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Chemicul reactions potentially useful 
for  converting intractable allotropes 
of germania (aged hexagonal and te- 
tragonal forms) into reactive products 
are iiivestigated. The efjrectiveness of' 
reactions in uqueoiis solutions under 
busic, basic-reductive, acidic-oxida- 
tive, and acidic-reductive conditions 
is reported in terms of gerrnunia soh -  
bilizution. Solubility versus time of 
reaction at elevated temperatures is 
reported for the most efeective medium, 
2.5M NaOH. For six flux media, f u -  
sion reactions and respective tempera- 
tures are reported with the percentuge 
of germania solubilized from the fused 
melt. Additionally, the crystulline ger- 
mania mate;ials are characterized by 
injrared and differential thermal analy - 
ses. Chemical procedures compatible 
with batch or continuous processing 
methods are discussed. [Key words: 
germania, crystal chemistry, syrz- 
thesis, processing, und so lubi l i~ . ]  

AMPLE supplies of germanium (Ge) raw 
materials are critical for several tech- 

nologies. Infrared and radiation detectors 
and optical waveguide fiber manufacturing 
depend on Ge chemicals. Demands have 
increased over the past few years. As indi- 
cated by a recent examination of Ge sup- 
ply-demand influences on prices, the cost 
of germanium tetrachloride (GeCl,) has 
increased sharply as supplies of raw ma- 
terials have been restricted, particularly 
within the United States.' Although Ge- 
bearing ores are plentiful in the Soviet 
Union and in Africa, North American mines 
of major Ge-containing ores are sparse. 
However, a vast potential U.S. reserve ex- 
ists in the form of coal, from which Ge 
may be recovered from certain fly ashes 
containing several hundred ppm of the ele- 
ment. Currently. domestic Ge is obtained 
predominantly as a byproduct of Zn mining. 

During conventional processing of 
Ge ores, the element is recovered by treat- 
ing the raw material with concentrated 
HCI-containing chlorine. The resulting 
GeCI, is recovered by distillation and is 
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often hydrolyzcd subsequently to precipi- 
tate germania (GeO?).  From GeO,, the 
metal is produced by reduction and may 
be purified eventually by zone refining. 
As originally precipitated, hexagonal ger- 
mania (h-GeO,) may be redissolvcd quite 
readily in aqueous media (acid and base) 
and may easily be converted to GeCI,. 
However, the reactivity, solubility. and 
rate of dissolution of the h-Ge0, depends 
on several factors, including thermal treat; 
ment, dehydration, and impurity content.& 
With increased extent of dehydration or 
aging, the solid progressively becomes 
more sluggish in its solubilization with re- 
agent chemicals. The tetragonal allotrope 
(r-GeO,) is particularly chemically intrac- 
table and does not react even with aqueous 
HF or HCI. This very stable form of GeO, 
is generally produced under conditions of 
instability of the vitreous and hexagonal 
materials (hydrothermal, mineralizing cat- 
alysts, pressure) and upon slow transforma- 
tion of the hexagonal solid on long-term 
aging. Becausc of its low reactivity, t- 
GeO, is not ordinarily sought as a precur- 
sor material for producing Ge compounds. 
However, t-Ge02 films can be expected to 
import stabilizing and masking properties 
to surfaces; thus, it is generally investigated 
for device applications and technology. 

Prior to 1980, it is reported that most 
of the domestic byproduct Ge concentrates 
from metal mining were discarded over 
the years because of lack of demand.' Ap- 
parently, Ge concentrates from large-scale 
African mining have also been discarded 
or stored near the mining location. These 
residues contain several hundred ppm of 
Ge. During processing to refine such ores, 
particularly to obtain Zn ,  h - G e 0 2  and 
smaller quantities of t-GeO, can be pre- 
cipitated, Once isolated and dried, these 
solid, high Ge-containing materials are not 
generally processable by the conventional 
methods commonly used either to recover 
Ge from natural ores or to produce other 
Ge compounds. 

Needs for GeCI, for optical wave- 
guide fiber manufacturing are expected to 
remain relativley high. To meet these de- 
mands for Ge, the purchasing and repro- 
cessing of large quantities of chemically 
intractable GeO, might prove essential. 
The objective of this study is to investi- 
gate the most direct and economically fea- 
sible procedures for converting GeOz into 
chemically reactive products useful as Ge 
raw materials. Results of experiments on 
h-GeO, subjected to long-term aging and 
on t-GeO, prepared in our laboratory are 
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reported. Chemical procedures compatible 
with batch or continuous chemical engineer- 
ing production-scale processing methods 
are discussed. 

