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(57) ABSTRACT

A continuous sol-gel process for producing silicate-contain-
ing glasses and glass ceramics is proposed, comprising the
following steps:
(a) continuously feeding a silicon tetraalkoxide, a silicon
alkoxide with at least one non-alcoholic functional group
and an alcohol into a first reactor (R1), and at least par-
tially hydrolyzing by the addition of a mineral acid to
obtain a first product stream (A);
(b) continuously providing a second product stream (B) in
a second reactor (R2) by feeding a metal alkoxide compo-
nent or continuously mixing an alcohol and a metal alk-
oxide component;
(¢) continuously mixing product streams (A) and (B) in a
third reactor (R3) for producing a presol to obtain a third
product stream (C);
(d) continuously adding water or a diluted acid to the pro-
duct stream (C) to obtain a sol (gelation);
(e) continuously filling the emerging sol into molds to
obtain an aquagel,
() drying the aquagels to obtain xerogels;
(g) sintering the xerogels to obtain silicate-containing
glasses and glass ceramics.
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CONTINUOUS SOL-GEL PROCESS FOR
PRODUCING SILICATE-CONTAINING
GLASSES OR GLASS CERAMICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation application of
U.S. Application No. 15/673,733, filed on Aug. 10, 2017,
which, in turn, claimed the benefit of priority to the EPO
Application EP 16184064.0, filed on Aug. 12, 2016. The
content of these prior Applications is incorporated by refer-
ence herein in their entirety.

FIELD OF THE INVENTION

[0002] The invention pertains to the field of inorganic
chemistry and relates to a continuous process for producing
silicate-containing glasses or glass ceramics.

BACKGROUND ART

[0003] Three-dimensional quartz glass bodies can be pre-
pared by the so-called sol-gel process. The principle of this
process is based on an acid- or base-catalyzed hydrolysis
followed by gelation because of condensation reactions.
The originally liquid sol undergoes a transition through a
stable liquid dispersion of oxide particles into a gel-like
and finally solid state. The thus obtained aquagel is subse-
quently dried to a xerogel, and sintered to quartz glass. The
final product is glassy. The porosity and morphology of the
products can be adjusted by the addition of different addi-
tives, or through the drying schedule. In contrast to conven-
tional quartz glass production by melting the raw materials
at very high temperatures, the shaping takes place at room
temperature in the sol-gel process. The glass bodies pre-
pared with this technology usually need not be reworked,
which is both more time-efficient and less expensive.
[0004] The starting materials of a sol-gel synthesis are low
molecular weight metallic alkoxide compounds. The first
step of this synthesis is the hydrolysis of the alkoxides in
the presence of an acid or base. As a result of this process,
unstable hydroxy compounds (a) are formed, which some-
times may easily oligomerize. The solution formed is a sol.
In a condensation reaction, individual compounds grow
together by the formation of siloxane bridges (Si—O—Si)
(b). This process continues until all monomers are con-
sumed. A contiguous network is not yet formed. Under sui-
table reaction conditions, all generated particles are in a uni-
form size distribution of a few nanometers. The reaction
rates of the hydrolysis and condensation can be influenced
through the medium, pH and concentration, and proceed
simultaneously (c). The process was described in some
detail by Nogami et al. in Journal of Non-crystalline Solids,
37, pp. 191-201 (1980).

[0005] In a suitable environment, a sol remains stable for
several weeks, in part even months. The gelation takes place
by condensation to form siloxane linkages. Now, the epon-
ymous step of the synthesis, the sol-gel transition, is
reached. From the loose particles of the sol, a three-dimen-
sional network has formed, which is soaked with the sol-
vent. The sol has become a gel.

[0006] After the gelation is complete, the aquagel is dried
to a xerogel. The complete evaporation of the solvent causes
a stronger cross-linking of the entire network. This step
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results in a compact, highly cross-linked and resilient
material:

M(OR), + n H,0 —> M(OR),_(OH), + n ROH (a)

(OR);.(OH), M-OH + HO-M(OR), ,(OH), —> ®)
(OR); (OH) M-O-MOR); ,(OH), + H,0

(OR); (OH) M-OR + HO-M(OR); ,(OH), > ©
(OR);_(OH), M-0-M(OR);_,(OH), + ROH

[0007] M = metal or metalloid, R = residue,

[0008] n=1-4

[0009] a=0-3

[0010] b=0-3

[0011] ¢=0-3
[0012] In the last step, the xerogel is sintered to quartz
glass.

[0013] From the prior art, a large number of processes are
known that deal with quartz glass production in general and
the sol-gel process in particular.

