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This invention relates to improvements in the
art and process of producing dry gels from col-
loidal solutions, and the present specification is
particularly directed to the production of a gel,

5 one continuous phase of which is a gas, and which
1 therefore define as an aerogel.’

‘Whenever a colloidal solution is precipitated,
the product formed is usually defined as a gel.
1t is distinct from the precipitates from crystal-

10 loidal solutions by containing large guantities of
the solvent in a soft “gelatinous” mass, usually
microscopically heterogeneous and Dpresenting
some rigidity. Gels may be divided into two
classes, the gelatinous precipitates and the jellies

15 according to whether the product formed settles:
out in a Hocculent mass or occupies the entire
volume that the original solution occupied and
appears microscopically homogeneous. .

Gels may be again divided into elastic and

op non-elastic groups according to whether the gel
will re-swell or not, after being dried, when placed
in the original solvent. Examples of the elastic
gel are gelatine and egg albumin, while examples
of the non-elastic gel are silica and alumina gels.

o3 The present invention applies to a new. mode
of removing the solvent from a gel, either elastic
or non-elastic, in preparation for its use in the
solid dried state, and the provision of a new
class of products obtained thereby.

50  The most widely used of the inorganic gels in
the dried condition for the purposes for which
‘my product is most suited is that of.silica, so
that I shall describe something of its properties
and mode of production, with explanation of the

35 properties as they are now understood. I shall
elso list some of its commercial uses in order to
indicate what may be the uses of my product.

Most of the gel now commonly used commer-

 cially is made by mixing rapidly a solution of

40 water glass with a solution of some suitable salt
or acid, usually the latter, and allowing the mix-
ture to stand until it becomes a stiff jelly. The
jelly is then broken up, washed free of salls and
allowed to dry siowly. It shrinks greatly in dry-

45 ing and when completely dry it is a hard glassy’

mass. A great number of variations have been
tried in the conditions of precipitation and dry-
ing but the properties of the final product can
be afected only tc a very limited extent. These
50 materials are designated in the &art as xerogels
and are characterized and distinguishable from
my products in that they can be wetted with
the same liquid menstruum as employed in their
preparation, and subsegquently dried by simple
53 volatilization of the liquid without changing the

physical characteristics of the product materially.
Thus ordinary silica gel (xerogel) can be im-
mersed in water and subsequently dried at an
elevated temperature and atmospheric pressure
without echanging materially its apparent -density 5
and other physical properties. On the other
hand, an aerogel cannot be wetted and dried

.without loss of its characteristic properties. On

the contrary when an aerogel is wetted and dried
‘the drying operation results in shrinkage and 10
other changes incident to its conversion to an
xerogel. . : .

The best theoretical treatment sets forth that
the jelly is a mass of interlacing fibres. Upon
removal of the liquid by drying, the surface of 15
the liquid in trying to withdraw within the mass
of submicroscopic fibres forms concave menisci,
just as it forms in a small tube, and tends to draw
the fibrils with it so that there is not only a -
shrinkage of the water, or solvent volume, but 20
shrinkage of the entire mass. This pull of the
liquid surface on the fibrils can easily be under-~
stood when it is remembered that the smaller a
tube is the higher will water rise in it by capil-
larity. 'The spaces between the fibrils are the 25
counterparts of exceedingly minute tubules.

* Tt is therefore clear that the gel will shrink,
until the fibrils are sufficiently compacted to
withstand the compressive force due fo the liquid
surface. 'This force is very large, being of the 30
order of thousands of pounds per square inch
in easily imagined circumstances. With a sub-
stance as strong as silica, a point is redched

-where the shrinkage ceases and the water dries

5]

out, leaving a porous mass. Usually this mass 5

contains from 30-50% voids by volume. In the
extreme case that of a gel in which the drying
was carried out with ferric oxide in the meshes
and later the ferric oxide was dissolved out, a

“very fragile product was obtained having approx- 40

imately 75% of its volume void. .

The uses for silica gel in the dried condition
depend upon the tendency of all molecules, either
gaseous or in solution, to attach themselves to
a surface. For a given volume of dried silica gel 43
the internal surface is enormous so that easily
condensed vapors show a very decided tendency
to collect in the gel, and substances in solution
can often be almost completely removed by the
gel. In addition to the surface effect, there is 50
the tendency for vapors to condense in fine capil--
laries much more readily than they condense in .
ordinary vessels, '

These properties of the gel make it valuable
for removing certain undesirable compounds from
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lubricating oils; for decolorizing sugar solutions
during refining; for removal-of vapors valuable
or otherwise from gases such, for instance, as the
removal of benzene from coke oven gas; and for
drying of air, since the gel wiil remove water al-
most completely from air and can then be reac-
tivated by simply heating and driving off the
water. Its power to absorb vapors has made it
serviceable in automatic refrigerator cars where
it is used instead of water to absorb ammonia,
and In gas masks it could easily prove valuable
for removal of toxic gases.

