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PREFACE

Second Revision

Much information on alumina has been developed since the first revision of Alumina Properties
appeared in 1956. This, fogether with the widespread interest in the publication, has justified the
preparation of a second revision. As was the case with the previous editions, the authors have had the
capable assistance of many associates, as well as the benefit of review by many authorities in the field.
We wish to thank all who helped us and particularly to acknowledge the careful study and useful
suggestions of E. A. Bloch, J. H. de Boer, . Ginsberg, W. K. Gummer, J. G. Lindsay, C. Panseri,
D. Papée, H. P. Rooksby, C. J. M. Rooymans, W. J. Smothers, S. Teichner, R. Tertian and J. B.
Wachtman.
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Literature values for the properties of the aluminas are compiled critically in this publication.
The historical development of the names for the many varieties is traced, and the systems of
nomenclature are compared. Three major classifications are distinguished: the high temperature
forms that are produced in general by calcination over 1200°C; the transition forms and the
hydrates. For each phase the following information is assembled if it is available: occurrence in
nature; preparation; crystal structure; optical, thermal, electrical, magnetic, mechanical and
surface properties. The interesting phase transformations are given particular attention. Alcoa
Activated Alumina is discussed separately with emphasis on its structure and its applications in
drying, chromatography, catalysis and oil maintenance. Commercial forms and uses of Alcoa
Calcined, Tabular and Hydrated Aluminas are also described. In many cases the data are sum-
marized in figures and tables. An extensive bibliography and subject index are included.
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ALUMINA PROPERTIES

LUMINA is one of the largest-volume pure
A chemicals on the market today; over four
million tons are produced annually in this country
at 999 purity. Much of this output is used for
the production of aluminum, but an increasing
amount is employed in ceramics, refractories,
abrasives, paper coatings, rubber goods, desic-
cants, catalysts, medicinals and many other
products. This diversity of application arises
from the remarkable range in properties charac-
teristic of the pure oxide, the various hydrated
aluminas and the numerous transition phases.
Alumina has provided intriguing subjects for re-
search. A compilation of some of the more im-
portant results can be of value in connection with
present uses and point to future applications.

Alumina, sometimes alone, but usually in com-
bination with silica, is a major constituent of the
earth’s crust. Bauxite, a product formed by solu-
tion of the other materials from aluminous rocks,
is the predominant ore for reduction grade alu-
mina by a large margin. Estimated reserves of
this ore exceed one billion tons, located princi-
pally in Hungary, China, the Guianas, the Carib-
bean Islands, French West Africa, Gold Coast,
Nyasaland, France, Brazil and the United States
(War Production Board). Bauxite occurs in blan-
kets, beds or lenses, pockets and detrital deposits,
most of which have a definite extent rather than
tapering off into gradually diminishing qualities
of ore. In 1958 the world production of bauxite
was 20,700,000 long tons, and United States
consumption was 7,034,000 long tons, of which
approximately 39, went into abrasives and about
59% into other nonaluminum applications. Do-
mestic sources, predominantly in Arkansas, sup-
plied 199,. Of the total imports of bauxite,
Jamaicasupplied 629, Suriname 319, and British
Guiana and Haiti the balance (Minerals Year-
book). The Bayer process for low-silica bauxite
and the combination Bayer, lime-soda sinter
process for high-silica bauxite are employed al-

most exclusively for the production of pure
alumina. Fulda's and Ginsberg’s Tonerde und
Aluminium is the most complete published dis-
cussion on the commercial production of alumina
for the aluminum industry.

NOMENCLATURE

Materials with a styptic or astringent taste
were designated “‘alumen’’ by the Romans. These
may have included impure forms both of alumi-
num sulfate and alum, which occur naturally in
volcanic districts. Alumen seems to be the source
of our word alumina (Beckman).

The recognition of alumina evolved gradually
as the composition of alum became better under-
stood. Hoffman in 1722 held that the base of
alum was a true distinct earth and Pott called
the base ‘‘thonichte erde’” or ‘‘terre argilleuse”
(clay earth). Marggraf in 1754 showed that the
earth of alum was a distinct substance, that it
existed in natural clays and that it could be ex-
tracted by sulfuric acid. His memoirs gave rise to
the term “argil” or “‘argil pur’’ as the name of the
earthy base of alum. De Morveau in 1786 argued
that since alum was designated ‘‘sel alumineux,”
the proper name for the base should be “‘alumine.”
This latter term has been anglicized to alumina.

A mineral from India, having the composition
AlO; was described in 1798 by Greville under the
name corundum, which he believed to be the
native name of the stone. The mineral diaspore

“was described by Haiiy in 1801 and was analyzed

by Vauquelin in 1802 and shown to be Al,O;-H,O.
Haiiy named it diaspore from the Greek for
“scatter,” because it flew apart when heated. In
1805 Davy analyzed a mineral and named it
hydrargillite from the Greek for water and clay.
Later, however, other workers showed this min-
eral to be aluminum phosphate. Dewey in 1820
found a mineral he called gibbsite in honor of
Gibbs, an American mineralogist. Analyses of it
by Torrey in 1822 corresponded with the formula
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AN(OH); or AlyQ;-3H:0. The name hydrargillite
was applied later to a similar mineral found in
the Urals, and both names are still employed,
but the name gibbsite is preferred.

The name bauxite was derived from the French
province Les Baux, an early source of the ore.
The term has come to be widely used to cover
any aluminum ore consisting of reasonably pure
hydrated aluminum oxides. Al,O; 2H,0, the for-
mula which had been assigned to bauxite, is
erroneous and represents a variable mixture of
monohydrate and trihydrate phases.

Bshm and Niclassen identified another alu-
mina by using X rays. Béhm found it to be
isomeric with diaspore and showed a purified
bauxite from Les Baux to consist of this phase.
De Lapparent suggested that the hydrate be
called bshmite. Bohm also discovered an alumina
hydrate isomeric with gibbsite. Fricke (1928) sug-
gested the name bayerite for this material because
he thought it was the product of the Bayer
process. In the next year, Fricke recognized his
error, but the unfortunate name has been
continued.

Rankin and Merwin in 1916 assigned the prefix
beta to a high-temperature alumina that, accord-
ing to later experience (Ridgway 1936), must
contain alkali or alkaline earth atoms. The pure
alumina corresponding to corundum was differ-
entiated as alpha alumina. Inasmuch as several
forms of beta alumina have been distinguished,
the foreign cation is now made part of the name,
i.e., sodium beta alumina. Barlett assigned the
name zeta to the phase formed with lithium.

Haber in 1925 divided the aluminas and ferric
oxides and their hydrates into two series, alpha
and gamma, depending upon the products of
their calcination. The failure of this system to
~ differentiate the alumina trihydrates prompted
the naming of individual hydrates in The Alumsi-
num Industry (Edwards 1930). The symbol alpha
was applied to the form more abundant in nature.
In this nomenclature, bayerite is beta trihydrate,
and the pure alumina phases corresponding to
gibbsite, bshmite and diaspore are aipha trihy-
drate, alpha monohydrate and beta monohy-
drate, respectively. Weiser and Milligan (1934)
and Weiser (1935) later adopted the Haber series

names for the individual species and classified
bayerite as alpha trihydrate.

The designation gamma was given originally
by Ulrich to an undescribed alumina, and this
term has been used in many cases for all the
alumina transition phases encountered in the low-
temperature calcination of aluminum compounds
and in the oxidation of aluminum. Stumpf re-
stricted the name gamma to the product whose
X-ray pattern is like that in the alpha trihydrate
and alpha monohydrate dehydration sequences
at 500°C. This phase, present in Alcoa Activated
Alumina, had come to be known as gamma alu-
mina. Unfortunately, however, the gamma desig-
nation had also been associated with a spinel
structure, and Stumpf’s gamma is probably not a
spinel. Other workers have made the reverse
choice and have used the name gamma for the
spinel structure.

As new phases have been identified or sus-
pected, they have been assigned Greek letters.
Many of these have been disproved. Chi (which
might be poorly developed kappa) and delta
(which may be a mixture of gamma and theta)
are still disputed. The list is probably not com-
plete. Papée and Tertian (1955) proposed the
name rho for a phase obtained by thermal de-
hydration of alpha trihydrate in high vacuum.
Steinheil proposed an epsilon alumina from oxi-
dation of aluminum. Cowley assigned the names
xi and xi' to phases revealed by electron diffrac-
tion of the oxide films formed by heating alumi-
num foil in air on metal grid supports. Shishakov
reported a hexagonal AlO-OH as a film on alumi-
num, identical to the lattice attributed by Stein-
heil to a cubic AlLQ;. Van Nordstrand has re-
cently found a new trihydrate phase. Foster
(1959) reported an anhydrous alumina phase
whose X-ray pattern is very similar to that of
mullite. This phase has been named iota alumina.

Table 1 shows the nomenclature systems for
those aluminas most frequently confused in the
literature. Obviously, a universal standard nom-
enclature would be highly desirable. An attempt
in this direction was made in 1957 when, in
Western Germany, a symposium on alumina
nomenclature was held. The results of this meet-
ing were reported by Ginsberg. The main agree-
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TABLE 1

Nomenclature of Aluminas

ALCOA® Symposium® Haber Weiser and Milligan Other
ALPHA ALUMINA " HYDRARGILLITE GAMMA ALUMINA | Aluminum Hydroxide
TRIHYDRATE c S or GIBBSITE TRIHYDRATE Orthoaluminic Acid
£
BETA ALUMINA = § BAYERITE & ALPHA ALUMINA Aluminum Hydroxide
TRIHYDRATE g i ‘g TRIHYDRATE Bauxite Dihydrate®
<% | NORDSTRANDITE o Randomite®
g Bayerite I11®
S
ALPHA ALUMINA '§ BOHMITE GAMMA ALUMINA | Bauxite®
MONOHYDRATE g 5 MONOHYDRATE
=
g 5 Pseudobohmite®
]
BETA ALUMINA z% DIASPORE ALPHA ALUMINA Meta-aluminic Acid
MONOHYDRATE g Bk MONOHYDRATE
o an
g
ALPHA ALUMINA CORUNDUM ALPHA ALUMINA
U.S.A. Germany England France
ALCOAQ® Symposium® Day and Hill; Rooksby Thibon PECHINEY®
rho
gamma gamma delta gamma, gamma,
delta delta delta delta delta
+theta
eta eta gamma eta eta
theta theta theta theta
iota
chi chi chi chi chi
-+gamma “+gamma
kappa kappa kappa kappa kappa
+theta +delta
kappa’
®Edwards, Frary, Stumpf ®Bohm

®Ginsberg, Hiittig, Strunk-Lichtenberg

®Moiseev

®Teter, Gring, and Keith, U.S. Patent 2,838,375

ment was to abolish the so-called incorrect terms,
“hydrate” and ‘“‘phase.” The following nomen-
clature was suggested, and is also shown to some

®Papée, Tertian, Biais

®Tertian, Papée

namely:

extent in Table 1, for comparison with others:
(a) Use of the term ‘“hydroxide” instead of
“hydrate,”

aluminum  trihy-
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TABLE 2

Crystal Structure and Density of Aluminas

Crvstal s 1::/{1011:; Unit Axis Lengths, A Measured
Phase Formula rysta pace | “yer Density Reference
System Group Unit o/ml
Cell a b c Angle
Molten 2.5 Wartenberg
1936
Alpha ( )
Trihydrate A1L,0O3:3H,0 Monoclinic Cgh 4 8.62 5.06 9.70 | 85°26") 2.42®0 | Megaw (1934)
Beta
Trihydrate Al,04:3H0 Monoclinic Cgh 2 4.72 8.68 5.06 |90°111 2.53® | Unmack
Alpha
Monchydrate | Al,O5H,0 Orthorhombic D% 2 2.868 | 12.227 | 3.700| ..... 3.01® | Swanson and
Fuyat
Beta
Monohydrate | Al,O3-H20 Orthorhombic D%ﬁ 2 4396 9.426 | 2.844| ..... 3.44® | Swanson and
Fuyat
Alpha Al,O4 Hexagonal® ng 2 4758 ...... 12901 ..... 3.98® | Swanson and
Fuyat
Sodium Beta | Na,0-11AL,0; | Hexagonal D‘éh 1 558 | ... 2245 | ..., 3.24 Beevers and
Brohult
Potassium
Beta K,;0:11A1,0; | Hexagonal D‘éh 1 558 ... .. 22.67 | ..... 3.30 Beevers and
i Brohult
Magnesium
Beta MgO-11A1,0; | Hexagonal D‘éh 1 5.56 | ... .. 2255 1 oo o Bragg
Calcium Beta| Ca0'6A1,0; | Hexagonal Df | 2 554 | ... 21.83 | . Lagerqvist
Strontium
Beta SrO-6A1,0; Hexagonal Déh 2 5.56 | ... 2095 | oo Ligerqvist
Barium Beta | BaO-6A10; Hexagonal D‘éh 2 558 ... 22.67 | ..... 3.69® Adelskold
Lithium Zeta | Li,0-5A1:0; | Cubic of 200790 || 3.61 | Kordes, Braun
Gamma Cubic | oo oo b 3.2)® | Ginsberg
Delta Orthorhombic 12 425 | 12.75 [10.21 | ..... (3.2)® | Stumpf
Delta Tetragonal 796 | ..., 234 | o Rooymans
(Rooksby)
Eta Neazl Cubic (Spinel) | O 10 1790 | ... .o 2.5-3.60 | Stumpf
early
Theta® Anhydrous Monoclinic Cgh 5.63 2.95 111.86 [103°42"] 3.56® | Kohn
AlLO
Tota s Orthorhombic 4 773 | 778 | 292 | ..., 3710 | Stumpf
Kappa Orthorhombic 32 849 112.73 11339 | ..... 3.1-3.3® | Stumpf
Chi Cubic (Not
spinel) 10 1795 | oo i e (3.00® | Stumpf
®Anhydrous ®Rhombohedral ®Roth ®Fricke and Severin
®Dana ®Seemann ®Toropov ®Estimated ®Thibon

droxide, instead of alumina trihydrate;
aluminum oxide hydroxide, instead of
alumina monohydrate.
(b) Same nomenclature as ALCOA for the
transition aluminas, although not using
the term ‘‘phase,” but rather, for ex-

10

ample: “chi form,” “kappa form,

ma form,” “delta group.”
(¢) In honor of Van Nordstrand the name
Nordstrandite was adopted for the phase
of beta trihydrate discovered by him. This
name is currently well in use in Europe.

IR

gam-
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HIGH-TEMPERATURE PHASES
A. Alpha Aluming

The occurrence of alpha alumina in rocks, as
the mineral corundum, is widespread; the larger
crystals are found in igneous rocks. The dark
variety of corundum contains magnetite and is
known as emery. The alpha form results from
solidification of an alumina melt, from calcina-
tion of other aluminas and in some circumstances
(Wartenberg 1952) from burning aluminum in
oxygen.

Recrystallization sintering of alpha alumina
occurring at about 1750°C was facilitated by
FeoO3, Mny0;, CuO and TiO, over certain limits.
FesO; and Mn,O; also promoted large grains,
while MgO and SiO; inhibited grain growth. Fine
grinding promoted sintering and the growth of
large elongated grains (Cahoon and Christensen).
Cutler reported that by combinations of added
oxides of Mn and Ti or Cu and Ti and small
particle size the sintering temperature of 969
alumina bodies was reduced to 1300°C. Kukolev
and Leve also investigated the effect of the
source and the degree of dispersion of alumina
on its sinterability in the presence of additives.
POy, Ci, NO;, SO4, OH, F, Ca, Sr, Ba, Li, K, Na,
Ni2, Mg, Cr? Mo?, Sb?, Sn*, La3, V5, Si as well
as small amounts of hard carbides, silicides and
metallic tungsten are claimed to impede grain
growth (Bron, Eliasson, Reinhard, Ryshkewitch
(1933), Smothers and Reynolds). Pavlushkin
studied the effect of nearly all elements in the
periodic table as additions to alumina, and classi-
fied them according to their effect on sintering
and rate of recrystallization. The sintering cycle
is claimed of the utmost importance in control-
ling crystal structure and strength of the corun-
dum, and long soak at low temperatures is not
as effective as short holding times at higher
temperatures.

Pampuch studied the role of surface energy in
the first stages of the sintering process of pure
oxides, the possibility of predicting the effect of
additives on the sintering of these oxides, and
the effect of their structural characteristics.
Factors which decrease the surface energy ac-

i1

celerate the sintering process. Experiments with
alumina and other metal oxides showed that
additives having a lower electronegativity of the
metal-O bond than the basis oxide, in general
of 1.6-2, improve the sintering process.

The role of structural defects in the sintering
of alumina was studied by Jones. Aluminas con-
taining additions of TiO,, Cr0; FeO or MnO
were sintered at comparatively low temperatures
(1200-1500°C) in atmospheres of O, N or H.
Diffusion promoted by lattice defects was ob-
served by measurement of bulk density. The
densification process was dependent on the sin-
tering atmosphere, indicating that reducing and
oxidizing atmospheres can significantly alter the
number of lattice vacancies. Kuczynski, Aber-
nethy and Allan studied the chemical aspects of
the sintering of aluminum oxide. Their experi-
ments on sintering of alumina single crystal
spheres in hydrogen, helium and oxygen atmos-
pheres between 1500 and 2000°C indicate that
the predominant mechanism of material transfer
in this process is volume diffusion. The sintering
rates in purified dry hydrogen were found to be
much higher than in oxygen, helium or moist
hydrogen. This is probably due to the additional
lattice imperfections created in the crystal by
reduction of alumina with hydrogen. The heating
in dry hydrogen transformed the spheres into
polyhedra of hexagonal symmetry. An appre-
ciable loss of oxide due to evaporation of Al,O
and/or AlO was noted. In the presence of im-
purities in the sintering atmosphere, such as
tungsten or molybdenum oxides, the alumina
spheres were observed to sinter by viscous flow,
presumably because impurity oxides formed a
glass or liquid layer on the surfaces.

In actual practice other materials are often
added to the alumina to accelerate vitrification
at lower temperatures. Fricke and Weitbrecht
claimed that silica aided crystallization to alpha
alumina, although the opposite effect is more
often stated, at least when the alumina is used
as a support for active catalysts (for example,
Layng, Bailey and Bittner, and Huffman). Voltz
and Weller patented the use of thoria and hafnia
to stabilize gamma alumina to resist alpha
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TABLE 3
X-ray Powder Diffraction Patterns of Aluminas
Interplanar Spacings and Relative Line Intensities
Filtered CuK Radiation, A

Alpha® | Beta® | noq. | Alpha® | Betao 5
Tri- Tri- strandite Mono- Mono- Chi® |[Gamma®| Eta® Delta ® Delta“/@*” Theta ® Iota ® Kappa® | Alpha®

hydrate | hydrate @ hydrate hydrate
4.82 100 | 4.72/1100 | 4.790/10 | 6.11 {100 | 4.71 | 13 5.020 3 7.97 8 5.2 31545 (100 | 6.2 313.479 | 74
4.341 40 | 4.36{ 70 | 4.373] 2 | 3.164] 653 | 3.99 100 4.6 41455 3/6.58[10 {45 163479045 22552 92
4.301 20 | 3.19) 25 | 4.310; 4 | 2.346] 53 | 3.214] 10 £.07) 215.07 |2 3.53 121292140 )4.2 112379 | 42
3.35,10 ] 3.08] 1 |4.205 4| 1.980 6 | 2.558} 30 2.8 2,287 41405120 |28 |82.72180 (3044 2165 1
3311 612.69 314.153] 4| 1.800; 32 | 2.434| 3 2.7 2 2.73) 81356 7 12.72,81259(70|2.796| 2.085 (100
3.17| 8| 2.45 3| 3.830] 3| 1.850| 27 | 2.386| 5 2,58 31340110 |2.56131246|102.70 |2 | 1.740 | 43
3.08) 41234 6]3.60003|1.7700 62.356] 82.40 4|2.41] 62.40, 6243 6|3.28 |15 (24318 |2.34/40!2.57 {8 1.601] 81
244115 1 2.28) 313.4621 2| 1.662) 13 12.317, 56 | 2.27) 2 {2.28] 6|2.27, 3,2.28 432110 1231622480 |2.41|3]|1.546 | 3
2,421 41221167 13.022) 2| 1.527{ 6] 2.131] 52 2,18 2 3.03 | 10 224 1612151602324 1.510 7
2.37120 ) 2.14) 3]2.845/ 2| 1.453] 16 | 2.077, 49 | 2.11} 3| 2.09] 1 2.783; 30 211101199 110 2.26 |1 1.404 32
2281 412,060 2|2.706] 1{1.434] 9| 1.901; 3| 1.98 2 98/ 10| 1.97] 81199 82.737,30 [2.01 181194110 |2.16| 1| 1.374 | 48
2231 61197 312.490 1| 1.412] 1] 1.815 8 1.95) 6 1,95 312593170 | 1.91 | 4|18 40 |2.11[8|1.276] 2
2150 81191 112,478 3| 1.396 21 1.733 3 1,91 212.457/70 | 1.80|3|1.731502.06|3|1.239] 16
2,031 12 11.83 112451} 2| 1.383 6] 1.712) 15 1.80] 212311140 {173 | 1| 16140199 41190 6
198,10 1.76/ 112.390, 7 | 1.369] 2| 1.678) 3| 1.53) 1] 1.54] 2 1.54) 42277030 [ 1.61 213570195 (2{1.160 1
1.95) 2 1.71] 26 1 2.261) 7 | 1.312] 15 | 1.633] 43 1.52) 2 1.5t 312136 25 1.54 | 6 1 1.492] 30 | 1.87 | 6 | 1.147 4
1.90| 711.68 212.217 1| 1.303] 3| 1.608] 12 1.49) 411,989 70} { 1.49 | 4| 1.461; 40 | 1.82 [ 3] 1.138 | 1
1,791 10 | 1.64] 1| 2,029 1 | 1.224] 1| 1.570{ 4 1.45, 3| 1.950 65/* 1.45 4| 1435 10| 1.74 | 2 | 1.125 5
1.741 91 1.59) 4] 2.013| 5| 1.209] 2] 1.522] © 1.40/ 10 | 1.40, 6| 1.793} 7 1.431111.410{ 10| 1.64 | 6 | 1.099 6
1.67 91 1.56] 2| 1.898] 5| 1.178] 3 | 1.480 20 | 1.39] 10 | 1.39] 10 1.39/ 10 | 1.701} 4 | 1.40|6|1.370/10 | 1.54 ; 1 | 1.083 | 3
1.65( 3] 1.55 4 1.777) 4 | 1.171] 1] t1.431] 7 1.29) 2| 1.616] 10 | 1.39 |10 | 1.346] 40 | 1.49 | 3 | 1.078 | 7
1.63) 1 1.52p 1 1.717) 1| 1.161} 3 | 1.423] 12 1.26) 1] 1.602; 15 1.3¢ 111 1.325 51145 3]1.043] 13
1.58] 3| 1.48 111,698 1| 1.134] 51 1.400, 6 1.210 1 1.543] 10 1.29 1 31 1.288; 60 | 1.43 | 8 | 1.018 1
1.57) 111.47) 1 1.680 1] 1.092) 1] 1.376| 16 1.14 3y 1.14] 2| 1.14] 2 | 1.507] 20 1.26 | 2 1.39 |10 .998 | 11
1.55| 2] 1.45 7 11.667 11 1.046 2| 1.340, 5 1.04f 111.03] 1 1.462) 8 | 1.23 12 1.34 | 3 082 1 2

1.647) 2 1.407| 601

1.591] 2 1.392/100/*

1.569| 2 1.250| 4

1.545) 2 1.238; 9

1.510; 3 1.180] 4

1.475) 3 1.134] 10

1.438} 6

1.400; 2

®Typical diffractometer patterns, scanning speed 1 degree per minute (Stumpf, unpublished)
®Papée, Tertian and Biais
®Swanson and Fuyat, prepared for ASTM X-ray Powder Data File
@Film patterns, intensities estimated visually (Stumpf)
®Rooksby (1958)
*These pairs of lines occur in positions corresponding with the 400 and 440 lines for the cubic y-structure.
Note: See Figure 7, page 36, for X-ray powder diffraction patterns.
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alumina formation. Pointud and Caillat found
the density of alumina tablets to be near the
theoretical maximum after heating at 1600°C
under pressures of 150 kg/cm?.

From measurements of the rate of shrinkage
of pressed alumina compacts, Coble found that
the growth between single crystals was consistent
with bulk diffusion sintering having an activa-
tion energy of 165 kcal/mole.

The crystal structure is roughly a hexagonally
close-packed agglomerate of molecules in which
aluminum ions occur above and below the mid-

point of oxygen ion triangles (Pauling and
Hendricks). Considerable variation exists in the
crystals of corundum, the prismatic, flat and
tabular forms being common (Dana). Hoch and
Johnston found the crystal structure at 2000°C
to be the same as that at room temperature.
Belova and Ikornikova reported that sapphires
frequently show a mosaic structure. Korenstein
investigated the sintering of alumina and, on the
basis of examination by electron microscope and
X-ray structure analysis, showed sintered alu-
mina to contain a lamellar structure.

