter
range between ca. 4 or 5 nm and 100 nm. Also
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Figure 20. Flow sheet of thermal diatomite regeneration (Tremonis GmbH, Dortmund, Germany)

commercially available in the form of sols or
powders are grades with particles between 0.1
and ca. 1.5 um. Particle size, particle-size distri-
bution, and concentration of solids determine the
appearance of sols. Silica sols look milky if the
particle size is large and the concentration is high,
opalescent if the size is intermediate, or clear and
almost colorless if the particles are of the smallest
size range.

Although there are earlier references to what
are now known as silica sols, it was GRAHAM
[234] who coined the term colloidal in 1862 to
refer to products such as the one he obtained by
reacting acid with silicate and removing the
electrolytes by dialysis. Stable and relatively
concentrated silica sols were not available until
the 1930s when I. G. Farbenindustrie first made
10 wt % ammonia-stabilized silica sols [235].
However, the real breakthrough in colloidal sili-
ca technology came in 1941 when Birp [236]
patented a process for removing the alkali from a
dilute solution of sodium silicate by ion ex-
change. The next landmark in the development
of concentrated silica sols was the first process
for making colloidal silica particles of uniform

and controlled size reported in 1951 by BECHTOLD
and SNYDER [237].

By 1990 colloidal silica constituted a growing
market valued at an estimated $ 50x 10° in North
America [238] and € 15x 10° in Europe [239].
Applications of silica sols are based on charac-
teristics such as particle size, high specific sur-
face area that gives them good binding ability,
stability towards gelation and settling, and sur-
face properties. These characteristics enable col-
loidal silica to be used in a wide variety of
applications. Major uses are in investment cast-
ing, silicon-wafer polishing, and fibrous
ceramics.

4.2. Structure of Colloidal Silica
Particles

The building block of silica is the SiO, tetrahe-
dron, four oxygen atoms at the corners of a
regular tetrahedron with a silicon ion at the
central cavity or centroid [240] (see Chap. 1).
The oxygen ion is so much larger than the Si*"
ion that the four oxygens of a SiO,4 unit are in
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Figure 21. Formation of silica sols, gels, and powders by silica monomer condensation—polymerization followed by

aggregation or agglutination and drying [233]

Growth of nascent colloidal particles with decrease in numbers occurs in basic solutions in the absence of salts. In acid solutions
or in the presence of flocculating sols the colloidal silica particles form gels by aggregation into three-dimensional networks.
Aerogels are made by drying wet gels under supercritical conditions, that is, above the critical temperature 7 and critical
pressure of the liquid. Cryogels are made by drying wet gels below the melting temperature 7y, of the liquid. Fumed or pyrogenic
silicas are formed at high temperature by flame oxidation—hydrolysis of silicon halides

mutual contact and the silicon ion is said to
occupy a tetrahedral hole [240]. In amorphous
silica the bulk structure is determined, as opposed
to the crystalline silicas, by a random packing of
[SiO4]*" units, which results in a nonperiodic
structure (see Fig. 22). As a result of this struc-
tural difference amorphous silica has a lower
density than the crystalline silicas: 2.2 g/lem®
versus 3.01, 2.65, 2.26, and 2.21 g/cm3 for coe-
site, o-quartz, B-tridymite and B- cristobalite,
respectively.

Figure 23 represents a two-dimensional ran-
dom network of a dehydrated but fully hydrox-
ylated amorphous silica particle.

Impurities such as Na, K, or Al, picked up
during synthesis of silica aquasols in alkaline

media, may be occluded inside the colloidal
particles, replacing internal silanol protons (Na,
K) or forming isomorphic tetrahedra (Al) with an
additional negative charge on the surface or
inside the particles (see Fig. 24). Sols obtained
by hydrolysis of alkoxysilanes or by dispersion of
pyrogenic silica in water or an organic solvent are
pure and substantially free of alkali metals or
aluminum.

Many of the adsorption, adhesion, chemical,
and catalytic properties of colloidal silica depend
on the chemistry and geometry of its surface. In
1934 HormaN [243] postulated the existence of
silanol (Si—~OH) groups on the silica surface. It is
now generally accepted that surface silicon
atoms tend to have a complete tetrahedral
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Figure 22. Tetrahedral configuration of crystalline (A) and amorphous (B) silica; (C) represents a silicon atom (filled
circle) coordinated by four oxygen atoms (large atom spheres) [241]

Figure 23. Two-dimensional random network of a dehy-
drated but hydroxylated colloidal silica particle

Four rules apply [242]: each oxygen ion is linked to no more
than two silicon ions. The coordination number of oxygen
ions about the central Si cation is 4 (the fourth oxygen not
represented in the figure is directly above or below the Si
cation). Oxygen tetrahedra share corners, not edges or faces.
At least two corners of each tetrahedron are shared. Since the
particle is fully hydroxylated each surface Si ion is bonded to
one or two hydroxyl ions: the silanol number is 4.6 OH/nm>.
Depending on the method of formation some internal Si ions
may be linked to hydroxyl ions. Surface of occluded alkali-
metal ion impurities may replace surface or internal protons.
Aluminum ion impurities or added modifiers may replace
internal or surface tetrehedral Si. The particle surface may be
esterified, silanized (silylated), or ion exchanged. The con-
centration of OH groups on the surface decreases monotoni-
cally with increasing temperature when silica is calcined

configuration and in an aqueous medium their
free valence becomes saturated with hydroxyl
groups forming silanol groups. Under appropri-
ate conditions, silanol groups in turn may con-
dense to form siloxane bridges: =Si—0O—Si=.

In the meantime most of the following postu-
lated groups have been identified on the surface
or in the internal structure of amorphous silica
(see Fig. 25).

1. Single silanol groups, also called isolated or
free silanol groups

2. Silanediol groups,
silanols

3. Silanetriols, postulated but existence not yet
generally accepted [244]

4. Hydrogen-bonded vicinal silanols (single or
geminal), including terminal groups

also called geminal

Figure 24. Internal structure of an amorphous silica
particle showing an internal silanol group and occluded Na
and Al ions



Vol. 32

Silica 459

5. Internal silanol groups involving OH groups,

sometimes classified as structurally bound

water (see Fig. 25 B)

Strained and stable siloxane bridges

7. Physically adsorbed H,O, hydrogen-bonded
to all types of surface silanol groups (see
Fig. 25 B)

o

Silanol groups are formed on the silica surface
in the course of its synthesis during the conden-
sation polymerization of Si(OH), or by rehydrox-
ylation of thermally dehydroxylated silica with
water or aqueous solutions.

The silanol groups on the silica surface may be
classified according to their nature, multiplicity
of sites, and type of association [245].

An isolated silanol has an OH group suffi-
ciently remote from neighboring hydroxyl
groups that hydrogen bonding cannot occur
(> 0.33 nm). A silicon site of this kind is desig-
nated as Q* in NMR Q" terminology, where  is
the number of bridging oxygens bonded to the
central silicon. The isolated silanol shows a sharp
band at around 3750 cm ™' in the IR spectrum
[246, 247].

Geminal silanols are silanediol groups locat-
ed on Q7 silicon sites. Their existence was
postulated by Peri [246-248] but only con-
firmed exgerimentally with the advent of sol-
id-state 2”Si cross-polarization magic angle
spinning nuclear magnetic resonance (CP MAS
NMR) [249].

Vicinal or hydrogen-bonded or associated
silanols are SiOH groups located on neighboring
Si atoms such that the OH --- O distance is
sufficiently short for hydrogen bonding to occur.
Hydrogen bonding causes a reduction in the

O—H stretching frequency, the magnitude of
which depends on the strength of the hydrogen
bond and thus on the O—H—O distance [250].
The characteristic IR band of vicinal groups
occurs at about 3660 cm ™! [251].

Geminal Q” silanol sites bonded to a neigh-
boring Q silicon through a single siloxane bridge
also result in a hydrogen-bonded pair. The re-
maining OH group experiences very weak hy-
drogen bonding.

Silanol groups are also found within the struc-
ture of the colloidal particles. These groups are
designated as internal silanols and in some cases
are erroneously referred to as structurally bound
water. The concentration of internal silanol
groups depends on the synthesis temperature and
other variables.

Surface and internal silanol groups may con-
dense to form siloxane bridges. Strained silox-
ane bridges are formed on the hydroxylated
silica surface by thermally induced condensa-
tion of hydroxyl groups up to about 500 °C. At
higher temperature, the strained siloxane
bridges are converted into stable siloxane
bridges [250].

Strained siloxane groups undergo complete
rehydroxylation on exposure to water in a matter
of hours or afew days, depending on type of silica
powder and conditions of exposure [251]. Stable
siloxane groups are rehydroxylated at a slower
rate. For example, a wide-pore sample of 340 m?/
g calcined in air at 900 °C required five years of
contact with water at room temperature for com-
plete rehydroxylation [252].

Surface silanol groups are the main centers of
adsorption of water molecules [252]. Water can
associate by hydrogen bonding with all types of
surface silanols, and in some cases with internal
silanol groups.

Surface silanol groups of silica aquasols sta-
bilized in an alkaline medium exchange protons
for ions such as Na*, K™, or NH] (Fig. 26). The
surface silanol groups can be esterified, as in the
case of silica organosols, or silanized (silylated)
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Figure 25. A) Possible types of silanol groups and siloxane bridges occurring on the surface of colloidal silica particles
Characteristic bands in the infrared spectrum and Q" site designation is included ( is the number of bridging oxygens bonded to
the central silicon atom); B) Surface bound water and internal silanols
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Figure 26. Modified colloidal silica surface

(Fig. 27). Derivatization, that is modification of
the silica surface, is the basis for the use of silica
in analytical and process chromatography.

The surface charge of pure silica aquasols is
negative at a pH higher than ca. 3. The isoelectric
point (IEP) is ca. 2. The IEP can be shifted by
partial substitution of surface silicon groups by
tetrahedral aluminum (see Fig. 26). In this way
the pH range of stability of aquasols may be
varied. The surface charge can be reversed by
adsorption of octahedral aluminum ions such as
those present in basic aluminum chloride [253]
(Fig. 26). Aquasols obtained in this manner are
commercially available in various particle sizes
and concentrations as positive sols.

The concentration of silanol groups on the
silica surface 0oy expressed as the number of
OH groups per square nanometer is the silanol
number [252]. For a dehydrated but fully hy-
droxylated amorphous colloidal silica powder
Ooy is 4.6 [252].

The threshold temperature corresponding to
the completion of dehydration, that is removal of
physisorbed water from the silica surface, and the
beginning of dehydroxylation by condensation
of surface OH groups, is estimated to be
190 + 10 °C [252].

The concentration of OH groups on the sur-
face decreases monotonically with increasing
temperature when silicas are heated under vacu-
um (Fig. 28). Most of the physisorbed water is
removed atabout 150 °C. At200 °C all the water
from the surface is gone so that the surface
consists of single, geminal, vicinal, and terminal
silanol groups and siloxane bridges. At ca. 450-

500 °C all the vicinal groups condense yielding
water vapor and only single, geminal, and termi-
nal silanol groups and strained siloxane bridges
remain. The estimated ratio of single to geminal
silanol groups on the surface is 85/15 [252] and is
believed not to change with temperature, at least
up to ca. 800 °C. Internal silanols begin to con-
dense at ca. 600-800 °C and in some cases at

Figure 27. Silylated and esterified silica surface
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Figure 28. Effect of temperature on silanol groups on the surface of colloidal silica

lower temperatures. Complete evolution of in-
ternal silanols occurs at higher temperatures. It
appears that at temperatures from ca. 800 °C to
ca. 1000-1100 °C, only isolated (single) silanol
groups remain on the silica surface.

At a sufficient surface concentration, the OH
groups make the silica surface hydrophilic,
whereas a predominance of siloxane groups on
the silica surface makes the surface hydrophobic.

4.3. Physical and Chemical Properties

Most commercial silica sols consist of dense,
discrete, spheroidal particles typically 4-60 nm
in diameter and amorphous to X-ray or electron
diffraction. Because they are amorphous the
silica particles are only slightly soluble in water
(100-150 ppm at 25 °C and pH 2-8) and insolu-
ble in alcohol or in inorganic acids except HF.
They are soluble in organic bases such as tetra-
methylammonium hydroxide, forming water-
soluble quaternary ammonium silicates, and, as
opposed to crystalline silicas, are very soluble in
hot sodium hydroxide solution. Specific surface
areas vary with particle size, and for the common
grades of silica sols are between 50 and 750 m*/
g. Less typical grades have particle diameters

between 60 nm and 1.5 um with specific surface
areas much lower than 50 m?/g, depending on
their particle diameter. The specific surface area
A in m?/g of a system made of solid monodisperse
amorphous silica spheres with a smooth surface
and bulk density 2.2 g/cm? is:

A =6000/2.2D

where D is the diameter of the spheres in
nanometers.

Table 12 lists typical properties of represen-
tative commercial silica aquasols. The table also
shows the dependence of relative density and
viscosity on the silica content. Viscosity also
depends on particle size and degree of cross-
linking of the particles. In 30 % silica aquasols it
is generally < 10 mPa - s.

Silica sols obtained by dispersion of pyrogen-
ic silica powders generally differ from those
synthesized in solution. The dispersion of pyro-
genic silica to a sol of separate, discrete ultimate
units is difficult, even using intense mechanical
shearing forces, due to the extensive coalescence
of the particles. Thus, the disperse product con-
sists mainly of short chain-like aggregates made
up of small silica particles (see Section 4.5).
Typical properties of commercial sols made in
this way are listed in Table 13.
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Table 12. Typical properties of commercially available negative and positive silica aquasols® [254]
Particle Specific Viscosity Relative
diameter, surface Silica, at 25 °C, density
nm area, m*/g wt % pH Na,O, wt % mPa - s at 25 °C
Negatively charged surface 4 750 15 10.4 0.80 18 1.10
sodium stabilized 7 360 30 9.9 0.56 6 1.22
12 230 40 9.7 0.41 20 1.31
21 130 50 9.0 0.21 35 1.40
60 50 50 8.5 0.25 10 1.40
50-80 NA 40 9-10 NA NA NA
70-100 NA 40 9-10 NA NA NA
100 NA 20 8-10 NA NA NA
300 NA 20 8-10 NA NA NA
500 NA 20 8-10 NA NA NA
alumina modified surface 12 230 30 8.9 0.24 11 1.21
ammonium stabilized 21 130 40 9.0 0.08 9 1.30
Positively charged surface 13-15 210 30 4.4 NA NA NA

chloride stabilized
alumina surface

“NA = not available.

Table 13. Typical properties of silica aquasols made of short chain-like aggregates of colloidal particles” [255]

Ultimate particle

Stabilizer size, nm Solids, wt % pH Relative density Viscosity, mPa - s
Acidic medium 11-14 20 2.0-4.0 NA 5-25
NH} 7 12 7.5-7.8 1.07 <100
14 17 9.5-10.0 1.10 <250
14 12 5.0-5.5 1.07 <100
17 17 9.5-10.0 1.10 <100
30 20 5.0-5.5 1.12 <100
K* 17 18 8.6-9.0 1.11 <150
30 28 7.5-7.8 1.18 <200
30 30 10.0-10.3 1.19 <150
Na® 7 14 10.0-10.5 1.08 <100
8 15 9.5-10.0 1.09 <100
14 17 9.5-10.0 1.10 <100

“NA = not available.