Another important use of silica gel is as a car-

‘rler of contact catalysts. A contact catalyst is

a substance that infiuences a chemical reaction at
its surface without itself being consumed by the
reaction. Since large surface is the principal re-

quirement and since many contact catalysts are .
expensive, methods have been devised for coating -

the immense inner surface of silica gel with such
catalysts, thus effecting considerable economies.

The primary object of the present invention
therefore is to produce the gel by a method which
will enable one at all times to have complete con-
trol thereof, whereby gels may be obtained with
void space ranging all the way from the now usual
30-509 found in all commercial gels, up to 999%
or higher. Another object of my invention is
to provide a new class of gels—which are referred
to herein as aerogels—and a method for their
preparation, characterized in that they have in-
ordinate adsorptive characteristics even as com-
pared to the most porous active present day gels.

An additional object of my invention resides
in producing a new class of colloidal products of
an amorphous or essentially amorphous charac-
ter, the degree of subdivision and spacial rela-
tionship of whose individual particles is the same
as that in an undried gel or jelly or substantially
of that order. _

A further object is to produce the gels in an
effective and economical manner.

The following examples illustrate embodiments
of my invention:

Example 1.—I first form a hydrogel, such as
silica hydrogel or jelly, in a suitable liquid medi-
um, for example: water. For this purpose I may
simply acidify water glass with sufuric acid in the
weli known manner employed in manufacturing
silica gel of commerce. The gel is then washed
free of soluble substances. In certain cases the gel
may be, if desit 4, partially dried before washing
in order to strengthen the mass *o stand the
washing - action or to permit advantageous han-
dling of the same. After being washed the gel is
placed in a strong.autoclave. The autoclave is

nearly filled with a liquid and then closed. The .

liquid used may be either the water usually used

. in the precipitating operation or a substituted
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- subject the vessel to  excessive Dressures.
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Tiquid more suited from a mechanical standpoint
to carrying qut my method as will be pointed out
later. The whole mass in the autoclave is then

slowly heated. Due to the expansion of the liquid -

with temperature, the gas space in the autoclave
may be completely filled by the liquid consider-
ably before the critical temperature is reached.
In such & case continued heating would tend to
cause further expansion of the liquid and thereby
It
therefore becomes necessary to release some of
the liquid through a suitgble valve. In practice
the pressure is preferably maintained at or

. slightly above the critical pressure of the liquid,

75

The minimum quantity of liquid that is advisable
to use in the pressure vessel is that quantity

-condition but having suffered Iittle,
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which, when expanded to completely fill the ves-
sel, will have the critical density. If the gel pres-

ent contains this limiting quantity of liquid it 1s‘

not necessary to add more.

Heating is continued (only enough liquid being
released to prevent excessive pressures but not
enough to produce substantial drying of the gel)
until the temperature exceeds the critical temper-
ature of the liquid in the pressure vessel. The
gas is then released at a rate insufficient to dam-
age the gel. The gel is left behind in a dried

shrinkage.

" If the gel is put into the vessel without added

liquid, the liquid in the gel will expand with ris-
ing temperature more rapidly than evaporation
into the closed space will occur, provided the total
quantity of liquid present is equal to the mini-
mum described above, and the gel will thereby not
be subjected to compressive forces due to capil-
larity.

if any,
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The principle upon whlch my method works is

as follows:

Above the critical temperature no gas can be
liquefled, regardiess of how great the pressure.
If the gel is covered with liquid in the autoclave,
there will be no liquid-gas surface coinciding with
the gel surface, and therefore there can be no

25

compression of the gel structure due to capillarity.

As the temperature rises the liquid is never al-
lowed to evaporate down to where the gel is ex-
posed. ‘
the liquid is transformed into a gas impercepti-

bly so that whereas only a fraction of a degree

below that temperature one could say that the gel
is filled with liquid, when that temperature is ex-
ceeded by only the slightest amount one must
say that the gel is now filled with gas. If the
pressure is maintained above the critical point, no
surface can form and the gel has no way of
“knowing” when the liquid that it held in its
meshes has been converted to a gas. Slow re-
moval of the gas, slow only to prevent the disrup-
tion of the gel, leaves the.gel in the expanded
condition but dry, having at no time in the proc-
ess experienced forces that would tend to com-

press it.