TABLE 4

Thermal Properties of Aluminas

l Heat of Formation

Entropy at
Phase at 208.16°K 298.16°K Reference®
keal/mole cal/deg mole
Alpha Trihydrate................ —612.7® 33.51 1-59-2©
Beta Trihydrate. ................ -609.4 0 ... Russell (1955) and
AHg of A1O7,
Amorphous Trihydrate AI(OH)s. . -304.2 L. 1-59-2®
Alpha Monohydrate. ............. —471.8 23.15 Russell (1955) and
AHg of A10T  1-59-20
Beta Monohydrate. ............... ... ... 8.436
Transition Alumina. . .......... ... —-384.84¢ . .. 1-59-2@
Product of Alpha Trihydrate }
Dehydrated at 500°C........... -39t i . .
Product of Beta Trihydrate ? | Michel (1957)
Dehydrated at 210-230°C.. . . ... -390 { | AHfof H,O  1-59-2® and
Product of Alpha Monohydrate | AHyg of Alumina Hydrate
Dehydrated at 210-230°C.. . . ... -394 J
Alpha Alumina. . ................. —400.48®@ 12.186 1-59-2@
Aluminate Ton A107 .. .......... ! -217.8 L Russell (1955) and AH¢
Alpha Trihydrate I-59-20®

®Selected Values of Chemical Thermodynamic Properties

@Mah noted that the product of the combustion was shown by X ray to be alpha alumina. Schneider and Gattow showed
previous values to be 2-3 kcal low because alpha alumina was not formed in the calorimeter.

®Kelley

®@Fricke pointed out that different values may be found because of differences in the pre-history of the materials. Torkar

and Worel also called attention to this.
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TABLE 4—(Continued)

Thermal Properties of Aluminas

Property

Values

Reference

Boiling Point.....................

Melting Point. ....................
Heatof Fusion. ...................

Specific Heat (cal/g)
Alpha Alumina..................

Alpha Trihydrate...............

Thermal Conductivity (Metric®)
Sapphire..........coiiiii

Sintered Alumina®., .. ..........

Activated Alumina..............

Compressed Powder, 1.84 g/ml. .

Linear Expansion Coefficient
(All values have been multiplied
by 10%)
Alpha Alumina®................

Synthetic Sapphire Rod

Alpha Trihydrate 1 to given
plane, 25-100°C................

Beta Alumina...................

Zeta Alumina...................

3500°C

2040°C
26 kcal/mole

0.34833—8.02X 10T —47.852/TOG®
0.183, 20°C
0.217, 100°C

0.2694+-6.43-10-4t®
0.282, 20°C

0.08, 2.5°K; 15, 50°K; 1, 100°K
(36° from c-axis)
0.065, 90-100°C, 60° from axis

100°C | 200°C | 400°C | 600°C | 800°C ]1000°C
0.072 10.054 |0.031 10.022 | 0.017 |0.015
1200°C| 1400°C| 1600°C| 1800°C
0.013 [ 0.013 | 0.015 |0.018

4.3-104, 100°C

0.00161, 468°C

5.5,25°C; 7.3, 800°C; 10.0, 1300°C

7.12 } c-axis, 7.2 || c-axis, 500°C
6.584-0.0,500t-+0.05258¢t2, || c-axis, 50-700°C
5.4340.0,553t40.0;288t2, | c-axis, 50-700°C
8.32 || c-axis, 0-1442°C

7.75 1L c-axis, 0-1442°C

|| c-axis 1 c-axis || thombohedral axis
6. 5.7 6.2
7.7 6.9 6.9
8.2 7.5 7.5
7.5 7.9
7.7 8.3

(010), 10.9; (001), 15.4; (100), 13.1; (101), 39; (101),
-5.6
5.1-5.7, 25-200°C; 6.0-7.6, 600-700°C

6.0, 25-200°C; 7.7, 600-700°C

Brewer and Searcy;
Wartenberg

11-59-1®
11-59-1@

Furukawa®

Roth

Berman

Weeks & Seifert; Ruh
Kingery

Activated Alumina:
Its Properties and Uses

Tomashov and Inzhenerov

Schwartz
Shalnikova and Yakovlev

Megaw 1933; Sharma

Mauer and Bolz

Geller and Yavorsky

Megaw 1933

Nat. Bur. Stds. News Buil.
p- 39, April 1934

Nat. Bur. Stds. News Bull.
p. 39, April 1934

For effect of pores and for detailed data see J. Am. Ceram. Soc. 37, 67-110 (1954).
®Selected Values of Chemical Thermodynamic Properties

®Metric Conductivity Units=cal/cm, °C, sec. Multiply metric value by 0.806 to convert to Btu/sq ft, in., °F, sec.
®Calculated to zero porosity by dividing measured conductivity by (1-volume pore fraction)

®@T in °K, °K=273.14°C, tin °C

®Equation applies 400-1200°K. Results tabulated in reference from 13-1170°K
®Also measured from 100-900°C by Gomel’skii, and from 1100-1400°C by Rodigina and Gomel'skii

@Klein showed that within small limits of error the ratio ¢/a was constant between 20 and 1750°C.
®Tscherbow and Tschernjak obtained values in fairly close agreement with these.
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Levin has compiled phase-diagrams for systems consisting of Al,O; with the following compounds:

AlLC;
Ang—Can-NaF
AlF3-LiF
AlF;-LiF-NaF
AlF;-NaF

BaO

BaO-H,0
BaO—Si02

BeO

BeO-MgO
BeO-ThO,
BeO-TiO,
BeO-Zr0,
B505-Si0,

C3F2

CaF,-CaO

Ca0

CaO—Cr203
CaO-CrzO 3-MgO—SIO2
Ca0-FeO-5i0;
CaO-F6203
CaO-Fego 3-K20
CaO=FegO 3-Mg0
Ca0-Fe;0;3-Mg0O-5i0,
Ca0-Fe 05-NaoO
Cao-FegO;;-SiOg

CaO-H:0
Ca0-H:0-50;
Ca0-K.0
Ca0-K.0-Mg0O-Si0,
Ca0-K:0-Na;0-5i0,
Ca0-K,0-Si0,
Ca0-MgO
Ca0-Mg0O-Na,0-SiO,
Ca0-MgO-SiO;
Ca0O-NayO
Ca0-Na,0-P,0;-510,
Ca0-Na;0-5i0,
Ca0-Na, 0-58i0,-TiO,
CaO-P205
Ca0-P505-Si0,
Ca0-SiO,
CaO-Si02-TiO2

CeOz

COz—HzO-MgO

CoO

CI‘an

CI‘zO 3= FeO—Fe203
Cr203—MgO

Cu20

FeO

FeO-F€203

Optical evidence for the existence of (1120)
slip planes with [1100] slip direction was reported
by Klassen-Neklyudova (1953). The structure of
alpha alumina, the dislocations which it allows,
and the atomic movements during motion of a
dislocation were discussed at length by Kron-
berg. The intersection of dislocations with the
surface can be revealed by etching with boiling
phosphoric acid, according to Gibbs.

Sapphire is uniaxial negative. Refractive in-
dices for the ordinary and extraordinary rays
are given in Table 8. A strong peak in the
absorption at 0.55 microns caused by Cr in ruby
was reported by Mandarino who also determined
the change of indices of refraction with compres-
sive stress applied parallel to the c-axis. The
absorption coefficient of sapphire doped with
various impurities was measured by Bates and
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FeO-F6203—SiO2 MgO
FeO-K,0-Si0, MgO-SiO,
FeO-MnO MgO-Si0s-ZrO,
FeO-Na;O-SiO, MgO-TiO,
FeO-Si0, MgO-ZrO,
F6203 MI’IO
F6203-MgO—Si02 MHO-Si02
FezOs-SiOZ MnO-SiOTYzOg
F6304 MH304
Gazog Na20—8i02
Ga20 3—H20 Nlo

H.0 PbO
H,0-K,0-NayO-510, PbO-Si0,
H,0-K,0-5i0, P,Os
H,0-MgO Si0,
H,0-MgO-N,O; Si05-5r0
H,0-MgO-Si0O, Si0,-TiO,
H>0-Na,0-Si0, Si05-Zn0O
HzO-—SiOz SiOg-ZI‘Oz
H,0-50; 5rO
K:0-MgO-5i0, ThO,
KgO-Nazo~Si02 T102
K,0-5i0, TiO»ZrO;
Lazos UO2
Li,0-MgO-SiO, Zn0
LigO-SiOg ZI'Oz

Gibbs during optical studies of corundum.

Pure alumina is neither phosphorescent nor
fluorescent, although .0019, of chromic oxide
produced a distinct fluorescence (Kréger). Ther-
moluminescence was induced in alpha alumina
by high gamma ray exposure, the intensity in-
creasing with calcination and being greatest for
synthetic sapphire. The luminescence structure
was relatively simple with a principal peak at
160°C and a smaller peak at 300°C (Rieke).

Levy showed that irradiating sapphires in a
reactor produced color centers at 2,040 A that
could not be formed by purely ionizing radiation.
Coloring was removed by annealing the alumina
to 450°C but was restored by Co% gamma ray
irradiation, while annealing above this tempera-
ture removed coloring that was not restored by
subsequent Co®® irradiation. Presumably the fast
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reactor neutrons formed centers by radiation
damage processes that were then colored by
ionization processes.

Bhagavantam and Venkatarayudu predicted
18 frequencies for alpha alumina, of which two
symmetric and five doubly degenerate ones
should be Raman active. Krishnan found the
Raman frequencies and their relative intensities
to be 375 (8), 417 (10), 432 (4), 450 (2), 578 (3),
642 (6), 751 (7) cm™’. The Raman spectrum of
alpha alumina was confirmed by Raman in 1951.
The infrared spectra are summarized in Table 10.

Syntheticsapphire of 0.5-cm thickness had 839
transmission at 10,000 A, the loss being largely
Fresnel reflection. Its 209, transmission limits
extended from 1,500 to 57,000 A (Klevens and
Platt, Bauple, Seeman, Gilles). Gilles showed
that absorption at the shorter wave lengths in-
creased as temperature increased, and that there
was a smooth decrease in the transmission of
synthetic sapphire from 2,800 to about 1,430 A.

The emissivity of alumina decreased from 0.98
at room temperature to 0.9 at 100°C, 0.8 at
400°C, 0.5 at 750°C, 0.3 at 1000°C, 0.18 at
1600°C and 0.12 at 2760°C (Heilman, Michaud,
Kilham, Taylor and Edwards, Leedy). The mono-
chromatic emissivity at 0.655 micron was 0.15
from 1000 to 1600°C (Michaud).

Many of the thermal properties of aluminas
are given in Table 4. Alpha alumina has been
recommended as a calorimetric standard, and the
specific heat was determined by Furukawa and
co-workers over the range 13-1170°K. They also
prepared tables of enthalpy and entropy, and
Gibbs’free energy values over therange 0-1200°K.

The thermal conductivity of sapphire and
alumina at high temperatures has been studied
extensively. References were given by Charvat
and Kingery, who included values up to 1200°C
for single crystals. Values of thermal diffusivity
measured directly by a heat-wave propagation
method were reported by the Alfred University
group, who also investigated the heat transfer
properties of polycrystalline alumina at very low
temperatures (Berman and Soxman).

Electrical properties of alpha alumina are
shown in Table 5. In a survey, Cohen found that
the electrical conductivity of sapphire varied by
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a factor of 100 or more, depending on the im-
purities, microstructure and surface state of the
specimen. Gibbs suggested that impurities pene-
trate into the body of sapphire along dislocation
lines. This is assumed to affect the structure in
such a way as to provide high-conductivity
“tubes’’ surrounding the dislocation lines. It was
stated that these high-conductivity regions also
give rise to dielectric-loss peaks, and that these
can be eliminated by heating the material suffi-
ciently to drive out the impurity atoms.

Barta, Bartugka and co-workers investigated
the effects of impurities on the specific resistance
of sintered alumina in the range of 400-700°C
with low-voltage direct current. Alkaline impuri-
ties were found to decrease the resistance con-
siderably, whereas SiO,, Ca0O and Fe,O; in small
amounts had little influence. TiO; and Cr.0s,
even in large amounts, did not affect the resist-
ance. V305 decreased it noticeably, and MnO
increased it. The fine-grained material had a
higher resistance than the coarse-grained.

O’Connor deduced from streaming potential
that freshly ground corundum in water had a
positive surface, but on ignition to 1000°C this
was changed to negative. Modi and Fuerstenau
found the point of zero charge at pH 9.45. These
findings were supported by Pike and Hubbard.

Selwood studied the magnetic properties of
solid solutions of Cr;Os and of FeyO3 in Al,O;.
Magnetic resonance of 0.19; Cr;0; in Al,O; was
detected, and ruby single crystals have been
used as the working substance in maser ampli-
fiers (Makhov, Kikuchi and co-workers).

Many of the mechanical properties of alpha
alumina are listed in Table 7; and, as a result of
current intense investigations, more and more
related data are being rapidly obtained and
published.

McCandless and Yenni reported that single
crystal alumina bodies could be stretched into
rod and bent when they were heated, the stretched
portions becoming opaque while the body re-
mained a single crystal after the bending opera-
tion. Saucier reported that sapphires split on a
plane containing the optic axis.

Ryshkewitch (1944) reported that both the
shrinkage and elasticity increased sharply with
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firing temperature from 1500 to 1750°C. He also
(1953) found that an increase of 109 in porosity
decreased the compression strength of sintered
pure alumina by one-half. Pores perpendicular to
the pressure direction decreased strength more
than those parallel to the pressure direction.
Attinger concluded from measurements with a
Knoop diamond indenter that sapphires with
pores normal to the optic axis were the softest.
Fissures were obtained mostly at 45° to the
optic axis.

Roberts and Watt confirmed observations first
made by Ryshkewitch (1941) that fracture of
well-sintered alumina bodies (RAE, specific grav-
ity 3.8) was both trans- and inter-crystalline.
They thus regarded it as improbablethat the bend
strength of this alumina could be increased ap-
preciably. Because of delayed fracture effects,
they doubted that sintered alumina would find
application where it must withstand tension.

Pearson found the fracture time of sintered
alumina to increase from one second to 10° sec-
onds when the stress was reduced in the ratio
1.3:1. The delayed-fracture effect was eliminated
by heat treatment and testing in vacuo, which
suggests an association with water vapor.

In support of this view, Charles found that
at 240°C the modulus of rupture in a constant
loading rate experiment changed from 116,500
psi in dry nitrogen to 68,000 psi in saturated
water vapor.

The elastic constants of sapphire were recently
redetermined by Wachtman and co-workers.
Elastic moduli for polycrystalline alumina at
room temperature were given by Lang. Young’s
modulus of sapphire was found to decrease lin-
early with increasing temperature up to at least
1500°C. For polycrystalline alumina, Young's
modulus measured at 1 kilocycle/sec decreased
linearly to about 950°C and then fell rapidly
accompanied by an increase in the internal fric-
tion (Wachtman and Lam). A value of the
activation energy for grain boundary slip of 200
kilocalories/mole was determined from internal
friction measurements by Chang. The variation
of elastic moduli of polycrystalline alumina with
porosity was studied by Coble and Kingery, who
found good agreement with equations derived by
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MacKenzie. His formula assumes spherical pores,
but data by Lang on alumina with nonspherical
pores indicate that in this case MacKenzie's
equation seriously underestimates the effect of
porosity. Bienvenue and Dixon showed that ir-
radiation with gamma rays caused Young's
modulus to decrease to a minimum 0.79, below
the initial value at 2 x 10% photons/cm? Further
irradiation caused a subsequent recovery to a
value 0.69, below the starting value. These
effects were paralleled by an initial increase in
the internal friction followed by a return to its
original value. The internal friction of sapphire
at room temperature depends on its microstruc-
ture; values ranging from 2 x 10¢ to 1 x 1073
were reported (Wachtman, Lam and co-workers).
Chang studied the secondary internal friction
peaks caused by small amounts of La and Cr
acting in conjunction with grain boundaries.
Wachtman and Maxwell found the stress re-
quired to cause breakage decreased as the tests
were extended over longer times. They found
plastic deformation beyond a definite yield point
in sapphire above 900°C; (0001) was the slip plane
and [1120] the slip direction. The creep curves
showed three stages: an increasing creep rate, a
large but decreasing creep rate, and a small and
nearly constant creep rate. In one experiment at
constant load, 70 hours elapsed without measur-
able creep, after which more than 29, elongation
took place. Chang studied the “‘second’ or steady
stage of creep and obtained an activation energy
of 7.8 ev. He concluded that dislocation climb
by self-diffusion is the most likely rate-determin-
ing process. Small amounts of partially recover-
able creep in polycrystalline aluminum oxide in
the range 1000-1200°C were observed by Wacht-
man and Maxwell, who interpreted them as
relaxation of shear stress on grain boundaries
accompanied by elastic deformation of grains.
At higher temperatures, Chang reported much
larger creep strain which he attributed to the
Nabarro-Herring vacancy diffusion mechanism.
Negative creep due to residual internal strains
from firing sintered corundum was observed by
Cahoon and Christensen. The residual strains
could be eliminated by annealing.

As variables in their creep-rate studies, Cahoon
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and Christensen also investigated various sources
of alumina, method of preparation, control,
amount of impurities and temperature.

Kronberg showed that plastic bending of sap-
phire, followed by heat treatment, results in
polygonization. That is, dislocations of the same
sign segregate and form plane walls perpendicu-
lar to the slip plane. May studied the kinetics
of this process over the range 1750-1850°C and
found an activation energy of 140 kcal/mole.
The modulus of rupture of both sapphire and
alumina were studied as a function of tempera-
ture by Jackson and Roberts. They found that
for single-crystal sapphire the modulus of rup-
ture passed through a minimum at 600°C and
returned to the room temperature value at
1000°C. The same minimum and subsequent rise
was found by Wachtman and Maxwell for single
crystals favorably oriented for plastic deforma-
tion. Crystals with unfavorable orientations
showed a much smaller rise. The results were
interpreted to mean that the increase in strength
at 1000°C over that at 600°C found by Jackson
and Roberts is associated with relief of stress
concentrations by small amounts of plastic
deformation.

Kiyoura and Sayta reported that CoO, NiO,
MgO and Cr 05 (2-59%) were especially effective
in increasing the transverse strength of sintered
alumina at 1000°C.

Webb and Forgeng produced small euhedral
crystals of alpha alumina by oxidizing aluminum
in wet hydrogen between 1300 and 1450°C.
These crystals were up to 10 mm long in the
form of tapered hexagonal needles from 1 to 50
microns thick and blade-shaped platelets from
0.5 to 10 microns thick. The growth process
appeared to involve aluminum suboxide. The
needles could be elastically bent to strains greater
than 29 before failing by brittle fracture. Drags-
dorf and Webb measured the lattice twist from
screw dislocations which accounts for the growth
mechanism. The position of the dislocations was
clearly shown by a capillary hole along the core.

Carnahan found that the contact angle of
liquid aluminum on alumina at 1243°C and
10 mm Hg pressure decreased to a steady value
of 60° in 20 minutes. On sapphire at 1201°C, the
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drops spread and then suddenly contracted to
a contact angle of 80°. The spreading and con-
traction were repeated cyclicly. This behavior
was explained by the reaction of the alumina
and aluminum to form aluminum suboxide gas.

Alpha alumina usually has surface area less
than 1 m 2/g and is, therefore, nonsorptive. How-
ever, a higher surface area form can be prepared;
Missouri diaspore after heating at 600°C had a
surface area of 85 m ?/g although the X ray
showed only alpha alumina (Russell and Coch-
ran). Schwiersch reported that such a product
had a lower refractive index than either beta
monohydrate or alpha alumina, and took this to
indicate a fine-grained porosity. Herold and
Dodd found that similarly heated diaspore had
an increased solubility in hydrochloric acid.
Knapp measured the internal surface of alpha
alumina by low-angle X-ray scattering to be
much larger than that found by gas diffusion
or vapor adsorption,

Additional information on the mechanical
properties of sintered alumina is in the work of
Desmarquest.

B. Beta and Zeta Aluminas

The beta aluminas are isomorphous compounds
containing small quantities of Na,O, KO or one
of the alkaline earth oxides. They have been
identified with varying contents of Na,0O (4.9 to
5.39%) and KO (6.8 to 7.5%). However, the
forms containing alkaline earth oxides apparently
are stoichiometric compounds. These include
MgO ° 11A1203, Ca0O- 6A1203, BaO- 6A]203 and
SrO- 6Al:0,. These phases have never been iden-
tified in nature.

Sodium oxide reacted with alumina at 900°C
to form beta alumina, and this product with
excess sodium oxide formed sodium aluminate at
1200°C (Yamauchi and Kato 1944). Gallup re-
ported that sodium beta alumina converted to
alpha alumina at 1300°C in vacuum or hydrogen,
but that 1650°C was necessary in air or argon.
According to Funaki, beta alumina was stable at
1700°C if it contained more than 5% sodium,
magnesium or calcium oxide. Brownmiller crys-
tallized potassium beta alumina from alumina
plus 3.59%, K,0 heated to 1550°C.
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Saalfeld investigated the effect of various
double fluorides on alpha alumina at elevated
temperatures. Molten cryolite and cryolite vapor,
potassium cryolite and the alkali iron hexafluor-
ides caused alpha alumina to be transformed into
beta alumina at about 1000°C.

Akiyama produced zeta alumina by adding
29 lithium oxide at 1700°C. Zeta alumina is
apparently formed when lithium ions occupy
vacant lattice sites of a spinel lattice (Smith and
Beeck). Little change in the basic lattice results.
Zeta alumina crystallizes in octahedra (Barlett).

Bor found that the beta alumina present in
corroded glass tank firebrick usually crystallized

in extremely thin, sharp-edged, perfect hexagons
embedded in glass. He pointed out that these
hexagons were often mistaken for alpha alumina,

The spectral distribution of the luminescence
from these aluminas with manganese activation
was reported in detail by Kroéger. Bragg found
no piezoelectric effect in sodium and magnesium
beta aluminas.

Sodium beta alumina is much softer than alpha
alumina, and penetrated plate glass only one-
fiftieth as much as fused alpha alumina in an
air-jet abrasion test (Ridgway 1933). Care is
usually taken to remove sodium from aluminous
abrasives.

TABLE 5

Electrical Properties of Alpha Alumina

Temp. °C l(z:lf::i‘gg Alumina Reference
14 101 Sintox Singer and Thurnauer

300 1.2-10% Sintered Gerdien

500 o Sapphire Linde Air Products Co.

800 3.5-108 Sintered Gerdien

600-900 108 Sintered Railton
1000 108 Sapphire Linde Air Products Co.
1000 2.5-108 Sapphire Wachtman and Maxwell (1954)
1000 1.0-108® Sapphire® Wachtman and Maxwell (1954)
1075 108108 Sintered Rogener
1214 106 ® Sapphire Seemann
1227 7.7-108 Sintered Wartenberg and Prophet
1231 106 ® Sapphire Seemann
1327 2.0-108 Sintered Wartenberg and Prophet
1400 1.3-10° Sapphire Wachtman and Maxwell (1954)
1400 5.0:100 @ Sapphire® Wachtman and Maxwell (1954)
1500 0.5-10¢ Sapphire Linde Air Products Co.
1600 5.2:108 Sintered Werner
1800 430108 ® Sintered Podszus
2000 108 Sapphire Linde Air Products Co.
®@Previously plastically deformed ® | c-axis ® | c-axis

®Lowest in hydrogen, intermediate in nitrogen, highest in vacuum

For additional resistance measurements see Arizumi and Tana, Miyazawa and Okada. Hensler and Henry found Cr.0;,
NiO and MgO to increase and SiO. to decrease resistivity of alumina,
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TABLE 5—(Continued)

Electrical Properties of Alpha Alumina

Phase Preparation Pi; ?gﬁ;t iI:)(r)xs s %:;Zg;ﬁf Reference

Amorphous. ......... ... Stock 49.6 20.6 Glemser

Alpha Trihydrate............... Fricke and Wullhorst 34.6 8.7 Glemser

Beta Trihydrate. ............... Fricke and Wullhorst 34.6 9.4 Glemser

Alpha Monohydrate............. Fricke and Severin 17.4 20.5 Glemser

Amorphots. ... ..o Heated 13 hr 600°C 21.4 9.3 Glemser

Amorphous. ... Heated 13 hr 800°C 9.6 Glemser

Amorphous. ...... ... Heated 13 hr 1200°C e 11.3 Glemser

Beta Trihydrate................ Heated 13 hr  600°C 0.88 13.1 Glemser

Beta Trihydrate................ Heated 13 hr 1000°C e 11.8 Glemser

Alpha Monohydrate............. Heated 13 hr  600°C 0.13 10.6 Glemser

Alpha Monohydrate............. Heated 13 hr 800°C 10.0 Glemser

Alpha Monohydrate............. Heated 13 hr 1000°C 10.0 Glemser

Alpha®. ... .. ... ool Synthetic or Corundum 12.3 Glemser

Alpha®. ... . ... ... oo .. Sintox 108 cycles/sec 9.6 Singer and Thurnauer

Alpha®. ... ... ...l Sintox 103 cycles/sec 10.0 Singer and Thurnauer

Property Conditions Values Alumina Reference

Dielectric Strength. . ...... 30 cycles/sec 0.48-10% v/em | Sintox Singer and Thurnauer

50 cycles/sec 0.82-10% v/cm | Sintox Singer and Thurnauer

Thermionic Emission,
T in °K, amp/cm?. .. ... ..

Secondary Electron
Emission................

Activation Energy for
Conductivity............

Activation Energy for
Electrical Breakdown.. ..

50 cycles/sec
<100 A Thick, 15°C, Vacuum
>100 A Thick, 15°C, Vacuum

30-500 microsecond Pulses
50/sec 1400-1900°C

2-10% v/em
11-108 v/cm
6108 v/em

Anodized Film
Anodized Film

47.0 T? exp.

11,600-2.70/T | C.P.