Table 14 lists particle size, silica concentra-
tion, and viscosity of commercially available
organosols.

Silica sols are said to be stable because they do
not settle or aggregate for long periods of time.
Aggregation and rate of settling, as well as color,
appearance, viscosity, density, growth, and sol-
ubility in water are functions of particle size. At
optimum pH, electrolyte and SiO, concentration,
aquasols of particle size 4 to ca. 40 nm are
extremely stable to settling, whereas aquasols of
particle size larger than ca. 60 nm tend to show
some settling in a period of months. Particles

larger than 100 nm settle on standing, leaving a
clear upper layer after a few weeks or days. When
the concentration of the silica aquasol is > 10—
15 wt % the particle size can be judged visually
by the turbidity. If the particles are smaller than
ca. 7 nm in diameter the sol is almost as clear as
water; from 10-30 nm there is a characteristic
opalescence or translucency when seen in bulk;
above 40 or 50 nm the appearance is white and
milky [235].

Commercial silica aquasols are stabilized near
the optimum pH and are concentrated to the
maximum concentration permitted by the particle
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Table 14. Properties of commercially available silica organosols® [256]

Liquid phase Particle diameter, um SiO,, wt % Viscosity at 25 °C, cP Relative density
Methanol 0.01 30 1-5 NA
2-Propanol 0.01 30 3-20 NA
‘Water/2-propanol 0.02 30 10 NA
Ethylene glycol mono-n- 0.01 20 5-20 NA
propylether

Dimethylacetamide 0.01 20 1-10 NA
Ethylene glycol 0.01 20 10-20 1.23
Ethylene glycol 0.18 £+ 0.03 20 1.23
DMF 0.02 35 5 NA
Oil 0.02 50 80 NA
Ethylene glycol 0.28 £ 0.03 20 1.23
Ethylene glycol 0.43 £ 0.03 20 1.23
Ethylene glycol 0.50 20 10-20 1.23
Ethylene glycol 0.53 £ 0.03 20 1.23
Ethylene glycol 0.73 £ 0.03 20 1.23
Ethylene glycol 0.80 & 0.04 20 1.23
Ethylene glycol 0.90 £ 0.05 20 1.23
Ethylene glycol 1.50 £ 0.10 20 1.23

“NA = not available.

size [257]: ca. 15 wt % for 4-5 nm, ca. 30 wt %
for 89 nm, ca. 40 wt % for 14 nm, ca. 50 wt %
for 22 nm (Fig. 29).

When silica sols are gelled, dried, or frozen
the original degree of dispersion cannot be re-
stored without dissolution of the interparticle
bonds that develop. Special dried grades are
made of particles with the surface esterified with
primary or secondary C,—C;g alkoxy groups.
These are organophilic and hydrophobic and can
be dispersed in organic solvents or in organic
products such as elastomers or plastics. Silica

Figure 29. Maximum concentration versus particle size in
stable aqueous silica sols at about pH 9.5

a) Concentration in wt %; b) Concentration in grams SiO, per
100 mL; ¢) Volume fraction of SiO, (x 100) [257]

sols surface-modified with organic base cations
such as (CH3),N' can be evaporated to a
dry powder that disperses spontaneously in
water [258].

4.4. Stability

Three types of stability may be distinguished in

colloidal systems [259]:

1. Phase stability, analogous to the phase stabil-

ity of ordinary solutions.

Stability to change in dispersity [259], that is

particle size or particle-size distribution. For

example, commercial concentrated silica
sols, normally said to be 3 or 4 nm in particle
size usually grow within hours or a few days
to 5 nm or more on standing at room temper-
ature. Concentrated sols normally labeled
7 nm, if not substantially homodisperse, may
grow within months to 89 nm. This ripening
effect also occurs for larger particle sizes,
although at a much slower rate. A concentrat-
ed silica sol of 14 nm particle size was found
to grow to 17 nm in twenty years at room

temperature [260].

. Aggregative stability [259], the central issue
in colloidal silicas, and for that matter in
colloidal systems in general. In this case
colloidally stable means that the colloidal
particles do not aggregate at a significant rate

2.
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[257]. The term aggregate is used to describe
the structure formed by the cohesion of col-
loidal particles [232].

Two mechanisms of sol stabilization are gen-
erally believed to exist: electrostatic stabilization
and steric stabilization (see — Colloids, Chap.
5.). Electrostatic stabilization is based on an
interplay of electrostatic repulsion between elec-
trically charged colloidal particles and van der
Waals forces of attraction between particles. The
DLVO theory (Derjaguin, Landau, Verwey, and
Overbeek) constitutes an attempt to describe
quantitatively this interplay (see — Colloids,
Section 5.0.0.0.0.3., — Colloids, Section
5.0.0.0.0.7.). Steric stabilization is generally
caused by long-chain molecules or macromole-
cules adhering on the colloidal particle surface
(e.g., by grafting or by physical adsorption), thus
preventing the particles from aggregating [261].

Colloidal silica particles aggregate by linking
together and forming three-dimensional net-
works as is the case in gelation, coagulation or
flocculation, or by coacervation [262]. In coac-
ervation the silica particles are surrounded by an
adsorbed layer of material which makes the
particles less hydrophilic but does not form
bridges between particles [263].

When a sol is gelled it first becomes viscous
and then develops rigidity, filling the volume

originally occupied by the sol. On the other hand
when a sol is coagulated or flocculated, a precip-
itate is formed that settles out. A simple way to
differentiate between a precipitate and a gel is
that a precipitate encloses only part of the liquid
in which it is formed [262].

Stability of silica aquasols against irreversible
gelation decreases with increasing silica concen-
tration, increasing electrolyte concentration of
the aqueous medium, decreasing particle size,
and increasing temperature. Water-miscible or-
ganic liquids have a similar destabilizing effect
on silica aquasols as added electrolyte. The vari-
ation of stability as a function of pH and salt
concentration is shown in Fig. 30 [264].

According to ILER [265] the basic step in gel
formation is the collision of two silica particles
with sufficiently low charge on the surface that
they come into contact so that siloxane bonds are
formed, holding the particles irreversibly toge-
ther. Formation of this linkage requires the cata-
lytic action of hydroxyl ions (or, as interpreted by
some, the dehydration of the surface of particles
at higher pH). This is evidenced by the fact that
the rate of gel formation in the pH range 3-5
increases with pH and is proportional to the
hydroxyl concentration.

Above pH 6, scarcity of hydroxyl ions is no
longer the limiting factor on the rate of gelling.
Instead, the rate of aggregation decreases

Figure 30. Effect of pH in the colloidal silica—water system [258]
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because of fewer collisions between particles
owing to the increasing charge on the particles
and thus decreases with higher pH. Lines in
Figure 30 schematically represent the increase
in the catalytic effects of hydroxyl ions with
increasing pH, and the decrease in the number
of effective collisions between particles with
increasing pH and particle charge. The net result
of these two effects is a maximum in rate of
gelling at around pH 5. In the pH range 8—10, sols
are generally stable in the absence of salts.

There is also a region of temporary stability at
about pH 1.5. Below pH 1.5, traces of HF cata-
lyze aggregation and gelling [266]. In essentially
all silicas, traces of fluoride ions, even less than
1 ppm, are present so that the concentration of
HF increases with increasing acidity. The fluo-
ride effect is influenced by the aluminum impu-
rities present, since these inactivate some of the
fluoride by forming complex ions such as AlF,~
and other species [267]. However, the gelling
rate increases as the pH falls below 3 even when
fluorine is absent.

Once the siloxane bonds have formed between
particles, further deposition of silica occurs at the
point of contact owing to the negative radius of
curvature. This occurs rapidly above pH 5, and is
slow at pH 1.5.

Since the curves shown in Fig. 30 are con-
structed on the basis of irrefutable experimental
evidence it is quite obvious that silica sols do not
conform to the DLVO theory as originally for-
mulated. For example, the DLVO theory predicts
minimum stability at the point of zero charge (pH
2-3), whereas the experimental curve shows
metastability. Also, the plot shows minimum
stability in the pH range 4—7, whereas the DLVO
theory predicts a continuous increase in stability
in this pH range. Research is being conducted to
study the possibility of modifying or amending
the DLVO theory or developing a new theory of
stability applicable to silica sols.

In addition to common electrolytes such as
NaCl, NH4Cl, and KEF, silica aquasols are desta-
bilized and gelled by positively charged sols.
When frozen at ca. 0 °C or lower, silica sols gel
irreversibly. Long-chain nitrogen bases are ef-
fective flocculating agents for silica aquasols that
form planar rather than spheroidal aggregates.
Flocculation may also result from the addition of
water-miscible organic solvents to alkali-stabi-
lized silica sols.

Commercial silica aquasols are stabilized at
pH 8.5-10.5 by alkalies, usually sodium hydrox-
ide. Ammonia or potassium hydroxide is used
when the presence of sodium ions is undesirable.

Surface-modified silica aquasols made by
coating the silica particles with tetrahedral alu-
minum (e.g., sodium aluminate) are much more
stable towards gelling in the pH range 4—-6 where
unmodified sols gel most rapidly. Silica sols
modified in this manner are also less sensitive
to salts [268].

Coating the negative silica surface with oxi-
des of polyvalent metals such as Al, Cr, Ga, Ti,
and Zr reverses the charge of the surface to
produce positive aquasols stable at acid pH va-
lues [269]. An important characteristic of these
sols is that they can be dried and repeptized. Only
polymeric  hydrolyzed species such as
Al,(OH)sCl and not the single A" ion can cause
charge reversal of silica sols [270, 271].

4.5. Production

The classic silica aquasols of particle size 5-
100 nm are prepared by nucleation, polymeriza-
tion, and growth in aqueous systems. The parti-
cle-size range can be extended to at least 300 nm
by autoclaving. Silica organosols can be obtained
by transferring aquasols to an organic solvent
or by hydrolysis of a silane precursor in a mixture
of alcohol/ammonia and sufficient water [272]
followed by transfer to the solvent.

The most important processes to make silica
sols are based on neutralization of soluble sili-
cates with acids, ion exchange, hydrolysis of
silicon compounds, dispersion of pyrogenic sili-
ca, electrodialysis, dissolution of elemental sili-
con, and peptization of gels [273].

Most commercial silica sols are prepared by
ion exchange of dilute solutions of sodium sili-
cate. Several methods have been proposed since
the pioneering work of BIrRD [236], BEcHTOLD and
SNYDER [237], ALEXANDER [274], ATKINS [275],
WoLterR and ILER [276], Minpick and REVEN
[277], and DIRNBERGER [278]. Sodium silicate
can be deionized in a batch operation by adding
simultaneously a dilute solution of sodium sili-
cate and a cationic ion-exchange resin in the
hydrogen form to a vigorously stirred weakly
alkaline aqueous reaction medium in the pH
range around 9, at 60-100 °C [276] (Fig. 31).
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Figure 31. Ion-exchange process for silica aquasols

Under these conditions the system is stabilized
against aggregation and the original silica nuclei
grow while the sol concentration increases to
about 10-15 % silica. Rate of addition, pH, and
temperature determine the particle size and qual-
ity of the sol.

After separation of the resin for regeneration,
more sodium silicate is added to adjust the SiO,/
Na,O ratio as needed for further stabilization of
the sol. The product is filtered and concentrated
to the desired level. Sols of small particle size,
such as 7 nm, may be used as “heels” to build up
the particle size, for example, to 14 or 22 nm.

An alternative method of deionizing sodium
silicate is to pass a relatively dilute solution
through a bed of ion-exchange resin to produce
a sol which is then stabilized with alkali and
concentrated. The particles grow during evapo-
ration. The addition of further deionized sol to the
evaporating liquid allows silica to build up on
previously nucleated particles resulting in larger
particle size.

Silica sols can also be made by dispersion of
pyrogenic silica in water or in an organic solvent.
Commercial pyrogenic silica, also known as
fumed silica or aerosil, is made from silicon
tetrachloride at high temperatures by a flame
hydrolysis—oxidation process (see Chap. 6)
[279]. The product is a highly aggregated silica
powder. Pyrogenic silicas can be partially dis-
agregated and dispersed to obtain aquasols or
organosols of relatively high silica concentra-
tion. The silica units in this case consist mainly of
short chain-like aggregates composed of silica
particles ca. 7-25 nm in diameter.

Monodisperse silica sols of exceptionally
large particle size can be prepared by hydrolysis
of tetraethoxysilane (TEOS) in a basic solution of
water and alcohol [272]. It is claimed that the
largest mean particle size that can be produced
with TEOS is about 0.8 um [280]. However,
particles up to ca. 2 um can be made by using
tetrapentoxysilane [279], performing the reac-
tion at low temperature [281], or growing the
particles by adding more alkoxide after the par-
ticles have formed [281]. WoLF [282] has adapted
the TEOS method to produce commercial quan-
tities of silica sols.

Viable processes for making commercial sili-
ca sols are based on the electrodialysis of sodium
silicate solutions to continuously remove sodium
ions until a sol is obtained. In the ILER [283] and
the BERGNA [284] processes there are three com-
partments separated by two parallel, closely
spaced cation-exchange membranes between
which the process or “heel” solutions of silica
sol in dilute Na,SO, as a conducting electrolyte
are rapidly circulated at a specified temperature.
Sulfuric acid is circulated in the anode compart-
ment and an alkali in the cathode compartment
where sodium hydroxide is generated. Dilute
sodium silicate is fed to the third compartment
to form SiO, by electrolysis. The silica or poly-
silicic acid that forms is deposited on the silica
particles of the “heel” solution, and circulation
of the solution is continued until the desired
particle size is achieved. Sols of 25 % silica,
15 nm particle size can be prepared directly.
Concentrated sols of ca.8 nm particle size with
very narrow particlesize distribution can be
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obtained by seeding in a first step at a lower
temperature and raising the temperature in a
second step to accelerate silica deposition [284].

Among the advantages of the electrodialysis
process are that alkali, oxygen, and hydrogen can
be recovered, and that there is much less salt-
containing wastewater to be disposed of. The
disadvantages of the process are higher electrical
and maintenance costs.

4.6. Analysis and Characterization

Characterization of silica sols is aimed at
identifying:

1. Physical and chemical properties of the sol

2. Compatibility and stability properties of the
sol

3. Purity of the sol

4. Use-related characteristics

Selection of silica sols for commercial uses is
commonly based on the nature of the liquid phase
(water or organic solvent), particle size, particle-
size distribution, degree of aggregation, pH,
silica and counterion (stabilizing agent) concen-
tration, viscosity, relative density, and specific
surface area.

However, to fully understand and predict
the behavior of silica sols and derived powders,
it is necessary to determine other characteristics
such as particle and particle surface structure;
chemical composition including total carbon,
organic carbon, soluble salts of alkali metals,
total solids, nonsiliceous ash, and trace metals
(especially Al and Fe); and physical properties
such as turbidity, percent S (the percent by
weight of silica in the dispersed phase of a
silica sol [285]), refractive index, light scattering,
sedimentation rate by ultracentrifugation, poros-
ity, rate of dissolution of the particles, and coa-
lescence factor of derived powders (the coales-
cence factor is the percent silica that must
be dissolved to restore the light transmission
under standard conditions of a silica powder
redispersed in water [286]). In addition, most
manufacturers of colloidal silicas use special
tests for specific uses.