[0014] From European Patent EP 0 131 057 B1 (Seiko), a
batch process for producing quartz glass is known in which
a hydrolyzed solution of a metal alkoxide of the formula
M(OR), is provided at first, from which a sol (colloidal solu-
tion) is formed. After gelation, the sol is dried to a xerogel.
Subsequently, the xerogel is sintered to quartz glass.

[0015] According to European Patent EP 0 807 610 Bl
(Lucent), a process is disclosed for producing a silica sol,
which essentially consists of non-agglomerated silica, in
which a starting mixture of silica particles in water is pre-
pared, and the silica sol is formed from the mixture by shear-
mixing. An alkaline substance without a metal cation is
added to the sol to adjust the pH to from 6 to 9.

[0016] European Patent EP 1 251 106 B1 (Fitel) claims a
process in which a sol is provided by mixing silica particles
and water, wherein said particles have a surface area of from
5 to 25 m2/g, contain at least 85% spherical particles, and
the weight ratio of the particles to water is larger than 65%.
Subsequently, the pH is adjusted to from 10 to 13 using a
base, and a gelling agent is added to the sol. Tetramethylam-
monium hydroxide and tetraecthylammonium hydroxide are
used as bases.

[0017] From European Patent Application EP 1 258 457
Al (Degussa), a process is known in which a silicon alkox-
ide is hydrolyzed, followed by the addition of Aerosil®
Ox50, which is employed because of its special properties,
its particle size and its surface area.

[0018] FEuropean Patent EP 1 320 515 B1 (Degussa)
relates to a process in which two solutions are prepared,
and then combined for reaction. Solution A is an aqueous
acidic dispersion (pH 1.5) of a fumed silica (e.g., Aerosil®
0x50), while solution B is an aqueous basic dispersion (pH
10.5-13) of a fumed silica (e.g., Aerosil® Ox200). The
molar ratio of H,O to Si0O,, the molar ratio of the Si com-
pound in solution A to that in solution B, and the resulting
pH of the mixture C (after the two solutions have been com-
bined) are the critical features for obtaining three-dimen-
sional bodies that are larger than 2 cm.

[0019] In European Patent Application EP 1 606 222 Al
(Degussa), a process is claimed in which either a sol or a
corresponding precursor is prepared from a silicon alkoxide.
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Subsequently, the sol is hydrolyzed, and then colloidal SiO,
is added.

[0020] According to European Patent Application EP 1
661 866 Al (Evonik), an aqueous dispersion of fumed silica
(colloidal silica) is provided, its pH is adjusted to from 2 to
0.5, and then TEOS is added. The thus obtained sol is sub-
sequently adjusted to basic and cast into a mold, where it
solidifies to a gel.

[0021] In European Patent Application EP 1 700 830 Al
(Degussa), a process is proposed in which an aqueous dis-
persion of pyrogenic metal oxide is provided at first, and a
metal oxide, which was previously hydrolyzed by the addi-
tion of water, 1s added thereto. The thus obtained sol is sub-
sequently cast into a mold, in which it gels.

[0022] European Patent Application EP 1 770 063 Al
(Dynax) relates to a process for preparing silica aerogels
with a defined pore diameter and pore diameter distribution,
in which silicon components containing both hydrolyzable
and hydrophobic functional groups, preferably methyltri-
methoxysilane, are hydrolyzed in an acidic aqueous surfac-
tant solution. Non-ionic (e.g., polyoxyethylene alkyl ether,
polyoxypropylene alkyl ether), cationic (cetyltrimethylam-
monium bromide or chloride) or anionic (sodium dodecyl-
sulfate) surfactants are employed as possible solvents.
[0023] The process of European Patent Application EP 2
064 159 Al (Degussa) includes the following steps: adding
fumed SiO, to the acidic aqueous medium, and subse-
quently adding a silicon alkoxide to the dispersion obtained.
The molar ratio of silicon dioxide to silicon alkoxide is to be
from 2.5 to 5. This is a batch process, in which fumed silica
is provided first, and then the silicon alkoxide is added.
[0024] In European Patent Application EP 2 088 128 Al
(Degussa), a process is proposed in which fumed SiO, is
added to water adjusted to acidic, and a silicon tetraalkoxide
is added to the thus obtained dispersion. The pH is adjusted
again, and the mixture is placed into a container, where the
sol solidifies to a gel. Thereafter, it is dried to a xerogel and
sintered to a glass product.

[0025] From the international patent application WO
2013/061104 A2 (Debreceni Egyetem), a continuous pro-
cess for preparing alcogels, aerogels and xerogels is
known in which silanes are hydrolyzed in the presence of
basic catalysts and a specific aqueous-organic solvent sys-
tem and a gelation retarder, and inert particles are introduced
into the solution.