Max. of 3 at 10 micron thick
300 volts spectroscopic-
ally pure
2.38-2.50ev | ...
Sev

Ueda and Okada
Lomer
Lomer

Rueger

Shul’man and
Rozentsveig

Heldt and Haase

Miyazawa and Okada

®@See page 21.
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TABLE 5—(Continued)

Dielectric
Dielectric Dielectric Loss Tangent Dielectric® Tir?gS:nt
Temperature | Frequency Constant (Dissipation Factor) Constant (Dissipation
Factor)
Sapphire® Sapphire® Sintered Alumina®
°C Cycles/sec | | Optic Axis | | Optic Axis | | Optic Axis | || Optic Axis (99.9% ALOs)
25 102 9.34 11.55 0.000012 10.5 0.00066
103 9.34 11.55 10.5 0.00031
104 9.34 11.55 10.5 0.00011
105 9.34 11.55 10.3
8.5 x 109 9.34 11.55 0.00003 0.000086 9.6 0.00049
(0.00026)®
50 102 9.36 11.38 0.00001 0.000018 10.6 0.0015
103 9.36 11.358 10.6 0.00056
104 9.36 11.58 10.6 0.00019
105 9.36 11.58 10.6 0.0001
8.5 x 109 9.36 11.38 0.000032 0.00009 9.7 0.0003
(0.00027)
100 102 9.41 11.68 0.00002 0.000038 10.7 0.008
103 9.41 11.68 0.00001 10.7 0.002
104 9.41 11.68 10.7 0.00059
103 9.41 11.68 10.7 0.00029
8.5x 109 9.41 11.68 0.000036 0.000096 9.7 0.00053
(0.00028)
200 102 9.53 11.87 0.00012 0.00017 12.0 0.20
103 9.33 11.87 0.000036 0.000034 10.8 0.033
104 9.53 11.87 0.000012 0.00001 10.8 0.0067
105 9.53 11.87 10.8 0.0018
8.5 x 100 9.53 11.87 0.000047 0.00011 9.8 0.00062
(0.0003)
300 102 9.65 12.09 0.000062 0.00066 21.6 1.4
108 9.65 12.09 0.00023 0.00015 12.8 0.33
104 9.65 12.09 0.000078 0.00005 11.2 0.06
108 9.65 12.09 0.000037 1.1 0.012
8.5x 109 9.65 12.09 0.000062 0.00013 9.9 0.00076
(0.00034)
400 102 9.82 12.35 0.0033 0.003 100 1.03
108 9.78 12.3 0.001 0.0009 21.5 i.17
104 9.78 12.3 0.00036 0.0003 13.1 0.30
108 9.78 12.3 0.00018 11.3 0.062
8.5x 109 9.78 12.3 0.00008 0.00014 10.0 0.001
(0.00039)
500 102 10.02 12.7 0.026 0.015 257 0.83
108 9.95 12.55 0.0035 0.0035 69 1.10
104 9.92 12.55 0.0012 0.0017 19.0 0.90
105 9.92 12.55 0.00056 0.0011 13 0.24
8.5x 109 9.92 12.55 0.000093 0.00015 10.1 0.0016
(0.00048)
600 102 10.55 13.15 0.23 0.16
108 10.17 12.83 0.032 0.021
104 10.07 12.83 0.0054 0.0036
105 10.07 12.83 0.0011 0.0017
8.5x 109 10.07 12.83 0.00013 0.00017 10.2 0.003
(0.000062)
700 108 13.15
104 10.26 13.13
10 10.26 13.15
8.5x 109 10.26 13.15 0.00021 0.00019 10.3 0.0059
(0.00093)
800 8.5 x 109 10.40 13.30 0.00043 0.00021

®Data from MIT Technical Report 126; von Hippel (1958).
®Values in parentheses were obtained from a different sample of sintered alumina.

®All measurements of sintered alumina at 8.5 x 10% were made with electric field perpendicular to the direction of proc-
essing. At other frequencies the field was parallel.
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De Pablo-Galan and Foster investigated the
alumina-rich portion of the system Na,O-Al,O;-
SiO;. The results of their studies also confirmed
the status of beta alumina as a discrete com-
pound, and were believed to justify the insertion
of an additional tie line, linking beta alumina to
carnegieite, in the soda-alumina-silica diagram.

Smith and Beeck suggested the use of calcium
beta alumina as a thermostable catalyst support,
but it is doubtful that this material has had ex-
tensive commercial application. Yamanouchi and
Kato suggested the use of sodium beta alumina
in glass-melting crucibles.

CALCINED AND TABULAR ALUMINAS

Many branches of technology owe much to
the development of aluminas to meet and antici-
pate exacting requirements. Rigid demands are
placed upon aluminas for high-temperature re-
fractories, mechanical ceramics, abrasives and
metal-working tools, electronic ceramics, and
ceramics for missiles.

The use of alumina for these various purposes
is growing at a phenomenal rate. High-alumina
ceramics have excellent mechanical strength,
high thermal conductivity, extremely good di-
electric properties, and a particularly low dielec-
tric loss factor at high temperatures. Alumina
ceramics are dense, hard, abrasion resistant,
highly resistant to chemical attack, and can be
readily metallized for ceramic-to-metal seals.
Without doubt, one of the most significant con-
tributions to this growth is the continuing avail-
ability of high-purity, low-cost aluminas.

In addition to its widely expanded use in high-
alumina porcelain for spark plugs, one of the
more glamorous applications of alumina is the
production of bodies for radio, television, mili-
tary communication and radar tubes. In fact,
these are used wherever high voltages and high
frequencies must be handled because of out-
standing dielectric characteristics and high-
temperature stability of ceramic aluminas.

The abrasive industry is one of the largest
consumers of calcined alumina. Bayer aluminas
are processed to obtain a wide variety of grits
and powders for grinding and polishing, and for
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the production of grinding wheels and cutting
tools. Some of the requirements of a good cutting
tool are extreme hardness, good strength and
wear resistance. It must be resistant to high
temperatures and must be made available at a
reasonable cost. In the last few years alumina
compositions, that meet all these requirements
and can be formed into dense bodies, have been
developed from an experimental product into a
commercial reality.

Aluminas are finding other applications in
fabricating practices, particularly in ceramic
parts of mechanical equipment in which metal
cannot stand the high temperatures, abrasion
and corrosive conditions involved.

More and more alumina is being required in
the production of high-temperature refractories.
Substantial amounts of alumina are used, not
only in making large fused blocks and refractory
brick, but also in the production of castable
refractories for service at high temperatures.

As a refractory, ceramic alumina is also finding
further application, as radomes, rocket nose-
cones, jet-engine linings and orifices subjected
to high temperatures, corrosion and erosion.

Alcoa Aluminas satisfy the requirements for
the manufacture of the numerous ceramic, refrac-
tory and abrasive products now in demand.
Alcoa Calcined Aluminas, Alcoa Tabular Alumi-
nas, and Alcoa Low-Soda Aluminas are com-
mercial products, readily available in several
grades. The various properties and uses of each
of these specific aluminas are covered in more
detail in the following descriptions and tables.

A. Commercial Forms and Uses

Alcoa Series A Calcined Aluminas are prepared
by sufficiently high-temperature calcination of
Bayer process hydrate that the surface area cre-
ated at low temperatures is largely destroyed.
The particles are more or less firmly bonded
aggregates of small ultimate crystallites (Figure
1) whose size, shape and rate of growth on sub-
sequent heating must be controlled for many
applications. They are made in a variety of
grades. The principal use of Alumina A-1 is in
the manufacture of fused alumina abrasives.
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Smaller tonnages are used in enamel, porcelain
and glass mixes, high-temperature refractories
and as a constituent of the slag in alloy steel
production. Alumina A-2 is more highly calcined.
It has uniform fine particle size and low shrink-
age on firing. It grinds readily. Alumina A-3 is a
high-porosity alumina, whose shrinkage on heat-
ing is reasonably uniform and greater than A-2.

Their principal uses are in low-cost electrical
insulators, electrical supports, kiln furniture for
china and pottery, for improving the strength of
refractories and refractory clays, and for the
manufacture of abrasive products. Alumina A-3
is a specially calcined alumina having more
sharply defined plate-shaped crystals. Aluminas
A-10 and A-14 are low-soda aluminas prepared
‘especially for high-grade ceramic shapes and for
electrical insulators such as spark plugs (Figure 2)
where alkalinity impairs dielectric properties.
A-10has more soda than A-14 but has less shrink-
age on firing.

Smothers and Reynolds measured shrinkage,
grain size and specific gravity of A-10 containing
19, additives after heating at 1300, 1400 and
1700°C. Bogoroditskii and Polyakova studied
the dielectric properties of various crystal modi-
fications of alumina. The low dielectric losses for
corundum are explained by the ionic and elec-
tronic polarization in the crystals, whereas in
the beta modifications structural polarization
seems to predominate, owing to the loose lattice
of the crystals. Variation in the dielectric prop-
erties of alumina ceramic materials is attributed
to the formation of beta alumina during an
oxidizing calcination. When calcined under re-
ducing conditions, the beta modification is con-
verted to the alpha, and the impurities are either
volatilized or changed to a vitreous phase.

Austin found that the use of alumina in ceram-
ic whiteware bodies improved their properties.
Geller (1946) studied binary and ternary mix-
tures of alumina with other oxides and the use of
these mixtures as porcelains.

Alcoa Tabular Alumina is massive sintered
alumina that has been thoroughly shrunk and
has coarse, well-developed alpha alumina crys-
tals. The crystals bear no relation to the original
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trihydrate particles. The principal applications
of Tabular Alumina T-60 include high-tempera-
ture refractories, bricks, glass tank blocks and
burner tips, where the presence of some soda is
not objectionable and where high density and low
porosity are important. Tabular Alumina T-61,
a grade with lower soda content, is used in large
tonnage for the production of electrical insulators
and low-porosity catalyst supports. Tabular
Alumina T-71 has porosity in the range of 30-
509, and even higher porosities can be made.

Tabular Alumina Balls T-160 are rough and
they may have spherical laminations, chips,
cracks and other imperfections. They are not
suitable for such dynamic uses as pebble heaters
and grinding balls. Tabular Alumina Balls T-162
have a smooth surface and are suitable as cata-
lyst reactor and desiccant bed supports or for
ballast where exposed to high temperature or
severe corrosive conditions. Possibility of cata-
lyst contamination from these balls is very small
because of their high chemical purity and inert-
ness. They have reasonably good heat shock,
mechanical shock and abrasion resistance. Tabu-
lar Alumina Balls T-164 (Figure 3) have a smooth
surface and have excellent thermal and mechan-
ical shock resistance as well as very good resist-
ance to abrasion. They make excellent grinding
balls. Commercial use of T-164 balls in pebble
heaters where temperature cycles go from a high
of approximately 2600°F to a low of about 400°F
has demonstrated that there is an insignificant
loss from spalling and a very low loss from
abrasion.

B. Refractories

Refractories containing up to about 709, ALO;
can be made from diaspore clay blended with
flint or plastic clay (Harbison-Walker). There is,
however, increasing interest in higher alumina
refractories. Large tonnages of calcined bauxite
or Alcoa Tabular Alumina are used to improve
the properties of fireclay refractories. One im-
portant reason for the preference for high-alumina
refractories is evident from the alumina-silica
phase diagram (Figure 4). With less than 729
AlOs, a eutectic liquid melting at 1595°C is en-
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Left—Alumina A-2
Unground Grain
Magnification 75X

Right—Alumina A-2
Ultimate Crystals
Magnification 500X

Left—Alumina A-3
Unground Grain
Magnification 75X

Right—Alumina A-3
Ultimate Crystals
Magnification 500X

Left—Alumina A-5
Unground Grain
Magnification 75X

Right—Alumina A-5
Ultimate Crystals
Magnification 500X

Fig. 1—Micrographs of Particles and Ultimate Crystallites of Alcoa Calcined Aluminas
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Left—Alumina A-10
Unground Grain
Magnification 75X

Right—Alumina A-10
Ultimate Crystals
Magnification 500X

Left—Alumina A-14
Unground Grain
Magnification 75X

Right—Alumina A-14
Ultimate Crystals
Magnification 500X

Fig. 1 (Continued)—Micrographs of Particles and Ultimate Crystallites of Alcoa Calcined Aluminas

countered. Bayer alumina is used to produce
synthetic mullite and also to increase the mullite
content produced from natural mineral sources.
In the higher alumina range, the lowest melting
phase is at 1825°C, and the useful range of the
refractory increases steadily as the alumina con-
tent is increased (Figure 5). Refractories of 90 to
99% AlO; are used where especially high tem-
peratures are encountered, as in the burners of
rapid-combustion furnaces (Chesters). Fused alu-
minas, as well as sintered and calcined, are used
in refractories of this type. Solid blocks of alu-
mina formed by casting the fused material with
added soda (beta alumina) or chromic oxide find
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wide application in glass tank construction.
Castable refractories comprised of Alcoa Tabu-
lar Alumina bonded with a hydraulic-setting cal-
cium aluminate cement or with phosphoric acid
are recelving increased attention. Pure calcium
aluminate cement produced from alumina ex-
tends the range of refractories beyond 1650°C.
Calcined bauxite, Alcoa Tabular Alumina or
other suitable refractory material may be used as
the grog. Cal-Tab® is a high-quality castable
refractory, made from Alcoa pure calcium alumi-
nate cement with Alcoa Tabular Alumina as the
grog. Refractory castables composed of sintered
alumina bonded with phosphoricacid, Phos-Tab,®
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Fig. 3—Alcoa Tabular Alumina Balls

T TABLE ¢
Fig. 2—Spark Plug Body
Magnetic Susceptibility of Aluminas

Units of 10-%; Data of Selwood

also have been developed (Gitzen). These cast-

ables.are matured at 343°C and are characteriged é{f&i&arrype o :8%2
by high bond strength and remarkable erosion Alpha Monohydrate......... ~0.37
. ) id Alpha Trihydrate........... —0.43
resistance over a wide temper'ature range. Beta Trihydrate, ...... .. ... —0.46
Another type of refractory is made from alu-
mina bubbles. Fused alumina is poured from the See also Rao and Leela for more values
electric furnace so that the molten stream flows on alpha alumina.

Pascal found partially dehydrated alpha
trihydrate nearly identical with alpha

alumina.
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past an air jet. The bubbles thus produced are
bonded and pressed into lightweight bricks. The
bubbles may be used to make an insulating cast-
able refractory (Parché).

C. Abrasives

Advantage is taken of the extreme hardness of
alpha alumina in many grinding, buffing and
polishing operations. In general, fused alumina
abrasive wheels are used for grinding materials of

high tensile strength, and silicon carbide wheels
are used on materials of low tensile strength. The
fused alumina may be one of the following types:
regular grain (29, TiO,), high-titania grain (39
TiOy), finely crystalline grain and pure white
grain. Most grinding operations use the regular
grain. The tougher, high-titania grain is used in
wheels for heavy stock removal and in coated
abrasive products. The finely crystalline type is
used for lighter grinding. The more porous-

TABLE 7

Mechanical Properties of Alpha Alumina
25°C Unless Otherwise Noted

Property Conditions Values, psi Alumina Reference
Elastic Constants. .. .. Cy; 68.6+108 Corundum Rao; Bhimasenachar
‘ Ciz 18.3-108 Corundum Rao; Bhimasenachar
Cis 17.0-108 Corundum Rao; Bhimasenachar
Cus 14.1-108 Corundum Rao; Bhimasenachar
Cis 81.6-108 Corundum Rao: Bhimasenachar
Ciys 34.3-108 Corundum Rao; Bhimasenachar
Young’s Modulus......| ........ 66108 Corundum Rao
........ 49-108 Sintered Ryshkewitch (1942)
........ 74108 Sapphire Ryshkewitch (1942)
........ 51108 Sintered Schwartz
800°C 48-108 Sintered Schwartz
1000°C 37.108 Sintered Ryshkewitch (1942)
1300°C 28108 Sintered Schwartz
1500°C 20-10¢ Sintered Ryshkewitch (1942)
30° to c-axis 55-108 Sapphire Seemann
45° to c-axis 51-108 Sapphire Seemann
60° to c-axis 50-108 Sapphire Seemann
75° to c-axis 56-108 Sapphire Seemann
Compressive Strength.] ........ 240,000 Sintox Singer and Thurnauver
........ 300,000 Sapphire Seemann
........ 420,000 Sintered Ryshkewitch (1941)
1000°C 130,000 Sintered Ryshkewitch (1941)
1500°C 14,000 Sintered Ryshkewitch (1941)
Tensile Strength. .....| ........ 21,000 Sintered Schwartz
20°C 37,400 Sintered Ryshkewitch (1941)
800°C 19,500 Sintered Schwartz
800°C 33,900 Sintered Ryshkewitch (1941)
1300°C 11,600 Sintered Schwartz
1300°C 6,400 Sintered Ryshkewitch (1941)
1400°C 7,300 Sintered Schwartz
1400°C 4,200 Sintered Ryshkewitch (1941)
1460°C 1,500 Sintered Ryshkewitch (1941)
1500°C 0 Sintered Ryshkewitch (1941)
30° to c-axis 100,000 Sapphire Seemann
45° to c-axis 78,000 Sapphire Seemann
60° to c-axis 65,000 Sapphire Seemann
75° to c-axis 94,000 Sapphire Seemann
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TABLE 7——(Continued)
Mechanical Properties of Alpha Alumina

25°C Unless Otherwise Noted

Property Conditions Values, psi Alumina Reference
Bending Strength. .. .. Plates 44,300-115,600® Corundum Klassen-Neklyudova
24,000-36,000 RAE Roberts and Watt
sintered®
1000°C 16,000-22,000 Sapphire Roberts and Watt
25°C 37,0000 28,000 Sapphire Roberts and Watt
1000°C 43,0000 32,000® Sapphire Roberts and Watt
Plane® Direction®
24° 25° 43,000-131,000 Sapphire Wachtman and Maxwell
45° 46° 94,000-155,000 Sapphire Wachtman and Maxwell
51° 55° 17,000-50,000 (540°C) | Sapphire Wachtman and Maxwell
Modulus of Rigidity . .. 27-108 Sapphire
Poisson Constant. . . .. 25-1000°C 0.320 Sintered Ryshkewitch
1400°C 0.45® Sintered Ryshkewitch
Volume Change®. . ... 0.00355® Sapphire Bridgman
Impact Strength...... 43,000 Sintered Moore
Torsion Strength......| 800°C 27,000 Sintered Stavrolakis and Norton
1000°C 24,000 Sintered Stavrolakis and Norton
1150°C 16,000 Sintered Stavrolakis and Norton
1300°C 11,000 Sintered Stavrolakis and Norton
1500°C 3,400 Sintered Stavrolakis and Norton
Tension, | Duration
Temep. psi ’ hr
Creep Strain.......... 1300°C e .. Observable Sintered Stavrolakis and Norton
1000°C 7,200 402 |<10-102% RAE Roberts and Watt
sintered®
1000°C | 20,000 769 1-102% AE Roberts and Watt
sintered®
1000°C | 15,100 77 0.49% Sapphire Wachtman and Mazwell
1000°C | 12,000 431 1.529% Sapphire Wachtman and Mazwell
1100°C | 17,100 95 .08% Sapphire Wachtman and Maxwell
1100°C | 13,100 431 2.06% Sapphire Wachtman and Maxwell
1200°C | 12,100 53 0.7% Sapphire Wachtman and Maxwell
1300°C | 7,250 3 2.34% Sapphire Wachtman and Maxwell
1300°C 8,620 44 32% Sapphire Wachtman and Maxwell

®Optic axis 1 length of test piece. Bent in plane of optic axis
®Optic axis | length of test piece. Bent 1 to plane of optic axis
®Four-point loading. Angle between rod axis and slip

®10,000 kg/cm? (142,200 psi)

®Heating 1500-1900°C followed by slow cooling increased strength

®No units

@Specific gravity 3.48—3.82
®Specific gravity 3.61
®Specific gravity 3.78

grained (from soda in the Bayer alumina) friable
white type is desirable for a freer and cooler
cutting action as in grinding hard, heat-sensitive,
high-alloy tool steels (Parché). By petrographic
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techniques, Baumann showed high-titania alu-
mina made from bauxite to be characterized by
large crystalline areas of alpha alumina with
slag-like inclusions of siliceous groundmass and
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numerous included microcrystals of titanium and
aluminum compounds. The toughness of the
abrasive grain was ascribed to this residual
matrix. Yamaguchi and Tanabe said that Bayer
process alumina calcined at 1100 to 1250°C mixed
with fatty acid was a good metal-finishing
abrasive. Cannon suggested the use, in a uni-
versal metallographic polishing method, of 0.3-

micron alpha alumina and 0.03-micron gamma-
type alumina.

Russell and Lewis emphasized the tremendous
range of abrasive properties available with alumi-
nas derived from the Bayer process and gave
values for their abrasive action. Typical proper-
ties of Alcoa Calcined Aluminas and Alcoa Tab-
ular Aluminas are shown in Table 11. Alcoa

TABLE 8

Mineralogical Properties of Aluminas

Index of Refraction ng
Phase Claegzgv- Brittleness H;\fgﬁss Luster Reference
@ B8 ¥ Average
Alpha
Trihydrate. ..| 1.568 1.568 1.587 | ...... (001) Tough 214 to 314 Pearly Dana
Perfect Vitreous
Beta
Trihydrate.. .| ...... [ ... | ... 1583 | Montoro
Alpha
Monchydrate.| 1.649 1.659® 11,665 | ...... 010y | .oooviiit Agtod o Ervin and Osborn
Bonshtedt-
Beta Kupletskaya
Monchydrate.| 1.702 1.722 1.750 | ...... (010)® Brittle 615 to 7 Brilliant Dana
Perfect Pearly
€ @ Average
Alpha®. .. ... 1.7604 1.7686 | ... ..... None® | Tough when 9® Pearly Dana
compact Adamantine
Sodium Beta.|1.635-1.650,1.676 | ........ | .. ..ol oo Rankin and Merwin
Magnesium
Beta......... 1.629 166516800 ... ..o ) e e e ] e Rankin and Merwin
Barium Beta.| 1.694 1.702 1 o e Toropov
Lithium Zeta.| ......... | ......... 1.735 o e Kordes
Transition...{ ......... | ... ... 1,696 | .o e Hansen and
Brownmiller
EBta..........) oo 1.539-1.65 | oo | o Thibon
Theta........| coooeooi bl 1.66-1.67 | ... | oo Thibon
Kappa........f ..o oo 1.67-1.69 | ..o | o e Thibon
Tota.........] oo 1.604 | oo e Foster, P.A.
101.0 A

®Chromatic Dispersion eggi — €ammi = wuai — Wessa = 0.011 (Seemann). N, along optic axis = 1.74453 +

(Kebler) (3600—6600 A)
®Knoop hardness 1525-2000 sapphire (Seemann)
®Conchoidal fracture
®Value in Ervin and Osborn is misprint

29

A—1598 &



ALCOA

RESEARCH

LABORATORIES

Tabular Aluminas were as abrasive as fused
alumina in air-jet abrasion tests, but certain of
the hydrates and partially calcined aluminas
were essentially nonabrasive.

D. Sintered Ware

Fully sintered alumina is characterized by con-
siderable chemical inertness (Table 9). Concen-
trated H,SO;, HCl, HNO;, H;PO, and 209%
NaOH at their boiling points did not dissolve
more than 0.029, of a 30 x 35 mm crucible in a
six-hour treatment. Forty per cent hydrofluoric
acid caused a weight loss of 0.089], (Winzer).

A comprehensive investigation by Jaeger and
Krasemann of the resistance of sintered alumina
crucibles (Degussa) to corrosion greatly extended
the earlier work. Weight loss values from multiple
tests were given in many instances. Alumina cru-
cibles may be cleaned safely with sea sand, hy-
drochloric acid or chromic-sulfuric acid; pyro-
sulfate or 339, caustic must be used with care
since some weight loss will occur. The crucibles
lost little weight on successive heating. However,
in many cases after treatment with acid (espe-
cially with 1:1 hydrochloric acid) the crucibles
shattered or broke off lens-shaped pieces on sub-
sequent heating. This was not prevented by long
drying at 120°C, but it was avoided by “stabi-
lized crucibles.” Borax gave a special polishing
action on the surface. The most aggressive melt
was Na,O followed by Na:5:07, Na,Os and KOH,
Na,CO; + KNO;, Na,COs 4+ S, NaOH, Na,COs,
K:oCO; and NaKCO;. The results on ashing pre-
cipitates were as follows:

No Small Strong

Adherence Adherence Adherence

Si0. Fe,0O; MnS

A]zOg Crgo,g CUS

BaSO4 CaSO4 Mg2P207

CaO

BeO

Sl’lOg

ZnO

Graphite

Alumina laboratory ware with excellent resist-
ance to chemical reagents is now being marketed.
Alumina can be freed of gas only by heating in a
vacuum system at temperatures over 1000°C.
Highly sintered laboratory ware is vacuum tight
(Stott 1938).

Alumina filters can be made by partial sinter-
ing of alumina (Deadmore) and extraction thim-
bles are commercially available. Ryschkewitch
(1939) pointed out that a capillary hole in alu-
mina retains its original dimensions after firing.
Porous media for filters and diffusers are made
from ceramic-bonded, fused alumina granules
(Parché).

Uses of high-alumina (80 to 959, Al;O;) bodies,
employed for their electrical properties, include
insulators, printed circuit bases, condenser
shafts, capacitor and resistor cores, vacuum tube
spacers and radomes. Use is made of their
mechanical and chemical properties in many
wear-resistant parts, such as pump liners, ball
mill liners, bearings, high-density grinding balis,
agitators exposed to chemical action and cutting
tools. Their high-temperature mechanical prop-
erties are utilized in jet engines, rocket nozzles,
recoilless rifles, brake liners for aircraft, thermo-
couple and pyrometer tubes and in many furnace
and burner applications.

All ceramic forming processes can be applied
to alumina. These include plastic extruding, dry

G. B. Remmey American Ceramic Society

Fig. 5—Photograph Showing 91% Alumina Resting on 99%
Alumina Brick and 99% Alumina Sample on the Right

After Heating Five Minutes at 1927°C (3500 °F)
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TABLE 9

Resistance of Sintered Alumina to Attack by Oxides and Elements

Oxide Results Reference
Alkaline oxides.......... No effect Singer and Thurnauer
Beryllium oxide. . ....... Reacts with alumina at 1900°C Jaeger and Krasemann
Carbon dioxide.......... No attack Singer and Thurnauer
Ironoxide............... Attack Singer and Thurnauer
Leadoxide.............. Attack Singer and Thurnauer
Magnesium oxide........ Forms spinel with alumina over 1700°C Jaeger and Krasemann
Manganese oxide. .. ..... Attack Singer and Thurnauer

Potassium hydroxide. . . .
Silicates................