A new concept in the characterization of
colloidal silica is the application of the fractal
approach to sols and gels. The concept of fractal

geometry, developed by MANDELBROT [287] in
the early eighties, provides a way of quantita-
tively describing the average structure of certain
random objects. For the application of the fractal
concept to colloidal silica, see [241, 250].

Most of the methods utilized to characterize
silica sols for commercial uses and for research
purposes are listed below:

Chemical analysis
% total solids
% and nature of liquid phase
% Si0O,
% NH,
Si0,/Na,O weight ratio
Sulfates as % Na,SOy4
Chlorides as % NaCl
Carbon including CO,
Organic carbon
Metals including Al and Fe
Nonsiliceous ash

Physical characteristics
pH
Relative density
Viscosity
Turbidity
Refractive index
Light scattering
Specific conductivity

Particle characteristics
Size and size distribution
Specific surface area (SEARs titration of the sol
[260] and BET measurement of the derived
dried powder)
Porosity
Degree of aggregation
% S (silica in the dispersed phase)
Turbidity
Viscosity
Surface charge
Electrokinetic potential (isoelectric point)
Silanol number

Stability tests
Gelation tests
Flocculation tests

The following methods are used to measure
the particle size and particle-size distribution of
silica sols [288-291]:
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Chemical methods
Gas adsorption (e.g., BET) [288]
Titrations (e.g., Sears titration) [289]
Rate of dissolution of particles [290]

Instrumental methods [291, 292]
Transmission electron microscopy (TEM)
Dynamic light scattering: photon correlation
spectroscopy (PCS): Malvern Correlator,
Coulter N4 Analyzer
Sedimentation field flow fractionation (SF3)
Size-exclusion chromatography (SEC)
Hydrodynamic chromatography
Capillary zone electrophoresis (CZE)

Methods for characterizing the surface of
colloidal silica particles are [250, 292]:

Spectroscopy
FTIR (Fourier transform infrared spectros-
copy)
DRIFT (diffuse reflectance)
Probe molecule adsorption by DRIFT
2Si CP MAS NMR spectroscopy (*Si cross-
polarization magic angle spinning nuclear
magnetic resonance spectroscopy)
"H MAS NMR spectroscopy
"H CRAMPS (combined rotation and multiple
pulse spectroscopy)
SIMS (secondary ion mass spectrometry)
SNMS (sputtered neutrals mass spectrometry)
EXAFS (extended X-ray absorption fine struc-
ture spectroscopy)
XPS (X-ray photo emission spectroscopy)
(ESCA)

Thermal and calorimetric methods
Microcalorimetry
TGA (thermogravimetric analysis)
DTA (differential thermogravimetric analysis)
DSC (differential scanning calorimetry)
Thermoporometry

Heterogeneous isotopic exchange
Use of deuterated and tritiated substances
combined with mass spectrometry, IR, and
'"H NMR

Adsorption and wetting
Adsorption of gases and vapors combined with
IR, microcalorimetry
Fractality (fractal dimension)

TPD (temperature programmed desorption) of
adsorbed substances (NHj, pyridine, etc.)
coupled with spectrometry and IR
Adsorption of bases (n-butylamine) using
Hammett or arylmethanol indicators
Wetting with liquids

Microscopy
TEM (transmission electron microscopy)
SEM (scanning electron microscopy)
FESEM (field emission scanning electron
microscopy)

Scattering
SAXS, SANS (small angle X-ray and neutron
scattering)

Chemical methods
Use of chemically reactive substances: chlo-
rine, metal halides, Grignard compounds, re-
active chloro- and alkoxysilanes

4.7. Uses

This section gives a brief description of the major
industrial uses of silica sols. The many minor
uses are too numerous to be discussed here.

Colloidal silica is widely used as a binder in
the modern version of the ancient lost wax pro-
cess for casting metal [293]. In this process,
known as shell investment casting, a wax original
or a cluster of originals is dipped in a slurry of
colloidal silica and refractory powder. Excess
slurry is drained from the wax parts and a dry
refractory sand is applied to the wet surface. The
coating is then allowed to dry. These coating
steps are repeated until a ceramic shell of suffi-
cient thickness, usually about 5-10 mm, is built
up around the wax.

The wax is then melted out, and the ceramic
shell fired to increase its strength and to remove
the last traces of wax. Molten metal is poured into
the hollow left by the wax. When the metal has
cooled, the shell is broken away and the metal,
now an exact replica of the original wax shape, is
recovered.

This process is widely used to produce jet
engine components as well as a large number of
other metal parts. The tolerances of the finished
casting can be held very close to the final require-
ments, thus minimizing the need for additional
finishing operations.
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Refractory fibers can be bonded with colloidal
silica to give insulators that have excellent high-
temperature resistance. The process is similar to
papermaking in that the fibers are suspended in
water and the mixture passed through a screen
which retains the fibers and allows the water to
pass through and be recycled. The thickness of
the fiber mat can vary from 0.1-10 cm depending
on the insulating properties required. The screen
is often contoured to give a shaped insulator.
Usually, vacuum is used to assist the flow of
water through the screen.

Colloidal silica is used two ways in this pro-
cess. It is often used in small quantities together
with starch in the original fiber suspension to help
flocculate the fibers and the starch for better
drainage and retention on the screen. The starch
acts as the binder in the unfired or green state.
Additional colloidal silica is often added to the
final shape to stiffen and strengthen it and provide
additional strength when the part is heated and
the starch is burned out.

More recently, colloidal silica has been
applied to the papermaking process itself.
By adding small amounts of high surface area
colloidal silica and a high molecular mass starch
to the paper pulp, drainage rates and fiber and
filler retention are improved. This allows for
higher filler loadings, use of more recycled pulp,
and in some cases, higher production rates
[294-298].

Small amounts of colloidal silica increase the
coefficient of friction of surfaces. One of the
earliest uses of colloidal silica was to diminish
the slipperiness of floor waxes while not affecting
their gloss [299, 300]. It is widely used to im-
prove the frictional character of paper and box-
board, which facilitates handling and reduces
breakage resulting from falling boxes [301].

Carpets and other surfaces coated with colloi-
dal silica resist soiling because the colloidal silica
occupies the sites which would most likely retain
visible soil.

The strength and adhesion of latex-based
adhesives and paints can be enhanced by the
addition of colloidal silica.

Silicon wafers cut from silicon single crystals
must be polished to an almost atomically smooth
surface before being used as substrates for elec-
tronic chips [302, 303]. Colloidal silica is the
main component of the final polishing com-
pounds for these materials. They act both as a

fine, uniform abrasive and as a scavenger for
reaction products of polishing additives that
chemically attack the silicon.

Colloidal silicas have been used to bond and
improve the attrition resistance of catalyst pow-
ders used in streams of reacting gas or liquid. The
silica provides sufficient strength and hardness to
prevent the catalyst pellets from being broken
down and swept away by the stream. Acryloni-
trile is made from propylene and ammonia by
such a fluidized bed reaction [304, 305]. Ammo-
nia-stabilized colloidal silicas are generally used
in these applications because of the poisoning
effect of sodium.

Photographic films and papers often incorpo-
rate colloidal silicas as grain growth regulators or
dye receptors.

Beverages, such as wine, beer, or fruit juices
can be clarified using colloidal silica as an aid to
the flocculation of the proteins which cause the
materials to be hazy.

4.8. Storage, Handling, and
Transportation

Colloidal silicas generally undergo irreversible
precipitation of the silica if frozen. Therefore,
they are generally stored in heated buildings.
If outdoor bulk storage is required, tanks
should be heated and insulated in climates where
freezing might occur. Heated trucks are typically
used in cold climates for shipping colloidal
silicas.

Colloidal silica is sometimes freeze-stabilized
by addition of organic substances such as glycols.
The amount added is insufficient to prevent
freezing, but does prevent irreversible
precipitation.

Storage in plastic, fiberglass-reinforced plas-
tic, stainless steel or lined steel tanks is usually
recommended.

Typically, the main hazard associated with
colloidal silicas is their alkalinity. However,
since the pH of most commercially available
materials is < 10.5 they may irritate the skin or
eyes, but do not cause irreversible burns. In
applications where a respirable mist can be
formed, operators should be protected by engi-
neering design or suitable respirators. Since col-
loidal silica is amorphous, it is less toxic than
crystalline silica.
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4.9. Economic Aspects

Major manufacturers of colloidal silica and their
trade names are as follows:

Bayer Baykisol (Germany)

Du Pont Ludox (United States)
Eka Nobel Bindzil, Nyacol (Sweden)
Hispano Quimica Hispacil (Spain)

Monsanto Syton (United Kingdom)
Nalco Chemical Nalcoag (United States)
Nippon Shokubai Seahostar (Japan)

Nissan Snowtex (Japan)

Estimates of the colloidal silica market dis-
cussed in this section are based on [238, 239].

The U.S. market for colloidal silica is the
largest in the world. The total market for North
Americais estimated at > 14 000 t (100 % silica
basis) and valued at $ 50x10° [236]. These
figures include ca. 1500 t consumed in Canada.
Kline estimates that the total West European
market for colloidal silica was 5500 t (100 %
silica basis) in 1992, valued at over € 15x 10°
[239]. In Japan colloidal silica production in
1988 was estimated at 4500 t (100 % silica basis)
and was expected to grow significantly [238].

The total annual capacity for the manufacture
of colloidal silica in North America is estimated
at 16 000-21 000 t (100 % silica basis). The total
capacity in Europe is estimated at 6000 t.

Nalco is the largest producer for the North
American market followed by Du Pont and PQ
Corporation. Eka Nobel of Sweden has a rela-
tively small plant in the United States (Pro-Comp
Inc.). Alchem, a joint venture of C-I-L Inc. and
Nalco in Ontario, is the sole Canadian producer.

In the United States, Monsanto imports col-
loidal silica from its plant in Wales and small
amounts are also imported from Japan. Exports
from the United States are believed to be rela-
tively small at about 1800 t/a. Nalco and Du Pont
are the main exporters, and Japan, Taiwan, and
Canada are the principal destinations. Some col-
loidal silica is also exported to Europe.

The largest producers of colloidal silica in
Western Europe are Bayer in Germany, Eka
Nobel in Sweden, and Monsanto in the United
Kingdom, followed by Akzo in the Netherlands
and Hispano Quimica in Spain. There are a few
smaller producers in Italy and France.

Western Europe imports some colloidal silica
from the United States and exports relatively

small amounts to the United States, Eastern
Europe, the Far East, and the CIS.

In 19871988 the North American market for
colloidal silica was expected to grow at an aver-
age rate of 5 %/a, and the Western European
market at 3.5 %/a in volume. The author esti-
mates that the actual growth for both markets has
been lower due to the world economic situation.

Colloidal silica prices vary with grade, silica
concentration, volume purchased, and country in
which it is sold. In the United States the price is
about $ 1.80—1.95 per pound for electronic-grade
material, and $ 1.15-1. 40 per pound for other
grades (100 % silica basis). In Western Europe
the prices vary in the range 5.5-8.3 DM/kg
(100 % silica basis).

5. Silica Gel
5.1. Introduction

Silica gel [63231-67-4] (revised 1990 SiO,:
[112926-00-8]) has the nominal chemical formu-
la SiO, - x H,0 and is a solid, synthetic amor-
phous form of hydrous silicon dioxide distin-
guished by its microporosity and hydroxylated
surface. The structure of silica gel is an inter-
connected random array of ultimate polymerized
silicate particles, called micelles, which are sphe-
roidal and 2-10 nm in diameter (resulting in high
surface areas of ca. 300-1000 m%/g SiO,). The
properties of silica gel are a result of the silica
micelles, their state of aggregation, and the
chemistry of the micelle surface.

Control of the surface area, porosity, and
surface chemistry of silica gel has led to numer-
ous and diverse uses. Examples include adsor-
bents for water or other species, abrasives and
thickeners in dentifrice, efficient matting agents
in coatings, chromatographic media, and catalyst
supports. The utility is reflected in an estimated
world consumption of > 150 000 t/a.

The development of silica-gel science and
technology began with the pioneering work of
GraHaM reported in 1861 [306], although obser-
vations of gelation had been reported earlier
[307, 308]. Commercial production began at the
Silica Gel Corporation (now part of W. R. Grace
& Co.-Conn.) with the process invented by Pa-
TRICK in 1919 [309]. Commercial development
and applications expanded worldwide [307], and
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the colloid chemistry of silica was explored
further [310]. With the application of NMR
spectroscopy, small-angle X-ray scattering, and
fractal geometry [311], further fundamentals of
silica gel chemistry are being elucidated.

5.2. Structure, Properties, and
Characterization

Structure. Silica gel is prepared by the
neutralization of aqueous alkali metal silicate
with acid [307, 309, 310]; for example:

Na,0-3.3 SiO, +H,S04—Na,S04+3.3 SiO, | +H,O

A complete synthesis of silica gel by this typical
commercial route is outlined in Figure 32.
Alternatively, stable silica sols may also be
gelled [310]. Another method involves the hydro-
lysis of silicon alkoxides with water, catalyzed by
acid or base [311].

The neutralization of sodium silicate initiates
a polymerization of silicate tetrahedra in a ran-
dom, amorphous manner to form small spheroids

Figure 32. Schematic of silica gel manufacture

called micelles. The solution containing the mi-
celles while still liquid is known as a hydrosol.

Gel formation occurs when the interaction of
separate micelles through hydrogen bonding and
eventual interparticle condensation becomes sig-
nificant. The rate of gelation depends on many
variables such as SiO, concentration, pH, temper-
ature, and mixing; this is discussed in detail in
[310,311]. Polymerization and cross-linking con-
tinue after the hydrosol has solidified into a hy-
drogel. The random, amorphous structure is re-
flected in a lower skeletal density for silica gel of
2.1-2.2 g/lem® compared to quartz (2.65 g/cm’)
and the lack of X-ray crystallinity. The micelle,
which is the ultimate particle, consists of SiO; in
its interior and Si—OH on its surface. Solid-state
29Si NMR indicates tetrahedral geometry about
the silicon atoms and confirms the presence of
bulk SiO, and surface Si—OH [312]. The
micelle’s size determines the specific surface area
ofthesilica gel; atypical micellesize of ca.2.5 nm
in diameter corresponds to ca. 1000 m*/g.

Once the gel network forms, several proces-
sing steps are performed to give the finished gel
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[313]. First, washing is normally performed to
remove dissolved salts. Because silica gel has a
very low ion-exchange capacity for cations or
anions at moderate pH, salt removal is a diffu-
sion- controlled dilution process. Next, if de-
sired, the interaction between micelles and mi-
celle growth can be accelerated by aging in
aqueous media under conditions where silica is
slightly soluble. A process in which silica dis-
solves from regions of positive curvature and
redeposits at regions of negative curvature re-
inforces the hydrogel network. Thus, a continu-
ous gel structure is formed.

During the drying process, the surface tension
of the solvent in the pores can act to shrink the
hydrogel volume. In slow drying, as water is
evaporated from a silica hydrogel, the structure
collapses gradually due to the surface tension of
water. Eventually a point is reached where even
though water is still evaporating the gel structure
no longer shrinks. At this point the gel is called a
xerogel. Fast drying can minimize the shrinkage,
and removal of water by solvent exchange fol-
lowed by drying has the same effect. Materials
that are dried with negligible loss of pore volume
are known as aerogels. Solvent exchange with a
water-miscible liquid such as ethanol to remove
water from the hydrogel preserves pore volume
after drying. Single or multiple solvent ex-
changes to lower surface tension results in less
pore collapse during drying.