Since the surface tension of a liquid decreases
as the temperature rises, becoming zero at the
critical temperature, it would be possible to ob-
tain gels in a partially shrunken condition by

‘allowing ‘the liquid to slowly evaporate at some

temperature below the critical temperature. . The
nearer to that temperature that evaporation was
allowed to occur, the smaller force would the gel
have to withstand and consequently the less com-
Dpression would it experience. The most practical
method of controlling the density, however, seems
to be to allow evaporation to proceed at ordinary
temperatures under controlled conditions until
the gel has shrunk as much as is desired, and then

to place it in the autoclave and remove the re-

mainder of the liquid as described above.

- As previously stated, most gels are primarily
formed in water, but water has an inconveniently
high critical temperature and the critical pres-

Now as the critical temperature is passed,
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sure -is very high, which would require very .

strong apparatus, if the water was continued as
the liquid in carrying out the method here dis-
closed. Furthermore, water exerts a very power-

" ful solvent action as the temperature rises so that

some gels, for example that of silica, would dis-
solve before the-critical temperature is reached.
Silica is then precipitated as a very voluminous
powder when the water is released above the

75
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critical temperature. This powder is of extremely
fine texture and is valuakle as a catalyst carrier
in vanadium sulfuric acid catalysts. So far as I
am gware this material has never been manu-
factured heretofore. However, in order to obtain
the aerogels it is desirable and preferable, in my
method, to substitute another liquid for the water.

. This is easily done by replacing the water in.a gel
with some liquid, such as an slcohol, that is very -

soluble or completely soluble in water. This liquid
may then be replaced by other liquids miscible
with it but insoluble in water.

In addiiion to the fact that ray method en-

ables one to obtain aerogels that could not have -

been prepared by known methods, it may be ap-
pled to partially shrunken gels. It therefore
enables one to control completely the gel and
obtain a product of just the desired density or
porcsity- desired for a given purpose. The silica
gel previously produced and which showed the
maximuin porosity so far obtained, possessed very
little strength and has therefore not proved com-
mercially practical. On the other hand, silica
‘gel produced by my method and having the same
apparent density, will have considerable strength
and can be obtained in relatively large lumps or
pieces which is not possible when made by present
day methods. .. .

As stated above, the only methods in existence

prior to my invention for the control of the
charscter of the final dried gel are crude in
nature and ineffectual except over a limited range
of properties. My invention enables complete
control of the gel. The drying process may be
stopped at any predetermined point and the
liquid removed without further shrinkage of the
gel skeleton, I have obtained silica gels with void
space ranging all the way from the usual 30-50%,
found in the present commercial gels, up to 99%,
and I have certainly not reached the iimit. If
there were any reason for doing so, it is certain
that I could obtain dry gels whose volume would
be only 0.5% silica. :
- My improved method is applicable to all gels,
and numerous gels that have never been produced
in the dried condition with appreciable free space
within them can now be obtained in as voluminous
condition as desired. For example, aerogels of
cellulose, collodion, gelatine, albumin, alumina,
nickel hydroxide, thoria, titania, stannic oxide,
magnesium hydroxide, chromic oxide are some
of the other acrogels that I have prepared, and
there is no reason to beHeve that the list cannot
be extended almost indefinitely. The production
of such gels as pyroxylin and celiulose in the dis-
tended condition offers a large fleld for investi-
gation, and the probabilities are that such
aerogels will prove valuable.

The aerogel seems to be particularly suited to
the support of contact catalysts, especially for
gaseous reactions, since gases can pass through
the gels of low density with great facility and
yet each molecule must come very close to a sur-
face many, many times during the passage.
Many of the catalysts can themselves be pro-
duced in the form of gels and thus do.away with

the necessity of supporting on silica to give them

large surfaces. )

In gas masks the voluminous gel may be used
as an ultra-filter for the removal of submicro-
scopic particles from the air.
of the last war the masks were useless in com-
bating certain extremely fine powders and fogs
that were used to produce sneezing.

When & non-elastic aerogel of low density, such

Toward the end-

as that of silica, is powdered, the product is of
extreme fAneness and is useful as a polishing
abrdsive. 'The voluminous gel is a very excellent
heat insulator.