Thorium oxide...........
Tungsten anhydride. . . ..
Uranium oxide...........
Zirconium oxide.........

Less aggressive than sodium oxide
Some are harmful, many glasses can be melted in alumina

Aggressive attack when heated by Bunsen burner but can be
handled in alumina at 1350°C

No attack after 24 hours at 150 atmospheres
Reacts with alumina at 1900°C

Attack

Reacts with alumina at 450°C

Can employ alumina underplate at 1900°C

Jaeger and Krasemann
Singer and Thurnauer

Jaeger and Krasemann
Singer and Thurnauer
Jaeger and Krasemann
Singer and Thurnauer
Gmelin, Al [B] 97
Jaeger and Krasemann

Element Results Reference
Alkalis.................. Resistant to melts Singer and Thurnauer
Aluminum............... Forms ALO at 1100°C; AlO at 1600°C Hoch and Johnston
Antimony............... No attack Jaeger and Krasemann
Beryllium............... Inert to 1600°C Economos
Bismuth............. ... Resistant to 1400°C Reed

Calcium, Strontium,
Barium. .. ............

Gallium.................
Hydrogen...............
Iron, Cobalt, Nickel... ..

Magnesium..............
Manganese..............
Mereury................
Molybdenum, Tungsten. .

Nitrogen................
Palladium...............
Phosphorus, Arsenic. . ...
Platinum................

Inert to boiling points

Reduction above 1700°C

No attack at high temperatures except with carbon present
Wetting at 1650°C in reducing atmosphere

Attack at 1700°C

Inert to 1000°C

Darkens on heating. Not reduced at melting point

Can be melted in alumina in hydrogen atmosphere
Wet alumina at 1600°C in air

No reaction at melting point

Reacts with molten melt. Poor resistance at 600°C

No attack on alumina at melting point

Prepared at high purity by vacuum distillation from alumina
No reaction at 300°C

No reaction with molten alumina. Alumina used to support mo-
lybdenum heating wires becomes gray

No attack

Can be melted in alumina in air. Attack at 1200°C in hydrogen
No attack even at moderately high temperature

Can be melted in alumina

Jaeger and Krasemann
Jaeger and Krasemann
Singer and Thurnauer
Blackburn

Winzer

Kelman

Jaeger and Krasemann

Jaeger and Krasemann
Blackburn

Kelman

Winzer; Kelman
Jaeger and Krasemann
Jaeger and Krasemann
Kelman

Jaeger and Krasemann
Jaeger and Krasemann
Jaeger and Krasemann
Jaeger and Krasemann
Jaeger and Krasemann
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TABLE 9—(Continued)

Element

Results

Reference

Melts react
Resistant at 900°C

Sulfur, Selenium......... No attack
Thorium................ No reaction
Tin................ ... No reaction at 1000°C

atmospheres to 1500°C
No reaction to 1200°C

Resistant at 500°C. Attack at 600°C

React at 1400°C. No reaction with titanium in vacuum or reducing

Jaeger and Krasemann
Reed

Kelman

Jaeger and Krasemann
Jaeger and Krasemann
Reed

Economos
Jaeger and Krasemann

and semi-dry pressing, plastic molding and slip
casting. Conventional organic binders and plasti-
cizers as well as thermoplastic and thermosetting
resins are employed in extruding, pressing and
molding processes. Blackburn dry pressed alu-
mina tile at 5000 psi from -325 mesh Alcoa Tabu-
lar Alumina T-61 using 59, of a water solution
containing 19, polyvinyl alcohol as a temporary
binder. The tile was sintered at 1316°C and fired
one hour at 1982°C. Directions for slip casting
and firing alumina laboratory ware were pub-
lished by Hauth, Watt, Roberts, Carruthers,
Scott, Stott, Thompson and Mallett, and Yamau-
chi and Kondo. Lecuir suggested that sintering
was improved by coating the pure oxide grains
with an organic material such as urea. Casting
slips are made by suspending enough very finely
ground alumina to give a specific gravity of 3.0
in hydrochloric acid solution (pH 3) or a basic
solution (pH 12), but casting slips near neutral
pH are also feasible. Alumina can be ball milled
dry or in aqueous media. The slip is poured into
a plaster of paris mold where it gradually solidi-
fies as the water is absorbed. The bodies are then
dried and fired. They can be given a final shaping
if necessary after drying or after heating at about
1000°C. Ernst and Wartenberg reported that
crystallites in sintered alumina articles have their
c-axes perpendicular to the surface.

Normally, the first stage in making sintered
ware is to grind the alumina substantially to
complete disintegration of the grain into ultimate
crystals. Carruthers and Gill showed that alu-
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mina derived from alpha trihydrate calcined at
1200°C broke down by attrition of loosely bound
crystallites from the surface. For higher calcina-
tion temperatures, the crystallites appeared to
be larger and more firmly held together and
crushing became the important mechanism. The
packing density of the calcined hydrates increased
over the first few hours grinding, but in some
cases diminished again as grinding was prolonged.
Aluminas derived by calcining commercial alpha
monchydrate increased in packed density more
rapidly than did those from alpha trihydrate and
did not cake so readily during milling.

General Electric Research Laboratories de-
veloped a polycrystalline alumina ceramic called
Lucalox. This ceramic withstands heat better
than quartz and, unlike ordinary ceramic, is
very translucent. This material is stable up to
3600°F. Production of Lucalox calls for extremely
fine-grain, high-purity AlLQOj;; and during proc-
essing all of the pores must be eliminated.

E. Sapphires

Transparent, water-white alpha alumina single
crystals are called sapphires. Additions of up to
8 mol per cent Cr,O; produce a pink to deep red
color, changing to green with more Cr:Q;. At 8
mol per cent Cr0;, isolated Cr® ions contact
neighboring Cr? ions in the alumina lattice and
cause abrupt changes of properties (Thilo). Shub-
nikov discussed the influence of impurities on
properties of synthetic corundum crystals. Crys-
tals containing small amounts of iron oxides and
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TABLE 1¢

Infrared Spectra of Aluminas

microns
Phase OH-Stretch OH-Bend Unassigned Al-O Stretch Reference
Alpha Trihydrate....|2.765(m), 2.842(s), {9.85(vs), 10.37(m) | 11.0(w), 12.1* 13 .48(s) PFrederickson
2.917(vs), 2.960(m), 12.58(s) Hannah
2.975(s)
Beta Trihydrate..... 2.830(m), 2.842(m), |9.84(s), 10.25(s) 11.6{m), 12.3(m)* 12.88(s) Frederickson
2.895(m), 2.940(m) 13.9(m)* Hannah
Alpha Monohydrate..| 3.065(s), 3.247(s) 8.75(m), 9.35(s) 13.5(s) Frederickson
Hannah
Beta Monohydrate. ..| 3.42(vs), 4.27(m), 9.35(s), 10.42(s) 13.89(vs) Cabannes-Ott
4.73(m), 5.04(m) :
Alpha Alumina...... 15.58(m), 16.61(s) 13.16(vs) Hannah
17.89(m), 20.41(w) Kolesova
22.21(s)
Alumina “Gel’”. ..... 8.5,8.3,9.8 6.9, 7.7 13.5 Imelik (1954)
10.7,12.3
Anodic Oxide........ 4.15 8.4-8.7 10.2-10.6 Fichter
m=Medium intensity s=Strong vs=Very strong *=Shoulder w=Weak

titania are generally known as blue sapphires.
By adding less than 19} titania, a star effect
emerges (Figure 6) by precipitation of fine needles
along prominent crystallographic planes of the

Fig. 6—Linde Synthetic Star Sapphire
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crystal during heat treatment of the boule at
1100 to 1500°C. Cutting and polishing en caba-
chon (dome shaped) with the c-axis of the crystal
normal to the flat base of the stone is required.
Disks up to 5-in. diameter and rods up to 0.29-in.
diameter are produced commercially by Linde
Company employing a modified Verneuil flame
process with high-purity ammonium alum pow-
der as the starting material. Splitting along a
principal plane or annealing the boules at 1950°C
relieves strain and permits them to be sawed and
drilled without fracturing. The rod can be bent
into a helix and flame polished. Industrial uses
include bearings, precision gages, guides, styli,
ball points for pens, orifices, optical parts and
electrical insulators. The synthetic materials sell
for about 1¢ per carat (Seemann).

TRANSITION ALUMINAS

Transition aluminas are encountered in the
moderate calcination of some aluminum com-
pounds, alumina hydrates (with the exception
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TABLE 11

Typical Properties of Calcined and Tabular Aluminas

Calcined Aluminas®
Chemical Analysis, %

A-1® A-2 A-3 A-5 A-10 A-14
ALOs. oo 99 99 99 99 99.5 99.6
NagO. .o 0.50 0.50 0.50 0.50 0.10 0.04
FeOso oo 0.04 0.04 0.04 0.04 0.04 0.04
SiOs. . v 0.025 0.025 0.025 0.025 0.05 0.06
Loss on Ignition 1100°C.................. 0.75 0.30 0.50 0.30 0.15 0.15
Water Adsorbed at 50% Humidity....... 1.25 0.10 1.00 0.10 0.10 0.10
Alpha Alumina Content, %................ -+90 80 +90 +95 +95

Physical Properties

Bulk Density, Packed, Ib/fts............. 68 68 68 63 80 83
Bulk Density, Loose, Ib/ft8, . ............ 55 52 55 48 60 63
Specific Gravity..............oiiiin... ~3.7 3.7-3.9 3.6-3.8 3.7-3.9 3.8-3.9 3.8-3.9
Ultimate Particle Diameter, microns. ... . <35 0.8 5-15 4-15 2-5
Ultimate Particle Thickness, microns. . . . R <0.5 0.2 1 2 1
Surface Area, m2/g...................... 20-70 0.4 5 0.4 0.1 0.2
Pore Volume, ml/g...................... ~0.25 0.25 0.26 0.12
Pore Diameter, A. . ..................... ~1,000 15,000 e 20,000 15,000 e
Shrinkage in 1 hr at 1800°C, %........... ~22 16-18 20-22 16-18 14-16 16-18

®Screen Analysis, %: +100 mesh=2-6; 4200 mesh=50-70; +325 mesh=88-96; —325 mesh=4-12
®Specifications permit wide tolerance in physical properties

of beta alumina monohydrate), in the hydrolysis
of amalgamated aluminum and aluminum alco-
holates, and in the oxidation of aluminum. None
of these has been identified in nature or in hydro-
thermal equilibrium experiments. The X-ray
patterns are in some cases diffuse and similar.
The morphology of the crystals is strongly in-
fluenced by the starting materials. For these
reasons, many workers (e.g., Ginsberg, Hiittig,
Strunk-Lichtenberg) have considered these phases
to represent increasing degrees of crystallinity
or various orientations of the crystallites.
There is increasing warrant from other investi-
gations for designating distinct phases in the
dehydration sequences of the alumina hydrates.
Foster and Stumpf noted that the end product of
the gallia transition sequence was jsomorphous
with theta alumina. Roy (1953) identified a gallia
phase which was isomorphous with kappa alu-
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mina and formed a complete series of solid solu-
tions with it. These workers established a similar
series of solid solutions between theta alumina
and a gallia isomorph. Kohn established theta
alumina as a distinct polymorph of alumina.
Caglioti and D’Agostino produced a transition
alumina by blowing a stream of air rapidly
through molten aluminum. Eta alumina is formed
from the oxidation of aluminum at temperatures
near the aluminum melting point (Hunter and
Fowle), as well as in electrolytic oxidation of
aluminum under some conditions. Kimberlin and
Gladrow prepared eta alumina by hydrolyzing
aluminum alcoholates followed by 20 to 65 hours
aging. The beta trihydrate thus obtained was
heated at 650-1200°F to produce eta alumina.
Following the indications of Burgers, and Gor-
bunova and Vaganova, Stumpf and Russell
(unpublished) identified transition aluminas on
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TABLE 11—(Continued)

Typical Properties of Calcined and Tabular Aluminas

Tabular Aluminas®®
Chemical Analysis, %

T-60 T-61 T-71
Al o 99 54+ 99 .54 99.5+
NasO. o 0.13 0.02 0.03
FesOs. .o 0.03 0.03 0.03
G100, o e 0.02 0.02 0.02
Loss on Ignition 1100°C. ... ... ... .. .. . ... .. . 0.0 0.0 0.0
Water Adsorbed at 50% Humidity. . ............coiiiiiii .. 0.0 0.0 0.0
Alpha Alumina Content, 5. ... ii i 100 100 100

Physical Properties

Bulk Density, Packed, Ib/ft3. .. ... 120-140® 120-140® 85
Bulk Density, Loose, Ib/ft3. .. .. ... A A 76
Specific Gravity ... ... 4.0 4.0 4.0
Surface Area, M2/ g, .. . e U 0.04 0.5
Pore Volume, ml/g. ... ... . . .. . .. 0.015 0.015 0.10-0.20
Shrinkage in 1 hr at 1800°C, %. .. .. ... . .. ... ... .. <10 <10 |

®@T-160 is selected imperfect cylinders, usually between 14 in. and 7% in. T-162 is a ball form available in nominal sizes
of 1 in., 3% in., 14 in. and 34 in. diameter. T-164 balls have a smooth surface and excellent resistance to thermal and
mechanical shock as well as very good resistance to abrasion. They are available in nominal sizes of 14 in. and 24 in.

diameter.

®@Standard Sizes: 14 in. to Y4 in.; 14 in. to 8 mesh; 8 to 14 mesh; 14 to 28 mesh; imperfect cylinders 1 in. dia x 84 in.
®Minus 14 in. =120 1b/ft?; minus 14 mesh =133 1b/ft%; minus 325 mesh =140 1b/ft?

heating ammonium alum. Rooksby (correspond-
ence, 1950) noted kappa alumina in the thermal
decomposition of hydrated aluminum chloride.
Fricke and Jockers found gamma type alumina
upon heating AICl;- 6H,0.

Two X-ray patterns for delta alumina are
given in Table 3. Until the situation is clarified,
a choice cannot be made as to which is the better
pattern. The Alcoa pattern is from products of
calcination of pure alpha monohydrate in air or
steam for a few hours. Rooksby obtained a better
crystallized delta with slightly different X-ray
pattern by calcination of hydrates for long times
or by addition of a mineralizer., Rooymans
showed that Rooksby’s delta has a tetragonal
cell of axial ratio 2.94:1, analogous with the cell
of gamma ferric oxide (van Oosterhout and
Rooymans), for which the axial ratio is 3:1.
Saalfeld, and Brindley and Nakahira, also re-
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ferred to the tetragonal distortion exhibited by
aluminas from dehydration of alpha trihydrate
and alpha monohydrate.

A fused alumina-aluminum nitride mixture,
analyzing 0.349, N, yielded a pattern similar to
that of the Rooksby delta (Foster, Long and
Stumpf, unpublished). Delta alumina has also
been obtained by combustion of aluminum in
air or oxygen, and of aluminum carbide in
oxygen (Foster (1956), Wartenberg (1952),
Schneider and Gattow). Plummer found that
gamma or alpha alumina passed through an
oxyhydrogen flame formed well-developed crys-
tals of delta and theta alumina, providing the
final particles were less than 15-u spheres. Larger
particles were alpha alumina. Thus, extremely
rapid solidification of molten pure alumina, and
possibly contamination by nitrogen or carbon,
stabilize delta alumina.
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Monohydrate

Alpha
Monohydrate
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Trihydrate
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Patterns by H. C. Stumpf

5 & g B
Fig. 7—X-ray Powder Diffraction Patterns of Alumina Phases
Note: See Table 3, page 12, for d-Values and intensities.
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Teichner (1959) has prepared nonporous
spheres of delta alumina in an oxyhydrogen
flame. Their essential characteristic is uniformity
of diameter. This is controlled from 100 A to
1500 A by the quantity of chloride and flame
temperature. The 100 A particles did not lose
oxygen appreciably on evacuation at 500°C, but
they became black, oxygen-deficient, nonstoichi-
ometric n-type semiconductors under pressures
of 1 to 5 tons per square inch.

Foster (1959) reported a new phase of anhy-
drous alumina having an X-ray pattern very simi-
lar to that of the aluminum silicate, mullite. This
material, now designated iota alumina, formed
during very rapid quenching of cryolite-alumina,
melts and appears to be the only alumina phase
formed in this procedure. Slow cooling gave corun-
dum as the only equilibrium phase. This new
mullite-like phase is metastable and transformed
through eta alumina to alpha alumina on heating.

The principal alumina phases increase in crys-
tallinity as follows: amorphous; rho, chi and eta;
gamma; theta, kappa and delta; alpha. Pure rho,
chi and kappa can be prepared from fine alpha
trihydrate; eta and theta from fine beta tri-
hydrate; gamma and delta from alpha mono-
hydrate. Tertian and Papée (1955) prepared all
of the phases by suitable dehydration and rehy-
dration treatments starting with a single sample
of fine-particle alpha trihydrate. Papée, Tertian
and Biais (1958) have published X-ray data for
pseudobthmite. X-ray powder diffraction values
for gamma and eta alumina have been obtained
also by Biegler (1957).

Verwey deduced that the unit cell of spinel
structure alumina contains only 21% aluminum
ions, distributed over the 24 cation sites, with
the 2% vacancies on the octahedral position, and
having the formula Alg[Alisi [152] Oss. The crys-
tals of the spinel-structure alumina specimen
(with a very small percentage of Li,O) prepared
by Kordes give the same superstructure reflec-
tions as the spinel LiAl;Og or Als [Ali:Li4] Os,
with the Li-ions on definite octahedral sites
(Braun 1952). These superstructure lines have
led also to suggestions about a hydrogen-alumi-
num-spinel Als [Al,yH,] Og (De Boer and Hou-
ben). The great number of extra reflections
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mentioned by Kordes, and ascribed by him to
beta radiation and impurities, were suggested by
Rooymans (1959) to be indications of the same
superstructure as found in gamma Fey,O;3 (van
Oosterhout and Rooymans, 1958).

Extra spots and line segments observed in
single-crystal electron-diffraction patterns of eta
alumina were interpreted by Cowley in terms of
faults in the cubic close packing of the oxygen
atoms. The vacant aluminum sites in eta alumina
were suggested as occurring preferentially at un-
favorable positions along fault planes, where they
would be nearer than usual to other aluminum
sites.

Ervin pointed out that the X-ray powder dif-
fraction patterns of transition aluminas have in
common one strong line at 1.39 A, which corre-
sponds to the oxygen ion radius and is indexed as
the {440} line for the spinel unit cell. Planes giving
rise to this reflection have the unique property
of passing through the centers of all the anions
and the possible cation positions for anions in
cubic close packing. By inference, therefore, all
of these structures have oxygen ions in nearly
cubic close packing and aluminum ions in the
interstices. The {400} line of the spinel pattern at
about 1.99 A comes from planes through all the
anion positions and the octahedral cation posi-
tions. Its intensity is affected only by the relative
distribution of cations between these two types
of positions. On this basis, the varying degree of
aluminum ion order within an unchanging oxy-
gen ion network is responsible for the multiplicity
of transition aluminas. Fricke and Eberspicher
suggested that these aluminas are built up of
single crystals (possibly octahedra because in
some cases the particle size calculated from wide
angle scattering with the {440} interference is 1.4
times that from the {4()0} interference) arranged
like a fluid, although areas of secondary arrange-
ment may exist.

Ginsberg noted that the transition aluminas
at 500-800°C had broad X-ray lines, although
electron microscopy showed well-developed 5-
to 0.25-p rhombic plates having the habit of
alpha monohydrate. He therefore assumed lat-
tice disturbance as the cause of the broadening.
This viewpoint is strengthened by the fact that
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the line intensities never reached those of the
well-ordered alpha alumina. For samples of tran-
sition aluminas, consisting by electron micros-
copy of 2-u aggregates of 200-A crystallites, the
X ray, which penetrates deeply into the speci-
mens, showed chi or gamma where electron
diffraction showed a surface coating of eta
alumina.

Konig reported that the lattice constant of
aluminas formed on aluminum varied from 7.73
to 8.06 A, although all alumina films that were
in contact with aluminum at 800°C gave a con-
stant of 7.89 A =0.01, regardless of their pre-
vious history. Alumina films heated in oxygen
had the highest value, and the lowest came from
heating the films in vacuo.

The oxide formed on aluminum at low tem-
peratures is amorphous and, according to Hass,
became crystalline at 500°C in contact with alu-
minum, but separated layers of oxide did not
crystallize below 680°C. Mahl reported the oxide
formed in air at 500 to 600°C to be scaly crystal-
lites oriented on the {111} and {110} planes.

According to Taylor (1945) the oxide from
electrolytic oxidation of aluminum was structure-
less if the formation voltage was less than 100,
and was eta at higher formation voltages. Burn-
ham and Robinson, on subjecting high-purity
aluminum to high voltages in boric, citric and
tartaric acids, produced nonporous, platelike
microcrystals of gamma-type alumina with hex-
agonal symmetry. The boundaries of these micro-
crystals coincided with those of the original
aluminum grains. Bergmann studied the electro-
lytic oxidation of aluminum in dilute aqueous
hydrogen peroxide and carbon dioxide solutions
in order to obtain high-purity aluminas. Using
high-purity aluminum as cathode and platinum
as anode, he observed the formation of predomi-
nantly amorphous products of the composition
A1203'294H20 to A1203302H20 Containing
varying amounts of beta alumina trihydrate
(hydrogen peroxide series) and alpha alumina
monohydrate-beta alumina trihydrate mixtures
(carbon dioxide series), respectively. The most
distinct X-ray powder diffraction patterns were
obtained at bath temperatures of 20-60°C.

LeChatelier may have been the first to report
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that substantial heat is evolved on slow heating
to 850°C of alumina prepared from nitrates and
chlorides, but not for alumina from sodium alu-
minate. Heat evolution in this case can be in-
duced by traces of volatile fluorides This finding
has been substantiated by many workers (e.g.,
Avdalian). Parravano and Montoro noted the
exothermic reaction on heating aluminum chlo-
ride hexahydrate, and Roth found that alumina,
formed electrolytically in oxalic acid solution,
evolved heat and became incandescent when
heated to 1100°C.

Foster and Stumpf found two exothermic
peaks on heating aluminum nitrate nonahydrate
with 29, added ammonium fluoride to catalyze
the phase transformations. The first, at 700°C,
corresponded toan amorphous-gamma transition,
while the second was gamma to alpha (no inter-
vening phase). Theta alumina with ammonium
fluoride gave a smaller peak at 1000°C as it
transformed to alpha alumina.

Tran-Huu-The and Prettre have shown a
change from absorption to the evolution of heat
when alpha trihydrate from the Bayer process
was slowly calcined past the point where the
residual alumina had one-half mole of water.
This temperature of 350°C is decidedly lower
than that where the exothermal transformations
have been recorded previously.

By continuous weighing in the furnace and
thermographic methods, Komarov and Cherni-
kova found that some hydroxides added to
hydrated alumina during dehydration reduced
the number of endothermic maxima, representing
an evolution of water at the highest rate, and
reduced the temperature intervals between the
maxima. The specific surface of the impure
hydrate and of the alumina obtained from it was
always smaller than the specific surface of pure
alumina.

Charrier (1953) and Papée (1954) reported
that the product from vacuum heating of normal
alpha trihydrate gave a well-characterized exo-
thermic effect at a temperature (200 to 700°C)
which decreased with increasing water content
of the specimen. The exothermic effect connected
with transformation of the rho alumina was ac-
companied by an increase in crystallinity and
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index of refraction and by a lessened tendency
toward rehydration;chi-alumina containing prod-
ucts obtained under atmospheric pressure did
not give the exothermic effect. The same differ-
ence was found between vacuum and air dehy-
dration products of beta trihydrate. Finely
divided alpha trihydrate heated under vacuum
did not give the exothermic effect; this was
assumed to be due to more progressive trans-
formation and broadening of the thermal effects.

Thermoluminescence may be induced in most
transition aluminas by a high gamma-ray ex-
posure (Rieke). The total number of protons
produced by gamma-rays increased as the degree
of calcination increased. Peaks have been found
at 103, 123, 164 and 235°C, the 123°C peak being
the most characteristic. The peak at 235°C de-
pends on sodium impurity (Rieke and Daniels).
A blue-green luminescence can also be observed
in unirradiated samples on heating. The emission
occurred generally over a rather broad tempera-
ture range, starting at about 300°C and produc-
ing a broad peak in the vicinity of 350°C. When
the samples were repeatedly heated and cooled
in the dark after having been drained, no further
emission occurred. However, exposing the sam-
ples to light at room temperature caused the
glow to reappear on heating. Emission occurred
for as long as 10 or 15 minutes. Water vapor
quenched this luminescence.

Winter showed an initially rapid, first-order
exchange of O between oxygen and transition
alumina, the rate constant being about 0.001
min? at 500°C and the heat of activation 37
kcal/mole. This was followed by a slow reaction.
Whalley and Winter observed a similar exchange
for water vapor containing O'8, Karpacheva and
Rozen determined the exchange of O!% between
alumina and water vapor to attain 20, 30 and
509, equilibrium at 200°C, 400°C and 600°C,
respectively. Winter, and Winter and Houghton
found an activation energy between 27 and 30
kcal/mole for the exchange of O'® between oxy-
gen gas and transition alumina. The initial first-
order exchange was independent of oxygen
pressure and was ascribed to surface oxygen ions;
rate constants increased from 0.0067 to 0.0146
min’* from 485 to 592°C, respectively. The heat
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of activation was 37.3 kcal/mole. A subsequent
slow exchange was ascribed to less active parts of
the surface, or diffusion of oxygen ions from the
second layer to the surface. Karpacheva and
Rozen found that alumina after exposure to
water vapor containing O'8 exchanged at 200 and
400°C with ethyl alcohol vapor. The rate curves
were of the same shape, although dehydration of
the ethyl alcohol occurred only at the higher of
these temperatures. The exchange with alcohol
was about one-third as fast as with water. The
similarity of the kinetic curves suggested an
identical mechanism.