Drying of silica gels can also be carried out
under conditions where the solvent in the pores is
above its critical point and is vented while main-

taining temperature and pressure. KisTLER [314]
dried gels supercritically after replacing the wa-
ter of the hydrogel with alcohol. Alternatively the
liquid in the pores can be exchanged for liquid
CO,, which has more convenient critical-point
properties [315, 316]. Considerable interest has
been focused on such techniques due to the high
porosity and mechanical properties achievable
[311, 315, 317].

The resulting products from a scheme as in
Figure 32 are high purity silica gels with con-
trolled porosity. Transmission electron micro-
graphs showing the pore structure of a silica gel
are shown in Figure 33. Typical properties are as
follows:

Chemical analysis (dry basis)

Si0, 99.71 wt %
ALO; 0.10 wt %
TiO, 0.09 wt %
Fe,05 0.03 wt %
Trace oxides 0.07 t%
Physical analysis
Total volatiles 5-6.5 wt %
Surface area 750-800 m2/g
Pore volume 0.43 cm3/g
Average pore diameter 2.2 nm
Apparent bulk density 0.72 glem?®
Skeletal density 2.19 g/em?
Specific heat 920 J kg~ K!

Thermal conductivity 52 m ' h K
Refractive index 1.45

Surface Chemistry and Stability. The
physical microporosity of silica gel is an

Figure 33. Transmission electron micrographs of a silica gel similar to the fast-dried, high pore volume silica gel in Table 15,
showing the micelle structures (ca. 20 nm) and apparent pores also ca. 20 nm in diameter

A) magnified x235 000; B) magnified x688 000
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Figure 34. Schematic representation of the dehydration of a
silica gel surface

important property, as is the chemistry of its bulk
and surface species (Fig. 34). Puresilica gel has a
hydroxylated surface covered with silanol
groups. These hydroxyl groups are neither very
acidic nor basic, with pK, ~ 6 and an isoelectric
point at ca. pH 2. The hydroxylated surface is
hydrophilic and adsorbs moisture readily. This
adsorbed moisture can be desorbed thermally at
100-200 °C leaving behind ~5.5 OH/nm? (or ca.
5 wt% silanol groups on a 300 m*/g silica).
These silanols are more difficult to remove but
this can be done thermally by condensation to
form siloxanes and water. Temperatures near
600-800 °C are required to dehydroxylate to ca.
1 OH/nm?. At this silanol concentration the sur-
face is hydrophobic.

Characterization. Numerous methods
have been developed to characterize the porosity,
structure, and chemistry of silica gels [310] and
new methods continue to be applied [311].

With regard to porosity, differently prepared
silica gels can be described on the basis of pore
diameter d as microporous (d < 2 nm), meso-
porous (d ~ 2-50 nm), or macroporous (d > 50
nm) [318]. The most generally useful methods

for characterizing these structures with respect to
surface area, pore volume, and pore-size distri-
bution are nitrogen adsorption/desorption tech-
niques. The primary method for surface area is
the BET procedure [319] (ASTM D 3663-84 or
DIN 66 131). Methods have been proposed to
improve on the BET technique in small pores,
such as the #-plot method [320], and the oy
method [321]. The related N, pore volume and
pore-size distribution (pore volume as a function
of pore diameter) methods are ASTM procedures
D 4222-83 and D 4642-87, respectively. The
porosity of a silica gel, determined by N, por-
osimetry, is shown in Figure 35. Alternative
porosity measurement techniques include mer-
cury porosimetry, water pore volume, and oil
absorption.

Elemental analysis of silica gel focuses on
trace elements in the range of < 1 wt %. Induc-
tively coupled plasma atomic emission spectros-
copy (ICP-ES) is becoming the preferred tech-
nique. pH measurement is performed on slurries
and reflects the balance of residual trace ele-
ments (ASTM D 1208, DIN ISO 787 1X, JIS K
5101/24).

The moisture content of silica gel is important
to provide an anhydrous basis for chemical anal-
ysis and because the hydration of the surface and
pores (Fig. 34) is important to performance in
applications. Most standards require two mea-
surements: moisture loss on drying for 2 h at
105 °C (ASTM D 280, DIN ISO 787/11, or JIS K
5101/21) and loss on ignition after this drying by
heating for 2 h at 1000 °C (ASTM D 1208, DIN
55 921, or JIS 5101/23). Another method often
used in the United States prior to analysis to
provide a solids basis is to measure total volatiles

Figure 35. Nitrogen pore-size distribution of a silica gel
similar to the fast dried sample of Table 15
V = pore volume
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as a weight per cent loss on heating for 1 h at
954 °C.

The surface hydroxyl groups of silica gel can
be characterized by thermogravimetric analysis
[310], vibrational spectroscopy [311, 322], and
nuclear magnetic resonance [311, 312, 323]. The
information obtained concerns hydroxyl concen-
tration, hydrogen bond interaction between hy-
droxyl groups, and distribution of =Si—OH and
=Si—(OH), species on the surface. The adsorp-
tive properties of variously hydroxylated silica
materials are an indirect means of characterizing
the surface.

Particle-size measurement is also important in
silica-gel characterization (DIN 53 206). The
method for granular gel is standardized sieve
screening (ASTM D 4513). For particle sizes of
roughly 1 to 1000 um, static light scattering
(ASTM) and conductivity methods are preferred
for particle size analysis. For particle sizes of
roughly 10 to 1000 nm, dynamic light scattering
[352], electron microscopy, and small-angle
X-ray scattering are used.

5.3. Production

Processes. The original production process
of Patrick [309] as practiced by the Silica Gel
Corporation starting in 1919 contains the main
elements of modern processes using aqueous
silicate raw materials. The initial step is the
batch neutralization of sodium silicate
(1.185 g Si0,/cm?) at 35-80 °C with 10 % HCI
to form a hydrosol. A hydrogel then forms after
3-5h at ambient temperature and is sized,
washed with water to remove salts, and dried
first at 75 —120 °C then 300-400 °C. A typical
small pore gel made by this process is described
in Table 15.

The Patrick gelation conditions, with relative-
ly minor variation, have been the basis of most
silica gel manufacture since. The next major
change in silica gel products was the develop-
ment of gels of higher pore volume and pore
diameter by washing and aging hydrogels under
basic conditions. Early references [324, 325]
refer to this technology but large scale commer-
cial introduction occurred around 1945. Base
washing was a common industrial practice before
1950. In one example [326] a 17 % SiO, hydrosol

Table 15. Typical properties of various silica gels

Regular Intermediate
density density
Slow Slow Fast
Property dried dried dried
Total volatiles” 5 6 6
Na,O dry basis, wt % <0.1 <0.1 <0.1
SO, dry basis, wt % <0.1 <0.1 <0.1
ALOj; dry basis, wt % 0.05 0.05 0.05
pH? 4.0 75 4.0
Specific surface area, m2/g 750 325 390
Pore volume, cm?®/g 0.40 1.1 1.8
Average pore diameter, nm 2.1 13.5 18.5
Water adsorption, wt %
10% R.H. 7.5 2.0
80 % R.H. 35 17.0

“Weight loss after heating in air at 954 °C.
"pH of an aqueous slurry of the gel at 5 wt % solids.
“>90 wt % water adsorption at 100 % R.H.

gelled in about one hour. The hydrogel was
broken up and washed with an aqueous ammonia
solution of pH 9 for ca. 45 h then tray dried.
Similar conditions are described for intermedi-
ate-density gel [313]. Alternative washing
schemes are numerous and affect rates and equip-
ment design or cost [353, 354]. In one such
method that provides for faster throughput of
silica hydrogel through the wash stages [354],
the hydrogel particles containing reaction prod-
uct salts are small (50-200 um) and washing
occurs via a hydrocyclone. In this case, the
dried product typically has a surface area of
500 m2/§ and a nitrogen pore volume of
0.25 cm”/g. A further variation involves fast
drying [327] which increases the pore volume
and diameter of such gels. Typical properties of
acid-washed regular density, ammonia-washed
intermediate density, and a flash-dried product
are shown in Table 15.

Several methods of forming hydrogel, typi-
cally into spherical shapes, have been developed.
Some methods employ a rapid gelation after
mixing in a nozzle followed by spray setting
[328-331], while others form beads in an oil
phase immiscible with the hydrosol [332]. In
some bead processes, recycled, dried, and pow-
dered gel is mixed with the fresh sol to improve
the physical integrity of the dried gels toward
disintegration after contact with liquid water
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[333]. The direct formation of 5-10 um gel
particles by emulsion polymerization or parti-
cle-forming techniques is also possible. A pro-
cess for the direct formation of 1-5 pum particles
with “double structure™, i.e., with a core of dense
silica and a shell of bulky amorphous silica, has
been disclosed [334].

The supercritical preparation of aerogels has
undergone a renaissance since earlier commer-
cial production [335] because of renewed inter-
est in the insulation and light-transmittance
properties of these materials. The shift in ap-
plications toward large panels has created the
need for what are described as aerogel mono-
liths [311]. One such process [315] forms a
silica alcogel then exchanges the alcohol for
liquid CO, before supercritical drying. The
resulting monoliths show good light-transmit-
tance properties. The monoliths, typically
500 x 500 x 2.5 cm, can be used to fill the
space in the middle of double-pane windows.
Another process involves reacting silanol
groups on the internal pore surface with a re-
agent such as trimethylchlorosilane, which then
minimizes shrinkage of the gel under drying
conditions [355]. Dried gels of very high poros-
ity and low density are thus obtained.

Environmental Protection. In the sodium
silicate/H,SO, processes the main environmen-
tal concerns are the fate of byproduct process
chemicals, normally aqueous Na,SO,4 and small
amounts of aqueous NH3, and pH control of this
stream.

Quality Specifications. Typical quality cri-
teria for silica gel are chemical purity, moisture
content, and porosity. These properties depend
on manufacturing conditions such as concentra-
tions, gelling and washing times, pH, and drying
conditions. Typical properties of silica gels are
reported in Table 15. Application-specific prop-
erties are often measured for certain end uses (see
Section 5.4).

Silica gel has been described by numerous
organizations for the purpose of defining the
quality necessary for use in food, cosmetic, and
pharmaceutical applications. In the United
States, monographs for silica gel are included
in the Food Chemicals Codex (1981) and The
United States Pharmacopeia—The National For-
mulary (1990). In Japan it is described in the

Japanese Pharmacopeia, Standard for Cosmetic
Materials, and JIS Z 0701. It is also on the
“Positive” list for use in food-grade polyolefins.
The EC is compiling permitted silica gel uses into
a complete listing for member states. Until that
listing is complete member states will maintain
individual regulations.

5.4. Uses

Silica gel is used extensively in a wide variety of

applications; here, some major uses are
described.
Desiccants. The earliest well-identified use

for synthetic amorphous silica gel was as an
adsorbent for water. The affinity of silica gel for
water is affected by its state of activation (or
moisture loading) and the degree of saturation of
the surrounding fluid by water vapor. A plot of
the affinity of silica gel for water vapor as a
function of equilibrium relative humidity at am-
bient temperature is shown in Figure 36. The
properties of two silica desiccants have been
described in Table 15.

Silica gel is widely used in the narrow pore
form to keep enclosed spaces dry, such as in cable

Figure 36. Water adsorption isotherms at room temperature
as a function of relative humidity for several materials

a) Granular Al O3; b) Zeolite A (Na® form); c) Regular
density silica gel; d) Spherical Al,O3;e) Intermediate density
silica gel
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junctions, pharmaceutical containers, and con-
sumer goods. Silica gel is also used for drying
natural gas. The wider pore form of silica is used
to prevent local condensation in high-moisture
environments and to absorb condensed mists of
moisture. Another application is to use silica gel
to maintain a constant humidity environment
around art objects [336].

Desiccants have been described in several
countries by standards Mil-D-3716B (United
States), DEF STAN 80-22 (United Kingdom),
and JIS Z 0701-77. These descriptions include
standard properties and methods of analysis.

Adsorbents. Silica gel can adsorb many
species other than water, particularly polar
substances [337]. In addition to chemical pro-
cessing, silicas have many uses in food proces-
sing. Treatment of beer with hydrogels, hy-
drous gels, or xerogels to remove haze-forming
proteins is one example [325, 338]. Another
food use is the adsorptive purification of glyc-
eride oils [339]. This use has been extended
beyond food purification of glyceride oils to
purification for the preparation of biodiesel
fuel. Silica gels also are used extensively in
chromatography [340].

Dentifrice. Silica gels have long been com-
ponents of dentifrice formulations [341] but
more recently were employed more for their
suitable abrasiveness for cleaning than simply
as carriers or thickeners. Xerogels [342] and
hydrous gels [343] are used, but must compete
with precipitated silicas [344] in this application.
The abrasiveness of a dentifrice can be measured
[345] and generally correlates with how effec-
tively it cleans the teeth.

Coatings. Fine sized silicas (2—-15 um) are
used extensively to control the reflectance of
coatings [326, 327, 335]. By interrupting the
surface of the coating the gloss of the surface
(as measured by ASTM D 523) is reduced but
particles too large can harm the appearance of the
surface. The fineness of grind (ASTM D 1210-
79) can be measured and specified. In clear
coatings, the refractive index of the silica is
important to maintain clarity. A typical matting
agent has a particle size of ca. 10 um, a pore
volume of ca. 1.8 cm?/g, and a fineness of grind

on the Hegman scale of > 4 (ASTM test). A
relatively new application for silica gels is in
paper coatings for digital imaging, particularly
by ink-jet printers [356]. In this application, the
silica-rich coating serves to absorb ink-liquids
and to control image appearance.

Microelectronics. The application of silica
gels as insulators with low dielectric constants in
microelectronics is developing. This use takes
advantage of the air-containing pore structure to
reduce the dielectric constant [357].

Catalysts and Catalyst Carriers. The high
surface area of silica gel makes it an attractive
solid on which to effect catalysis. Silica itself
does not catalyze many reactions of commercial
significance. Silica aluminas have acidic catalyt-
ic properties best exemplified in catalytic crack-
ing [307, 346]. Silica gel is also used as a support
in olefin polymerization [347-349].

Suppliers. A partial list of silica gel suppli-
ers are summarized: DDC Basic Chemicals,
DongGuan Vita pac, Engelhard Process Chemi-
cals, Fuji Silysia, Grace Davison, Ineos, Qingdao
Makall, Qingdao Haiyang, Philadelphia Quartz,
Silicycle, and Uetikon.

5.5. Economic Aspects

Between 30-50 % of silica gel is estimated to be
used in desiccant applications. Estimated pro-
duction of silica gel in 2007 is > 150 000 t/a.

5.6. Legal Aspects

Toxicology and Occupational Health. (see
also Chap. 9). Silica gel is listed under TSCA
in the United States, the Domestic Substances
List (DSL) in Canada, the European Inventory
of Existing Commercial Substances (EIECS),
the Australian Inventory of Chemical Sub-
stances, and the Japanese Core Inventory
(MITTI) [358].

Silica gel is generally classified as synthetic
amorphous silica. Epidemiological studies have
indicated low potential for adverse health effects
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in humans [350]. Silica gel is not listed on IARC,
National Toxicology Program (NTP), or OSHA
carcinogen lists.