Ezample 2—Dissolve 44 grams of magnésium
nitrate Mg(NO3)2.6H20 in a small amount of
glycerin and make up to & volume of 50 cc.
Thereafter add 35 cc. of diethyl amine diluted
with glycerin o 100 cc. in & manner whereby the
diethylamine solution floats on top of the mag-
nesium nitrate solution. Now shake the two
layers vigorously for a few seconds and allow the
resulting mixture to set to a firm jelly. To
remove the glycerin the jelly is extracted with
alcohol uniil the glycerin is completely removed.
The alcohol is then extracted by means of ethyl
ether until most of the alcohol is removed. The
resulting ether gel is then placed in a pressure
vessel with excess ether, if necessary, and the

_temperature raised to 195° C. while maintaining

the pressure sufficiently high {o prevent evapora-
tion of the ether. After the temperature has
reached the critical point the vapor is permitted
to escape. The resulting gel is very light, co-
herent, though fragile, elastic and transparent
or translucent, - ‘

Example 3.—Dissolve 83 grams of chromic
nitrate Cr(NO:)3.9Hz0 in 100 cc. of water to
which there is then added, while stirring vig-
orously, 35 grams of ammonium - acetate dis-
solved in 50 cc. of water.
uniform it is permitted to set. A Jelly will form
in sbout 5 minutes. To remove the soluble salts
the gel is broken up and washed with water, after
which the water is replaced by alcohol and the
alcohol is replaced, in part at least, by diethyl
ether as described in Example 2. The ether-
alcohol gel is then converteC to the aerogel as
described -heretofore. The resulting product,
when, broken to pass a 10 mesh screen, has an
apparent density of .25 gram per cc.

Ezample 4—82 grams of stannic chloride
SnCL.5H20 are dissolved in 200 grams of water
and placed in a dialyzer, stich as & sack made of
regenerated cellilose as, for: example, “Cello-
phane”, and is then suspended in 2500 cc. of
distilled water. After about 24 hours the con-
tents of the sack will have set to a firm jelly.
This jelly is then washed with methyl aleohol

until most of the water has been removed, after-

which it is converted to an aerogel by heating to
260° C. before the vapors are released. The

- gerogel is very light, colorless and transparent.

Example 553 grams of a commercial grade
of dry thorium nitrate are dissolved in 35 cc. of
methyl alcohol. 'The solution is allowed to stand
a few hours before further use. 10 parts by vol-
ume of the aforementioned solution is then thor-
oughly mixed with 10 parts by volume of re-
distilled aniline. Subsequently 1.8-2.0 parts by

. voiume of water are added whereby the water

floats on top of the mixture. The resulting mix-
ture is shaken vigorously for 1 to 2 seconds, and
finally permitted to stand. After a very short
period of time it will set intoc a jelly which is
broken up. .and covered with a mixture of 9
volumes of methyl -alcohol and one volume of
concentrated aqueous ammonia. This mixture
is changed from time to time over a period of
several days until practically all of the aniline
has been leached out. Finally, it is washed with

pure methyl alechol or acetone or & mixture of.

these two, and autoclaved to form thorlum oxide
aerogel. '
Ezample 6.—380 grams of aluminum nitrate

'3‘
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Al(NO32)3.9H20 are first dissolved in 1200 cec. of
methyl alcohol, cooled to about —10° C. and
stirred vigorously while adding 280 grams of

redistilled aniline. The resulting mixture is al- .

lowed to attain room temperature at which time
a firm jelly will have formed that can be extract-
ed with methyl alcohol until free of aniline and
salts. The alcohol-aluminum hydroxide jelly,
or alcogel as it is referred to in the art, is then
autoclaved to form an aerogel whereby an elas-
tic, transparent product, having an apparent spe-
cific gravity of less than .1, which is relatively
strong considering its low density, is obiained.

" Example 7.—Sufficient gelatin is dissolved in

-hot ethyl alcohol containing sufficient acetic acid

to form a firm jelly upon cooling. This jelly is
then hardened by covering it with one of the
higher alcohols, such as propyl or butyl, and al-
lowing it to stand for several days. It is then
extracted with ether to displace the alcohols.
Alternatively, one may employ liquid propane
or liquid dimethyl ether to displace, at least in
part, the alcohol or alcohol-ether mixture. The
resulting mixture is autoclaved at about 110° C,
in the case of propane, or 130° C. in the case of
dimethyl ether. Some shrinkage will be ob-
served, but an aerogel having about 70% void
space, which is strong, tough and transparent
and through which -gases diffuse readﬂy, is ob~
tained.