Dontsova found the rate of exchange of O3
in CO. with alumina at 1100°C to be less than
that with Fe,O; and greater than that for SiOs.

Fricke (1937) set the lower limit of the surface
energy as 560 erg/cm? Fricke and Keefer gave
pH =8.00 as the isoelectric point.

Alumina as calcined for electrolytic reduction
to aluminum may contain mixtures of kappa and
theta, or theta and alpha phases. Chi and gamma
aluminas (along with alpha monohydrate) are
principal constituents of Alcoa Activated
Aluminas.

STRUCTURE AND
PHASE TRANSFORMATIONS

A. Heated Alpha Trihydrate

Granules of alpha trihydrate lose water on
heating and recrystallize to higher density alumi-
nas without shrinking appreciably. This process
creates the porous structure of Alcoa Activated
Alumina F. Sufficiently high temperatures col-
lapse the structure and lead eventually to a dense
sintered particle. Information is available from
several techniques on the structures and trans-
formations accompanying this heating.

The temperature for decomposition of alpha
trihydrate depends on the pressure, particle size,
atmosphere, impurities and heating rate. Figure
8 shows 140°C as the temperature for decom-
position of alpha trihydrate to alpha monohy-
drate in room air, or in water under a pressure of
10,000 psi (680.5 atm).

Ginsberg (1957) reported conversion of alpha
trihydrate to alpha monohydrate above 60°C in



ALCOA

RESEARCH

LABORATORIES

170 g/1 NaOH, and conversion detectable by
X ray in a few hours in air at 105°C. Alpha
monohydrate was observed by phase contrast
microscopy at temperatures below the detection
limit by X ray.

Blanchin reported decomposition of the trihy-
drate at 100°C in vacuum. Fricke and Severin
found long heating at 165°C necessary for nearly
complete transformation in air of finely ground
alpha trihydrate to alpha monohydrate. For
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Fig. 8—Equilibrium diagram of Ervin and Osborn for the
system Al,03;-H;0. Circles refer to runs. Heavy lines
delineate regions of stability of the crystalline phases. Light
line is the vaporization curve for water; and, in view of the
low solubility of alumina in water, this curve approximates
the vaporization curve for solutions in this system. Parts of
this diagram have been confirmed by Friedel. Less com-~
plete versions were given by Laubengayer and Weisz and by
Cooke and Haresnape.

heating periods of one hour in air, the dehydra-
tion was slight below 200°C and well advanced
by 250°C. Prettre, Blanchin and co-workers fol-
lowed the equilibrium water content vs tempera-
ture for heating periods of twenty hours. Water
content decreased uniformly in a 70°C interval
from ALO;* 3H;0 at 100°C in vacuum (or 150°C
at one atmosphere) to ALO;  V4H,0, and there
showed an 80°C arrest before the loss of water
was again appreciable. Dehydration was essen-
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tially complete at 400°C in vacuum or 500°C at
one atmosphere. The presence of a discontinuity
at the composition Al,O;* 14H,0 is one manifes-
tation of the interesting behavior in this system.

Thermal-dehydration curves, in relation to
time and temperature, are shown for alpha tri-
hydrate in Figures 9 and 10, and for beta tri-
hydrate in Figures 11 and 12 (Alcoa Research
Laboratories). De Boer has plotted a thermal-
dehydration curve (Figure 13) for alpha tri-
hydrate, showing the water content as a function
of the heating temperature, and pointed out the
three steps in which the three products, alpha
monochydrate, chi alumina, and gamma alumina
form. De Boer represents these steps even more
clearly in Figure 14, which is a differential
curve derived from Figure 13, and which is
similar to the type of curve obtained by actual
differential thermal analysis.

Eyraud, Goton and co-workers found that
after a short induction period the rate of decom-
position was constant at a given temperature to
about AlLO; H,O beyond which the rate dimin-
ished. For Bayer hydrate, particle diameter 50
microns, the rate of weight loss for a one-gram
sample at 103 mm pressure increased from 0.13
mg/min at 188°C to 2.8 mg/min at 235°C. In the
presence of 4.5 mm of water, the rate at 235°C
was reduced to 1.3 mg/min, although it was still
linear with time. From the plot of logarithm of
the rates vs reciprocal of absolute temperature,
an apparent energy of activation of 31 kcal/mole
was deduced. This increased rapidly in the pres-
ence of water. The constant decomposition rate
at a fixed temperature (zero order reaction) re-
sulted from the laminar structure of the trihy-
drate by which succeeding layers could react
uninfluenced by the reaction products of outer
layers.

These workers also measured the electrical
energy required for the dehydration at a fixed
heating rate of 4.5°C/min. The following heat
effects occurred: an endothermicity with a maxi-
mum at 240°C, a much greater endothermicity
with a maximum at 327°C, a slight exothermic
effect between 350-400°C and a final small endo-
thermic effect with a maximum at 500°C. Adding
all these led to a heat requirement for the dehy-
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dration of 73.7 kcal/mocle. By combining the
measurements of weight loss and energy absorp-
tion in a single apparatus they determined the
energy required for each step of the dehydration.
The initial dehydration to Al,O3- 2.8 H;O required
3.5 kecal/g HyO removed. This fell abruptly to
0.9 kcal/g H:O and then recovered to a constant
value of 1.1 kcal/g HyO over the entire range
A120327H20 to AlgOgOSHzO beyond which
the value increased to about 2.0 kcal/g H,O.
When the energy input was stopped with a
sample at 230°C dehydrated to AlyO;-2.9H.0,
the loss of weight continued, to a final composi-
tion AlO; 2.5H;0. These results were inter-
preted to mean that the initial dehydration re-
quired a great deal of energy which was offset in
large measure after the initial step by a compen-
sating simultaneous exothermic reaction to
Al,O; 0.5H,0. Beyond this composition, the en-
ergy corresponded simply to alpha monohydrate
decomposition. The heat absorbed in the first
step was close to that for the transformation to
alpha monohydrate.

Courtial, Trambouze and Prettre determined
that alpha trihydrate subjected to various heat
treatments was, successively or simultaneously,
transformed into crystalline alpha monohydrate
and into a more or less hydrated amorphous
substance. Based on the thermogravimetric,
calorimetric and chemical methods, equations
were devised to calculate water contents. Later,
Courtial and Trambouze offered a tentative
interpretation of the dehydration mechanism.

Tertian and Papée measured vacuum dehy-
dration equilibrium water content for both Bayer
and finely divided alpha trihydrate at 180-400°C.
The finely divided alpha trihydrate had the
lower water content in its dehydration product.
In both cases, the maximum water content of
the transition alumina phase corresponded to
about ALO; 0.45H,0. Results were similar for
air dehydration. In the latter case, the maximum
surface area of chi alumina amounted to 350-
400 m?/g, for both varieties of alpha trihydrate.
These results clearly showed that the interfacial
properties of active aluminas of this type are
related to their transition alumina content.

Papée and Tertian pointed out that the in-
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crease in surface on heating alpha trihydrate was
proportional to the development of transition
aluminas and was independent of the amount of
alpha monohydrate formed. The circumstance
that only alpha monohydrate and not transition
alumina was formed in the first step of the dehy-
dration accounted then for the absence of area on
first heating alpha trihydrate. The surface area of
alpha trihydrate heated in air was much greater
than when heated in vacuum. Under conditions
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where air activation gave 265 m ?/g by cyclo-
hexane and 285 m 2/g by nitrogen, activation in
vacuum gave 25 m ?/g and 50 m 2/g, respectively.
The vacuum-activated material (rho alumina)
had its surface located in extremely narrow pores
which were inaccessible to cyclohexane or even
to nitrogen.

Surface area as a function of calcination tem-
perature is plotted in Figure 15. Russell and
Cochran reported that the surface area (as meas-
ured by n-butane) did not reach 2 m 2/g until the
weight loss was 89. Thereafter it rose to a peak
of about 350 m 2/g for one-hour calcination at
400°C in dry air. Surface areas were lowered by
water vapor at high temperatures. Blanchin
pointed out that the maximum surface area oc-
curred at a composition of Al;O3* L4H,0 for many
combinations of activation temperature, time
and atmosphere. The relation between surface
area and calcination temperature has been re-
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ported by many workers including Blanchin,
Frickeand Jockers (1951), Gregg and Sing (1951),
R. J. Taylor and Industrial Chemist 22, 651-5
(1946). Carruthers and Gill reported surface
areas of 5,3,1 and 0.3 m 2/g for alpha trihydrate
heated two hours at 1200, 1400, 1600 and 1720°C.
Calvet used a microcalorimeter to determine the
surface area of calcined trihydrates.

¥ For heated alpha trihydrate, A. G. Foster
determined a Gaussian distribution of particle
size with a maximum at 26 A by application of
the Kelvin equation to water sorption data.
Gregg and Sing (1951) presented general features
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of the pore structure from carbon tetrachloride
isotherms. Drake and Ritter measured the mac-
ropore size distribution after 16 hours heating
at 540°C by observing the change in apparent
volume as mercury was compressed into the
pores. Two-thirds of the 0.123 ml/g macropore
volume was in pores greater than 1000 A diame-
ter. Total pore volume was 0.388 ml/g. De Boer
(1958) distinguished two types of pore structure
in the transition to chi alumina. At about 225
to 250°C pores of about 30 A were formed by
the initial release of water, resulting in surface
area of about 60 m?/g. As the dehydration pro-
ceeded, a second, rod-shaped structure developed
having pore diameter of about 10 A and addi-
tional surface area of about 200 to 250 m?/g.
The rod structure was retained through several
transitions to alpha alumina at temperatures to
1200°C, but pore size increased and surface area
fell. Sanlaville observed two distinct maxima in
pore size distribution of the transition aluminas:
the first covering a range of 7 to 18 A (surface
area 235 m?/g), the second of 18 to 300 A (sur-
face area 36 m?/g). Pore generation reached a
maximum of 6.5 A for the composition AlO;:
15H,0. Jellinek and Fankuchen, by measure-
ment of X-ray line breadth, found crystallite di-
ameters to increase from 45 to 67 A on heating
alpha trihydrate from 649 to 982°C.

Tertian and Papée (1958) finally proved that
the alpha monohydrate resulted from rehydra-
tion of the primary decomposition product.
Heating small-particle alpha trihydrate slowly
in air led to chi alumina and in vacuum to rho
alumina, both free of alpha monohydrate. Slow
dehydration of Bayer hydrate always formed
some alpha monohydrate. Even dehydration at
170°C for 80 hours under high vacuum gave
199, alpha monohydrate in the product. Similar
dehydration in a water-rich atmosphere raised
this amount to 429,

Today’'s knowledge of the air dehydration is
represented in Table 12. Dehydration of both
alpha and beta alumina trihydrate can proceed
in two different ways. The following is a plausible
explanation for the different routes. In the inner
part of the granules the water molecules can
escape only with great difficulty. With rapid
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heating, this gives rise to high vapor pressures
in the coarse crystals. This, particularly with
alkali present, is the condition necessary for the
formation of alpha monochydrate. When the pore
system reaches the surface of the granules, the
water vapor pressure falls to one atmosphere,
the reaction to alpha monohydrate stops and
the rest of the trihydrate decomposes to chi or
eta alumina.

Tertian and Papée (1958) have published a
more detailed form of the dehydration sequences
giving attention to various combinations of
origin, heating rate, particle size and pressure.
The phase sequences and the temperature scale
given in Table 12 should be considered only
approximate at best. In addition to the condi-
tions listed in Table 12, mineralizers can alter
the sequence and the temperature of the phase
changes. This applies particularly to the change
to alpha alumina where fluorides may lower this
temperature to 900°C, and where water at high
pressure can drop it to 400°C and can cause
alpha monohydrate to change directly to alpha
alumina.

Ginsberg (1957) noted that the stability of chi
alumina (400-900°C) was displaced downwardly
and narrowed (300-700°C) in case the starting
alpha trihydrate was produced under potassium
hydroxide. Alpha monohydrate stability was not
affected by the amount of alkali. Gamma alumi-
na continued in low-alkali material to 1000°C
and in alkali-rich material to 1200°C, although
in one case it was observed to transform to delta
alumina at 700°C.

According to Achenbach and Damerell, alpha
alumina trihydrate crystals after dehydration
still showed their original habit (hexagonal prisms
or lamella) but had lost their smooth surface and
transparency and consisted of fine-grained fibers
parallel to the hexagonal surface. If decomposi-
tion was carried out slowly, the refractive index
rose immediately, but if decomposition was rapid,
the refractive index dropped initially because of
the formation of evacuated spaces. Thibon and
Charrier further investigated the retention of
habit on heating alpha trihydrate.

Hiittig and Ginsberg showed micrographs of
the crystal form resulting from the heating of
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alpha alumina trihydrate. They concluded that
dehydration takes place as a continuous process
preceding lattice change, the transition phases
being fragments in the crystal structure. During
alpha monohydrate formation, the form of the
trihydrate crystal was best retained when the
transformation was in alkali; next when it was
carried out in water; and last, when the dehydra-
tion was in air. Transparency was lost from the
interior of the original trihydrate crystal, and
small rhombic segments were easily observed.
On further heating, the form of the trihydrate
crystals was retained even to 1200°C. The seg-
ments in the interior of the crystal were altered,
going finally into small alpha alumina crystals of
different orientations. By heating to 1300°C, a
large part of the aggregate broke into small
crystals.

Ginsberg related the stabilizing effect of alkali
for alpha trihydrate to the numerous vacancies
expected in the structure and for chi, kappa,
gamma and delta to their fragmented lattice
arrangement.

Nahin and Huffman published electron micro-
graphs of heated alumina hydrates. Voids appar-
ently generated by dehydration are shown for
theta alumina, and crystal holes are evident in
high-temperature gamma-type alumina. An Al-
coa Activated Alumina calcined at 1040°C, where
it showed a diffuse pattern transition alumina,
was sharply microcrystalline and of isometric
habit, ranging in size from less than 100 to 250
A on edge. A few micrographs indicated pores in
the 40 to 60 A range.

Stirland, Thomas and Moore published elec-
tron micrographs of alumina phases during
thermal transformations. Electron diffraction
and electron microscope techniques were used to
study the alumina phases encountered in the
thermal decomposition of hydrated aluminum
chloride. An attempt was made to explain the
structures found in these specimens. The im-
portance of the findings in relation to sintering
mechanisms was discussed. The material formed
at 500°C is amorphous (Al;0;3-0.7H,0) and
probably a mixture of fine crystals of alpha
monohydrate and amorphous AlyO;. Shrinkage
occurs at 840-1000°C and the plate-like particles
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contain hexagonal and angular ‘‘inclusions”
which may be micro-crystallites of gamma or
chi alumina. At 1100°C the final transformation
to alpha alumina begins.

Another technique for investigating structure
and phase changes in sorptive aluminas is the
emanation method of Otto Hahn. The alumina
was impregnated with thorium salt and the
change in radioactivity measured as the alumina
was subjected to various thermal treatments. In
this way, Gregory and Moorbath found discon-
tinuities at 300 to 450, 850, 890, 1020, 1070, 1090,
1140 and 1190°C on heating alpha trihydrate
prepared from reaction of hot hydrated aluminum
sulfate solution with ammonia. Moorbath was
unable to correlate these discontinuities with
structural changes observed with X-ray photo-
graphs. Jockers correlated emanating power with
surface area.

Petitjean followed the infrared absorption of
alpha trihydrate during its thermal dehydration.
Bands at 9.9, 10.5 and 11.0 microns gradually
lost intensity and disappeared below Al,O;- H,O.
The 9.35 band of alpha monohydrate showed first
at Aleg' 25H20 and the 8.7 band at Ales' HzO.
After heating at 500°C to give essentially anhy-
drous alumina, the spectrum was characterized by
transparency increasing from 8 microns and ab-
sorption beyond 11 microns. From Al,O;- 0.8H,0
to AlO5-0.2H,0 the pattern was like alpha
monohydrate but less intense. At Al,O;-0.1H,0O
the OH bands had disappeared (Orsini and
Petitjean).

Iwase investigated alumina phase changes by
observing changes in the cathode luminescence
spectra of Sm incorporated into alumina. Tromi-
mov and Tolkachov similarly followed the trans-
formations by noting the change in phosphor-
escence spectra of added Eu.

Trambouze and Perrin found the acidity, meas-
ured by dioxan titration of heated alpha trihy-
drate in benzene suspension, to change regularly
with the surface area.

Newsome obtained excellent, relatively large
crystals of alpha alumina at 450°C and 4500 psi
by hydrothermal decomposition of alpha tri-
hydrate at 350-500°C, and at steam pressures
ranging from 1000 to 4700 psi.
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B. Heated Beta Trihydrate

There is a marked similarity between the
structures and stabilities of the products formed
on heating alpha trihydrate and dense beta tri-
hydrate prepared by carbon dioxide precipitation
from sodium aluminate solution. But the finely
divided beta trihydrate prepared by the action
of water on amalgamated aluminum has a sig-
nificant surface area before calcination, and it
has greater stability toward transformation on
heating (Russell and Cochran). Structural prop-
erties determined by Fricke and Jockers (1951),
and Fricke and Eberspicher are listed in Table
13. Densities for heated beta trihydrate shown
in Figure 16 are in reasonable agreement with
the work of de Kayser.

Imelik (1954) and Petitjean found the dehy-
dration of dense beta trihydrate to proceed as
follows: Per mole of Al;O; the initial content of
3.15H,0 went to 3.0H,O between 25 and 80°C;
to 1.0H,0 (after a slight break at AlyO;* 2.5H;0)
between 120 and 160°C; to 0.5H,0O between 160
and 220°C; to 0.3H,0 between 220 and 340°C;
to 0.1H,O between 340 and 370°C; to 0.0H,O
between 370 and 400°C. The dehydration was
more rapid in vacuum. Accompanying these
changes, the surface area increased rapidly at
150°C to a maximum of 320 m 2/g for 0.5H,O
as in the dehydration of alpha trihydrate. From
X-ray studies, alpha monohydrate began to ap-
pear at 120°C and eta alumina at 1.5H,O. The
trihydrate disappeared at 160°C, the eta alumina
was stable up to 900°C. The thermal dehydration
of beta trihydrate wasalso discussed by de Kayser.

Goton found the rate of decomposition of
dense beta trihydrate, particle diameter 100 mi-
crons, to be much like that for alpha trihydrate.
After a short induction period, in which excess
water beyond the stoichiometric composition was
lost, the rate of decomposition at a given tem-
perature was constant to AlLO;z* 0.5H,0; beyond
this point it fell rapidly. The rate of weight loss
for a one-gram sample at 10 mm increased from
0.51 mg/min at 174°C to 5.67 mg/min at 225°C.
In the presence of 4.5 mm of water, the rate at
225°C fell to 5.25, although it was still linear with
time. At higher water pressure, the constancy of
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TABLE 12

Decomposition Sequence of Alumina Hydrates

Conditions Favoring Transformations®

Conditions Path a Path b
Pressure >1 atm. 1 atm.
Atmosphere moist air dry air
Heating Rate >1° C/min. <1° C/min.
Alkali present absent

Particle Size

>100 microns

<10 microns

b
? Alpha ; $
Trihydrote chi Kappao Alpha
a
Mc?r:gg;drote Gamma Deita Theta |Alpha {
a
< Beto b Eta Theta Alph %
§Trihydrat pha
$ Beta Monohydrate Alphao §
1 1 ] 1 1 1 1 4 1 1 1 i
0o 100 200 300 400 500 600 700 800 900 1000 100 1200
Temperature - °C

Note: Enclosed area indicates range of stability.
Open area indicates range of transition.
DPollak.

rate disappeared and the order of the reaction
increased. The apparent energy of activation for
dehydration at 10® mm was 23 kcal/mole (less
than alpha trihydrate) and this increased sharply
when the water pressure increased.

The heat effects on dehydration at a temper-
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ature increase of 4.5°C/min were similar to those
for alpha trihydrate: small endothermicity at
250°C, large endothermic peak at 330°C, no exo-
thermic peak (in contrast to alpha trihydrate)
and a weak endothermicity at 450-500°C. With a
sample of fine beta trihydrate, the two peaks at
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250°C and at 450-500°C were both eliminated,
thus showing their interdependence. The heat
requirements for dehydration were 72.2 kcal /mole.

By differential thermal analysis, Petitjean
found rapid dehydration to alpha monohydrate
beyond 220°C. Between 240 and 290°C an exo-
thermic effect offset the endothermic dehydra-
tion, but the endothermic effect prevailed, and
was maximum at 360°C. A transition phase was
evident above 300°C. The alpha monohydrate
disappeared beyond 520°C and was marked by
a weak endothermal effect. The curve obtained
with the solid heated in advance to AlO;-3H0
did not differ from that of the original sample; but
further heating to ALO; 2.5H;O lost the first
endothermal peak at 220°C without affecting the
balance of the curve. The sample heated to
ALO;- 1.5H,0O was like AlO; 2.5H,0 but had a
lesser endothermic peak. Al,O; 0.5H;0 showed
no thermal effects until 530°C where the usual
weak endothermal curve resulted.

Petitjean found that the characteristic infrared
bands at 9.8 and 10.4 microns gradually lost in-
tensity and disappeared at Al;O;-H,0, and the
9.35 and 8.7 bands of alpha monohydrate ap-
peared when dehydration was carried to
AlO; (2-2.5)H,0O. Transparency of the nearly
anhydrous phase resulting from heating at 500°C
was greater beyond 7.2 microns than for the

corresponding phase from heating alpha trihy-
drate. Densities in mercury and helium were used
to compute porosities increasing from 0.27 ml/g
for the initial product to 0.63 ml/g.

Petitjean found the acidity measured by di-
oxane titration of a benzene suspension of par-
tially calcined beta trihydrate was zero until
Al,05°1.5H,0 where the only decomposition
phase shown by X ray was alpha monohydrate.
This had a surface area of 150 m 2/g. Beyond this
point acidity increased rapidly to 1.6 me/g at
Al;03:0.5H,0, surface area 280 m 2/g, eta alu-
mina. On further heating, surface area fell, the
alumina became better crystallized and acidity
fell rapidly to zero.

Funaki and Shimizu said that beta trihydrate
did not transform into alpha trihydrate at room
temperature during a ten-year aging period. The

* permanent adsorption of water vapor on dehy-

47

drated beta trihydrate was a maximum at 250°C
(Papée).

The X-ray decomposition sequences, assuming
the validity of a dual mechanism, are listed in
Table 12. An amorphous, or poorly crystallized
phase may be produced analogous to rho alumina.
The transformations found by X ray have been
verified by infrared and differential thermal analy-
sis investigations.

Russell and Cochran measured the surface
area by n-butane sorption of rocklike beta trihy-
drate. Slightly greater areas were found at the
optimum calcination than for alpha trihydrate.

Chrétien and Papte investigated the micro-
porosity of sorptive alumina prepared by calcin-
ing alpha monohydrate gel and beta trihydrate at
400°C for 14 hours. They determined the sorption
of water, carbon tetrachloride, chloroform and
trichloroethylene, and calculated the macropo-
rosity from the difference between the micro-
porosity and the total pore volume determined by
immersion. Macroporosity was little influenced
and microporosity much influenced by calcination.

Laubengayer and Weisz found a metastable
transition of beta trihydrate to alpha monohy-
drate in superheated steam close to the alpha
trihydrate decomposition point of 155°C,whereas
Fricke and Severin, from experiments at atmos-
pheric pressure, gave the point as about 120°C,
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TABLE 13

Structural Properties of Heated Alumina Hydrates

BETA TRIHYDRATE (Fricke and Jockers 1951; Fricke and Eberspacher)

Room 2 Hr-Calcination
Property Temper-
ature 400°C 600°C 800°C 1000°C | 1100°C | 1200°C | 1300°C
Pore Diameter (sorption), A....[ 20 14 48 79 230 e
Surface Area, m%/g............. 28 431 174 108 33 3 0
Particle Size (line width), A... .| 171 48 69 77 8 ] o
Xylol Density, g/ml............ 2.45 3.23 3.44 3.51 3.54 3.70 3.93 3.96
Mercury Density, g/ml......... 0.77 0.54 0.35 0.56 0.35 0.58 0.58 0.58
ALPHA MONOHYDRATE (Fricke and Jockers 1951; Fricke and Eberspacher)
Room 2 Hr-Calcination
Property Temper-
ature | 400°C | 600°C | 800°C | 1000°C | 1100°C | 1200°C | 1300°C
Pore Diameter (sorption), A....| 63 69 89 144 140 140 | oo
Surface Area, m2?/g............. 196 211 181 138 84 37T
Particle Size (line width), A....| 87 43 49 59 37 S O A
Xylol Density, g/ml............ 2.86 3.28 3.40 3.45 3.54 3.67 3.8 | ......
Mercury Density, g/ml......... 0.80 0.66 0.69 0.69 0.80 1.05 1.48 + ...,
Average Spacing (Xray), A ... 161 140 132 126 151 oL b
ALPHA MONOHYDRATE (Blanchin)
20 Hr-Calcination
Room
Property Temperature
mp 265°C 355°C 450°C
HoO/ALOs. .. oo 1.5 1.0 0.5 0.1
Helium Density, g/ml................... 2.41 2.40 2.40 2.60
Mercury Density, g/ml................ .. 0.89 0.80 0.80 0.85
Pore Volume, ml/g...................... 0.71 0.83 0.83 0.79
Surface Area, m2/g........ ... ......... . 310 310 310 285
Pore Radius, A.......................... 41 54 54 55
ALPHA TRIHYDRATE (Blanchin)
Room 20 Hr-Calcination
Property Temper-
ature 200°C 205°C 208°C 210°C 250°C 400°C
HoO/ALO;s. ... 3.0 2.50 2.00 1.50 1.00 0.50 0.10
Helium Density, g/ml.................... 2.38 2.39 2.40 2.48 2.60 2.76 3.01
Mercury Density, g/ml................... 2.25 1.88 1.69 1.60 1.58 1.65 1.87
Pore Volume, ml/g..... .................. 025 114 175 222 .248 244 .203
Surface Area, m?/g..... .. e 0 5 350 125 250 325 225
Pore Radius, A........................ ... 400 70 36 20 15 18
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C. Heated Alpha Monohvdrate

The structure of alpha monohydrate depends
strongly on its method of preparation. The struc-
ture resulting from heating the trihydrates in air
has been discussed in the preceding two sections.