The TARC evaluation of amorphous silica is
that there is inadequate evidence for carcinoge-
nicity to humans or experimental animals.
The phrase “inadequate evidence* indicated that
the studies cannot be interpreted as showing
either the presence or absence of a carcinogenic
effect. For synthetic amorphous silica, there is no
evidence of carcinogenicity to animals or hu-
mans [359].

A study found that amorphous silica particles
are regarded as rather innocuous, not causing
chronic adverse pulmonary effects [359]. In con-
trast, exposure to crystalline silica particles can
cause both acute and chronic pulmonary inflam-
matory responses. The objective of this study was
to evaluate mechanisms of pulmonary responses
to amorphous and crystalline SiO, after subchro-
nic inhalation. The study compared the pulmo-
nary response of rats inhaling amorphous silica
for three months at concentrations which resulted
in a similar acute inflammatory response for both
compounds at the end of exposure. The conclu-
sion is that the persistence of crystalline SiO,
appears to be most important for its long-term
effects and that amorphous silica shows signifi-
cant in vivo solubility. A further conclusion is
that acute inflammatory parameters cannot be
used as predictors for long-term outcome and that
type II cell activation appears to be associated
with fibrotic lesions. The study suggests that
persistence of high level of cell replication and
inflammation may be mechanistically involved
in the development of neoplasia.

Cellular changes identified as neoplasms in
this study were seen for rats exposed to crystal-
line silica and were not seen in the rats exposed to
amorphous silica. Also, any pathology seen in
animals exposed to high doses of amorphous
silica was reversible, whereas the pathology for
animals exposed to crystalline silica continued to
the development of neoplasia [360].

Tests conducted for United States FDA ap-
proval for use in foods (see 21 CFR 160.105,
160.815, and 172.480) showed:

LDsq (mouse) 8000 mg/kg (limit of test)

LDs (rat) 4500 mg/kg (limit of test)

6-month feeding tests (rat) at levels up to 10 % of
diet produced no effects.

A long-term bioassay of chronic toxicity on
mice and rats concluded that “proper dietary
administration of micronized silica has proven
to be generally safe with no long-term toxic
effects” [351].

Storage and Transportation. Silica gel
should be stored in sealed containers to protect
product quality, particularly to avoid moisture
adsorption or desorption. Silica gel is not con-
sidered a hazardous material by the International
Air Transportation Association (IATA Resolu-
tion 618, Attachment “A”, 1992), the U.S. DOT
(49 CFR), or in EEC Council Directive 67/548/
EEC.

6. Pyrogenic Silica

The term pyrogenic silica refers to highly dis-
persed silicas formed from the gas phase at high
temperature. Nowadays, the most important
production process is flame hydrolysis. The
electric-arc process is of little and the plasma
process of no economic significance. The des-
ignation pyrogenic used in this chapter therefore
always refers to silica produced by flame
hydrolysis.

6.1. Flame Hydrolysis

The flame hydrolysis process was developed in
the late 1930s and patented in 1942 [361]. The
original aim was to develop a “white carbon” as a
reinforcing filler for rubber. However, for tech-
nical and economic reasons precipitated silicas
(see Chapter 7) were adopted for this use.

In the meantime pyrogenic silica [/12945-52-
5] has found applications in numerous branches
of industry.

Capacities for pyrogenic silicas amounted to
ca. 100 000 t worldwide in 1991. Producers are
Degussa (Aerosil), Cabot (Cab-o0-sil), Wacker
(HDK), and Tokuyama Soda (Reolosil).

6.1.1. Production Process

Silicon tetrachloride is the usual raw material for
flame hydrolysis. It is continually vaporized,
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Figure 37. General process scheme of flame hydrolysis

a) Vaporizer; b) Mixing chamber; ¢) Burner; d) Cooling section; e) Separation; f) Deacidification; g) Hopper

mixed with dry air and then with hydrogen, fed to
a burner, and hydrolyzed:

2H,+0,—2H,0

SiCly+2 H,0—Si0,+4 HC1

The gases leaving the reaction chamber con-
tain all of the silica in the form of an aerosol.

The silica is separated almost quantitatively
from the hydrochloric acid- containing off-gas by
cyclones (centrifugal separators) or filters. Treat-
ment with steam and air in a fluidized-bed reactor
is then carried out to remove residual hydrochlo-
ric acid adsorbed on the large surface of the silica.
The hydrogen chloride is washed from the off-
gases in adsorption columns to give hydrochloric
acid in commercial concentrations. The hydro-
chloric acid formed can be reused by reacting it
with silicon to produce silicon tetrachloride and
hydrogen.

The properties of pyrogenic silica can be
controlled by varying reaction parameters such
as flame composition and flame temperature.
Thus, desired specific surface areas in the range
50 to 400 m*/g can be produced selectively.

The product, with a bulk density < 20 g/L, is
pneumatically transported to packing machines,
where the tapped density is increased to 50 —
120 g/L by compacting rollers or vacuum
packers.

A schematic of the flame hydrolysis process is
shown in Figure 37.

It is also possible to use methyltrichlorosi-
lane alone or mixed with silicon tetrachloride as
raw material. In this case, however, simulta-
neous hydrolysis and oxidation is required,
which requires modification of the production
process.

6.1.2. Morphology

Flame hydrolysis produces extremely fine,
mostly spherical particles with diameters of ca.
10 nm. The size of the average primary parti-
cles, which can be measured by transmission
electron microscopy (TEM), ranges from 7 to
40 nm. The particle-size distribution becomes
narrower with decreasing primary particle size
(see Fig. 38).

Figure 38. Primary particle-size distribution of pyrogenic
silicas with various specific surface areas
a) 300 m%g; b) 200 m*/g; ¢) 90 m*/g; d) 50 m*/g
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Figure 39. Correlation of the average primary particle size
with the specific surface area of different pyrogenic silicas

The small particles give rise to high specific
surface areas of ca. 50-400 m?/g. This consists
almost entirely of outer surface, which is not
formed by pores, and is readily accessible to
diffusion processes. The specific surface areas
determined by adsorption (e.g., by the BET
method [362]), are in agreement with those
determined by TEM within certain limits.
Figure 39 shows the BET surface area as a
function of the mean particle size measured by
TEM.

The primary particles do not occur in isola-
tion, but form aggregates by intergrowth, and
agglomerates through cohesion forces. In con-
trast to precipitated silicas, pyrogenic silicas
cannot be produced in the form of defined
aggregates or agglomerates. The primary parti-
cles can be identified by TEM, but it is not
possible to distinguish aggregates from agglom-
erates [363].

The size of the agglomerates actually present
in a liquid or powder mixture depends mainly on
the dispersion and mixing intensity during
preparation.

Figure 40 shows a TEM photograph of a
pyrogenic silica with an average primary particle
size of ca. 40 nm and a specific surface area of ca.
50 m*/g, while Figure 41 shows one with an
average primary particle size of ca. 7 nm and a
specific surface area of ca. 300 m?/g.

6.1.3. Solid-State Properties

Pyrogenic silicas are X-ray amorphous. For ex-
ample, X-ray diffraction photographs with a

detection limit of 0.2 % for Aerosil 200, a hydro-
philic pyrogenic silica with a specific surface
area of ca. 200 m?/g, show no crystallinity [364].
This fact is of considerable significance for
industrial hygiene, since current experiences
indicate that the development of silicosis on
inhalation of silica dust is associated with the
crystallinity.

The refractive index of 1.45 is similar to that
of silica glass. The particle size and the surface
chemistry have a small but measurable influence
on the refractive index. Transparent mixtures can
be prepared from pyrogenic silicas and most
organic polymers.

Pure pyrogenic silicas are thermally quite
stable. Thus, heating for 7 d at 1000 °C results
in no change of the morphology and no crystalli-
zation. The thermal stability is, however, signifi-
cantly lower if other substances are present.
Traces of alkali or alkaline-earth metal ions in
particular act as mineralizers [365].

Since pyrogenic silicas are produced from
readily vaporizable starting materials that can
be easily purified by distillation, impurity con-
centrations resulting from the raw materials are
very low. Generally, the silicon dioxide content
is > 99.8 % after ignition for 2 h at 1000 °C to
remove chemically and physically adsorbed wa-
ter. The content of hydrochloric acid byproduct
can be reduced to less than 250 ppm by suitable
measures, which is adequate for most
applications.

The purity of pyrogenic silicas is specified
particularly for their use in pharmacy. The
most important monographs concerning this
are:

1. European Pharmacopeia 2 (Silica Colloidalis
Anhydrica)

2. DAB 10 (Hochdisperses Siliciumdioxid)

3. U.S.P./National Formulary XVII (Colloidal
Silicon Dioxide)

Pyrogenic silicas are largely inert chemically.
They dissolve in strong alkali solutions with
silicate formation and in hydrofluoric acid
with the formation of silicon tetrafluoride. The
solubility in pure water is similar to that of
quartz (ca. 150 mg/L). Figure 42 shows the
solubility behavior of a pyrogenic silica with a
specific surface area of 200 m?/g in the alkaline
pH range.



Vol. 32 Silica 481

Figure 40. ;FEM photograph of a pyrogenic silica with an average primary particle size of ca. 40 nm and a specific surface area
of ca. 50 m“/g

Figure 41.2 TEM photograph of a pyrogenic silica with an average primary particle size of ca. 7 nm and a specific surface area of
ca. 300 m“/g
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Figure 42. Time dependence of the solubility of a pyrogenic
silica in caustic soda

6.1.4. Surface Chemistry

Siloxane and silanol groups occur on the surface
of the silica particles. The former are hydropho-
bic while the latter are hydrophilic and make
the pyrogenic silica wettable. The silanol groups
can occur isolated, bridged, or geminal (Fig. 43).

The silanol groups can be determined quanti-
tatively by reaction with lithium aluminum
hydride and measurement of the amount of
hydrogen formed. The densities lie between
2.5 and 3.5 SiOH/nm? [366, 367]. The silanol
groups are weakly acidic, which causes a zeta
potential for the pyrogenic silicas of zero at a pH
value of approximately two [368]. Pyrogenic
silicas become preferably negatively charged by
friction [369].

IR spectroscopy is important for the analysis
of the surface chemistry of pyrogenic silicas

Figure 43. Siloxane and silanol groups on the silica surface

[367, 370-373], and methods such as solid-state
NMR spectroscopy promise further results. The
following IR bands are of significance:

- 0-D 2760 cm™!
-C—H 2900-3000 cm ™"
—SiOH isolated 3750 cm ™!
—SiOH bridged 3000-3800 cm ™!
—SiOH combination band 4550 cm !
H,O adsorbed 5200 cm ™!

Immediately after production pyrogenic sili-
cas show mainly isolated silanol groups. In the
course of time, adsorbed water reacts with
strained siloxane groups and forms bridged sila-
nol groups. This aging can easily be followed by
IR spectroscopy (Fig. 44) [367].

The desorption energies of both the chemi-
cally and physically bound water can be deter-
mined by gravimetric adsorption and tempera-
ture-programmed desorption [374]. Thus, the
following energies were determined: 50 kJ/mol,
for water hydrogen bonded to a silanol group,
and 84 kJ/mol for water bonded to two neigh-
boring silanol groups. The elimination of water
from neighboring silanol groups and isolated
silanol groups requires 122 kJ/mol and 130
kJ/mol, respectively.

The silanol groups undergo acid-specific re-
actions; examples include:

1. With hydride ions (e.g., LiAlH,) [366]

=Si —OH+H — =81 —O0 +H,

Figure 44. IR spectra of pyrogenic silica (200 m*/g specific
surface area) shortly after production (A) and after storage for
one year (B)
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2. Deuterium exchange [367]
= Si —OH+D,0— = Si —OD+HDO
3. Neutralization [375]

= Si —OH+NaOH— = Si —ONa+H,0
4. Chlorination [376]

= Si —OH+SOCl,— = Si —CI+S0O,+HCI
5. Esterification with diazomethane [376]

= Si —OH+CH;N,— = Si —0O —CH3+N,

Summaries of the surface chemistry of finely
divided silicas are given in [377, 378].

6.1.5. Surface Modification with Silicon
Compounds

Pyrogenic silicas are hydrophilic; however, a
hydrophobic character is more favorable for
some applications. This requirement can be met
by reaction with dimethyldichlorosilane [379,
380]. The resulting silica thus is no longer wet-
table by water and was introduced on the market
in 1962 under the name Aerosil R 972. Apart
from chloroalkylsilanes, mainly hexamethyldi-
silazane, alkoxyalkylsilanes, and polydimethyl-
siloxanes are used.

Apart from methyl and longer chain alkyl
groups, organofunctional groups can also be
anchored on the surface of pyrogenic silicas by
using silanes. This form of modification was first
used on a large scale for applications in dental
materials. A pyrogenic silica with a low specific
surface area is treated with y-methylacryloxy-
propyltrimethoxysilane to give an active filler
that can be chemically bonded to the polymethyl-
methacrylate matrix and provides the dental
material with very good mechanical properties
[381-383].

Another use of pyrogenic silicas modified
with organofunctional silanes is in toners. Until
recently photocopiers generally fixed the latent
electrostatic image on a positively charged sele-
nium layer. An electrostatically negatively
chargeable toner is required for development,
which contains a hydrophobic pyrogenic silica
to improve the flow behavior and chargeability.
In more modern copier systems the latent image
is formed on an organic semiconductor layer,

which is negatively charged and requires a posi-
tively chargeable toner. However, pyrogenic si-
licas tend to become negatively charged due to
the presence of silanol groups even in hydro-
phobized products. Hence, a surface modifica-
tion is necessary to allow positive charging. This
can be achieved by using aminofunctional si-
lanes, which undergo hydrolysis-stable anchor-
ing to the silica surface [384-386].

6.1.6. Characterization

Pyrogenic silicas can be characterized well on the
basis of chemical and physicochemical data;
however, these do not allow a definite assessment
of their suitability for a particular use, which
requires application testing. The following test
methods have proved useful to test the suitability
for many uses and also for the quality control of
hydrophilic, pyrogenic silicas:

1. BET surface area, m2/g (DIN 66 131)

2. Drying loss, % (2 hat 105 °C; DIN ISO 787/
1D)

3. pH value (4 % aqueous suspension; DIN ISO
787/1X)

4. Silicon dioxide content, % (fuming with hy-
drofluoric acid, relative to the substance heat-
ed at 1000 °C for 2 h)

For hydrophobic or surface-modified pyro-
genic silicas it is advisable to determine the
carbon content instead of the silicon content,
since the former provides information on the
extent of surface loading.

6.1.7. Uses

Reinforcing Fillers. Pyrogenic silica is
used in large quantities as an active filler in
silicone rubber (— Silicones). In RTV silicone
sealants, both hydrophilic and hydrophobic py-
rogenic silica are used (ca. 10 %) to modify
mechanical properties such as Shore hardness,
tensile strength, and tear strength. High temper-
ature vulcanizing (HTV) silicone rubber requires
ca. 30 % pyrogenic silica to improve the mechan-
ical properties. Hydrophobic pyrogenic silicas
with strongly reduced thickening action are
used in liquid silicone rubbers. Theories of the



484 Silica

Vol. 32

Figure 45. Tensile strength of silicone vulcanizates contain-
ing a precipitated silica (FK 160), two hydrophilic (Aerosil
200/300), and two hydrophobic (Aerosil R 974/R 812) pyro-
genic silicas

reinforcing action of pyrogenic silica in silicone
rubber are discussed in [387-389].