Example 8—5 to 10 grams of agar-agar are
dissolved in 100 cc. of water at its normal boiling
temperature, and the solution is then allowed to
cool to form a stiff jelly. The jelly is extracted

with alcohol -and then with ethyl ether, and

finally with propane or dimethyl ether before
autoclaving the same substantially as described
in Example 7. The aerogel is a light, pithlike,
opaque product.

Example 9.—A beaker is filled with a viscous
collodion solution to a depth of 2 cm. Several
centimeters of benzene are then carefully floated
on top. After several days’ standing the collodion
has set to a clear, stiff jelly. The benzene con-
taining gel is treated with liquid propane to dis-
blace the benzene, at least in part, and subse-
quently is converted to an aerogel which is light,
strong and translucent.

In the foregoing description and examples a
number of solvents have been disclosed and a
number of media having more or less favorable
critical temperatures have been enumerated. It
will be understood that these are exemplary only
and that in addition to alcohol (ethyl alecohol),
methy] aleohol, acetone, dimethyl ketone, diethyl
ethér, dimethyl ether, benzene and - propane,
many other liquids may be employed. Similarly,
many other combinations may be employed with
the view of obtaining the aerogel forming phe-
nomenon under the most favorable temperature
and pressure conditions.

Reference is herein made to the Miller and
Connolly Patent #1,772,055, wherein a silica hy-
drogel is heated in the presence of liquid water

5 for the purpose of effecting a hardening of the -

gel. However, in this process the final removal
of water is effected by the more or less conven-
tional means and the shrinking phenomenon oc-
casioned by the high surface tension of liquid
water manifests itself. Accordingly, one obtains
by this procedure a product which has an ap-
parent specific gravity of as low as .5 but does
not have the properties of aerogels. The Miller
and Connolly product may be treated with water
and dried, repeatedly, to obtain a somewhat sim-

2,003,454

ilar product each time whereas my aerogel, when
treated with water and subsequently dried, is
converted to the xerogel having a substantially

higher apparent specific gravity, otherwise lack- -

ing the characteristics of the aerogel and rather.

simulating the Miller and Connolly product so

" far as gpecific gravity is concerned. For exam-

ple, if a silica aerogel with a specific gravity of
.1 is wetted with water and subsequently dried,
the resulting dried product resembles Miller’s
product and has & specific gravity of approxi-
mately .8. I have not been able to produce an
aerogel from a gel not previously dried that will
not shrink in this manner when wetted and subse-
quently dried in the conventional manner.

Finally, it is to be noted that the Miller and
Connolly process is-not capable of producing a
product having the low apparent specific gravi-
ties which I am able to obtain since the limiting
tactor of the surface tension of the water is not
overcome by Miller and Connolly. Consequently,
shrinking, which attends the removal of water
by conventional means, manifests itself. In gen-
eral, and in the absence of purposeful preliminary
shrinkage, my aerogel products are characterized
in part by the fact that their, apparent specific
gravity is not substantially greater than 15%
of the actual specific gravity of the substance.
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The aerogels are distinguishable from ordinary

xerogels by their inordinate catalytic activity.
For example, in the vapor phase oxidation of
acetaldehyde to acetic acid, a silica aerogel per-
forms more satisfactorily than the ordinary silica
gel due in part to the fact that the aerogel does
not become fouled as rapidly. In comparative
tests the aerogel did not show any signs of fouling

‘during the course of the runs while the ordinary

gel turned yellow and showed resilnous materials
deposited thereon. 'Thoria aerogels convert car-
boxylic acids, as for example acetic acid, to
ketones with practically quantitative ylelds at
300° C., while the best form of thoria that was
obtained by heating the oxalate required a re-
action temperature of at least 50° higher, the
conversion was incomplete and side reactions re-
sulted in the formation of by-products. It is to
to be understood that for certain catalytic pur-
poses it is desirable to have a mixed aerogel, that
is, an aerogel containing more than one metallic
component. 'These may be produced, preferably,
by mixing the alcogels or ether gels before the
autoclaving operation. The following example
illustrates an alternative procedure for preparing
one such mixed gel:

Example 10.—A silica hydrogel was soaked in
a strong solution of aluminum sulphate for 24
hours, after which it was dropped into a concen-
trated ammonia solution. The resulting gel was
washed with water to remove soluble salts, ex~
tracted with alcohol and autoclaved in the usual
manner. This gel was found to be more active
in the oxidation of acetaldehyde to acetic acid
than either a silica aerogel or an alumina
aerogel.