The dense alpha monohydrate formed by sub-
jecting the trihydrates to water or caustic at high
pressure undergoes structural changes on heating
in air that are in principle like those for the
trihydrates. The temperature of decomposition
is higher. Ervin and Osborn set the upper sta-
bility limit at 375°C at pressures below 2,000 psi;
at higher pressure, the alpha monohydrate trans-
formed to beta monohydrate at temperatures
above 275°C. Variable results on heating in air
were ascribed by Hiittig and Ginsberg to low
thermal conductivity.

Haber said that alpha monohydrate lost 19, of
its weight at a water pressure of 10 mm of
mercury in thirty minutes at 300°C. It lost
weight rapidly between 400 and 450°C, creating
a surface area of 100 m2/g on relatively narrow
pores. Further heating caused a rapid loss of
area. Thin platelets of alpha monohydrate result-
ing from heating alpha trihydrate in concen-
trated sodium hydroxide solution became dehy-
drated at the temperature characteristic of the
larger particle monohydrate but developed less
additional area on activation (Russell and
Cochran).

Petitjean, and Eyraud and co-workers reported
that the initial water content of AlyOs-1.15H,O
was reduced on evacuation to AlO;H)O at
SSOOC, A1203' OleO at 3800C and A1203' 00H20
at 800°C. Slightly higher temperatures were re-
quired on heating in air to effect this loss of
water. The characteristic infrared bands at 8.7
and 9.35 microns lost intensity as the sample was
heated and disappeared at Al,0;-0.1H.0 where a
maximum transparency at 7.2-9 microns was
created. After the initial water was evolved, the
decomposition followed a simple rate law of order
2/3. The apparent activation energy of 42
kecal/mole for a sample of 50 microns diameter at
10 mm was increased in the presence of water
vapor which inhibited the reaction. Thermal
analysis at a heating rate of 80°C/min showed a
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strong endothermic-exothermic phenomenon at
280 to 370°C whose magnitude diminished as the
initial water content of the sample was decreased
by prior heating. Goton for a heating rate of
4.5°C/min found the strong endothermic peak at
510°C. The total heat (first peak being deduced)
required for the dehydration was 35 kcal/mole.
Surface area, initially reflecting only the geo-
metric surface of the grains, increased to 100
m?/g at 450°C where the composition corre-
sponded to AlO; 0.1H,O. The products lost
area on further calcination.

Much more important in present-day tech-
nology is the alpha monohydrate produced from
alumina gel. The alumina gel precipitated by
alkali or ammonia from aluminum salt solutions
usually consists of a hydrous mass of minute
crystals of alpha monohydrate. During aging or
drying, these fibrils coalesce and under some con-
ditions form a hard structure. This structure is,
however, extremely porous and may have a sur-
face area of 500 m?/g without any heating.
Generally the pores are uniform in contrast to
those resulting from calcination of the dense tri-
hydrate or the dense hydrothermal alpha mono-
hydrate. Heating this structure above about
400°C resulted in the decomposition of the alpha
monohydrate. Accompanying this loss of water
was an increase in pore volume but usually little
change in surface area (Russell and Cochran).

Boerskov (1952 and 1953) measured proper-
ties, after stepwise heating to 1200°C, of gels
prepared from aluminum nitrate solutions by
precipitation with ammonia. The structures as
determined by sorption and mercury porosimeter
methods were unaffected by heating up to 600°C,
At higher heat-treating temperatures, surface
area and the number of fine pores diminished,
but the number of large pores increased. On
heating to 1200°C, the surface area decreased by
a factor of 60 and the pore volume decreased by
less than a factor of 2. The specific activity for
dehydration of ethyl alcohol increased twofold
on heating slightly below 1200°C but it fell rap-
idly at higher calcination temperatures accom-
panying the conversion to alpha alumina.

Papée, Tertian and Biais studied the differ-
ences between dense and gel type alpha mono-
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hydrate (or pseudobohmite). They pointed out
that pseudobéhmite cannot be simply considered
as a finely divided or poorly crystallized alpha
monohydrate. The different structure was evi-
denced by the strong variation in the first inter-
ference, which increased from 6.11 for true alpha
monohydrate to 6.6-6.7 A; on the other hand,
the X-ray pattern did not show the usual modi-
fications observed for disturbed crystals. Pseudo-
bohmite showed the same atomic arrangement
at short distances as that of alpha monohydrate.
The relationship between the particular proper-
ties of pseudobdhmite was illustrated in hydro-
thermal evolution experiments, with this solid
going progressively to true alpha monohydrate.
Even under mild conditions (18 hours at 200°C)
there was an important shift of the first inter-
ference from 6.6-6.7 to 6.19 A and a substantial
decrease of the excess water from 60 to 129.
Under more severe conditions (18 hours at
285°C) the excess water fell to 19, while the
X-ray pattern showed only slight differences
from that of the alpha monohydrate. After a
treatment of 48 hours at 300°C the solid reached
the theoretical composition of alpha monohy-
drate and showed its exact X-ray pattern in all
details. The decrease of the specific surface area
was much slower than in the case of excess
water; this fact supports the idea that this excess
water is not to be considered as merely adsorbed
at the surface of a finely divided solid having
otherwise the properties of true alpha monohy-
drate,but ratherassituated between theelemental
structure layers, thus leading to an enlargement
of the basal spacings and conferring particular
properties to the solid. Thermogravimetric exper-
iments confirmed these views.

Alumina gels are discussed further in the
section titled “Amorphous and Gel Aluminas.”

D. Heated Beta Monohvydrate

Ervin and Osborn established the stability
range for beta monohydrate to be between 275
and 425°C above 2,000 psi. Fricke and Severin
found the temperature at which beta monohy-
drate lost 19} in weight at a water pressure of
10 mm of mercury in 30 minutes to be 420°C.

One of the most interesting properties of beta
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monochydrate is its direct conversion into alpha
alumina at 450 to 600°C without destruction of
the external form of the crystal (Deflandre). No
intermediate phases were found in the transition
sequence on heating, in contrast to the other
hydrates (Stumpf). Garrido found that the lat-
tice of beta monohydrate was not disorganized
during dehydration. K. Wefers, quoted by Hiittig
and Ginsberg, showed that, on heating, loss of
water preceded lattice rearrangement.

According to Kengott, beta monohydrate in-
terspersed with alpha alumina occurs similarly
oriented in nature. Schwiersch proved by optical
experiments that after beta monohydrate was
dehydrated the alpha alumina crystals were lo-
cated parallel to each other, with the a-axis of
beta monohydrate the triple main axis of alpha
alumina, and the c-axis of beta monchydrate the
[010] direction of alpha alumina. Boehm and
Jantsch used a wide angle X-ray diffraction
method to verify again that the original single
crystals of beta monohydrate became an oriented
aggregate of microcrystals of alpha alumina. The
abc axes of the rhombohedral beta monohydrate
changed to cab in the hexagonal alpha alumina
after the thermal decomposition.

Ervin pointed out that the hexagonal close-
packed arrangement of the oxygen ions in beta
monohydrate is responsible for its transition to
alpha alumina without going through the inter-
mediate cubic transition phases. A relatively
coarse beta monohydrate, with cleavage parallel
to (010) and its (020), (040) and (060) lines
greatly intensified, gave on calcining a corundum
pattern with the (101) reflection greatly intensi-
fied at 2.375 A, which corresponds to the (040)
reflection of beta monohydrate at 2.355 A.

E. Rehydration

Ervin and Osborn were unable to rehydrate
low surface area alpha alumina within several
hundred hours under the pressure and tempera-
ture conditions where the monohydrates are
stable. No attempt to rehydrate high surface
area alpha alumina has been reported. There is
extensive literature on the rehydration of various
transition aluminas (van Nieuwenburg and Piet-
ers, Hiittig and Kolbl, Laubengayer and Weisz,
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Bentley and Feachem, Fricke and Jockers (1947),
Ervin and Osborn, Day and Hill). Rehydration
of the high area transition phases is usually
reported to proceed well at 100°C to alpha mono-
hydrate in a matter of days. Some alpha or beta
trihydrate may be formed by prolonged rehydra-
tion. Lower or higher temperatures may be em-
ployed. The rehydration may proceed through
the water chemisorbed on the surface (Thibon).
Papée (Thesis A2737) found that the quantity of
water permanently adsorbed corresponded to
that entering into the rehydration under some
conditions although the take-up of water was
more rapid than its rearrangement into the new
crystal.

Tertian and Papée investigated rehydration
of a vacuum-dehydrated Bayer hydrate contain-
ing about 259 alpha monohydrate, the remain-
der being a poorly crystallized transition alumi-
na. Quantitative X-ray analysis of the product
rehydrated at 25°C showed the alpha monohy-
drate to be unchanged, while the transition alu-
mina transformed to beta trihydrate.

Similar results were obtained with rho alumina
prepared from beta trihydrate. The ability of
rho to rehydrate was strongly affected by the
conditions of water vapor escape during previous
dehydration. If in the course of this operation
water vapor was allowed to accumulate in con-
tact with the solid, this ability was greatly
reduced, while the surface became more accessi-
ble to cyclohexane; such a solid no longer showed
the X-ray pattern of pure rho alumina. A
method of manufacturing granulated active
alumina, by Pingard, is based on the ability of
dehydrated Bayer alumina to rehydrate.

Calvet and Thibon (1954) also investigated
this rehydration phenomenon by means of micro-
calorimetric experiments. Microcrystalline alpha
trihydrate activated at 205°C under vacuum
formed AlLO;* 0.47H,0 which rehydrated to beta
trihydrate with the evolution of 150 cal/g. When
activated at 440 to 520°C under vacuum, it
formed AlO; which rehydrated less efficiently
and evolved 100 cal/g. When activated at ap-
proximately 500°C at atmospheric pressure, the
alumina did not rehydrate and the only heat
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evolved was that due to sorption. Bayer alpha
trihydrate activated at 180°C under vacuum
formed alpha monohydrate and rho alumina
(total composition Al:0;°0.6H,0) which hydrated
in two stages (heat evolution peaks at approxi-
mately 5 hours and approximately 15 hours at
35°C) giving a heat of 128 cal/g after correcting
for the unhydratable alpha monohydrate con-
tent. At higher temperature and under atmos-
pheric pressure, rehydration was less efficient.
Even when activated under vacuum, the beta
trihydrate samples rehydrated less efficiently.

The gamma alumina created from dense alpha
monohydrate had little tendency toward rehy-
dration, although the transition phase (eta?)
from calcination of high area alpha monohydrate
had a notable aptitude for rehydration. Dense
hydrothermal alpha monohydrate could not be
rehydrated readily (Laubengayer and Weisz).

F. Equilibria in Solution

Many contradictory reports are published on
the relative stability of the various hydrates in
solution. One of the most satisfactory means of
resolving the difficulties is to measure solubili-
ties of the several phases accurately. From
extrapolation of solubilities in sodium hydroxide,
Russell (1955) found hydrothermally produced
alpha monohydrate to be the stable phase at
room temperature and above, although the more
soluble trihydrates might be precipitated first
and persist at low temperature for extremely long
times. At solution temperatures above 100°C, the
trihydrates transformed to alpha monohydrate.
Alpha trihydrate was shown to be stable with
respect to beta trihydrate at temperatures up to
about 145°C. Equilibrium constants for the
reactions

Al(OH);4+0OH —>AlO, +2H,0, and
AIOOH 4+OH ——>»AlO, +H,0,

accurately correlated the effects of sodium hy-
droxide concentration on the solubilities. Tem-
perature coefficients of the equilibria led to heats
of solution of 7.34, 4.76 and 5.24 kcal/mole for
the alpha trihydrate, alpha monohydrate and
beta trihydrate, respectively.
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Calcination of alpha trihydrate in air stepwise

at temperatures below 1000°C, where the X ray
would indicate a variety of structures, did not
produce a major change in the pseudo equilib-
rium solubility. Calcination of the hydrothermal
alpha monohydrate in this same temperature
region increased equilibrium solubility to values
nearly characteristic of alpha trihydrate. Cal-
cination of either of these phases under conditions
that induced strong exothermal transformations
lowered solubility, or at least the rate of solu-
bility, substantially.
{. Ginsberg and Késter found that the transition
of alpha trihydrate to alpha monohydrate at
temperatures of 150 to 200°C was accelerated
by small amounts of alkali. Further increase in
the alkali concentration was without effect on the
rate of the transformation. At 200°C and an
alkali content of 0.13 g/1 NayO, the decomposi-
tion was completed within two hours, while at
150°C and 10 g/1 Na;O, 12 hours were required
before the monohydrate was obtained. In the
experiments at 150°C, the decomposition prod-
ucts contained about 15.59, water of hydration
(theoretical value for monohydrate 15.0%),and at
the higher temperatures the water contents were
even higher. Another interesting point from their
work is that the apparent density of the mono-
hydrate decreased uniformly with increase of
alkali concentration. The values were 0.65 g/ml
at 0.6Na,0/1, 0.50 g/ml at 7 g Na,O/1, 0.40 g/
ml at 70 g NayO/land 0.25 g/ml at 140 g Na,O/1.
This difference in apparent density remained
even after calcination of the monohydrate into
alpha alumina.

These authors suggested that small amounts of
Na,O are built into the hydrate lattice, and that
the points of the trihydrate, which are thus dis-
turbed, are most readily converted into mono-
hydrate. They also attributed the change in
density of the monohydrate to soda in its
structure.

Travers and Clause found that phenol added
to sodium aluminate favored monohydrate for-
mation. Kraut, Kohlschiitter and co-workers
stated that alkalinity accelerated the alpha mono-
hydrate conversion to beta trihydrate.
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ACTIVATED ALUMINA

A. Commercial Forms

Alcoa Activated Alumina F (Figure 17) is pre-
pared by the controlled calcination of a rocklike
form of alpha alumina trihydrate. The loss of
water, with the accompanying recrystallization,
creates many large pores which can be seen
readily with the optical microscope (Figure 18).
Many small pores are resolved only by the elec-
tron microscope (Figure 19). Alcoa Activated
Alumina H is prepared from a gelatinous alpha
alumina monohydrate which has many small
pores and a high surface area as precipitated,
although it is usually calcined to enlarge the
pores and increase its sorptive capacity. Alcoa
Activated Aluminas are used commercially for
drying air, for the drying of liquids and gases,
for chromatography, for the maintenance of
transformer and lubricating oils, and as catalysts
and catalyst carriers. It is available in the form
of balls, tablets and fluidizable microspheres.
A photomicrograph of a fluidizable form is shown
in Figure 20.

Alcoa Activated Alumina adsorbs water, or-
ganic liquids and gases without change of form
or properties. It is inert chemically to most gases
and vapors, is nontoxic and will not soften, swell
or disintegrate when immersed in water. High
resistance to shock and abrasion is one of its
important physical characteristics. Alcoa Acti-
vated Alumina may be reactivated to its original
adsorptive efficiency an almost unlimited number
of times by employing a heating medium at any
temperature between 350 and 600°F (175 and
315°C).

Hiittig, and Hiittig and Markus found that
water, hydrogen bromide, sulfur trioxide and
hydrogen chloride decreased the stability of a
high-area alumina. Péchiney discovered that alu-
mina was rendered nonhygroscopic when it was
calcined with a trace of fluoride.

In 1954, Péchiney patented a method for the
production of an exceptionally reactive amor-
phous alumina by slowly heating alumina hy-
drate not exceeding 300°C, preferably in vacuo
or in an atmosphere as dry as possible, immedi-
ately eliminating all water liberated in the




ALUMINA

PROPERTIES

Fig. 17—Types of Alcoa Activated Alumina F

process. A later Péchiney patent (1956) describes
an activated alumina (essentially its eta modi-
fication) that is prepared by extremely rapid
dehydration of Bayer process alumina trihydrate
at temperatures in the range of 400 to 1000°C.

B. Drying

Cross may have been the first to report the
strong desiccating action of partially calcined
alumina hydrate. Johnson showed in 1912 that it
would take up water without change in form,
sorbing 189, before passing enough moisture to
be apparent in a phosphorus pentoxide bulb.
Barnitt discovered that the rocklike alpha tri-
hydrate, formed in the precipitation tanks during
the Bayer process, maintained its rugged char-
acter after calcination and withstood repeated
reactivation without loss of sorption efficiency.
The market for this product outran the natural
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supply, and Stowe (1944) developed a synthetic
product of superior erosion resistance.

Barnitt and Bower compared agents for drying
gases. When 6000 ml of air containing water
vapor at 11 mm pressure was passed at a rate of
50 ml/hr over 1 ml of Alcoa Activated Alumina
F-1 at 30°C, the residual water content was
0.0018 mg/l of air (1.10°® mm water pressure,
dew point—75°C, 0.0004 grain/cu ft of water).
In large-scale production equipment, at flow
rates approximating 10 to 20 cu ft/hr/lb of
alumina, gases are readily dried to dew points
below this value. Reactivation is most satisfac-
tory when the desorbed water is swept away
before the highest temperatures are reached
(Derr). Alcoa Activated Alumina F-1 will adsorb
149, by weight of water at substantially 1009,
efficiency in a standardized dynamic test.

Kiselev and Smirnova found that adsorption
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of water by alumina increased with every adsorp-
tion-desorption cycle until the sorbent contained
9 to 139, of water, after which adsorption and
desorption became reproducible. Imelik pointed
out that partially calcined alumina could be
rehydrated on exposure to water vapor. Papée
found that if the first adsorption isotherm for
water on alumina was continued until true satu-
ration was reached subsequent adsorption-
desorption isotherms were reproducible. The
amount of irreversibly fixed water was high if
dehydration was carried out under vacuum.

In 1958, Papée stated that as a result of ir-
reversible adsorption, the initial specific surface
was first reduced considerably. As rehydration
progressed, the surface area returned to the order
of the initial value, and finally slowly decreased
as long as the quantitative transformation into
beta trihydrate was not completed. Cornelius
determined the reversible adsorption of water at
32 to 508°C and 0.05 to 300 mm vapor pressure.

Stowe (1952) found the heat evolved when
freshly reactivated aluminas were immersed in
liquid water to be 18.0 cal/g adsorbent for Alcoa
F-1 and 24.4 cal/g for Alcoa H-51. The heat of
wetting by a monolayer of water derived from
liquid water was 170 cal/g of water adsorbed,
for these forms of Alcoa Activated Alumina.
Robert found that the heat of wetting of 15
organic compounds on alumina gel correlated
with their degree of adsorbability. Water ad-
sorbed on alumina was judged by Freymann and
Freymann to be in the liquid state inasmuch as it

A, .Rsse
Fig. 18—Micrograph of Alcoa Activated Alumina F, 250X

showed microwave absorption at 3.15 cm like
liquid water. Hydrated alumina does not absorb
in this region. Isoteric heats of hydration-dehy-
dration for transition alumina, as determined by
Cornelius, vary from 10 kcal/mole water ad-
sorbed at 3% by weight water adsorption level
to over 105 kcal/mole at about 0.1%, adsorption
level. According to Sanlaville, the differential
heat of adsorption is 6-7 kcal/mole for 0-30 mg
H,0/g Al:O; (first layer), 0.9 kcal/mole for 130
mg H.0/g ALO; (second layer) and 0.25 kcal/
mole for more than 150 mg water adsorbed per
gram of alumina.

Alcoa Activated Alumina is used to reduce the
moisture content of cereal grain, yeast, drugs and
other biological products to increase their storage
life without adverse effects on viability. It is also

ubbell and Hillier

Turkevich,

Faraday Society

Fig. 19—Electron-Micrograph of Alcoa Activated Alumina
F, 16,500X

Fig. 20—Alcoa Activated Alumina H-41
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used to dry temperature-sensitive chemicals such
as ammonium thiosulfate. In these operations,
freshly reactivated desiccant is intimately mixed
with the solid to be dried. The mixture is allowed
to approach equilibrium, then is separated (e.g.,
by sieving) and the desiccant is reactivated
(Moran and Jones). In this system of drying, the
heat of adsorption, which may amount to as much
as 750 cal/g water adsorbed, flows freely from
the desiccant into the material being dried. The
transfer of heat in this manner facilitates trans-
fer of moisture without application of heat ex-
ternally. For drying solids and also for drying
enclosed spaces, the equilibrium capacities of the
aluminas are of chief interest.

A partial list of liquids that can be commer-
cially dehydrated by Alcoa Activated Alumina
includes

LIQUIDS
Benzene Naphtha
Butane Nitrobenzene
Butylene Oxygen
Butyl Acetate Pentane
Carbon Tetrachloride Pipeline Products
Chlorobenzene Propane
Cyclohexane Propylene
Ethyl Acetate Sulfur Dioxide
Freon Toluene
Gasoline Transformer Oil
Hydraulic Oils Tributylamine
Jet Fuel Vegetable Oil
Kerosene Xylene

Lubricating Oils

References containing engineering data on the
drying of some of these products are listed in
Table 14.

The heat of wetting by the small amounts of
water involved is generally readily dissipated in
the liquid being dried. In this case, and if the
liquid itself is not adsorbed, the equilibrium
capacity for adsorption of water at various levels
of saturation approaches that shown in Figure 21,
provided that the ordinate be taken as per cent
saturation instead of per cent relative humidity.
In drying polar liquids, such as methy! chloride
and some olefins, capacity is considerably dimin-
ished. Possibly these polar liquids compete with
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water for the adsorbing surfaces. In some cases,
the attraction of the liquid for the alumina, as
evidenced by the heat of wetting, approximates
that of water, and the liquid cannot be success-
fully dried. Methanol is one example. Another
exception must be made in the case of acetone
but for a different reason—it is unstable in the
presence of activated alumina.

Alcoa Activated Alumina dries air and other
gases with great efficiency. The capacity of the
alumina depends upon pressure; temperatures of
bed and of inlet gas; means of removing heat of
adsorption; degree of dryness required; heat ca-
pacity of the gas; contaminants in the gas; rate
of flow of gas relative to quantity of adsorbent;
bed configuration; quality, grade and particle
size. Because of the high cost of pressure vessels,
the prime factor in the practical design of ad-
sorbers is pressure.

A partial list of gases that can be commercially
dehydrated by Alcoa Activated Alumina includes

GASES
Acetylene Helium
Air Hydrogen
Ammonia Hydrogen Chloride
Argon Methane
Carbon Dioxide Natural Gas
Chlorine Nitrogen
Cracked Gas Nitrous Oxide
Ethane Oxygen
Ethylene Propane
Freon Propylene

Furnace Gas Sulfur Dioxide
Properties of the principal desiccant grade
Alcoa Activated Aluminas are listed in Table 15.
Activated Alumina F-1 is recommended for
drying gases at pressures near one atmosphere,
for drying refrigerants and for applications where
extremely low dew points are desirable. Adsorb-
ents of equilibrium capacity higher than F-1
often give no higher capacities in dynamic dry-
ing of gases at one atmosphere because these
capacities are limited by the temperatures pro-
duced by the adsorbents. Some helpful informa-
tion and data that are suitable for engineering
design may be found in Derr (1938), Rathmell and
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Bateman and in Industrial Heating 18,297 (1951).

Some fluorine compounds react chemically
with alumina and cannot be dried by this agent.
In fact, Alcoa Activated Alumina is used for
essentially complete removal of fluorine from the
product of the hydrogen fluoride alkylation proc-
ess. It is also used to diminish the amounts of
fluorine in municipal water supplies to safe levels.

Savinelli investigated the effects of a number
of variables on the fluoride-ion exchange capacity
of activated alumina regenerated with dilute
solutions of filter alum. The method appears
useful for removal of fluoride from waters of
high alkalinity from carbonate hardness but not
for those with sodium or potassium bicarbonate.

Alcoa Activated Alumina H-151 is recom-
mended for drying gases under high pressure and
for liquids, refrigerants and other applications
where maximum absorptive capacity is desirable.

When drying gases under pressure, the heat of
adsorption is dissipated readily because of the
high heat capacity of the gas. The temperature
remains low and adsorption proceeds until capac-
ities fairly near equilibrium capacities are at-
tained. Data on the performance of H-151 in an
installation for drying natural gas are given by
Getty. The high absorptive capacity, nontoxicity
and ease of handling make this ball-type desic-
cant especially suited for static drying applica-

tions such as packaging dried foods and drugs to
maintain low moisture contents. The abrasion
resistance and crushing strength of H-151 are
excellent. Pressure drop through beds of spherical
H-151 is lower than the pressure drop through
granular desiccant beds.

Activated Alumina F-3 is normally recom-
mended for drying gases, vapors and liquids not
requiring maximum moisture adsorptive capac-
ity. But dew point equivalents approximating
—80°F are readily obtainable.

Activated Alumina F-5, which is F-1 with cal-
cium chloride impregnation, has about twice the
moisture capacity of F-1. This grade is used
principally where rapid “one-shot” desiccation
requiring maximum moisture removal is desired.
Repeated reactivation at temperatures in excess
of 350°F is not recommended because of pro-
gressive decomposition or ultimate breakdown of
the calcium chloride.