The tensile strength of vulcanized silicones
with various silica fillers is shown in Figure 45.

Pyrogenic silicas are also used as active fillers
in natural and synthetic rubber, particularly if
extremely high mechanical properties are re-
quired, as in cable sheathing, seals, or conveyor
belts.

In fluoroelastomers, both hydrophilic and hy-
drophobic silicas improve the mechanical prop-
erties [390, 391], even under the action of ag-
gressive gases.

Thickening and Thixotropization. An im-
portant application for pyrogenic silicas is the
adjustment of the rheological properties of liquid
systems such as paints, thermosetting resins, and
printing inks. The increase in viscosity generally
plays a minor role; thixotropization and the
development of a yield value are decisive in
practice. These effects are generally attributed
to the formation of a three-dimensional network
of silica agglomerates, which fixes the liquid in
“cells” and thus increases the viscosity. The
silica particles interact via silanol groups. The
spatial network is destroyed by mechanical stress
(e.g., stirring or shaking) to an extent which
depends on the intensity and duration of energy
input, whereby the viscosity decreases. The silica
network regenerates when the stress is removed,
and the original viscosity returns. This theory has
proved suitable for simple, nonpolar liquids, but
is not applicable to complex and/or polar sys-
tems, in which adsorption and solvation effects
determine the rheological activity [392], espe-
cially in the case of hydrophobic pyrogenic
silicas.

Figure 46. Thickening effect of a pyrogenic silica with
200 m*/g specific surface area (Aerosil 200) in various
solvents

a) Xylene; b) Butylacetate; c) Diacetone alcohol; d) Butanol

Hydrophilic pyrogenic silicas show the best
thickening action in nonpolar liquids (Fig. 46).

Antisettling Agents. Closely linked with
the control of the rheological properties of liquid
systems is the action of pyrogenic silicas as
antisettling agents. The establishment of a flow
limit hinders settling of suspended particles,
depending on their density, size, and shape. If
settling does occur, pyrogenic silica generally
prevents caking of the sediment and ensures easy
dispersibility.

This effect is mainly utilized in filler- or
pigment- containing paints and plastics. Not only
suspensions of lighter solids can be stabilized,
such as silica-based matting agents, but also
heavy anticorrosion pigments such as zinc dust
or micaceous iron oxide. Both hydrophilic and
hydrophobic pyrogenic silicas can be used as
antisettling agents. The most suitable type must
be determined for each individual case, whereby
additional effects, such as the water repellency of
hydrophobic products in corrosion protection
systems, must also be taken into consideration
[393, 394].

Dispersants. In solid-containing liquid sys-
tems, pyrogenic silicas reduce the reagglomera-
tion of the solid particles during the dispersion
process, whereby a more favorable state of dis-
tribution is achieved. This effect is particularly
important in pigment-containing systems, where
both the gloss and also the tinting strength, and in
the case of carbon black pigments also the jet-
ness, can be improved by adding small quantities
of pyrogenic silica [393].
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Free Flow Agents. Some powders exhibit
poor fluidity or they agglomerate on storage,
particularly under the influence of pressure or
moisture. The causes of agglomeration include
solid bridges, which form by drying or pressure
sintering processes, liquid bridges, electrostatic
charging, and van der Waals forces [395, 396].
This can make use of the material difficult or even
impossible. In many cases this can be remedied
by the addition of hydrophilic or hydrophobic
silicas. The reasons for this are complex. Thus,
the small silica particles can envelop the powder
particles and act as “ball bearings”, hydrophilic
pyrogenic silica can adsorb moisture and “render
itharmless”, or hydrophobic pyrogenic silica can
slow down the absorption of moisture. The sig-
nificantly smaller silica agglomerates can de-
crease the van der Waals forces between two
powder particles by acting as spacers [396, 397].
Pyrogenic silica is used in fire extinguisher pow-
ders, tablet mixtures, toners, powder coatings,
and table salt.

Other uses of pyrogenic silica include:

Adsorbents

Antiblocking agents for plastic films
Coatings

Catalyst supports

Matting agents

Grinding agents

Polishing agents

Raw materials for silica glasses
Thermal insulation

Additive carriers

SO N R LN =

—_

6.1.8. Industrial Hygiene and Safety

Pyrogenic silica does not cause silicosis on inha-
lation (see also Chap. 9). So far no indication for
this illness has been found for those employed in
production who undergo regular medical tests
[398]. However, since it can lead to irritation of
the respiratory tract due to the fine particles, a
MAK of 4 mg/m® total dust in inhaled air was
applicable in 1991. This MAK value is not ex-
ceeded if suitable precautions are taken, e.g.,
lowest possible dust development upon handling
or extraction of air (ventilation). Otherwise dust
masks should be used. According to the findings
so far pyrogenic silica is basically harmless by
oral intake [399, 400]. Pyrogenic silica can cause

a feeling of dryness on the skin, which can be
easily remedied by washing and creaming.

Pyrogenic silica is susceptible to electrostatic
charging on handling. If it is likely to come into
contact with combustible gases or vapors, it is
necessary to take the corresponding safety mea-
sures, such as careful earthing and utilization of
explosion-proof plants.

6.2. Electric-Arc Process

The reduction of quartz sand with coal in an
electric-arc furnace gives gaseous silicon mon-
oxide, which is oxidized to finely divided amor-
phous silica by atmospheric oxygen [401]:

Si0,+C—Si0+CO
Si0+CO+0,—Si0,+CO,

In a variant of this process the thickening
effect of the electric-arc silica is increased by
adding steam during oxidation followed by ther-
mal treatment [402].

The matting agent TK 900 [/712926-00-8]
used in paints is a silica produced by Degussa
using this process.

6.3. Plasma Process

Finely divided amorphous silicas can be pro-
duced in plasma burners. In one case quartz sand
is reduced to silicon monoxide with methanol at
ca. 2000 °C. Subsequently, reduction with steam
is carried out [403]. At present such silicas are not
available commercially. A schematic of the plas-
ma process can be found in [404].

7. Precipitated Silicas
7.1. Introduction

Precipitated silicas, like pyrogenic silicas and
silica gels, are a synthetic, finely divided, white,
amorphous form of silicon dioxide. Precipitated
silicas have only been produced commercially
since the 1940s. In the meantime, they have
become the most important group of silica pro-
ducts on the basis of the amounts produced.
Worldwide production capacity in 1999 was ca.
1 100 000 t, compared to ca. 400 000 t in
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Figure 47. Process scheme for the production of precipitated silicas
a) Precipitation; b) Filtration; ¢) Drying; d) Grinding; e) Storage; f) Compacting; g) Granulation; h) Packaging

1970. Capacities in Europe, America, and Asia
amount to 400 000, 340 000, and 360 000 t,
respectively.

The largest producers worldwide are Degus-
sa-Hiils, Rhodia, Akzo, and Crosfield in Europe,
as well as PPG and Huber in the United States.
The Asian market is additionally supplied by
numerous local producers. Among these, the
companies with the largest capacities are Nippon
Silica and Tokuyama Soda in Japan, and Sam
Yung and Kofran in Korea.

7.2. Production

Raw materials for the production of precipitated
silicas are aqueous alkali metal silicate solutions
(e.g., water glass) and acids, generally sulfuric
acid [405-420]. Precipitation with hydrochloric
acid [421, 422], organohalosilanes [423, 424],
carbon dioxide [425, 426], or a combination of
the latter with mineral acids [427] are of minor
economic importance.

In the reaction of alkali metal silicate solution
with mineral acid, the silica precipitates accord-
ing to the following equation:

Na,0-3.3 SiO,+H,S04—3.3 Si0,+Na, S04 +H,O

In contrast to silica gels, which are produced
under acidic conditions, in this case precipitation
is carried out in neutral or alkaline media. The
properties of the precipitated silicas can be influ-
enced by the design of the plant equipment and by
varying the process parameters.

The production process consists of the follow-
ing steps: precipitation, filtration, drying, grind-
ing, and, in some cases, compacting and granu-
lation (Fig. 47).

Numerous possibilities exist for carrying out
the precipitation [405—427]. So far only batch
precipitation processes have attained economic
importance, although continuous precipitations
have also been reported [420]. Generally, acids
and alkali metal silicate solution are fed simulta-
neously into water in a stirred vessel with the
formation of silica seeds. In the course of the
precipitation, three-dimensional silica networks
are formed, accompanied by an increase in vis-
cosity. The networks are reinforced by further
precipitation of oligomeric silica and grow fur-
ther into discrete particles with a decrease in
viscosity. The formation of a coherent system
and thus a gel state is avoided by stirring and
increasing the temperature.

The properties of the silica can be influenced
by varying important precipitation parameters
such as pH, temperature, duration, and solid
concentration. Additionally, the rate of addition
of the acid and the intensity of stirring, which can
be supplemented by a shearing action, also influ-
ence the properties of the silica.

The separation of the silica from the reaction
mixture and the washing out of the salts con-
tained in the precipitate is carried out in filter
aggregates such as rotary filters, belt filters, or
filter presses (chamber, frame, and membrane
filter presses).

The solids content of the washed filter cake is
15-25 % depending on the type of silica and
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filter; therefore, drying requires the evaporation
of large quantities of water. Depending on the
desired properties of the end product, drying is
carried out in spray, nozzle spray, plate, belt, or
rotary dryers. Special product properties can be
achieved by spray drying the filter cake after
redispersion in water or acid [410, 413, 428].

To control the desired fineness of the particles,
various mills and, if required, classifiers [429] are
used. Special degrees of fineness can be achieved
by air-jet or mechanical grinding [410, 430]. The
silica is separated from the air in cyclones or
filters.

Figure 48 shows scanning electron micro-
graphs of a spray-dried, unground silica and a
conventionally dried, ground silica.

Processes for the compression and granula-
tion of precipitated silica have been developed
[431, 432] to reduce the volume for transport and
for certain uses and also to decrease the forma-
tion of dust on handling and processing.

Figure 48. REM photographs of precipitated silicas
Top: spray-dried unground silica; bottom: conventionally
dried, ground silica

Bags, big bags, containers, or transport silos
are used for packaging and shipping. Information
about the different methods of packaging and
shipping is given in [433]; dust-free handling
of precipitated silicas is described in [434]. In
Germany the general dust limit of 4 mg total
dust/m> air must be adhered to when handling
precipitated silicas. Similar regulations apply in
other countries.

7.3. Properties
7.3.1. Physicochemical Properties

Precipitated silicas consist mainly of spherical
primary particles, generally intergrown in three-
dimensional aggregates. These aggregates can
pack together to form larger agglomerates. The
terms primary particle, agglomerate, and aggre-
gate are defined in DIN 53 206.

Some important physicochemical properties
of several precipitated silicas are listed in
Table 16.

The specific surface area is generally deter-
mined by the BET method (DIN 66 131; ISO
5794-1, Annex D), which measures both the
outer surface and the surface of accessible pores.
The specific surface area is of importance espe-
cially in reinforcement and adsorption applica-
tions. Precipitated silicas can be produced with
specific surface areas of 25-800 m?/g.

The mean particle size is important in the use of
precipitated silicas as matting or antiblocking
agents for paint systems and plastic films. The
particle size can be determined by various meth-
ods either on the powder or after incorporation in a
medium (e.g., water, paint, silicone rubber) [435].

The tamped density (ISO 787-11) is a mea-
sure of the weight of the powder and thus gives
indications of the spatial requirement for trans-
portation and a general guide for handling. The
tamped densities of precipitated silicas lie in the
range of 50-500 kg/m’.

The loss on drying (ISO 787-2) includes the
majority of the water physically bound to the
silica and for precipitated silicas generally lies
between 2.5 and 7 % (on leaving the supplier).

The loss on ignition (ISO 3262-11) includes
the additionally chemically bound water (a si-
loxane group is formed from two neighboring
silanol groups with the loss of a water molecule).
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Table 16. Physicochemical data and chemical composition of several precipitated silicas [CAS registry nos.: [112926-00-8] except for Sipernat
D17 [60842-32-2]; appearance: flutty white powder except for Utrasil 7000 GR (granulate); behaviour towards water: hydrophilic except for

Sipernat D17 (hydrophobic)]

Ultrasil Sident Sipernat Sipernat Sipernat Acematt Sipernat

7000 GR 9 22 50 S 570 OK 412" D 17°
BET surface area (N,)*, m?/g 170 45 190 450 750 130 100
Mean particle size, pm 3000/ 10.5/ 100/ 7.5 6.7 3" 7
Tamped density”, g/L 280 430 280 90 150 120 150
Loss on drying®, % 5 3 6 6 6 5 4
Loss on ignition™$, % 4 3 5 5 5 11.5 7
pH value, 5% in water” 6.5 6.9 6.5 6 6 6 8.0
DBP absorption”, g/100g 210% 120 260 325 250 265 225
Si0, content”, % 98 99 98 9.5 99 99 98
Na content as Na,O", % 1 0.5 1 0.6 0.5 0.3 1
Fe content as Fe,04, % 0.03 0.03 0.03 0.03 0.02 0.03 0.03
Sulfate content as SO37 , % 0.8 0.3 0.8 0.7 0.3 0.3 0.8
Sieve residue 45 um’, % 0.1 0.5 0.1 0.01 <0.01 0.1

“ISO 5794—1, Annex D.

180 787-11.

“1SO 787-2.

‘IS0 3262-11.

“ISO 787-9.

JASTM D 2414.

$Based on dried substance.

"Based on ignited substance.

18O 787-18.

/Coulter Multisizer, 100 pum capillary.
KCoulter Multisizer, 140 um capillary.
! Alpine sieving, 1SO 8130-1.

" Determined from SEM photos.
"Matting agent.

“Contains ca. 2 % chemically bound carbon.
”5 % in water : methanol (1:1).
“Based on original substance.

Ignition losses for precipitated silicas generally
lie between 3 and 7 %.

Generally the pH value (ISO 787-9) of pre-
cipitated silicas is ca. 7.

The dibutyl phthalate (DBP) absorption
(ASTM D2414) is a measurement of the absorp-
tive capacity and for precipitated silicas lies in
the range of 175-320 g/100 g. The absorptive
capacity is important for the conversion of li-
quids and pastes into powders.

The determination of the sieving residue (ISO
787-18) provides an indication of the amount of
difficultly dispersible fractions in a precipitated
silica.

7.3.2. Surface Chemistry and Surface
Modification

Precipitated silicas have two different functional
groups on their surfaces: silanol (Si—OH)
groups and siloxane (Si—O—Si) groups.

These two groups substantially influence the
surface properties and hence the application
properties of precipitated silicas. The surface
has 5-6 silanol groups per nm?, which results
in the hydrophilic character of precipitated sili-
cas. Whereas the siloxane groups are generally
chemically inert, the reactivity of the silanol
groups allows chemical surface modification
[436] of precipitated silicas. Thus, the reaction
with organosilanes [437-439] or silicone fluids
[440, 441] leads to hydrophobic precipitated
silicas.

Hydrophobization is carried out industrially
both by wet processes (e.g., addition of organo-
chlorosilane to the precipitate suspension; see
Fig. 49) and dry processes (e.g., the reaction of
precipitated silicas with silicone fluids).