In a.ddition to the foregoing distinguishing
characteristics of the aerogels, their thermal con-
ductivity further emphasizes the fundamental
difference between aerogels as-a class and xero-
gels or products such as Miller and Connolly de-
scribe. To illustrate: silica aerogel, having an
apparent specific gravity of .18, shows a heat con-
ductivity lower than -any selid which has ever
been measured so far as I have been able to ascer-
tain. Its heat conductivity at 34° C. is 4.85X 105
cal./sec./°C./cm. This constant compares very
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fuvorably with some of the best known heat in--

sulators of which the following are representa-
tive: . : :

Cork - U, 10 10—5
ASHES M e e ———————— 22105
Best grade of mineral woOloowec—- 7.6x10-5
L.oose cellulose fibres.. —— e e 8.4 105

One of the advantages of the silica aerogel re-
sides in its ability to withstand elevated temper-
atures of at least 800° C. indefinitely while other
aerogels, such as alumina aerogels, will stand
even higher temveratures. Ordinary silica gels
(xerogels) are not much better than ordinary
sand and possess no usefulness in the field of heat
insulation. - : i : .

Another feature of the aerogel products of the:
inorganic type resides in the fact that they do
not pack or settle. It is well known that many
finely divided materials tend to pack, leaving void
spaces, and for this reason are not entirely sat-
isfactory heat insulating media. Aerogels, on the

other hand, show little or no such tendency. -

Moreover, while the materials are fragile, never-

theless they will support considerable weight,

particularly when supported and in this respect
are distinctly superior to materials such as min-
eral wool and asbestos which lose their valuable
heat insulating properties as they are compressed
or as they may settle. In other words, it is albso-
lutely necessary, in oider to preserve the heat
jnsulating value of these materials, to preserve
their fluffy nature.

Due to the porous nature of the aerogel much

of the heat that is transferred passes through
the gas phase.
gas of low thermal conductivity for air it is pos-
sible to improve the thermal resistance of the

‘aerogels appreciably. For example, a gel that

has a conductivity of 4.85 with air, has a con-

ductivity of 4.33 when saturated with: carbon di~ -

oxide and 3.71 when filled with dichlorodifiuoro-
methane. Where the material is to serve as an
insulator for refrigerator units and the like it
is possible to lodge the insulator within a metal
case which can ke evacuated, the residual gas
present being preferably one of low heat con-

- ductivity.
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From the foregoing description it will be evi- 4
dent that I have provided a new class of prod-

ucts, aerogels, and various methods for their
preparation. It will likewise be apparent that
the aerogels are characterized by the fact that
they are formed from colloidal gels in which the
liquid menstruum is removed, at least in part,
by heating the liquid under pressure beyond its
critical temperature, and subsequently releasing

the liquid thus heated. In this manner it is pos=-

sible to produce a skeleton of the soli@ compo-

pent of the gel as it actually exists before treat- -

ment and differing only in that the liquid me-
dium is displaced by a vapor or gas. I have also

shown that it is possible to produce materials in-

voluminous precipitated form by heating a solu-
tion thereof to or beyond the critical tempera-

ture, and releasing the sol in its gaseous state. :
a novel class of materials.

The invention affords
having unique properties which render them of
special importance in the field of catalysis, ther-
mal insulation, or a variety of other uses where
a high degree of
vision is of importance.

The present is a continuation-in-part of my
copending application Serial Number 508,811,
filed by me on January 14, 1931.

Accordingly, by substituting a’

porosity or fineness of subdi- .

Attention is drawn to applications covering
uneclaimed subject matter disclosed in this speci-
fication, including specifically application Serial
Number 135,801, filed April 8, 1937.

Attention is also called to my co-pending ap-
plications, Serial Numbers 151,969, 151,970 and
151,971, filed July 3, 1937. '

What I claim is: .

1. That method of producing a dry aerogel
comprising the steps of precipitating a colloidal
substance in a liquid as-a gel, confining the re-

_ sulting product in a pressure vessel, applying heat

thereto until the liquid in the gel has .reached
a temperature at which the surface tension of
the liquid is so small as to produce no substan-
tial shrinkage of the gel when the liquid is al-
lowed to evaporate, maintaining such tempera-
ture, and then releasing the vapor from the pres-
sure vessel at a rate insufficient to injure the
gel.