EXPERIMENTAL PROCEDURE 

Dissolution 
The solubilization of GeOz in various 

reagent solutions was examined under accel- 
erated conditions of high temperature and 
pressure produced within a Teflon" pressure 
bomb apparatus.' Reaction mixtures of 
concentrated HNO;-49% HF ( 1  : 4), 50% 
hypophosphorous acid-6M HCI (5:  I ) ,  or 
30% H20?-6M HCI (1 :2) were prepared. 
Samples (0.25 to 1 .O g) of Ge0, were trans- 
ferred into the bomb apparatus and covered 
with 10 mL of the reaction mixture. The 
bomb apparatus was heated within an oven 
f o r  pe r iods  of up  to  24 h at  180°C.  
h-Ge02 (0.25 g) was reacted with 12.5 mL 
of 2.5M NaOH, an amount capable of dis- 
solving 4 times the quantity of GeOz be- 
ing tested. Samples within several bomb 
apparatus were removed at various time 
periods to determine the minimum solubi- 
lization time. Alternatively I-g samples of 
GeO, were submerged under 50 mL of 
2 .5M NaOH within a 100-mL covered 
Teflon (TFE) beaker and heated contin- 
uotisly at 100°C. A 0.5-mL aliquot of the 
solution was removed at various time in- 
tervals and analyzed by atomic absorption 
spectroscopy. In  a similar manner. 0.5-g 
samples of h-Ge02, preheated for 30 min 
at I100"C, were shaken in separate funnels 
with 100 mL of 2.5M NaOH and with 
100 mL of 0.6M oxalic acid. 

Fusion 
GeO, (0.25 to 1.0 g) was fused with 

7 times the weight of each flux reagent. In 
each case, approximately one-half of the 
flux was placed on the bottom of a Ni or 
quartz crucible, the CeO, was added next, 
and finally covered with the remaining 
portion of flux. The crucible was then 
held with tongs within an air-gas flame, 
and the materials fused carefully until a 
fluid melt was formed. The fused sample 
was subsequently heated with small vol- 
umes of 2.5M NaOH until either no resi- 
due remained within the crucible or  no 
further solubilization was evident. To pre- 
vent reprecipitation of the solubilized Ge 
species resulting from dissolving the melt 
in small, heated portions of 2.5M NaOH, 
it was necessary to add the small concen- 
trated solution to a larger volume (75 mL) 
or 2.5M NaOH. This dilution prevented 
precipitation from the otherwise saturated 
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small volume sample. Conditions for fu- 
sion with various reagents (sodium perox- 
ide, sodium carbonate, sodium oxalate, 
sodium hypophosphite, sodium hydroxide, 
and sodium formate) were compared by 
qualitatively examining fusion times, fu- 
sion temperature, ease and completeness 
of the solubilization of the melt and by 
quantitatively analyzing the resulting solu- 
tion for Ge. 
Tetrugonul Germunia 

The procedure of Faktor and Carasso4 
was used to obtain a batch quantity (=20 g) 
of pure t-GeO,. The catalyst used was 
LiGeOz prepared by heating to 1250°C 
equal molar quantities of t-GeO, and 
LiCo, contained in a Pt crucible. h-GeO, 
containing approximately 0.1 wt% of 
LiGeO, was heated at 900°C for >24 h in 
a covered Pt crucible. A control sample 
containing no catalyst was also heated under 
similar conditions, but showcd no reaction. 
Infrared spectra (KBr pellets) and differen- 
tial thennograins (25" to 1200"C, 2O0C/min 
in air) wcre obtained for the tetragonal 
product, the original hexagonal sample, 
and an ultrapure (99.99+%) reference 
source of h-GeO, obtained commercially.' 

RESULTS AND DISCUSSION 
The solid modifications of Ge02 in- 

clude an amorphous or vitreous form and 
two crystalline allotropes, hexagonal 
(quartz-type) and tetragonal (rutile-type). 
These modifications are readily distin- 
guishable by their infrared spectra and 
from X-ray powder analysis. The stable, 
tetragonal form is chemically intractable, 
but does not ordinarily form, except under 
conditions of instability of the more reac- 
tive hexagonal allotrope. Reactions produc- 
ing GeOz under conditions thermodynami- 
cally compatible with all forms invariably 
yield the vitreous or hexagonal forms of 
GeOz the oxide. Unexpectedly, GeOz was 
presumed to be of the hexagonal variety 
and to be commercially available in bulk 
quantities showed vary sluggish chemical 
reactivity. This GeO, was, therefore. ex- 
amined by several techniques. Infrared 
spectra of the commercial product and the 
tetragonal material prepared in this work 
arc shown in Fig. I ,  with a spectrum of an 
ultrapure (99.99+%) h-GeO, standard. 
These data confirmed the purchased ma- 
terial to be of the hexagonal variety, with 
few discernible differences detectcd in 
the spectra of the former and the hexago- 
nal standard. Emission spectrographic 
analysis of the hexagonal sample showed 
a material of better than 99% purity, with 
detectable impurities (Ag, Ca, Mg, Cu, 
and Fe) found at the 10 ppm level or below. 
However, Si was found to be present at 
about 100 ppm. Qualitative X-ray fluo- 
rescence analysis also did not detect the 
presence of S .  