In coating processes, in contrast, no chemical
reaction takes place; the coating agents are ad-
sorbed on the silica surface. Wax coating with
wax emulsions has become industrially impor-
tant [410, 442, 443].
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Figure 49. Schematic of the reaction of the surface silanol groups of a precipitated silica with dimethyldichlorosilane

Surface modification is advantageous for cer-
tain applications (e.g., free flow agents, defoa-
mers, and matting agents; see Section 7.4).

7.3.3. Chemical Composition and Analysis

The chemical composition of precipitated silicas
(see Table 16) is generally less important than the
physicochemical data with regard to the applica-
tion properties. Furthermore, commercially
available precipitated silicas differ only slightly
in their composition.

The SiO, content is determined gravimetri-
cally by fuming off with hydrofluoric acid (ISO
3262-17); the analysis of the metal- containing
impurities is performed by atomic absorption
spectrometry (AAS). The sulfate content is de-
termined by complexometric titration (DIN
38 405/5), colorimetric titration (DIN 2462/8),
or potentiometric titration.

The carbon content of modified silicas is
determined by converting the carbon-containing
component into CO, (ISO DIS 3262-19: 1994).

A survey of the chemical analysis of precipi-
tated silicas is given in [444].

7.4. Uses

Precipitated silicas can be tailor-made to meet
the requirements of various uses. Only the most
important of the numerous applications (Fig. 50)
are mentioned here.

The oldest and most important use of precipi-
tated silicas is the reinforcement of elastomer
products such as shoe soles, technical rubber
articles, cable sheating, and tire compounds
[445, 446].

The addition of 20-100 parts by weight of
precipitated silica to 100 parts by weight of

natural or synthetic rubber improves the tensile
strength, hardness, tear strength, and abrasion
resistance of the vulcanized material [447].
Furthermore, special precipitated silicas enable
the production of transparent vulcanized mate-
rials. The reinforcing effect of precipitated si-
licas is superior to that of natural or mineral
fillers and, in contrast to carbon blacks, they
allow the production of white and colored rub-
ber articles.

In cables, they are used mainly in sheathing
compounds for cables that are not fixed and must
be differentiated from the background by a col-
ored exterior (e.g., mining or excavator-hauling
cables). The high resistance of the cable sheath to
friction and tearing protects the inside of the
cable from abrasion and damage.

Since the early 1990s precipitated silica has
been used as a high-performance reinforcing
filler in rubber compounds for tires. To take full
benefit of silica in terms of tire performance, it is
essential to use highly dispersible silica grades
such as Ultrasil 7000 GR (Degussa-Hiils) or

Figure 50. Worldwide consumption and use of precipitated
silica in 1999
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Zeosil 1165 MP (Rhodia) with a silane coupling
agent. The use of highly dispersible silica in tread
compounds leads to significant improvements in
rolling resistance and wet traction of tires. Due to
the possibility of achieving the best compromise
of the three main tire-performance criteria
(“magic triangle”)—rolling resistance, wet
traction, and tread wear —silica is now widely
used in Europe, and demand in North America
and Asia is growing significantly. The use of
silica in the bodies of car and truck tires is
becoming increasingly interesting owing to the
need to further reduce rolling resistance to cut
fuel consumption and CO, emissions [448—450].

Precipitated silicas are also used as reinfor-
cing agents in silicone rubber [451, 452], where
they replace the more expensive pyrogenic sili-
cas in certain formulations.

In thermoplastics, precipitated silicas are used
to improve specific properties. They act as anti-
blocking agents and are used to prevent plate-out
effects in films and film production. They are also
used to improve the mechanical properties of
PVC flooring.

A further major application is the use as
carrier silicas for liquids and semiliquids and
as free flow agents for powder formulations,
particularly of hygroscopic and caking sub-
stances. Of particular importance is high adsorp-
tivity and good flowability of the silica. Such
precipitated silicas absorb liquids or solutions to
give powder concentrates that contain up to 70 %
of the liquid [453]. In this way liquid materials
are converted into a dry, free-flowing form,
which can be mixed in any ratio with other dry
substances. This is of particular importance in the
animal-feed industry for the mixing of feed
additives [454]. Materials converted into powder
form include: choline chloride, ethoxyquin, mo-
lasses, and vitamin E acetate [455]. Fats can be
converted into free-flowing powders for use as
milk-substitute feeds [453, 455], mainly for the
fattening of calves (Fig. 51). The same effects
are utilized in the food industry, where products
such as coffee whiteners (nondairy creamers) and
mixed spices are produced and kept intact with
the aid of the specific properties of synthetic
silicas [462, 463]. Precipitated silicas are used
as carriers for crop protection agents and insec-
ticides [456, 464, 465].

Precipitated silicas are being used increasing-
ly in foothpastes as cleaning agents, since they

Figure 51. Milk substitutes
Left: without addition; right: after addition of 1.5 % Sipernat
228

clean effectively with a minimum of scratching
[457]. Additionally, they control the rheological
properties of toothpastes and also enable the
production of transparent gels [458].

The surfaces of objects are matted for reasons
of fashion but also to increase safety by avoiding
dazzle. Special silica matting agents have been
developed for matting of paints and varnishes
[410,429, 443]. The matting effect is the result of
roughening of the surface on the microscopic
scale, whereby the light is diffused and no longer
directionally reflected (Fig. 52).

In the paper industry precipitated silicas are
used as advanced fillers in, for example, news-
print to improve adsorptivity for printing ink.
Strike through is reduced, and the coefficient of
friction is adjusted. Silicas are used in special
coated papers for ink-jet and direct thermal
printing to enhance ink absorption [466].

Hydrophobic precipitated silicas are used in-
creasingly in mineral-oil and silicone-oil anti-
foam agents to increase the antifoaming effect.
They are used as foam regulators in laundry
detergents [459] and in the production of paints
and paper.
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Figure 52. Reflection of light from shiny (left) and matted surfaces (right)

Further uses for precipitated silicas include
the purification and stabilization of beer [460],
and the analysis of blood [461].

Trade Names. Trade names for precipitated
silicas include Sipernat, Ultrasil, Sident, Acematt
(Degussa-Hiils); Hi-Sil, Flo-Gard, Lo-Vel
(PPG); Tixosil, Zeosil (Rhodia); Zeodent,
Hiibersil (Hiuber); Ketjensil, Perkasil (AKZO);
Nipsil (Nippon Silica); and Neosyl (Crosfield).

7.5. Industrial Hygiene and Safety

Precipitated amorphous silica is nontoxic in rats
after oral intake [462-464]. Neither eye irritation
nor skin irritation is observed [465,466]. Dryness
of the skin after skin contact can be alleviated by
washing and creaming. Inhalation of precipitated
amorphous silica does not result in silicosis
[467]. In addition, several epidemiological stud-
ies show no indication of silicosis in exposed
employees [468—471].

When working with precipitated amorphous
silica, the MAK value (4 mg/m3 total dust) must
be observed [472]. When appropriate precau-
tions such as lowest possible dust development
during handling and ventilation are taken, this
value is not exceeded. Otherwise, dust masks
should be worn.

8. Porosils
8.1. Introduction

Porosils are crystalline porous silicas of the
general composition SiO, - M, where M is an

organic or inorganic guest molecule residing
within the pores of the silica host framework.
R. M. BARRER coined the name porosils to
differentiate between porous aluminosilicate
zeolites and a new class of compounds of
distinct composition [473]. Due to their porous
crystal structure porosils have properties similar
to the zeolites; however, differences in chemical
composition are responsible for their specific
properties in catalysis, sorption, and molecular
sieving.

Work in the field was initiated in 1978 by
FLANIGAN et al. [474] who reported on the syn-
thesis and crystal structure of the siliceous ana-
logue of the commercially most important zeolite
ZSM-5.

The guest species M can be expelled by
thermal treatment to give the pure silica form of
the porosil. Therefore, porosils are considered to
be the porous polymorphs of the structure family
Si0,. Up to now, 34 porosil structure types have
been made, either by template-directed synthesis
or post-synthesis treatment of aluminosilicate
zeolites (Table 17) [475, 476]. In the synthesis
of porosils the guest species M act as templates
for the pores, defining their size and geometry
[477]. During the post-synthesis treatment
framework aluminum is substituted by silicon,
and M is atmospheric gases or sorbate mole-
cules [478].

Porosils are subdivided into zeosils and cla-
thrasils according to the pore structure of the
silica framework. Zeosils have channel-type
pores with pore openings larger than 0.4 nm
(Fig. 53). The channels may intersect to give a
two- or three-dimensional pore system (see Table
17). Clathrasils have cage-type voids with pore
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Table 17. Porosil structure types [475, 476]

Framework density IUPAC Pore
Porosil (Si atoms per 1000 A’) code system”
Zeosils
Silica-faujasite® 12.7 FAU 3D 12 MR
Silica-ECM 12.7 ECM 3D 12 MR
Silica-A“ 12.9 LTA 3 D8 MR
1TQ-7 15.0 ISv 3D 12 MR
Silica-beta 15.1 BEA 3D 12 MR
Silica-levyne 15.2 LEV 2 D 8 MR
Silica-offretite” 15.5 OFF 1 D12 MR
1ITQ-3 15.7 ITE 2 D8 MR
ITQ-1 15.9 MWW 2D 10 MR
Silica-mazzite” 16.1 MAZ 1DI12MR
CIT-5 16.8 CFI 1 D 14 MR
UTD-1F 17.1 DON 1D 14 MR
ITQ-4 17.2 IFR 1D 12 MR
Silica-mordenite 17.2 MOR 1 D12 MR
Silica-SSZ-24 17.5 AFI 1 D12 MR
Decadodecasil 3R 17.6 DDR 2 D8 MR
Decadodecasil 3H 17.6 2 D 8 MR
Silica-ZSM-5 17.9 MFI 3D 10 MR
Silica-ZSM-11 17.9 MEL 3D 10 MR
Silica-ferrierite 19.3 FER 1 D10 MR
Silica-ZSM-12 19.4 MTW 1D 12 MR
Silica-theta-1 19.7 TON 1 D10 MR
Silica-ZSM-23 19.7 MTT 1D 10 MR
VPI-8 20.2 VET 1D 12 MR
Silica-ZSM-48 19.9 1 D10 MR
MCM-35 20.7 MTF 1 D8 MR
Clathrasils
Silica-A“ 12.9 LTA 0D 8 MR
Silica-levyne 15.2 LEV 0D 8 MR
1TQ-3 15.7 ITE 0D 8 MR
Silica-sodalite 17.4 SOD 0D 6 MR
Decadodecasil 3R 17.6 DDR 0D 8 MR
Decadodecasil 3H 17.6 0D 8 MR
Octadecasil 17.6 AST 0D 6 MR
Sigma-2 17.8 SGT 0D 6 MR
Dodecasil 1H 18.4 DOH 0D 6 MR
Dodecasil 3C 18.6 MTN 0D 6 MR
Silica-RUB-10 18.7 RUT 0D 6 MR
Melanophlogite 19.0 MEP 0D 6 MR
Nonasil 19.3 NON 0D6 MR
MCM-35 20.7 MTF 0D 8 MR

“Dealuminated zeolites.
bPore dimensionality and pore size (n-membered ring of SiO4
units).

openings much smaller than the free diameter of
the cage and less then 0.45 nm (Fig. 53).

With the exception of melanophlogite, a rare
mineral formed by low-temperature, low-pres-
sure metamorphosis in, e.g., serpentine veins
[479], all porosil structure types are synthetic
materials. The ever increasing number of new
porosil structure types reflects the efforts in the
systematic investigation of the mechanism of
formation of zeolites, for which porosils repre-

sent a simplified system. Besides porosils, water
(clathrate hydrates), AIPO, (AIPO’s), GaPQy,
and other IT1I-V oxides (e.g., arsenates) also form
neutral inorganic porous framework structures
when synthesized in the presence of structure-
directing guest molecules [475].

8.2. Physical and Chemical Properties

The physical and chemical properties of porosils
are closely related to their crystal structure and
composition. Porosils are colorless materials of
hardness close to that of quartz. Since they are
framework silicas, they exhibit no pronounced
cleavage. Refractive indices vary systematically
with the density of the silica framework (Fig. 54)
[480]. This confirms that the nature of the Si—O
bond accounts for most of the physical properties
and is closely related to the natural polymorphs
of the SiO, structure family. The porosils are
thermodynamically metastable and transform
reconstructively to cristobalite at high tempera-
ture (e.g., melanophlogite: T > 950 °C [481]).
Below 200 °C structural phase transitions to
lower symmetry space groups have been re-
ported for melanophlogite [482], dodecasil 3 C
[483], decadodecasil 3 R [484], silica-ZSM-5
[485], and silica ZSM-11 [486].

For dodecasil 3 C, three consecutive phase
transitions have been reported, with transforma-
tion from cubic to tetragonal, orthorhombic, and
finally monoclinic symmetry [487]. This reflects
the flexibility of the silica framework. Several
phase transitions are ferroic (e.g., ferroelastic)
indicating interesting physical properties for the
material.

A number of porosils in the high-symmetry
form exhibit negative volume expansion coeffi-
cients . For example, silica-ZSM-5 contracts in
the temperature range 393-975 K with § =
—15.1 x 107° K" [488].

Since the composition of the host framework
is Si0,, porosils are electroneutral. The pores,
therefore, contain only electroneutral guest spe-
cies (i.e., ion pairs, molecules, and/or atoms). In
contrast to aluminosilicate zeolites, porosils are
hydrophobic [474, 489], preferentially sorbing
aprotic organic molecules. The weak Lewis acid-
ity of the electroneutral SiO, framework of the
porosils reduces considerably their potential as
materials for heterogeneous acid catalysis, for
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Figure 53. Skeletal projections of porosil framework structures
Si atoms are located in the nodes of the framework O atoms, which are close to the midpoint between 2 Si atoms, but are omitted

for clarity

A) Projection of the AFI structure along the channel axis. The channel pore opening is confined by 12 Si atoms (12 MR);
B) Projection of the FER, TON, MTT, MEL, and MFI structures along the straight channel axis. The channel pore opening is
confined by 10 Si atoms (10 MR); C) Projection of the dodecasil layer. Pentagonal dodecahedra are arranged in layers which are
the basic structural feature of DOH, MTN, DDR, and decadodecasil 3 H; D) Compilation of types of cage as found in clathrasil
structure types ([5'%] represents pentagonal dodecahedron, i.e., 12 five-membered rings)

which the isostructural aluminosilicate zeolites
are widely used [490]. The pore geometry of the
porosil structure types varies from zero-dimen-
sional pores (i.e., cavities) to three-dimensional
pore systems (i.e., intersecting channels) (see
Table 17). The pore openings are confined by
[SiO4] units arranged in aring (Fig. 53) (e.g., ten-
membered ring, 10 MR: 10 SiO, units per ring).
In general the sorption properties of the materials
are related to the largest pore opening of the
structure, which provides for the release of guest
molecules and the access of sorbates to the
internal surface. In clathrasils the maximum pore

opening (6-8 MR) is too small for the exchange
of the occluded species. The template-free
material can be obtained only by calcination at
> 600 °C. For 6 MR as maximum pore opening
only very small atoms or molecules such as H, or
He could be sorbed onto the silica framework
(Table 18). Zeosils with pore openings of 8—12
MR are calcined at lower temperatures and could
be used for the selective sorption of, e.g., n-al-
kanes (8 MR materials) or p-substituted aromatic
compounds (10 MR materials) (Table 18).
Because of the uniform character of the pore
opening and the possibility of tailoring the size
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Figure 54. Density of the silica framework of porosils and
dense silicas versus refractive indices

of the pores, porosil-containing membranes,
such as those already available for zeolites, could
be useful for separation processes [491, 492].