2. That method of producing a dry aerogel
comprising the steps of first precipitating a col-
loidal substance in a liquid as a gel, substituting
for the first liquid a second liquid having less

_solvent action and & lower critical temperature,
" confining the resulting product in a pressure

vessel, applying heat thereto until the liquid in

.the gel has reached a temperature at which the

surface tension of the liquid is materially reduced

_whereby to reduce the ultimate shrinkage of the

gel when the liquid is allowed to evaporate, main-
taining such temperature, and then releasing the
vapor from the pressure vessel at a rate insuffi-
cient to injure the gel. ~ )

3. That method of producing a dry aerogel
comprising the steps of precipitating a colloidal
substance in a lquid as.a gel, partially drying
the same to a volume greater than.the volume
of the completely dried product, confining the
partially dried product in an autoclave, apply-
ing heat thereto until the liquid in the gel has

_reached a temperature at which the surface ten-

sion of the liquid is so small as to produce no sub-
stantial -shrinkage of the gel when the liquid is
-allowed to evaporate, maintaining the tempera-
ture and then releasing the vapor from the auto-
clave at a rate insufficient to injure the gel.

" 4, That method .of producing a dry aerogel
comprising the steps of precipitating a colloidal
substance in a liquid as & gel, confining the re--
sulting product in a pressure vessel in an amount
insufficienit to entirely filll the autoclave, apply-
ing heat to the product to expand and place the
liquid therein under pressure within the pressure
vessel, -then continuing to apply heat thereto

- until the liquid in the gel has reached a tem-

perature at which the surface tension of the
liquid is so small as to produce no substantial
shrinkage of the gel when the liguid is allowed
to evaporate, maintaining such semperature, and

- then releasing the vapor from the pressure vessel
_at a rate insufficient to injure the gel.

5. 'That method of producing 2 dry aerogel
comprising the steps of first precipitating a col-
loidal substance in a liquid as a gel, substituting
for the first liquid a second liquid having less sol-
vent action, confining the resulting product. in
a closed pressure vessel, applying heat there-
to until the liquid in the gel has reached a tem-
perature at which the surface tension of the

liquid is materially reduced whereby to reduce -
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the ultimate shrinkage of the gel when the liq- .

uid is allowed to evaporate, maintaining such
temperature, and then releasing the vapor from
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the pressure vess:ei at & rate insufficient to injure
the gel.

-6. That method of producmg a dry aerogel
comprising the steps of first precipitating a col-
loidal substance in a liquid as a gel, substi-
tuting for the first liquid a second liquid.having
8 lower critical temperature, confining the re-
sulting product in a pressure vessel, applying heat

thereto until the liquid in the gel has reached a =

temperature at which the surface tension of the
liquid is materially reduced whereby to reduce

the ultimate shtipkage of the gel when the lig- .

uid is allowed to evaporate, maintaining such

temperature, and then releasing the vapor from

the pressure vessel a.t a rate insufficient to injure
the gel.

7. The method of producing a dry saerogel

characterized in that a gel consisting of a colloi-

dal solid dispersed in a liquid menstruum is‘
formed, after which the liquid is removed with-.
‘out causing substantiial shrinkage of the gel,

characterized in that the liquid is heated be-
yond its critical temperature in an autoclave

without substantial release of vapor-and is then -
subsequently vented without causing- substantial -
condensation. .

'~ 8. The method as defined in claim 7 and fur-'

ther characterized in that the liquid in which
the gel is formed is displaced by a liquid having

a lower critical temperature before the heating .
.step.

9. A gel having an apparent speciﬂc gravityi
-of not substantially in excess of 15% of the true

specific gravity and further characterized in that
it is relatively free of liquids and consists essen~
tially of the porous skeleton of the colloid sub-
stantially as it emsted in. the original undried
gel,

10. An aerogel consisting of a refractory sub-
stance, said aerogel having an apparent density
of not substantially more than 15% of the actual
density, and further characterized in that the
gas present is of a lower therma.l conductivity

. than air.
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11. A method of trea,ting gels containing sub- .

stantial amounts of liquids of low solvent capac-
ity for the gel substance dispersed therein which
comprises heating the gel in an autoclave with-
out substantial release of vapor to a temperature
above the critical value for the liquid and then

subsequently gradually venting the resultant va- -

pors without condensation to obtain a porous
structure.