[0026] A disadvantage of the batch processes of the prior
art is the fact that defined discrete amounts can be prepared
at a time, which may result in quality differences. The batch
production favors the inclusion of air bubbles in the glass,
which also leads to quality reduction. A further disadvan-
tage is the extensive cleaning of all systems required after
each run. In addition, a continuous process offers simpler
possibilities of scaling up.

[0027] Tt has been the object of the present invention to
overcome the above described drawbacks and, in addition,
to produce multicomponent glasses and glass ceramics with
a high refractive index. One possibility is to perform the
synthesis in a continuous process and to feed alkoxide com-
ponents, which lead to an increase of the refractive index.
Because of the continuous reaction mode, any amounts of
silicate-containing glasses and glass ceramics of a constant
high quality can be prepared.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The single the FIGURE shows transmission data of
inventive products in comparison to conventional silica
glass.

DESCRIPTION OF THE INVENTION

[0029] The present invention relates to a continuous sol-
gel process for producing silicate-containing glasses and
glass ceramics, comprising the following steps:

[0030] (a) continuously feeding a silicon tetraalkoxide,
a silicon alkoxide with at least one non-alcoholic func-
tional group and an alcohol into a first reactor (R1), and
at least partially hydrolyzing by the addition of a
mineral acid to obtain a first product stream (A);

[0031] (b) continuously providing a second product
stream (B) in a second reactor (R2) by feeding a
metal alkoxide component or continuously mixing an
alcohol and a metal alkoxide component;

[0032] (c¢) continuously mixing product streams (A) and
(B) in a third reactor (R3) for producing a presol to
obtain a third product stream (C);

[0033] (d) continuously adding water or a diluted acid
to the product stream (C) to obtain a sol (gelation);

[0034] (e) continuously filling the emerging sol into
molds to obtain an aquagel;

[0035] (f) drying the aquagels to obtain xerogels;

[0036] (g) sintering the xerogels to obtain silicate-con-
taining glasses and glass ceramics.

[0037] The term “presol” as mentioned in step (c¢) of the
process according to the invention refers to dispersion/solu-
tion of product stream (C) before water or acid or, in case of
silica glass ammonia, is added. In contrast thereto, the term
“sol” as used in step (d) of the inventive process refers to the
mixture of presol and water/acid/ammonia and is character-
ized by complete hydrolysis of the remaining alcohol moi-
eties. The OH-groups formed at the silicon further react with
each other under elimination of water, a process referred to
as gelation.

[0038] Surprisingly, it has been found that the novel con-
tinuous process solves all of the above described varied pro-
blems simultaneously and entirely. Not only does the pro-
cess allow for the production of arbitrary and therefore
always different amounts of product, but also the synthesis
leads to products of a constantly high quality.

[0039] It was further surprisingly found that the continu-
ous process according to the invention allows the incorpora-
tion of rather high amounts of metal alkoxide component.
The presence of a metal oxide in the sol usually speeds up
the gelation process, which leads to problems during the
process as the viscosity of the product stream in the system
increases, reducing its flowability in the process. This can
lead to the product stream becoming solid, thereby halting
the process. It was surprisingly found that the undesired
decrease in gelation time can be avoided by conducting the
process of production in a continuous manner. Also, the pro-
duct obtained by the inventive process can be further pro-
cessed immediately, without the need of any additional
melting steps. The process according to the invention thus
allows the production of crack-free and transparent glass or
glass ceramics with a high amount of metal alkoxide.
[0040] In addition, due to the continuous manner in which
it is conducted, the inventive process allows for a great deal
of flexibility with respect to the composition of the sol as
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components and amounts can be changed at any given time
during the production. In turn, the new found flexibility
allows the control of the density and refractive index of
the product over a wide area. The inventive process operates
as a closed system thereby eliminating the need for working
in a protective atmosphere and limiting the exposure of the
worker to the chemicals used.

[0041] Further, a preferred embodiment of the process
according to the invention is to feed the starting materials
of the synthesis in a degassed state, because it has been
found that, without this step, gases dissolved in the starting
materials are released by the mixing because of an altered
solubility, and may induce undesirable bubble formation. In
principle, the degassing can be effected in any of the process
steps (a) to (), i.e., on the level of the starting materials, the
presol, a dispersion, or the sol itself. Preferably, the starting
materials are already degassed and employed in the synth-
esis in this form. For the sake of security, both the starting
materials and the presol, the dispersion or sol may be
degassed.