8.2.1. Zeosils

Physical and chemical properties specific to zeo-
sils are related to their crystal structure. The
channel-like pores allow access to the internal
surface of the material for sorbates that meet the
geometrical requirement of the pore window.
The free diameter of the individual materials,
however, varies considerably due to the flexibili-
ty of the silica framework. Idealized values for
the pore openings are given in Table 18. Because
of the hydrophobic properties of the silica frame-

Table 18. Idealized pore diameters and potential sorbates for various
pore openings

Potential sorbates
(diameter in nm)

Pore
opening

Planar ring
diameter, nm

6 MR 0.27 He (ca. 0.23)
H, (ca. 0.23)
8 MR 0.44 alkane (ca. 0.43)
10 MR 0.60 aliphatic and aromatic
six-membered rings (ca. 0.6)
12 MR 0.77 substituted ring systems

work and the geometry of the internal pore
system, zeosils are of particular interest for vari-
ous applications. In the presence of water zeosils
sorb selectively hydrophobic organic molecules
in the vapor and liquid phase [493]. Sorption of
monomers into the silica framework followed by
polymerization leads to one-, two- or three-di-
mensional polymeric filaments inside the zeosil
framework, as already demonstrated for zeolites
[494]. The deposition of semiconducting materi-
als [495] and metal atom clusters [496] inside,
e.g., the zeosil cavity of silica-A or silica-fauja-
site creates new materials with interesting prop-
erties due to the limited size of crystallites built
within the pores. The sorption of polar organic
molecules such as p-nitroaniline also leads to
changes in symmetry and polarization of the
host—guest composites, leading, e.g., to nonline-
ar optical properties [497]. For a review on new
applications of zeosils, see [498].

8.2.2. Clathrasils

The clathrasil structure types have cagelike
pores. Species inside the cavities are too large
to pass through the 4 MR, 5 MR, 6 MR, or § MR
windows without their decomposition. In gener-
al, clathrasils in the as-synthesized form have no
exchange capacity or sorption properties. After
calcination at high temperature (> 600 °C) the
decomposition of the guest species may lead to a
guest-free porosil with very narrow pores that is
suitable for sieving and sorption processes (cf.
Table 18). The properties of clathrasils are,
therefore, linked to properties introduced by the
guest molecules clathrated in the formation pro-
cess. Because of the high thermal and chemical
stability of the silica host framework, clathrasils
have been proposed as containers for radioactive
gases (e.g., krypton) [499]. The synthesis of the
clathrasil dodecasil 3 C with a number of non-
globular guest molecules leads to a distortion of
the cubic symmetry of the silica framework. At
room temperature the materials have acentric
symmetry and, therefore, nonlinear optical prop-
erties [500]. The temperature of the phase tran-
sition to the acentric space group depends on the
nature and the concentration of the guest mole-
cule in the silica framework and is in the range
between slightly below room temperature and ca.
200 °C.
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8.3. Manufacture of Porosils

With the exception of melanophlogite, all porosil
structure types are synthetic materials made di-
rectly from an active form of SiO, or by deal-
umination of high-silica zeolites.

8.3.1. Synthesis of Porosils

Structure-directing templates play a key role in
the synthesis of porous silicas [501, 502]. Since
the templates are occluded within the pores
during synthesis, it is their size and shape which
determine the size and shape of the pores of the
silica framework. Organic amines have proved to
be the most efficient templates. Up to now ca. 100
different molecules have successfully been used
for the synthesis of porosils [501, 503, 504].
Globular species such as xenon, quinuclidine,
and l-aminoadamantane preferentially stabilize
the cage-like voids characteristic of clathrasils.
Chain-like amines such as the o,®-diamines of
propane, butane, pentane, etc., stabilize channel-
like voids. The size of the pore depends on the
size of the template. Whereas pyrrolidine leads to
preferential formation of dodecasil 3 C by occu-
pying a 16-hedral cage, 1-aminoadamantane is
occluded within a 20-hedral cage in dodecasil
1 H (Fig. 55). Zeosil structure types with 10 MR
channels are formed in the presence of aliphatic
chain-like templates (o, ®w-diamino-n-alkanes);
12 MR channels are formed with molecules con-

taining sequences of p-substituted heterocycles
(e.g., 4,4-trimethylenedipiperidine).

8.3.2. Dealumination of Aluminosilicate
Zeolites

Porosils marked with an asterisk in Table 17 have
been obtained exclusively by post-synthesis
treatment of aluminosilicate zeolites. Aluminum
is selectively extracted from the silicate frame-
work and replaced by silicon [505]. The deal-
umination procedure includes successive chemi-
cal and hydrothermal treatment of the material in
order to extract and remove the framework alu-
minum atom. A typical procedure is the calcina-
tion of the synthesis product at 300-500 °C to
expel the organic template, exchange of the
cations with ammonium, and steaming at ca.
600 °C to remove the aluminum.

8.3.3. Formation of Melanophlogite

So far melanophlogite is the only known natural
porosil. In synthesis experiments the conditions
of formation have been simulated and are of low
temperature (ca. 100-200 °C) and low (autho-
genic) pressure. The material has been described
as a trace occurrence from five localities in very
different geological settings. However, the na-
ture of the porosil structure types and the wide
range of structural features suggest that further

Figure 55. A) Van der Waals model of Xe as guest atom within the pentagonal dodecahedral cage; B) Van der Waals
model of 1-aminoadamantane as guest molecule within the icosahedral cage
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natural variants may exist, especially in hydro-
thermally active areas (e.g., geysers).

9. Toxicology

The effect of the dust that arises when working
with silica is of primary importance from a
toxicological point of view, especially in the case
of long-term exposure of several hours per day.
This applies to naturally occurring and synthetic
as well as to crystalline and amorphous. As far as
industrial medicine is concerned, local contact
with the skin and mucous membranes is impor-
tant. In the case of inhalation of the dust, the
effect on the respiratory tract is significant.

The effect of silica- containing dust on the
respiratory tract depends on:

1. The physical and chemical properties (e.g.,
the particle size and the specific surface area)

2. The concentration administered

3. The daily and total duration of exposure

9.1. Experiences with Humans

After long-term exposure at work, the effects of
crystalline or amorphous SiO, dust on the respira-
tory tract of humans are well known and have been
widely reported (for reviews, see [S06-509]).

Crystalline Silica Dust. The classification
into common, accelerated, and acute forms of
silicosis [506] is based on the time interval
between the beginning of exposure to silica and
the first appearance of silicotic changes that are
detectable in a X-ray picture. A rapid manifesta-
tion and an accelerated course of the disease are
caused primarily by long-term inhalation of high-
er concentrations of SiO, dust.

The common form of silicosis (simple silico-
sis) occurs roentgenologically after about twenty
or more years of exposure. The content of crys-
talline SiO, in the dust that causes silicosis in
workers is often less than 30 % [506].

The accelerated form of silicosis (5—15 years)
develops after a shorter exposure to higher
concentrations of SiO, dust. Progressive massive
fibrosis is often observed on the X-ray
picture [506].

The acute form, also known as silicoprotei-
nosis, develops in 1-3 years. The clinical symp-

toms include rapidly deteriorating function of the
lungs, which is always fatal.

The progression of silicosis even after the
termination of exposure is especially character-
istic, and there is still no effective treatment.

For this reason, it is essential that the legal
regulations for working with crystalline SiO, are
obeyed [510-512].

Amorphous Silica Dust.

Amorphous Synthetic Silica. From experi-
mental long-term inhalation tests on rats, it is
known that high concentrations of some synthet-
ic amorphous silicas can cause nodular (fibrotic)
changes in the lungs of the animals during the
exposure phase [513]. However, the regression of
the nodules (fibrosis) in the lungs after the ter-
mination of the exposure phase is characteristic
of the biological action of these amorphous silica
dusts. In a treatment-free, follow-up observation
phase of several months, a clear time-dependent
regression of the changes in the lungs of the
experimental animals could be detected after
three, eight, and up to twelve months (see below)
[513, 514]. In the case of the neighboring lymph
nodes, the regression of the morphological
changes observed within the inhalation phase
was established histologically [513, 514].

In-depth investigations carried out by compa-
ny doctors over periodsofupto 12 years[515]and
from 1to 32 years [S16] have confirmed that until
now long-term contact with amorphous synthetic
silicas has notresulted in a single case of silicosis.

Established MAK [511] and TLV regulations
[512] must be complied with when working with
amorphous synthetic silicas. If these fixed limit-
ing values are exceeded — especially for a longer
period of time — an overtaxing of the respiratory
passages and a corresponding biological defense
reaction in the bronchial tubes and, especially, in
the lung tissue must be expected.

Vitums et al. observed that fibrosis of the
lungs was caused by exposure to flue dust con-
taining silica with a wide particle-size distribu-
tion, such that as produced in the manufacture of
ferrosilicon or quartz glass [517].

Amorphous Natural Silicas. A distinction is
made between exposure to amorphous synthetic
silica dust and exposure to natural amorphous
silica dust (diatomite). The latter can contain
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small amounts of crystalline SiO, and, according
to some studies, can cause silicosis in humans on
long-term exposure [507].

Carcinogenicity of Silica Dusts in Hu-
mans. In many cases, industrial workers ex-
posed to crystalline silica dust exhibit a higher
incidence of lung cancer. However, exposure to
silica dust is often complicated by other hazards
such as polycyclic aromatic hydrocarbons, as-
bestos, and smoking, which makes a causal anal-
ysis extremely difficult. According to GOLDSMITH
et al. [518], at least two studies show a strong
association between silicosis and lung cancer: the
analysis of the Swedish pneumoconiosis register
by WEsTERHOLM [519] and a similar study by
FINKELSTEIN [520] in Ontario, Canada. However,
the same authors [518] also stated that a
completely convincing causal relationship can-
not be concluded. A possible association between
silicosis and lung cancer is also discussed in
[521], based on data from a clinical cancer
monitoring register. A relationship between tu-
mors of the upper intestinal tract and the inges-
tion of quartz particles in food in North China has
been suggested [522]. A correlation was made
between the incidence of cancer of the esophagus
and the consumption of plant products that con-
tain silica fragments and fibers for a region in
North China, in northeast Iran, and in Transkei.

9.2. Animal Experiments

Long-Term Inhalation of Silica Dust. In
specifically designed, practice-oriented long-
term inhalation studies, various types of crystal-
line and amorphous silica dust have been thor-
oughly tested on rodents. Rats [513, 514, 523,
524] were mainly used, but rabbits [514, 525,
526] and guinea pigs [514] were also employed.

The elimination rate in rats has been deter-
mined in an inhalation experiment with highly
disperse amorphous silica. In the case of Aerosil
200, for example, after the termination of inha-
lation, 65-75 % of the dust was eliminated in one
month, 80-90 % in two months, and 95 % in three
to five months. It is possible that the rate of
solubilization of these hydrophilic silicas also
plays a role [513].

It was found in retention studies on rats [513]
that in the case of longer term inhalation
(28 times four hours in 36 days) of highly dis-

perse amorphous silica dust, the continuous
elimination during the exposure phase is very
high. This means that the formation of large SiO,
deposits in the lungs is improbable [513]. In
contrast, in long-term inhalation experiments
with quartz dust the tendency towards formation
of deposits was higher [513].

After the termination of a long-term inhalation
study on rats with Aerosil 200 (12 months, 4 per
day; concentration: 45 mg/m3), some of the ani-
mals were subjected to treatment-free observation
for another 3 to 8 months and then killed [513].
Subsequently, a histological investigation and
chemical analysis of SiO; in the lungs and lymph
nodes were performed. In the follow-up observa-
tion period, it was found that the nodules in the
lungs were reduced to small residual foci. The
lymph nodes, which were still enlarged after three
months, had greatly regressed after eight months.
Similar observations have also been made in
previous inhalation experiments with Aerosil.

In a long-term inhalation experiment on rats
with quartz [524] (12 months, 5 per day, 5 per
week; concentration: 10 mg/m3; standard quartz
No. 12, Dorentrup quartz), some of the animals
were subjected to treatment-free observation for
another 4 weeks to 6 months after the termina-
tion of exposure and then killed. In this follow-up
observation period, it was possible to detect
silicotic reactions in the lungs and reticulohis-
tiocytic cells typical of quartz in the lymph nodes.
There was an increase in the silicotic nodules in
the lungs after six months and fibrosis of the
mediastinal lymph nodes had clearly increased.

Examination of lungs and accompanying
lymph nodes of the individual groups of animals
at various time intervals showed that in the case
of quartz, along residence time in the lungs must
always be expected, but that deposits of finely
divided amorphous silica are relatively quickly
and extensively eliminated [513, 524]. This is
true of amorphous silicas with a specific surface
area of > 100 mz/g [513].

Injection of Silica Dust. The tissue reaction
typical of a particular silica dust can be deter-
mined in animal experiments by means of a
single intratracheal or intraperitoneal injection.

The intratracheal injection of a high dose of
quartz resulted in a massive local accumulation
of dust [524]. The tissue reaction caused by an
injection of this type is similar to the picture of
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acute silicosis. Fast reactions of this kind in the
lung tissue — comparable with the exposure of
workers to high concentrations of quartz
[515] —can also be produced in animal experi-
ments with very high inhalation concentrations
(400 mg/m’) [524].

The general effect of a particular dust (acute
toxicity) and the local harmful (cytotoxic) effects
are deduced from the tissue reaction observed in
rats after intraperitoneal SiO, injections. Cytotox-
icity can occur in the form of nodular fibrosis (dust
nodules) or surface fibrosis that leads to extensive
coalescence of the abdominal organs [513].

The reaction of lung tissue on longer term
inhalation of SiO, dust cannot be directly in-
ferred from the results of the intratracheal and
intraperitoneal injections. Thus, the physiologi-
cally important reactions of the organism in the
course of SiO, retention and SiO, elimination
can be determined only in long-term inhalation
tests with a sufficiently long, treatment-free,
follow-up observation period.

The morphological changes in the lungs after
long-term inhalation of natural crystalline SiO,
progress after the termination of exposure,
whereas with synthetic amorphous silica dust
the morphological changes regress after the ter-
mination of exposure (reversibility).

Carcinogenicity of Silica Dusts in Animal
Tests. Lymphomas have been found in rats
after intrapleural, i.p., i.v., and direct application
in the thymus gland of various silica modifica-
tions [527, 528]. The tumor incidence differed
for various species of rat, and no tumors were
observed in mice and hamsters. A synergistic
effect has been reported for silica dust and benzo
[a]pyrene [529], as has been found for other dusts
(e.g., coal, TiOy,). This is presumably the result of
chemicophysical surface effects, which may also
be involved in tumor promotion. Tests have
shown that Min-U-Sil causes tumors in rats in
the intratracheal test [530]. Tissue scarring has
been discussed as the cause. Min-U-Silis strongly
fibrogenic and extremely finely divided.
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