12. A porous, substantially Hquid-free gel hav-
ing the cavities thereof filled with a gas, the vol-
ume of a unit of the gel being substantially that
of the same unit when. it is initially formed
and still has the cavities thereof filled with liquid
prior to drying, the gel being further character-
ized by the fact that when it is re-wet with a
liquid and that liquid is evaporated at pressures
substantially below critical that material volume

" shrinkage by the ge! structure occurs.
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13. An inorganic gel having an apparént spe-
cific gravity not substantially in excess of 15%

of the true specific gravity and further charac- .

terized in that it is substantially free of liquids
and consists essentially of the skeleton of the col-
loid substantially as it existed in the original
undried gel.

14. A silica gel having an apparent specific

gravity not substantially in excess of 15% of the
true specific gravity and further characterized in
phat it is substantially free of liquids and consists

2 093,454

essentially of the skeleton of the colloid substan- -

tially as it existed in the original undried gel.
15. A gel having an apparent specific gravity of

not substantially in excess of 15% of the true spe-

cific gravity and further characterized in that

‘it is substantially free of liquids and consists es-

sentially of the skeleton of the colloid substan- -

tially as it existed in the original undried gel.

16. A titanium oxide gel having an apparent
specific gravity not substantially in excess of 15%
of the true specific gravity and further charac-
terized in that it is substantially free of liqujds
and consists essentially of the skeleton of *
.loid substantially as it existed in the original un-
dried gel.

17. A thoria gel having an appa.rent specific

gravity not substantially in excess of 15% of the

_true specific gravity and further characterized

in that it is substantially free of Iiquids and con-
sists essentially of the skeleton of the colloid sub-

- stantially as it existed in the original undried gel.

18. A gel having an apparent specific gravity
not substantially in excess of 15% of the true
specific gravity and further characterized in that
it is substantially free of liquids and consists es-
sentially of the skeleton of the colloid substan-
tially as it existed in the original undried gel,.the
gel being further characterized by a high thermal
insulating power.

19.. An inorganic refractory gel having an ap-
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parent specific gravity not substantially in excess -

of 15% of the true specific gravity and further
characterized in that it is substantially free of

-liquids and consists essentially. of the skeleton of

the colloid substantially as it existed in the origi-
nal undried gel, the gel being further character-
ized by a high thermal insulating power,
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20. A substantially lquid-free gel, the volume

of a unit ot the gel being substantially that of the
same unit before the liquid menstruum from
which it was formed was substantially completely
removed therefrom, the liguid-free gel being fur-
ther characterized by the fact that when it is re-
wet with a liquid, and that liquid is evaporated
under conditions of temperature and pressure
such that a substantial surface tension of the
liquid is maintained during the evaporation, the
volume of -the gel structure undergoes substan-
tial shrinkage.

21. A substantially liquid-free inorganlc gel, ¢

the volume of a unit of the gel being substantially
that of the same unit before the liquid menstru-

45

um from which it was formed was substantially -

completely removed therefrom, the liquid-free

gel being further characterized by the fact that
when it is re-wet with a liquid, and that liquid

is evaporated at pressures substantially below the

critical pressure, the volume of the gel structure -

undergoes substantial shrinkage.

22. A substantially liquid-free inorganic re-
fractory- gel, the volume of a unit of the gel be-
ing substantially that.of the same unit before the
liquid menstruum from which it was formed was
substantially completely removed therefrom, the
liquid-free gel being further characterized by the
fact that when it is re-wet with a liquid, and that
liquid is evaporated under conditions of tempera-
ture and pressure such that a substantial surface

_tension of the liquid is maintained during the
evaporation, the volume of the gel structure un-

dergoes substantial shrinkage, the gel being fur-

ther chara.cterlzed by a high thermal insulating -

power.
23. A substantia.lly llqmd-free gel of a com-
pound contaming in chemienny eombl.ned form

70
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an element of group four of the periodic system
of classification of the elements, the volume of a
unit of the gel being substantially that of the
same unit before the liquid menstruum from
which it was formed was substantially completely
removed therefrom, the ligquid-free gel being fur-
ther characterized by the fact that when it is re-

wet with a Hquid, and that liquid is evaporated
under conditions of temperature and pressure
such that a substantial surface tension of the
liquid is maintained during the evaporation, the

" volume of the gel structure undergoes substan- 5‘

tial shrinkage.
SAMUEL S. KISTLER.
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