[0042] According to the invention, the degassing is prefer-
ably performed with ultrasound. Alternatively, possible
methods include:

[0043] vacuum degassing;

[0044] distillation;

[0045] reduced pressure/freezing cycles;

[0046] thermal degassing;

[0047] chemical methods, such as oxygen removal by

chemical binding;

[0048] gas removal by means of inert gas;

[0049] addition of deaeration additives; and

[0050] centrifuging;
or a combination of two or more of these measures.
[0051] In addition, the starting materials may optionally
be employed in a particle free form by using suction filters,
and each mold can be filled with freshly prepared sol. Thus,
by avoiding rejects that do not comply with the specifica-
tions, mainly the profitability of the process is significantly
enhanced, all the more so since long cleaning times can be
dropped, especially since the reactors that are preferably to
be employed can be easily cleaned with rinsing media.
[0052] Therefore, the present invention relates to silicate-
containing glasses or silicate-containing glass ceramics
according to the claims, and processes for producing them.
Process steps (a) to (g) are further explained in the
following.

Process Step A

[0053] Silicon alkoxides, which are possible starting
materials for the production of the silicate-containing
glasses or silicate-containing glass ceramics according to
the invention, preferably comply with formula (I)

Si(OR), ]

in which R represents an alkyl radical with 1 to 6 carbon
atoms. Typical examples include tetrapropyl orthosilicate
and tetrabutyl orthosilicate, but tetramethyl orthosilicate
(TMOS) and especially tetraethyl orthosilicate (TEOS) are
preferably employed. In a preferred embodiment, since
TEOS is insoluble in water, alcoholic, especially ethanolic,
solutions can be employed, in which the alcohol adopts the
function of a phase-transfer agent. The silicon alkoxides
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may also include other silicon compounds as additives,
such as methyltriethylsilane, dimethyldiethylsilane, tri-
methylethylsilane, methyltriethoxysilane (MTES), triethox-
yoctylsilane, octylme-thyldichlorosilane, triethoxyvinylsi-
lane, vinyltrimethoxysilane, and the like.

[0054] In an especially preferred embodiment, the addi-
tive is methyltriethoxysilane (MTES) and the silicon tetra-
alkoxide is tetraethyl orthosilicate (TEOS).

[0055] It was surprisingly found that the addition of a sili-
con alkoxide with at least one non-alcoholic functional
group leads to an increase in the transparency of the
obtained glass or glass ceramic. Without being bound by
theory, it is believed that the presence of the silicon alkoxide
with at least one non-alcoholic functional group prevents
complete cross-linking, allowing the formation of a suffi-
cient number of open pores. Due to the open pores, any
volatile material trapped in the gel and glass or the glass
ceramic can easily be evaporated during drying and sinter-
ing without the danger of crack-forming. In conventional
process, the glass or glass ceramic might suffer from
crack-formation during drying and sintering due to volatile
material still present in the product which will lead to
destruction of the glass or glass ceramic due to build-up
pressure upon heating. This problem is overcome by the
inventive process. Thus, the inventive process allows the
formation of highly transparent glass or glass ceramic
which are crack-free and can be densely sintered.

[0056] In a preferred embodiment of the inventive pro-
cess, the weight ratio of silicon tetraalkoxide and the silicon
alkoxide with at least one non-alcoholic functional group is
in the range of 30:1 to 1:5, preferably 25:1 to 1:5, more
preferably 20:1 to 1:1, and in particular 15:1 to 5:1. It was
surprisingly found that the yield of the process and the qual-
ity of the product, in particular with respect to transparency,
could be further increased when the ratio of said two com-
ponents was within the claimed range.

[0057] The acidic hydrolysis of the silicon alkoxides is
effected in reactor R1 in the presence of mineral acids,
such as sulfuric acid, nitric acid and hydrochloric acid, or
in the presence of acetic acid. The mentioned acids are pre-
ferably employed in an aqueous diluted form, and diluted
nitric acid with a concentration of about 1.00 mol/l has pro-
ven particularly favorable. Alternatively, aqueous hydro-
chloric acid, to which surface-active substances may option-
ally be added, is also suitable. The amount of water added
with the acid is added stoichiometrically here, so that in
TEOS, for example, preferably only one ethanolate group
at a time is cleaved off and replaced by OH . The preferred
volume ratio of alkoxide to mineral acid is from 1:1 to 20:1,
more preferably from 5:1 to 15:1, and even more preferably
from 7:1 to 12:1. The hydrolysis is performed at a suitable
temperature by feeding the two starting materials using
pumps, combining them and allowing them to react in a
temperature-controlled flow reactor. When the starting
materials are not miscible with one another, a slug flow
may form in the flow reactor. Preferably, an alcohol, prefer-
ably ethanol, is added as a phase-transition agent. The tem-
perature range of the hydrolysis is from 1 to 100° C,, the
preferred temperature being from 10 to 50° C. Preferably,
the hydrolysis is effected at 18 to 40° C., especially at 20
to 25° C.
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Process Step B