Activated Alumina F-6 is made by impregnat-
ing F-1 with cobaltous chloride. The moisture
adsorptive capacity is essentially that of F-1
with the additional property of changing from
indigo blue to pale pink at about 209, relative
humidity and to white at the water saturated
state. Reactivation restores the deep blue color
and the original adsorptive capacity with little
or no loss in efficiency. This alumina F-6 is used

TABLE 14

Drying Liquids with Activated Alumina

Liquid ’llf)géeorfs ]2318:’ He}fht’ p e;"ll“:)?viel;? b xfelx? \’}"Ol‘}va:z C\(Y:tteexll‘t, (’}l‘ag)lvfeir Reference
gal/hr % per Cycle

Benzene............ 2 40 9 2,500 15,000 0.04 100,000 | Derr and Willmore

Toluene............ 2 40 9 2,500 15,000 0.03 200,000 | Derr and Willmore

Gasoline............ 2 40 9 2,500 400,000 1,000,000 Derr and Willmore

Propane............ 1 14 8 S00 | ...l 120,000 | Lupfer

Pipeline Products. .. 6 48 9 3,000 128,333 | Varied | 1,540,000 | Phipps

Pipeline Products. . . 4 84 7 14,000 80,000 1,000,000 Fisher

Furnace Oil......... 1 30 6 550 f ..., 100,000 | Nat. Petroleum News
Jan. 3, 1945, p. R-63
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Fig. 21—Activated Alumina Equilibrium Capacities

in breather equipment on tank cars, transformers
and storage tanks, and on pneumatic and elec-
trical control equipment, in laboratory desicca-
tors, between multiple-glazed windows and in
similar applications requiring a visible indica-
tion of the degree of adsorption. If maximum
capacity is desired along with visual indication
of the degree of adsorption, then F-6 may be
intermixed with H-151.

C. Chromatography

High surface area alumina has been used ex-
tensively in chromatography and a special grade
of closely controlled mesh and chemical purity is
marketed for this purpose under the trade name
Alcoa Activated Alumina F-20. Alcoa Activated
Aluminas H-41, H-43 and H-51 offer interesting
possibilities as chromatographic media.

Schwab theorized that the adsorption of ions
on alumina takes place by the displacement of
ions of equal sign contained in the alumina sur-
face, i.e., sodium by cations and nitrate or chlo-
ride by anions. Schwab’s optical spectra of cations
adsorbed by sodium exchange on alumina con-
firm the view that the adsorption zones contain
basic double aluminates. Sacconi has shown that
sodium-free sorptive alumina (from amalgamated
aluminum) adsorbs cations, the addition of pure
alumina to 0.1 N hydrochloric acid raising the
pH above 5.6. He has also demonstrated the dis-
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placement of aluminum ions during chromato-
graphic adsorption of acid solutions and the
lowering of anion concentration. Shuvaeva and
Gapon interpreted a number of chromatographic
separations on the basis that the alumina pre-
dominately functions by exchange and that sec-
ondary adsorption occurs in the case of multiva-
lent ions. Grasshof reported no difference in the
behavior of alkali-free and alkali-containing alu-
mina toward inorganic ions.

Plank emphasized that alumina gel is primarily
an anion sorber, although it also shows some
cation sorption. The former is apparently due to
a chemical exchange with OH" groups in the gel
structure, and the cation adsorption is associated
with the anion uptake as required for electro-
neutrality. This behavior contrasts with that of
silica-alumina gel which is primarily a cation
sorber.

Reichstein and Shoppee controlled the chem-
ical activity of the alumina for steroid separa-
tions by homogeneous addition of moisture.
Before attempting to separate sensitive sub-
stances, they removed the alkali from the alumina
by boiling it repeatedly with distilled water until
the extract was neutral, filtered and washed with
methanol and reactivated at 160 to 200°C, For
separation of colorless steroids, they adsorbed the
mixture on alumina from a suitable solvent and
then fractionally eluted, employing the following
sequence of solvents of increasing elution power:
pentane, petroleum ether, benzene, ether, chloro-
form or acetone, methanol, water and acetic
acid. Boutillon and Prettre changed the Brock-
mann-Schodder degree for a calcined alpha tri-
hydrate from 1.2 for a freshly activated product
of 122 m?/g, to 2.8 for a sample with 49, water
and to 5.0 for a sample containing 169, water.

Solutions of zine, cadmium, manganese, mag-
nesium, calcium, strontium and barium salts and
of ammonium and barium tungstates have been
freed from trace impurities of iron, copper, silver
and lead by passage through a column packed
with high surface area alumina (Lister).

The order of decreasing cation adsorption on
alumina was listed by Sacconi as (Th, Al, U%),
(Zr, Cr, Ce9), (Fe?, Ti% Ce®), Hg?, UO,2, Pb, Cu,
Ag, Zn, (Fe?, Co), (Ni, Cd), Tl, Mn; Kubli found
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TABLE 15

Typical Properties of Desiccant Grade Activated Aluminas

Chemical Analysis, % F-1 F-3 F-5 F-6 H-151
ALOs. e e 92 92 77 88 85
NagD. o 0.80 0.80 0.70 0.76 2.0
FeaOs. oo e 0.12 0.12 0.10 0.11 0.15
IO, e e 0.09 0.09 0.08 0.08 6.3
Loss on Ignition 1100°C. . ............................ 6.8 7.2 12.4 8.5 6.2
CaCla. ot e 9.3 e
CoCla. o 2.0

Physical Properties

Borm. . . e Granular Granular | Granular | Granular Balls
Surface Area, Mm2/g. ... .. 210 200 . o 350
Bulk Density, Packed, Ib/ft3. . ....................... 55 55 60 57 55
Bulk Density, Loose, Ib/ft3........................... 50 50 55 52 52
Specific Gravity.......... ... o i 3.3 3.3 3.1-3.3
Dynamic Sorption®... ... .. ... 13-15 11-13 18-23 13-15 21-23
Crushing Strength®....... .. ... ....... .. ... ... ...... 55 55 R 60
Pore Volume, ml/g........ooiin i 0.25 0.25 0.25 0.3
Pore Diameter, A ... ... .. 40 40 40 50
IS:;’:S id;"::iﬁ;t;o% } ......................... 13.0 (Min.) | 11.0 (Min.) 20.0 (Min.)

The standard sizes for F grade alumina are 15” to 1{”, }4{” to 8 mesh and 8§ to 14 mesh. Other nonstandard sizes from 2”
granules to 325 mesh powder are available. Activated Alumina H-151 is available in nominal 14” and 14” diameter balls.

®Adsorption of moisture at 100% efficiency from air under isothermal conditions at 30°C and 90% relative humidity
under dynamic flow of 7.5 ft3/hr/1b Activated Alumina: Its Properties and Uses.

®@Method of Activated Alumina: Its Properties and Uses

for anions: OH-, PO,3, C072 F, (SOs?,
FG[CN]G.‘;, CI‘O4-2), 8203-2, (Fe[CN]ﬁ, Cl‘204-2),
(NOy, CNS), I, Br, CI', NO;, MnOy, Ac,
SOs2, S2. Shibata’s sequence for decreasing cat-
ion absorption is Bi? Fe?, Hg? Pb? Cu? Zn,
Co?, Cd, Ni2, Fe? and Mn2. He said that calcula-
tion of the potential energy for adsorption em-
ploying the radius of the hydrated ion gave
values in agreement with the order of chromato-
graphic adsorption. Brockmann has listed the
functional groups in order of decreasing adsorp-
tion affinity for alumina as COOH, CONH,,
OH, NH,, COOCH,;, N(CH,);, NO,, OCH;, H.

Aleixandre Ferrandis has listed values for the
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per cent sorption onto alumina from solution of
many organic acids dissolved in carbon disulfide,
carbon tetrachloride, chloroform, ethyl ether,
nitrobenzene, and methyl, ethyl, isopropyl and
isobuty! alcohols.

Tewari measured the decrease in absorbability
with aging for gels precipitated from aluminum
chloride solution with 110, 100 and 909 of the
equivalent alkali hydroxide solution. The influ-
ence of age on sorption of cations and basic dyes
was greatest for the material precipitated with
the deficiency of alkali. For the adsorption of
anion and acid dyes, this influence was greatest
for the material precipitated with excess alkali.
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TABLE 16

Typical Properties of Catalytic and Chromatographic Grade Aluminas

Chemical Analysis, % F-10 F-20 H-41 H-42 H-43 H-44 H-51
AleOs. .o 96 92 87 68 93 72 85
NaO.. oo 0.09 0.80 0.06 0.05 0.04 0.03 2.0
FeoOso oo 0.09 0.12 0.12 0.10 0.10 0.08 0.10
SiOg. o 0.09 0.09 5.8 4.5 0.32 0.25 5.8
Loss on Ignition, 1100°C ......... .. 3.0 6.8 6.0 27.0 6.0 27.0 6.0
Cloo 0.58 0.03 0.02 0.03 0.02 0.03
SOs. oo 0.32 0.25 0.32 0.25 0.3
CaO...oo 0.32 0.25 0.19 0.15 0.3

Screen Analysis, %
+100mesh........... ... . oL ®.. 80-200 mesh 0.5-3.5
100-200 mesh.............. ... .. 30-40
200-325mesh....................... 25-30
—325mesh........................ 25-35
Physical Properties

Form........... ... Granular | Granular Microspheroidal Microspheroidal
Surface Area, m2/g................. 100 210 350 e 250 el 350
Bulk Density, Packed, 1b/ft3. ....... 55 68 59 70 60 70 59
Bulk Density, Loose, 1b/ft*......... 50 58 52 60 55 60 52
Pore Vol., ml/g.................... 0.3 0.5 0.3 0.5
Pore Diameter, A............ ... 80 60 - 60 60
Specific Gravity................... 3.2 2.9 3.7

®The standard sizes for F-10 are 14” to 14", 14" to 8 mesh, § to 14 mesh and 14 to 28 mesh.

Fricke, Neugebauer, and co-workers, and Ven-
turello and Burdese, investigated the behavior of
copper chloride solution on pure gamma-type
alumina. Cuz(OH);Cl precipitated in an ‘‘imme-
diate reaction” through the surface hydroxyl
groups and in a secondary reaction continuing
with time as a result of rehydration of the oxide.
In addition to these chemical reactions, physical
absorption was established with equivalent quan-
tities of Cu?* and CI" ions. Quantitative separa-
tion of the results permitted the estimation of all
of these mechanisms. pH did not change during
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adsorption of the copper ion; chemically ad-
sorbed copper ion was replaced by aluminum in
the solution. Properties of chromatographic alu-
minas are in Table 16.

D. Catalysis

The catalytic activity of alumina changes dras-
tically with its mode of preparation. The usual
forms of high surface area alumina have high
dehydrating activity around 350°C. At higher
temperatures a dehydrogenating action becomes
pronounced.
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The most extensive commercial application of
alumina in catalysis is as a support for molyb-
dena, chromia and platinum in reforming opera-
tions. Thousands of tons of Alcoa Activated
Alumina F-10 have been used in hydroforming.
Dehydrocyclization activity of molybdena-
alumina catalysts was found by Russell and
Stokes to vary directly with the amount of im-
pregnated area of the catalyst. Pure alumina, or
alumina containing acid sites resulting from in-
corporation of silica or fluorine, is a favored
support for platinum in the reforming reaction
for producing high octane gasoline. Highly cal-
cined, low surface area forms of alumina are
employed with active agents such as vanadium
oxide and silver oxide in oxidation reactions.
Alumina by itself or with additives, such as
aluminum chloride, or hydrogen fluoride is used
extensively in isomerization, alkylation and poly-
merization reactions. ‘

Holm and Blue reported that pure alumina of
high surface area had high activity for hydrogen-
deuterium exchange and that this was greatly
increased by increasing the calcination tempera-
ture of the sample from 400 to 800°C. Incorpora-
tion of silica in the catalyst decreased this ex-
change but increased the rate of hydrogen transfer
reactions from naphthenes to olefines.

Alumina-silica cracking catalyst owes its ac-
tivity primarily to a number of acid sites on the
catalyst surface. Trambouze found this acidity at
cracking temperatures to comprise both Bron-
sted and Lewis type acids. Mixing neutral silica
sol with fresh neutral alumina sol developed a
strong acid. In the presence of an excess of silica
sol, no free aluminum hydroxide was precipitated
by addition of base to aluminum salt solution,
but the primary products of hydrolysis of alumi-
num ions were consumed by the interaction with
silica sol. One equivalent of acid was produced
for each atom of aluminum consumed in this
reaction. The reaction proceeded well with freshly
formed silica gel, less readily with aged gels and
very slowly with thoroughly aged silica gel
(Tamele). The calcined solid effective in catalysis
is essentially a mixture of transition alumina and
silica, in which the silicon and aluminum ions
share oxygen ions. By exposing a silica-alumina
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mixture to the vapors of a base such as quinoline,
more or less of the alumina became acidic
(Milliken). Ewles and Heap reported that alu-
mina was made luminescent by the addition of
water, methyl alcohol or ethyl alcohol; the region
of excitation, at 2700 A, being ascribed to surface
hydroxyl radicals. The solid lost luminescence on
long heating in dry air but gained it again by
heating in vacuum or hydrogen. Stowe (1948)
reported the cracking activity of alumina con-
taining about 5% silica.

Selwood and Lyon, and Mooi and Selwood
were unable to find any effect of alumina crystal
structure on the magnetic susceptibility and cat-
alytic action of manganese impregnated on the
various transition aluminas or even for high sur-
face area alpha alumina. Dowden related the
relative dehydrogenation and dehydration activ-
ity of alumina to the number of cation vacancies
on the surface. Cornelius proposed that highly
strained sites, resulting from dehydration of sur-
face MOH groups, can function as catalytic
centers. From an extensive investigation of the
physical properties and activity for the hydro-
genation of ethylene and hydrogen deuterium
exchange of alumina as a function of its dehy-
dration temperature, Mills ascribed the catalytic
activity of alumina to centers of high strain
resulting from the alumina dehydration. Brey
and Krieger found, in the dehydration of ethyl!
alcohol by alumina to produce ethylene, that
both total activity and specific activity decreased
as the preparation temperature increased above
600°C. Properties of catalytic grade aluminas
are in Table 16.

Although primarily used as a desiccant, Alcoa
Activated Alumina F-1 finds application as a
catalyst in such reactions as a destructive dehy-
dration of alcohols, in which typical soda content
of 0.8 is not harmful.

F-10, a low-soda, granular catalytic alumina,
has found considerable application as a fixed bed
chemical and petroleum catalyst. It is char-
acterized byits surface area of 100 m?/g,soda con-
tent of less than 0.19; and good physical strength.

Activated Alumina H-41 is an alumina gel
catalyst base containing 69 silica. It is produced
as spray-dried microspheres well suited for fluid
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bed operation. Its thermal stability is excellent.
This factor coupled with its high surface area
makes it a promising material for catalytic use.
The unactivated form of this alumina is H-42.
This form tablets more readily than H-41. The
corresponding grades without silica are H-43 and
H-44. Aluminum stearate is an excellent lubri-
cant for tableting H-42 and H-44. A mixture of
graphite and Sterotex, a hydrogenated oil, is also
a good lubricant.

E. Oil Maintenance

Alcoa Activated Alumina is finding increased
use for maintenance of oil in power systems and
in large internal combustion engines. The oil is
circulated continuously through a bypass filter
where the alumina adsorbs the moisture and
acids that would otherwise result in sludge and
in attack on the metal parts. After being satu-
rated with adsorbed materials, the oil-soaked
alumina can be reactivated by heat. Experience
has shown that a preventive maintenance pro-
gram for power system oils offers substantial
savings on the operation of transformers, oil
circuit breakers and hydroelectric powerhouse
equipment. Instructions for such a program are
set forth in the booklet, Activated Alumina Main-
tenance Program—Power System Oils. Sawvyer,
Kipp, Keefer and Shaw reported that Alcoa Ac-
tivated Alumina was satisfactory for lubricant
maintenance for large radial gas engines. Sargent
and Kipp also reported that Activated Alumina
gave better performance than other adsorbents for

A. S. Russell
Fig. 22—Model of Alpha Alumina Trihydrate b-Plane
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maintenance of lubricants in gas burning in-line
internal combustion engines. It was superior in
maintaining oil quality and in resisting softening
or degradation during use.

ALUMINA HYDRATES
A. Alpha Trihvydrate

Alpha trihydrate (gibbsite or hydrargillite) is
the principal constituent of bauxites in North
and South America (Frary). L. H. Milligan early
showed alpha trihydrate to be the product of the
Bayer process. Investigations by Ginsberg and
Hiittig, regarding the precipitation of alpha tri-
hydrate from Bayer process sodium aluminate
solution, showed that besides alpha trihydrate
some other phases of alumina are effective as
seed material to start crystallization.

Alpha trihydrate usually occurs in tabular
form with a hexagonal habit (Dana). An electron
micrograph of alpha trihydrate prepared in the
Bayer process was presented by Nahin and
Huffman. Megaw’s X-ray analysis (1934) showed
all the OH ions to be roughly equivalent, so that
the material is properly not a hydrate but a
hydroxide (Fricke and Hiittig). The crystal (Fig-
ures 22 and 23) has a stratified character, each
stratum consisting of two layers of hydroxyl ions
enclosing aluminum ions in interstices. There are
no aluminum ions between the second and third
layers of hydroxy! ions. The hydroxyl ions of the
third layer are directly over, rather than lying in
the depressions of, the second layer. Thus, there

A. S. Russell
Fig. 23—Model of Alpha Alumina Trihydrate c-Plane
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A. S. Russell

Fig. 24—Model of Alpha Alumina Monohydrate Crystal,
a-Plane. Glossy Black Balls: Hydroxyl Ions. Large Gray
Balls: Oxygen Ions. Small Balls: Aluminum Ions.

are many channels between the strata. In the
c-plane the large hydroxyl ions are approximately
hexagonal, close packed. The small, hexagonally
distributed aluminum ions are surrounded by six
nearest hydroxyl ion neighbors, three above and
three below. This feature of the structure was
deduced also by Duval and Lecomte from infra-
red absorption. A characteristic of the structure
is the hole through the crystal in the center of
each hexagon of aluminum ions. Gibbsite was
also investigated by Keller and Pickett, and the
use of infrared, chemical and X-ray methods
for evaluating bauxites was described by Iberg.
Asselmeyer considered alpha trihydrate to have
in addition to its normal unit cell a “fine struc-
ture” which appeared on heating. Kroon and
Stolpe assumed a model from proton magnetic
resonance measurements where the O-H bonds
are directed from an oxygen atom in the lower
plane to an oxygen atom in the upper plane in
the next ‘“sandwich,” but translated over one
triangle side. In alternate triangles, these O-H
bonds are pointing upward and downward.

This material exhibits neither pyro- nor piezo-
electricity (Megaw 1934). Fricke and Keefer
gave the isoelectric point at pH=9.20. Van
Bemmelen found that the crystalline hydrate did
not adsorb salts from solution to any marked
degree. Alpha trihydrate usually contains several
tenths per cent alkali ion.

Alpha trihydrate is readily soluble in strong
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A. S. Russell
Fig. 25—Model of Alpha Alumina Monohydrate c-Plane

mineral acids and alkalis. Solubility values in the
sodium oxide-water system were given by Russell
(1955) (see Structure and Phase Transforma-
tions, Section F). Fricke and Jucaitis gave values
for potassium oxide-water. Elmore estimated the
solubility of alpha trihydrate in sodium alumi-
nate, ionic strength 0.6, pH 11.3, temperature
60°C as 51073 mole/liter.

B. Beta Trihvydrate

Beta trihydrate (bayerite) is produced by
treating aluminum chloride solutions with cold
ammonium hydroxide followed by aging and
syneresis at room temperature, by saturating a
solution of sodium aluminate with carbon dioxide
at room temperature (Fricke and Wullhorst) and
by autoprecipitation from sodium aluminate so-
lutions under certain conditions. The action of
water on aluminum or aluminum alcoholates at
temperatures below 40°C (Fricke and Jockers
1947) is a favored means of preparing beta tri-
hydrate. If aluminum metal is used, the produc-
tion is particularly rapid if the aluminum is
amalgamated or finely divided (Schmih), or if
the oxidation is carried out electrolytically. Beta
trihydrate has not been identified in nature.

Beta trihydrate, like alpha trihydrate, has a
stratified crystal lattice. Each stratum is similar
to that of the alpha structure but the third-layer
hydroxyl ions in beta trihydrate lie in the depres-
sions between hydroxyl ions of the second layer.
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Thus the hydroxy! ions form a closely packed
hexagonal lattice.

Stumpf (unpublished) studied X-ray patterns
of a number of samples of beta trihydrate pre-
pared by carbon dioxide precipitation from sodi-
um aluminate solutions, and found that stacking
faults in the crystal lattice were common. This
was shown by distortion of the X-ray reflection
from the basal planes of the lattice, i.e., the
diffraction peak corresponding to the distance
between alternate planes of hydroxyl ions.

The broad nature of the OH infrared vibration
pattern was consistent with hydrogen bonding in
the crystal (Frederickson).

Beta trihydrate was readily soluble in acid and
was more soluble in caustic solution than alpha
trihydrate (Fricke 1928).

An electron micrograph of beta trihydrate
from carbon dioxide precipitation of aluminate
at room temperature was presented by Nahin
and Huffman. Electron micrographs of beta tri-
hydrate, prepared by reacting amalgamated alu-
minum with conductivity water, were shown by
Eberspicher, and by Watson. The structural
constants of beta trihydrate prepared by the
hydrolysis of amalgamated aluminum at room
temperature are summarized in Table 13.

Tertian and Papée investigated by X-ray
quantitative analysis various procedures of beta
trihydrate preparation. They concluded that the
conventional methods, especially those starting
with aluminum salt or aluminate solutions, led
to solids containing only 40 to 759, crystallized
beta trihydrate. They stated that the remainder
might be: (a) Pseudobdhmite or gel type mono-
hydrate which happens to give a very faint
X-ray pattern if under low concentration; never-
theless, its presence is characterized by a lower
water content and an increased surface area of
the bulk solid, the average properties of pseudo-
bohmite being a composition of AlyO;°1.5H,0
and a surface area of 300 m 2/g. (b) Pseudoamor-
phous trihydrate, the bulk of which has the
properties of pure beta trihydrate, namely, a
surface area lower than 20 m?/g, and a com-
position close to Al;O5°3H:0; the X-ray pattern
does not show any broadening of the beta tri-
hydrate lines, but under special conditions
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reveals two weak bands at 4.80 and 2.40 A.
Extremely rich or pure beta trihydrate prepara-
tions could be achieved only by the Schmih
amalgam method or by rho alumina rehydration.

Beta trihydrate is now on the market. [t may
well be the origin of some aluminas employed as
catalyst supports.

C. Nordstrandite

A new alumina trihydrate, Nordstrandite,
based on X-ray studies was reported by Van
Nordstrand, Hettinger and Keith. This phase
has also been called bayerite IL or randomite.
Whereas dehydration of alpha trihydrate at
200°C yields chi alumina, beta trihydrate and
Nordstrandite yield eta alumina.

From the treatment of solutions of aluminum
chloride or nitrate with ammonium hydroxide,
all three trihydrates were found after the washed
gel was gradually converted to crystalline tri-
hydrate. Papée and co-workers confirmed the
existance of the new hydrate, Nordstrandite, and
published a more complete X-ray spectrum of
the pure material (Table 3).

D. Alpha Monohydrate

Alpha monohydrate (bohmite) is the principal
constituent of European bauxites. Natural, well-
crystallized specimens were reported by Bon-
shtedt-Kupletskaya and Vlodavets. Ginsberg

. H. Gitzen

Fig. 26—Electron-Micrograph of Plate-like Alpha Mono-
hydrate, 25,000X. Alcoa Monohydrated Alumina D-50.
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and Koster found heating alumina hydrate in
water at 200°C or in caustic at 150°C to be
reliable methods for preparing alpha monohy-
drate. The time for the conversion depended on
the initial alpha trihydrate and extended to
several hours. Alpha monohydrate was formed
by subjecting amalgamated aluminum to boiling
water or steam at 100°C (Weiser and Milligan
1936, Fricke and Jockers 1947).

The structure (Figures 24 and 25) consists of
oxygen ion layers that do not fit with each other
but within which the oxygen ions are in cubic
packing. Kroon and Stolpe found the OH-direc-
tions to form zig-zag chains between the planes
of the oxygen ions. Milligan and McAtee deter-
mined the short, unshared O-O distance to be
2.70 A, consistent with usual hydrogen bond
distances. As with all the other so-called hy-
drates, this material does not contain water mole-
cules (Fricke and Severin), at least in its basic
structure. Hill showed extensive solid solution
between alpha alumina monohydrate and the
corresponding gallia monohydrate.

A fine alpha monohydrate consisting of thin
ellipselike plates with sharp points at each end
(Figure 26) resulted from heating alpha trihy-
drate in concentrated sodium hydroxide solution
(Tosterud).

Structural regularities in the plates were shown
by Bragg reflections from some areas, and the

Turkevich and Hillier Analytical Chemistry

Fig. 27—Plate-like Alpha Monohydrate, 47,000X
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jagged edges indicated a linear arrangement
within the plates (Figure 27). These nonporous
plates had an area of about 15 m2/g (Russell and
Cochran). Ervin and Osborn published photo-
micrographs and electron micrographs showing
that alpha monohydrate prepared hydrother-
mally consisted of well-formed thin six-sided
plates or laths, some being 150 microns long, the
large crystals being similar in habit to the small
ones. Structural properties of alpha monohy-
drate, prepared by hydrolysis of amalgamated
aluminum at 100°C, are listed in Table 13.