[0058] Metal alkoxide components, which are possible
starting materials for the production of the silicate-contain-
ing glasses or silicate-containing glass ceramics according
to the invention, are preferably organic transition metal alk-
oxides, preferably those of group 4-8 transition metals. The
metal alkoxide components preferably comply with the for-
mula M(OR),(OH),,, with M = metal and R =radical (n + m
corresponds to the valence of this cation). Preferably, M is
selected from the elements of group 4 of the periodic table,
Ti and Zr being preferred, while R is preferably an organic
alkyl radical with 1 to 5 carbon atoms, preferably selected
from the group of ethyl, propyl, isopropyl, butyl, isobutyl,
pentyl, isopentyl or neopentyl radicals. Suitable metal alk-
oxide components are preferably alkyl orthotitanate, in par-
ticular tetraisopropyl orthotitanate (Ti{OCH(CHjs);],) or zir-
conium(IV) alkoxide, in particular zirconium(IV) butoxide
(Zr(OCH,CH,CH,CH3),).

[0059] In the second process step, the metal alkoxide com-
ponent is mixed with alcohol in a reactor R2. The reactor
may also be temperature-controlled. Alternatively, the neat
metal alkoxide component may also be employed. The pre-
ferred volume ratio of alcohol to metal alkoxide component
is preferably from 1:5 to 5:1, more preferably from 2:1 to
1:2. The temperature is kept at 0 to about 40° C., preferably
at 20 to 30° C.

Process Step C

[0060] While a first continuous stream of a hydrolyzed
silicon alkoxide compound was prepared in the first process
step and, also continuously, a second stream of an alcoholic
solution of a second metal alkoxide component was pro-
duced in the second step, the mixing of the two streams
and the forming of the presol are effected in the third step.
Thus, product streams (A) and (B) are combined upstream
of reactor R3 by means of a suitable mixing system. The
volume ratios of the two streams (A) and (B) can be adjusted
variably. The product properties of the finished glass can be
influenced thereby. A preferred volume mixing ratio of (A)
to (B) is from about 10:1 to about 1:10, more preferably
from about 8:1 to about 1:5, even more preferably from
about 4:1 to about 1:2. Depending on the quality demanded
from the glass, the presol can be degassed here by suitable
degassing methods, for example, by ultrasound. The combi-
nation of product streams (A) and (B) is performed at tem-
peratures of from 0 to about 100° C., preferably from 0 to
40° C., more preferably at 20 to 30° C.

Process Step D

[0061] The subsequent gelation of the presol is induced by
the addition of water or an acid when the pH is simulta-
neously changed. For this purpose, water or an acid, for
example, a diluted mineral acid, such as sulfuric acid, nitric
acid and hydrochloric acid, or else an organic acid, such as
acetic acid (about 1.00 mol/l), is continuously fed to the
continuously produced presol (product stream (C)). In pro-
cess step (D), a corresponding molar quantity of water is
added, so that all remaining alcoholate radicals are hydro-
lyzed, and the newly formed hydroxy groups subsequently
condensate. Meanwhile, the system becomes cross-linked
(gelation). The mixture is preferably cooled down to 5 to
0° C. in order that the gelation time is not too short.
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[0062] In the present process step, various additions can
be made to determine the product properties, such as the
addition of cations, preferably the cations of the elements
Na, K, Cs, Sr, Ba, B, Al, Zn, Y, La, Ce, Sm, Eu, Tb and
Tm, or when colored glasses are desired, the cations of the
elements V, Cr, Mn, Fe, Ru, Co, Ni, Cu, Au, Cd, Pr, Nd and
Er, and mixtures thereof.

Reactors

[0063] According to the invention, the reaction is per-
formed in a flow reactor, optionally with an upstream mix-
ing element.

[0064] In the simplest embodiment, the reactors are flex-
ible tubes made of some resistant material, such as teflon,
polyamide, metal, polyethylene or polypropylene, which
may have a length of about 1 cm to about 1000 m, preferably
about 5 cm to about 500 m, and more preferably from 70 cm
to 400 m, and on average have a cross-sectional width of
about 1 to about 10 mm, preferably from about 1 to about
5 mm. These flexible tubes may be wound spirally, which
significantly reduces the space requirements. For a given
flow rate, the long paths correspond to the respectively opti-
mum reaction time. Such assemblies are exceptionally flex-
ible, because the lengths of flexible tubes can be arbitrarily
elongated or shortened, and can be cleaned with low expen-
diture. Such a reaction mode can contribute substantially to
the profitability of the process.

Gelation

[0065] The presol is continuously fed from the reactor R3
and cast into molds, in which gelation can take place.
Because the thus obtained aquagels shrink in the mold dur-
ing the ageing, they must be able to slide easily in the con-
tainer. For this reason, especially containers made of a
hydrophobic material, such as polyethylene, polypropylene,
teflon, PVC or polystyrene, are suitable here.

[0066] The aquagels obtained must be demolded for pro-
cessing, or be dried in the molds to xerogels. The demolding
can be effected under particular conditions, for example,
with an alcoholic solution. The drying conditions are influ-
enced by the vapor pressures of the solvents in the gel, i.e,
the alcohols, the water, and the acids. Compliance with a
low evaporation rate keeps the gel from cracking. Conver-
sely, long drying times make the process expensive, so that a
compromise must be found here. The drying of the aquagel
to xerogel is preferably effected at a temperature gradient
from room temperature to 150° C. To control the drying
atmosphere, the evaporation rate must be adjusted by corre-
spondingly dimensioned openings and the optional presence
of a drying solution.

Sintering

[0067] The sintering can be performed in a per se known
manner. During the sintering, the remaining solvents still
contained in the xerogels are removed, and the pores in the
system are closed. The sintering temperature is up to
1400° C., and for most products, the sintering can be per-
formed under normal atmosphere. Preferably according to
the invention, the sintering is performed as follows:

[0068] 1) removing the remaining solvents;

[0069] 2)removing any undesirable organic compounds

contained;
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[0070] 3) closing the existing pores to form silicate-con-
taining glasses or glass ceramics.

[0071] In order to remove the solvents (1) and undesirable
organic compounds formed by the decomposition of carbon-
containing starting materials/products (2), calcination is per-
formed at temperatures within a range of from about 600 to
about 1100° C., preferably about 700 to about 900° C., more
preferably about 750 to about 850° C. In step 3, the closing
of the pores is effected by sintering at temperatures from
about 800 to about 1400° C., preferably about 850 to about
1200° C., more preferably at about 950 to about 1100° C.
[0072] A further object of the present invention is a sili-
cate-containing glass or silicate-containing glass ceramic
obtainable by the inventive process. As mentioned above,
the process according to the invention allows the production
of highly transparent and crack-free glass or glass ceramic
comprising a high amount of metal oxide compound. The
inventive silicate-containing glass or silicate-containing
glass ceramic is therefore characterized by a high transpar-
ency. The silicate-containing glass or silicate-containing
glass ceramic preferably has a transparency close or equal
to that of silica glass. In particular, the silicate-containing
glass or silicate-containing glass ceramic is preferably trans-
parent for light with a wave length in the visible spectrum, in
particular light with a wave length ranging from 300 to
900 nm, preferably 350 to 850 nm and especially 380 to
780 nm.
[0073] In a preferred embodiment,the silicate-containing
glass or silicate-containing glass ceramic according to the
invention has a transmission in the range of visible light of
at least 70%, preferably of at least 80% of the transmission
of silica glass in the range of visible light, the transmission
being determined by I/, with I, being the initial intensity of
the light. In a further preferred embodiment, the value of
transmission of the silicate-containing glass or silicate-con-
taining glass ceramic according to the invention does not
differ more than 30%, preferably no more than 20%, from
the value of transmission of silica glass in the range of visi-
ble light. In an especially preferred embodiment, the sili-
cate-containing glass or silicate-containing glass ceramic
according to the invention has a transmission comparable
to the transmission of silica glass in the range of visible
light.
[0074] In a preferred embodiment, the silicate-containing
glass or silicate-containing glass ceramic according to the
invention comprises the metal oxide component in an
amount ranging from 10 wt.-% to 60 wt.-%, preferably
20 wt.-% to 55 wt.-%. In an alternative embodiment, the
content of metal oxide component in the silicate-containing
glass or the silicate-containing glass ceramic is preferably
10 to 35 wt.-%, especially 10 to 25 wt.-%.
[0075] The inventive silicate-containing glass or silicate-
containing glass ceramic is further characterized by a high
refractive index which can be controlled via addition of
metal oxide components. Here, the inventive process allows
the addition of rather high amounts of metal oxide compo-
nent, making it possible to obtain silicate-containing glass or
silicate-containing glass ceramic with high refractive
indices. In a preferred embodiment, the silicate-containing
glass or silicate-containing glass ceramic has a refractive
index nD of 1.45 to 1.8, preferably 1.48 to 1.75, in particular
1.5t 1.7.
[0076] In a preferred embodiment, the silicate-containing
glass or silicate-containing glass ceramic according to the
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invention has a transmission which differs no more than
30%, preferably no more than 20% from the transmission
of silica glass in the range of visible light, and a refractive
index nD of 1.45 to 1.8, preferably 1.48 to 1.75, in particular
1.5t 1.7.