Transparent films of highly oriented alpha
monohydrate have been made by Milligan and
Weiser by evaporating a highly thixotropic alu-
mina sol to dryness at room temperature. These
films remained transparent and oriented after
being transformed into a transition alumina by
heating to about 700°C.

The refractive index commonly given for alpha
monohydrate was substantially lower than that
found recently for large crystals. Ervin (private
communication) suggested that the difference
was caused by adsorbed water on the usual fine
crystals. The permanent adsorption of water
vapor increased continuously as alpha mono-
hydrate gel was heated from 100 to 400°C,
according to Papée. Fricke and Keefer found the
isoelectric point to be in the pH range of 9.40
to 9.45. Alpha monohydrate may show thermo-
luminescence with peaks like those for the transi-
tion aluminas (Rieke). Samples of this material
prepared in different ways showed different glow
curves.

According to Hiittig and Schaufel, alpha mono-
hydrate swelled greatly in 3.73N hydrochloric
acid. It was harder to dissolve in caustic soda
solution than the trihydrates (Havestadt and
Fricke).

Bryan found that the alpha monohydrate
formed by the action of boiling distilled water
on aluminum alloys, was made impervious by a
certain minimum quantity of silicon in the metal.

The usual samples of alpha monohydrate con-
tain water in excess of the theoretical 159.
Goton pointed out that this excess water acts as
if it were a trihydrate phase, located around the
surface of crystallites, as judged by the tempera-
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ture, kinetics and heat requirements of its
decomposition.

Concerning this problem of excess water,
Tertian and Papée do not accept the trihydrate
hypothesis, considering that: (a) the presence of
trihydrate in alpha monohydrate may be detect-
ed by a refined X-ray examination to an amount
as little as 19, corresponding to less than 29 of
excess water; (b) the loss of several per cent—
129, for instance—of excess water at about
300°C is followed by neither significant increase
in surface area (from 3 to less than 3.5 m?/g),
nor structural change. They rather consider this
excess water as intercrystalline.

An unusual fibrous alpha monohydrate has
been produced and described by Bugosh. This
material must be made in an acid environment;
and it is unique in that it is a very fine crystalline
powder which forms a gel when mixed with
water. It has been described as being a fibrous
alumina in the form of fibrils and having an
average length in the range from 100 to 700
millimicrons, the remaining average dimensions
being in the range from 3 to 10 millimicrons, the
axial ratio being from 50:1 to 150:1. It was also
claimed that the product has a surface area of
250 to 350 m?/g.

E. Beta Monohydrate

Deposits of impure beta monohydrate (dia-
spore) are found in east central Missouri and
central Pennsylvania. The pure crystals are rare.
Beta monohydrate was grown hydrothermally
on seed by Laubengayer and Weisz. Roy and
Osborn grew diaspore crystals 1 to 2 mm long at
pressures above 20,000 psi.

The beta monohydrate structure is shown in
Figures 28 and 29. The oxygen ions are nearly
equivalent, each being joined to one other oxygen
by way of a hydrogen ion and being arranged in
hexagonal close packing (Ewing). Busing and
Levy, by neutron diffraction, established the
position of the hydrogen on a line at an angle
of 12° with the line of centers of the two different
types of oxygen atoms and closest to the oxygen
farthest from the aluminum ion. This structure
lacks the shafts characteristic of the alpha mono-
hydrate. The compact arrangement is consistent

. S. Russell
Fig.28—Model of Beta Alumina Monohydrate c-Projection

with the greater density of this monohydrate and
with the low frequency of the OH" stretching
vibration shown by infrared absorption. Cob-
lentz, and van Arkel and Fritzius were unable
by infrared absorption to identify bands charac-
teristic of water in beta monohydrate.

The infrared spectra of diaspore were exam-
ined by a number of observers. Cabannes-Ott
included diaspore in his study of natural hydrox-
ides of the type XO-OH (Table 10). Nakamoto,
and Rundle and Parsol discussed the relation
between the wave length of the OH absorption

ussil

Fig. 20—Model of Beta Alumina Monohydrate a-Plane
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TABLE 17
Typical Properties of Hydrated Aluminas

Chemical Analysis (dry basis), % C-31 C-33 C-730 C-740 C-741
A5, 64.9 64.9 64.4 63.7 63.6
NasO. o 0.35 0.35 0.45 0.45 0.45
FeaOs. o e 0.010 0.003 0.02 0.02 0.02
S10 2 e e 0.02 0.02 0.05 0.05 0.05
Insoluble. ... .. oo i e 0.04 0.04
Combined Water.............cooiiiiii it 34.7 34.7 34.9 34.3 34.2
Water Adsorbed at 50% Humidity......................... 0.03 0.03 0.21 0.25 0.43
Coconut Oil. ... e 1.0 e
Stearic Acid. ... .. e 1.0

Cumulative Screen Analysis, %
A100mesh. . .o 0-0.6 0-0.6
F200 mesh. .. 0-8 0-8
F325 mesh. ..o 20-40 20-40
=325 mesh. .. 60-80 60-80
Physical Properties

Bulk Density, Packed, Ib/ft3. . .......... ... L 75-85 75-85 21-28 32-42 32-42
Bulk Density, Loose, Ib/ft3.......... .. ... .. ..ol 60-70 60-70 16-21 27-37 27-37
Specific Gravity. .. ..ot 2.42 2.42 2.40 2.38 2.38
Surface Area, m?/g. .. ... ... 0.1 0.2 10 10 10
Average Number Particle Diameter, microns. ... .......... 0.05 0.06 0.06

and the OH—O distance, i.e., the length of the
hydrogen bond. Diaspore is included in these
discussions and is also mentioned in Lecompte’s
review paper on the infrared spectra of water in
solids.

The crystals are generally flattened in the
[010] direction; they are readily divided and have
parallel fibers in the direction [001]. From photo-
micrographs and electron micrographs, Ervin and
Osborn showed beta monohydrate to develop
hydrothermally as square prisms, sometimes
twinned, with growth predominantly in the c-axis
direction resulting in needles or even fibers. Dur-
ing his investigations Hill showed a complete
series of solid solutions between beta monohy-
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drate and the corresponding gallia monohydrate.

Beta monohydrate is scarcely attacked by
caustic soda solutions under conditions where
alpha monohydrate can be dissolved.

USES OF HYDRATED ALUMINAS
A. Hydrated Alumina C-30 Series

These aluminas are fine, white crystals of
alpha trihydrate. The Combination Process (a
development of Alcoa Research Laboratories)
enables production of snow-white, organic-free
hydrated alumina with higher reactivity and
lower insoluble content than ever before. Two
grades are available (Table 17), Hydrated Alu-
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mina C-33 having lower iron content than C-31.
Hydrated Aluminas C-30 Series find applications
in the manufacture of chemicals, catalysts, glass,
vitreous enamel and ceramic whitewares. The
first two of these are most important in terms of
tonnage consumed. Compounds made from hy-
drated alumina are aluminum sulfate, aluminum
chloride (hydrated), aluminum nitrate, sodium
aluminate and sodium aluminum sulfate. “Iron-
free alum’ is low-iron aluminum sulfate as dis-
tinguished from commercial “filter alum.” The
purer form of aluminum sulfate is used in the
paper industry and also in the manufacture of
other aluminum compounds. Aluminum chloride
(anhydrous) is a catalyst in organic reactions,
and the hydrous form is used in the reprocessing
of used wool. Aluminum nitrate is a mordant in
the dyeing of textiles. Sodium aluminate is mar-
keted as a coagulant and softener for water sup-
plies, and sodium aluminum sulfate goes into
baking powder.

Many aluminum compounds are made using
aluminum sulfate as an intermediate. The more
important of these are the acetate, formate,
stearate and resinate, and also such pharma-
ceutical compounds as the citrate, gluconate and
lactate, and gelatinous aluminum hydroxide. Alu-
minum acetate and formate are used in textile
dyeing. The stearate and resinate have applica-
tions in paint and varnish and in waterproofing.
Aluminum stearate is also used in lubricating
greases. Another product made from aluminum
sulfate is “‘light” aluminum hydrate, which is a
fine, fluffy basic aluminum sulfate used in lake
pigments and as a bedying agent for lithographic
ink.

For preparation of alumina catalysts, one type
of process involves precipitation of gelatinous
aluminum hydroxide by neutralization of alumi-
num sulfate or other soluble aluminum salt. Other
metal oxides or salts are often either co-precipi-
tated with the alumina or subsequently mixed
with it, after which it is dried and calcined to
produce the catalyst. In other catalytic prepara-
tions, hydrated alumina is used directly. It is
formed into pills or briquettes, often with small
amounts of other metal salts. The briquettes are
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then calcined to produce the active catalyst.

In glass manufacture, hydrated alumina is
added directly to the glass melt in a proportion
between 2 and 49, of the total batch. It has been
shown (Seger, Schweig) that alumina reduces
viscosity of the molten glass, assists fusion, re-
duces corrosion of the furnace refractories, facili-
tates annealing, retards devitrification, increases
resistance to chemical attack, improves mechan-
ical strength and improves the appearance of the
finished glass.

For vitreous enamel and as a part of the glaz-
ing mixture for whiteware bodies, the function of
hydrated alumina is to improve the luster and
smoothness of the surface.

B. Hydrated Alumina C-700 Series

The applications of Hydrated Alumina C-700
Series (see Table 17 for typical properties of the
several grades) are dependent in most cases on
some of the following physical properties: uni-
formly fine (less than one micron) particles,
white color, low refractive index, low specific
gravity, nonhygroscopic quality and resistance
to physical or chemical change at temperatures
up to 150°C.

Almost all rubber products contain some small-
particle filler to improve physical properties, re-
duce raw material cost, or facilitate factory oper-
ations. Hydrated alumina is a reinforcing filler,
which increases abrasion resistance, tear resist-
ance, tensile strength and modulus of elasticity.
Foam rubber is not usually reinforced by even
the best of the fillers. However, C-730 improves
the load-carrying capacity of foam rubber in
addition to reducing its volume cost.

Hydrated alumina in plastics reduces volume
cost with a minimum decrease in physical prop-
erties. In polyvinyl chloride, C-730 actually in-
creases tensile strength and tear resistance up to
ten parts of the hydrate in one hundred parts
of resin.

Clay is the basic pigment used for book and
magazine paper coatings. Calcium carbonate is
sometimes added to the clay to increase the
whiteness of the coating. Hydrated Alumina
C-730 replaces all or part of the calcium carbon-
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ate with a resulting improvement in whiteness,
opacity, gloss and smoothness.

For adhesive tape, hydrated alumina gives
body to the adhesive mixture without detracting
from its adhesiveness. It is about equal to zinc
oxide and superior to other fillers in this respect.

In varnish and oil paints, this alumina in-
creases viscosity, and thus acts as a bodying
agent. Its low refractive index permits its use in
some varnishes without reduction in the clarity.
In water paints, hydrated alumina acts as an
opacifying agent. In the presence of oil, the
hydrate loses its opacity because of its relatively
low refractive index.

In tooth paste, C-730 acts as a bodying agent
and, being thixotropic, produces a firm paste that
does not run off the brush. For tooth powder, the
soft texture and absence of grit are desirable
properties. The bodying properties and smooth,
soft texture of this alumina are desirable in both
cosmetic creams and cosmetic powders.

Hydrated Alumina C-730 is a general-purpose
grade. Hydrated Alumina C-740 is the same as
C-730 except that the particles are coated with
coconut oil. It is recommended as a reinforcing
pigment for rubber compounds. Hydrated Alu-
mina C-741 is the same as C-730 except that the
particles are surface coated with stearic acid.
It is recommended as a reinforcing pigment for
rubber compounds and as a filler for plastics.

AMORPHOUS AND GEL ALUMINAS

Amorphous alumina is frequently encountered
in the decomposition of aluminum compounds, in
the precipitation of alumina from solution and
in the oxidation of aluminum. In the dehydration
sequences, Stumpf assigned a characteristic broad
X-ray line at 4.5 A to the amorphous phase.

A model consisting of two Al,O; molecules, was
found by Wilsdorf to agree satisfactorily with the
electron diffraction rings of the amorphous alu-
mina produced by 75-hour air oxidation of alumi-
num. This contains an octahedron of six closely
packed oxygen ions with four aluminum ions in a
tetrahedral arrangement and ionic distances of
2.80 and 3.95 A for 0-O; 1.72 and 3.28 A for
0-Al; and 2.80 A for Al-Al
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Dinwiddie and co-workers produced alpha
monohydrate by hydrolyzing an aluminum alco-
holate above the boiling point of water, providing
excess water and alcoho! were removed from the
hydrolysis distillation zone within 45 minutes.

Watson (1957) investigated the structure of
Wislizenus fibrous alumina produced by the
action of a small amount of water on slightly
amalgamated aluminum. The material was com-
posed of amorphous fibrils 70-80 A in diameter,
orientated parallel to the length of the fiber.
Amorphous particles arranged linearly, less than
50 A in diameter, were the ultimate building
blocks of these fibrils.

Papée (1958) described a strictly amorphous
alumina gel prepared by precipitation of alumi-
num nitrate at pH 8 with ammonia, followed by
rapid washing and drying under vacuum at 25°C
to constant weight. The composition of the
product was AlyO; 3.45H;0 contaminated with
less than 0.1 per cent NOj;-. Its surface area was
170 m2/g. It showed a broad X-ray band at 1.4 A.

Harris and Sing discussed the surface area of
alumina formed by interaction of sodium hy-
droxide and aluminum salt solutions, and by
hydrolysis of aluminum isopropoxide. The latter
gave a peak area of 1130 m?/g and retained
300 m?/g on aging.

The three types of aluminum hydroxide gel
Ca, Cp and C,, which were originally prepared
by Willstitter, have (Kraut, Fricke and Schmih,
Souza Santos, Watson) the following aging se-
quences and properties: C,, the initial form,
transforms in a few hours to Cg which goes over
to Cy in a matter of several weeks at a pH of 7.5
but in one week at pH 10.2. C,, corresponds in
water content to a trihydrate, is amorphous, and
is easily soluble in hydrochloric acid or sodium
hydroxide. Cg consists of fibrils of Al;Os* 2.2H,0
which show alpha monchydrate lines. C, has the
water content of a trihydrate and shows the lines
of both alpha and beta trihydrate, the two phases
having different crystal habits. C,, is not changed
by hot ammonia and is only difficultly soluble in
hydrochloric acid or sodium hydroxide.

To find a more convenient method for produc-
ing the C, gel required for purification of enzymes,
Watson prepared gels and sols from ammonium
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Analytical Chemistry
Fig. 30—Alumina Sol, 100,000X

Analytical Chemistry

Fig. 31~Alumina Gel Dried at 80°C, 300,000X

Turkevich and Hillier

Anmnalytical Chemistry
Fig. 32—Alumina Gel Steamed at 600°C, 16,500X
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alum and from amalgamated aluminum. The
several methods based on alum produced mix-
tures of alpha and beta trihydrates after aging,
the sol and gel portions having identical X-ray
patterns and electron microscope morphologies.
Hexagonal prisms of alpha trihydrate and tri-
angular or hour-glass somatoids of beta trihy-
drate constituted the principal structures. The
somatoids had serrated edges and appeared to
have an intrinsic structure of 40 A thick platelets
perpendicular to the long axis of the somatoids.
An electron micrograph was shown of an alpha
trihydrate hexagon mosaic, 40-80 A high, 2000 A
long and 1200 A wide, apparently formed directly
by concentration of tiny particles of the back-
ground gel.

Souza Santos (1958) showed by X-ray diffrac-
tion and electron microscopic examination that
Schmidt’s modification of Willstitter's gel re-
sembles Willstdtter’'s Cg gel.

Sawamura observed a few fibers of 200;‘(0;500
A diameter on two-hour aging of a gel. In 24
hours, most of the crystals were arranged in
fibers of this diameter, the crystals themselves
being less than 50 A in size.

Turkevich’s and Hillier’s electron micrographs
of fresh hydrous alumina from aluminum nitrate
plus ammonia showed finely divided spherical
particles about 30 A in diameter combined into
fibers (Figure 30). On aging, these flexible fibers
lined up to form rectangular plates. The fibrous
nature of the alumina was retained on drying at
80°C (Figure 31) and even on heating to 350°C
where the solid gel consisted of 30 A particles
arranged in nonrigid fibers. On further heating,
particularly in steam, the granular fibers became
rigidly arranged in plates and the fibers gradually
disappeared to give smooth lathlike surfaces
(Figure 32).

The aging by ammonia of an alumina sol pre-
pared from aluminum metal with acetic acid is
shown in Figures 33-35. Coagulation of fine fibrils
into plates and then into hard structures is shown.

Calvet and Thibon pointed out the differences
between the X-ray patterns of alpha monohy-
drate gels (pseudobshmite a and b) and of well-
crystallized alpha monohydrate. The well-crys-
tallized gel prepared at over 150°C had a specific
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Fig. 33—Alumina Sol, 50,000X

surface less than 10 m?/g and a dehydration
temperature of 350-400°C. The gel type prepared
at less than 100°C had specific surface of 100
m?/g or more and a progressive dehydration
between 200 and 400°C. They also investigated
the transformation of amorphous alumina to
crystalline compounds. Gels prepared at pH less
than 6 were amorphous. At pH 9 the gels were
alpha monohydrate. The temperature at which
the gel was dried, the adsorbed anion content
and the degree of crystallinity affected the heat
of wetting of the gel for normal sodium hydrox-
ide. The temperature effect was attributed to the
irreversible dehydration of the gel and confirmed
by infrared spectra studies in these gels, water
being absent. As the temperature was raised to
100°C, desiccation of the gel involved condensa-

Fig. 34—Alumina Sol Partially Aged, 50,000X

Fig. 35—Alumina Sol Further Aged, 50,000X

tion of the hydroxyl ions. Aging of alumina gels
at 100°C, in the presence of water or alkali, im-
proved their crystallinity. Heating to 400°C did
not change the structure of gels aged at 100°C.
The difference between amorphous and alpha
monohydrate gels was shown by differential ther-
mal analysis. In the presence of sodium carbonate
or bicarbonate, amorphous gels of alumina were
transformed at room temperature into a crystal-
line double carbonate of sodium and aluminum.
Crystallized gels of alumina did not give this
reaction.

Teichner and Imelik prepared pure amorphous
aluminas by the action of water vapor or heat on
aluminum methylate. The water content of the
amorphous materials varied with the temperature
of treatment and could be zero. Those with the
water content of trihydrate lost water more read-
ily than the usual alpha or beta trihydrates.
Alumina from aluminum methylate decomposed
atlow temperature had a surface area of 300 m?/g,
and an X-ray pattern with weak halos at 4.5,
2.3 and 1.4 A.

Teichner and Imelik also prepared gels from
ammonia and aluminum nitrate of varying pH
at the end of the precipitation. As pH increased
from 5.1 to 9.1, the contained nitrate diminished
from 0.4 to 0.009, the water of constitution fell
from 4.3 to 3.3 moles/mole of alumina, and the
specific surface increased from 0 to 190 m?/g.
The gels changed with increasing pH from trans-
lucent to opaque grains, and the degree of crys-
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tallinity increased, alpha monohydrate being the
phase, except for the preparation of pH 9.1 which
also contained some beta trihydrate. For the gel
prepared at pH 5.1, crystallinity increased with
the number of washings. The gel precipitated at
pH 5.1 increased in area to 25 m?/g after calcina-
tion at 500°C where it still retained 0.3 mole of
water/mole of alumina. Gels precipitated at
higher pH lost their water of crystallization more
readily and increased to higher surface areas. A
gel precipitated at pH 5.1 was treated with potas-
sium hydroxide in methanol. The nitrate was
almost completely eliminated, and this solid had
a surface area of 600 m?/g. The gel produced in
the cold had a composition AlO;3H.O after
evacuation at room temperature. This composi-
tion remained unchanged on standing in air, but
the surface diminished progressively. X-ray dif-
{raction analysis showed many lines in common
with alpha monohydrate. Infrared bands ascribed
to alpha or beta trihydrates or to alpha mono-
hydrate were found in all the samples as well as
in all their products of partial or complete
decomposition.

The amorphous aluminas from the foregoing
processes lost oxygen (Al:Os.) by heating at
500°C in a 10°® mm Hg vacuum. They turned
black and became n-type semiconductors. Loss
of oxygen from the surface led to a correspond-
ing increase in specific surface. The black oxide
became white in air at 500°C while its crystal-
linity increased (Teichner 1959).

The size of the primary crystals of the mono-
hydrate varies widely with the nature of the
anion, sulfate giving much finer diffraction bands
(and hence finer particles) than chloride or ni-
trate. The highly dispersed adsorptive alumina
floc in water purification practice is obtained
from aluminum sulfate. The size of the primary
crystals increased with increase in pH, with de-
crease in concentration, and with precipitant in
this order: sodium sulfide, sodium carbonate, am-
monia and sodium hydroxide (Weiser and Milli-
gan 1952; Milligan 1951).

Weiser (1941) found that fresh alumina floc
from aluminum sulfate solution at pH less than
5.5 was an amorphous basic salt of the formula
AlyO; 505 1.5H.0. No basic salts were formed in
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this way with aluminum chloride or nitrate at
pH between 4 and 8. Kuczynski and Zagorski
pointed out that alumina precipitated from alu-
minum sulfate solution by ammonia at pH 3.4,
had low sorption and low mechanical strength,
both properties being improved by basic precipi-
tation. Arimori precipitated a basic alum from
ammonium alum or aluminum sulfate heated
with ammonia at 120 to 180°C, but this was
transformed to alpha monohydrate in fresh
water.

Gyani reported that hard, fairly transparent
alumina can be prepared by precipitation from
boiling solutions and immediate washing. Aging
of the precipitated alumina at room temperature,
particularly in the presence of a large quantity
of soluble salts, leads to soft, chalky gels. The
transformation of the precipitated hydroxide can
be prevented by addition of acetic acid.

Lacroix stated that aluminum hydroxide starts
to precipitate at a pH of 3.95 with 0.01 N hydro-
chloric acid solution, and that the pH of com-
plete solution is 11.0. Marion and Thomas gave
7.7 as the pH of maximum precipitation of alu-
mina from 0.02 M aluminum chloride solution by
potassium hydroxide. Fluoride or oxalate raised
the pH of maximum precipitation; sulfate, lac-
tate and chloride lowered the value; and citrate
and tartrate caused a sharp drop. Pavella deter-
mined photometrically that about half the stoichi-
ometric quantity of base (ammonia or sodium
hydroxide) was required to precipitate the alu-
mina from aluminum sulfate solution.

Graham and Thomas found that the rate of
neutralization of various 0.2 N acids by hydrous
alumina at 25°C was most rapid for HF and
decreased in the order H3POs, HoCyO4 HoSOs,
HNO;, HCl, CH;COOH, H.NSO;H, HCIO,,
which agrees in general with the tendency of the
negative ion to form stable aluminum complexes.
Graham and Horning found the addition of hy-
drous alumina at 25°C to 0.1 M or 0.05 M solu-
tions of the potassium salts at pH 7.00 to increase
the pH to the following values: fluoride 9.6,
oxalate 8.6, sulfate 8.0, nitrate 7.3, chloride 7.3,
perchlorate 7.1 and phosphate 7.0, the increase
being ascribed to displacement of OH groups
from the surface by the anions. Schmih reported
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very pure alumina gel to have an alkaline surface
reaction, adsorbing potassium chloride, perchlo-
rate and sulfate from neutral solutions to a pH
of 8.5 to 9.5.

Szabo listed the following values for the solu-
bility products:

20°C 30°C
(Al*3) X (OH)3=1.25-10"3% 1.92-1072
(AlOs)X (H*) =1.80-10"8 1.34- 10713

The paper summarizes many earlier determina-
tions. Fricke and Schmih gave the solubility of
very pure aluminum hydroxide in water as less
than 107% mole/liter.

Dekker and Van Geel found the dielectric
constant of the amorphous and crystalline layers
formed by anodic oxidation of alumina to be
equal. Gulbransen and Wysong found the forma-
tion of amorphous alumina from purest alumi-
num and oxygen to have an energy of activation
of 22.8 kcal/mole and an entropy of activation of
—26 cal/mole deg. This is equivalent to a rate
of about 8 micrograms/cm? hr at 500°C or a
thickness increase of 400 A/hr.

MOLTEN AND GASEOUS ALUMINA

Brewer and Searcy concluded from vapor pres-
sure measurements that AlO gas was evolved
from alumina heated with aluminum and that
AlO was the principal aluminum species when
alumina volatilized. Cochran also found that

ALO was evolved from the aluminum-alumina
reaction but that no AlO was present in the
reaction vapors. By high-temperature X-ray
techniques, Hoch and Johnston found that Al
and AlLO; were the stable phases below 1000°C,
Al,O between 1050 and 1600°C and AlO above
1500°C. Both ALO and AlO are cubic, the lattice
constants being 4.98 A (at 1100°C) and 5.67 A
(at 1700°C), respectively. Intense ion currents of
AlLO* formed from gaseous Al;O in the aluminum-
alumina system were identified mass spectro-
metrically by Porter. At 1477°C ions formed
from other gaseous oxides were very much less
intense than AL,O*. The appearance potential of
AlLO* was 7.71£0.2 ev. For the reaction, Al,O(g) =
2AHg)+0(g), AHas=256%7 kcal/mole.

More recently Navias made studies of the
chemical stability of certain electronic tube
structures, as being pertinent to the volatility
of aluminum oxide. From his data an upper
limit for the evaporation rate of aluminum oxide
out of contact of possible reactants has been
estimated to be about 4,000 times less at 1900°C
than the extrapolated value from Brewer and
Searcy’s data. A sapphire rod was used in sub-
sequent tests by Sears and Navias.

Wartenberg (1951) found molten alumina to
absorb water and concluded that the water must
be bound as a hydroxide. He claimed that alu-
mina was more volatile in the presence of water
vapor than in dry air, so that gaseous aluminum
hydroxide is also stable.
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