EXAMPLES

[0077] The term “room temperature” as used in the pre-
sent invention, refers to a temperature of 20° C.

Example 1
S10,,T10, Glass

[0078] Ethanol was supplied by a first pump, HNO;
(1.0 mol/l) by a second one, and TEOS and MTES by two
other pumps. The liquids were combined in flexible tubes by
means of T pieces. The mixture had the following
composition:

[0079] TEOS 45.0% by volume

[0080] MTES 4.5% by volume

[0081] EtOH 45.0% by volume

[0082] HNO; 5.5% by volume
[0083] At room temperature, the mixture entered a first PA
flexible tube (reactor R1) having a length of 200 m and an
inner diameter of 2.7 mm; the dwelling time in the tube was
about 25 minutes.
[0084] In the second reactor, a second metal alkoxide
component, preferably tetraisopropyl orthotitanate, was
mixed with an alcohol, preferably ethanol.
[0085] The product streams (A) and (B) were combined
through another T piece and continuously mixed by means
of a static mixing tube. The presol was subsequently
degassed, and after addition of water, it was immediately
filled into molds of PP (2 x 2 x 2 cm), which were sealingly
closed. After about 10 seconds, gelation started. After a
dwelling time of nine days in the closed molds, the lids
were provided with holes, and the gel bodies were dried
within the molds in the course of four days, while the tem-
perature was increased from room temperature to 120° C.
The xerogels were subsequently sintered to glass in a pre-
heated sintering furnace over the following temperature gra-
dient: 100 to 800° C. (7 hours), 800° C. (0.5 hour), 800 to
1030° C. (4.6 hours), 1030° C. (1 hour).
[0086] A glass having a composition of Si0,,TiO, = 80/20
(% by weight) was obtained.

Example 2
S10,,710, Glass

[0087] According to the process in Example 1, glasses of
the following composition were produced using zirconiu-
m(IV) butoxide: SiO,ZrO, = 45/55 (% by weight) and
810,710, = 70/30 (% by weight). In the second reactor
(PTFE flexible tube), zirconium(IV) butoxide was
employed instead of tetraisopropyl orthotitanate. Acetic
acid (1 mol/l, V = 15.6% V,,.;) Was continuously added
to the presol to start the gelation. After a dwelling time of
four days in the closed molds, the lids of the molds were
removed, and the molds were transferred to sealable drying
containers. For a controlled release of the solvents, the dry-
ing containers had small openings (diameter 0.1 to 4.0 mm),
while a liquid (water or a mixture of ethanol, 1-butanol, for-
mamide and water) was added for atmospheric control. Sub-
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sequently, the gel bodies were dried within the molds in the
course of four days, while the temperature was increased
from room temperature to 120° C. The xerogels were sub-
sequently sintered to glass in a preheated sintering furnace
over the following temperature gradient: 100 to 800° C.
(7 hours), 800° C. (0.5 hour), 800 to 1030° C. (4.6 hours),
1030° C. (1 hour).

[0088] The FIGURE shows transmission data of inventive
products in comparison to conventional silica glass. The
compositions of the products are summarized in Table 1.
The metal oxide component was ZrO,. As can be seen, the
inventive products have a transparency comparable to that
of conventional silica glass, despite comprising high
amounts of metal oxide component. Further, it can be
depicted from the data summarized in Table 1 that the
refractive index nD of the inventive products could be con-
trolled by the addition of a metal oxide component.

[0089] Transmission was determined by UV-vis spectro-
meter with a thickness of the sample of 5 mm.

[0090] The refractive index was determined using a
refractometer.

TABLE 1
metal oxide
product component [wt.-%] density [g/cm?] nD
1 21.2 2.332 1.5226
2 27.3 2.405 1.5428
3 32.0 2.567 1.5616
4 372 2.717 1.5833
5 42.5 2.862 1.6066
6 52.6 3.093 1.6604

It is claimed:

1. A continuous sol-gel method for the production of sili-
cate-containing glasses and glass-ceramics comprising the
steps of:

(a) continuously feeding a mixture of tetraethyl orthosili-
cate and methyltriethoxysilane and alcohol into a first
reactor R1, and at least partially hydrolyzing by adding
amineral acid to obtain a first product stream A,;
the weight ratio of tetraethyl ortho-silicate to the methyl-

triethoxysilane is 5:1 to 15:1;

(b) continuously providing a second product stream B in a
second reactor R2 by adding a metal alkoxide component
or continuously mixing the alcohol and metal alkoxide
components;

(¢) continuous mixing of product streams A and B in a third
reactor R3 to produce a pre-sol to obtain a third product
stream C;

(d) continuously adding water or dilute acid to product
stream C to obtain sol gelation;

(e) continuously filling the obtained sol into a mould to
obtain a hydrogel;

(f) drying the hydrogel to obtain a xerogel;

(g) sintering the xerogel at 850 to 1200° C. to obtain a sili-
cate-containing glass and glass-ceramic; wherein the
metal oxide component is present in the silicate-contain-
ing glass or silicate-containing glass-ceramic in an
amount of 20 wt.% to 55 wt.%.

2. The method of claim 1, wherein nitric acid is used as the

mineral acid in the step (a).
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3. The method according to claim 1, characterized in thatin
the step (a), 1 to 60% of the inorganic acid by weight of the
silicon alkoxide is used.

4. The method according to claim 1, wherein the at least
partial hydrolyzing of the silicon alkoxide in the step (a) is
carried out at a temperature of 1-100° C.

5. The method of claim 1, wherein in the step (b), an alkyl
orthotitanate is used as the metal alkoxide component.

6. The method according to claim 1, wherein in the step (b),
zirconium (IV) alkoxide is used as the metal alkoxide
component.

7. The method of claim 1, wherein the product streams (A)
and (B) are mixed in a volume ratio of metal alkoxide to silica
of 10:1 to 1:10.

8. The method of claim 1, wherein the product streams (A)
and (B) are mixed in a temperature range of 0-80° C.

9. The method of claim 1, wherein at least one of steps (a),
(b) or (¢) is carried out in a continuous reactor, which may
have an upper agitator element.

10. The method of claim 9, wherein the continuous reactor
has a length of 1 cm to 1000 m and/or a cross-sectional width
of 1 to 10 mm.

11. The method of claim 1, wherein the gelation is carried
out in a temperature range of 0 to 100° C.

12. The method of claim 1, wherein the drying is carried out
in a temperature range of 0-150° C.

13. A silicate-containing glass or a silicate-containing
glass-ceramic obtainable by a continuous sol-gel method
comprising the steps of:

(a) continuously feeding a mixture of tetraethyl orthosili-
cate and methyltriethoxysilane and alcohol into the first
reactor R1, and at least partially hydrolyzing by adding a
mineral acid to obtain a first product stream A; the ortho-
silicon The weight ratio of tetraethyl acid to the methyl-
triethoxysilane is 5:1 to 15:1;

(b) continuously providing asecond product stream Bin the
second reactor R2 by adding the metal alkoxide compo-
nent or continuously mixing the alcohol and metal alk-
oxide components;

(¢) continuous mixing of product streams A and B in a third
reactor R3 to produce a pre-sol to obtain a third product
stream C;

(d) continuously adding water or dilute acid to product
stream C to obtain sol gelation;

(e) continuously filling the obtained sol into a mould to
obtain a hydrogel;

() drying the hydrogel to obtain a xerogel;

(g) sintering the xerogel at 850 to 1200° C. to obtain a sili-
cate-containing glass and glass-ceramic; wherein the
metal oxide component is present in the silicate-contain-
ing glass or silicate-containing glass-ceramic in an
amount of 20 wt.% to 55 wt.%.

14. The silicate-containing glass or silicate-containing
glass-ceramic according to claim 13, wherein a refractive
index nd of the silicate-containing glass or silicate-containing
glass-ceramic is 1.45-1.8.

15. The silicate-containing glass or silicate-containing
glass-ceramic according to claim 14, wherein the refractive
index nd of the silicate-containing glass or silicate-containing
glass-ceramic is 1.48-1.75.

16. The silicate-containing glass or silicate-containing
glass-ceramic according to claim 15, wherein the refractive
index nd of the silicate-containing glass or silicate-containing
glass-ceramicis 1.5to 1.7.
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17. The silicate-containing glass or the silicate-containing
glass-ceramic according to claim 13, wherein the silicate-
containing glass or the silicate-containing glass-ceramic is
resistant to light with a wavelength of 300 to 900 nm is
transparent.

18. The silicate-containing glass or the silicate-containing
glass-ceramic according to claim 17, wherein the silicate-
containing glass or the silicate-containing glass-ceramic is
resistant to light with a wavelength of 350 to 850 nm is
transparent.

19. The silicate-containing glass or the silicate-containing
glass-ceramic according to claim 18, wherein the silicate-
containing glass or the silicate-containing glass-ceramic is
resistant to light with a wavelength of 380 to 780 nm is
transparent.

20. The silicate-containing glass or silicate-containing
glass-ceramic according to claim 13, wherein the silicate-
containing glass or silicate-containing glass-ceramic has a
light transmittance in the visible light range, andthe difference
in light transmittance with quartz glass in the visible light
range is not more than 30%.

* % % % W
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