0 i fferen tial t hermogra m s for the 
three oxide samples are presented in 
Fig. 2. Substantial differences were ob- 
served in the thermal behavior of the pur- 
chased  hexagonal  mater ia l  and the  
hexagonal standard. The tetragonal sample 
exhibited a low-temperature endotherm 
(80" to 100°C), presumably reflecting re- 
lease of adsorbed moisture, and a large 
endotherm at 1030" to 1050°C, corre- 
sponding to rapid conversion to the hex- 
agonal structure. This latter transition is 
reported to occur at 1030°C.4 The endo- 
therm occurring around 1100°C is due to 
melting of the oxide. 

The hexagonal standard exhibited a 
specific exothermic change in the 600" to 
700°C region that was not observed in any 
of the other samples. This effect, we sus- 
pect, is due to residual water of hydration 
which is only completely removed from 
the oxide above 8OO0C, as possibly indi- 
cated by the weak endotherm in the 840" 
to 900°C region. The lower-temperature 
endotherm could thus be explained by a 
hydrothermal conversion of some hexago- 
nal material to the tetragonal form which 
i s  m o r e  s t a b l e  by  a p p r o x i m a t e l y  
6 k ~ a l / m o l . ~  

In addition to the general background 
features and melting transition exhibited 
by the other samples, the commercial hex- 
agonal material showed only a weak en- 
dotherm occurring in the 1050" to 1070°C 
region, corresponding to the tetragonal-to- 
hexagonal transformation. These results 
confirmed that this material was extremely 
dry and contained small amounts of the te- 
tragonal oxide, a consequence, perhaps of 
long-term aging, resulting in its observed 
sluggish reactivity and poor solubilization 
characteristics. 
Reactions in Acidic Media 

Samples of the h -  and t-GeO, were 
exposed to various solutions having high 
chemical potential for destroying the 
GeOz matrix. The solution chemistry of 
the hexagonal material was examined first 
in detail. Only the most effective reactions 
were then investigated for the tetragonal 
compound. Accelerated conditions of ele- 
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Fig. I .  Infrared spectra of crystalline allo- 
tropes of germania: (A) tetragonal. ( B )  hexag- 
onal, and (C) commercial solid. 

vated pressure and high temperature were 
examined by using Teflon (TFE) pressure 
bomb vessels. Strong oxidizing agents in  
combination with strong complexing an- 
ions for Ge were examined. H202-HC1 re- 
acts according to the equation 

H,02+2HC1@2HzOz+CI, ( 1 )  

to produce C1, (in the presence of excess 
HCI). Exposure of h-GeOz to this medium 
produced partial solubilization, as indi- 
cated by the results in Table I .  Thus, for- 
mation of the hexachlorogermanic acid via 
the reaction 

Ge02+6HC1~H,GeCl,+2H,0 ( 2 )  

and/or complexation by H,O, according to 
the reaction 

V 
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Danvers. MA. 

Fig. 2. Different thermograms of crystalline allotropes of 
germania, 25" to 1150°C at ZO"C/min in air: (A)  tctragonal, 
(B) hexagonal. and (C) commercial solid. 
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Table I .  Solubilization Germania in Reagent Solutions 
Weight o l  Volume of Exposure Soluhiliration 

Reagent GeO, (g) reagent (mLj time (L) ( % I  [Gel (ing/mL) 

0.25 15 20 100 11.2 
10' 20 * 100* 14.2* 0 . M  NaH,PO, in 2.5N NaOH 

H3SOj (6% SOZ) 
2.5N NaOH 

0.25 
10.25 
10.20 

I0 
12 
10" 

7 
7 
7" 

46 
100 
I 00* 

7.6 
13.5 
14.1 

6M HCl-30% H202 (2: 1) 0.25 10 17 62 10.4 
50% HIP02-6M HCI (5  : 1) 0.25 9 18 90- 100 17.3 
49% HF-16M HN03(4:  1) 0.25 10 18 90- I00 17.7 

*Prepared tetragoiial material. all others were purchased hexagonal material identitied by ~iirrared spectroscopy as the hexagonal intermediate. 

Table 11. Solubility of h-Ge02 in 2.5N 
NaOH vs Time at 100°C (mg of Ge/mL) 

Sample 1 h 2 h 4 h 6 h 

I *  9.1 14.6 14.6 17.3 
2 '  13.1 13.1 12.0 
*Original sample. %cheated for 30 min at 1 I(X)"C. 

Ge02+2H202@02Ge(-OH)4 (3 1 
provide measurable solubilization in the 
presence of Clz and high temperature 
(180°C). Upon reacting with mixtures of 
hydrotluoric and nitric acids, h-Ge02 was 
decomposed substantially according to 

Ge02(s) +6HFeH2GeF,+2H,0 (4) 

Under reducing cond i t ions ,  the 
h-Ge0, matrix is strongly attacked chemi- 
cally in an acid medium. For example, the 
reactions 

GeO,(s) + H3P0,SGeHPO3(s) + H,O (5) 

GeHPO,(s) + 3HCI~HGeC13+H,P03 (6) 

were almost complete after 18 h under the 
conditions investigated. Chemical attack is 
dependent on the ratio of the concentration 
of the reducing acid to that of HCl. 

The reaction with sulfurous acid 
(6%' SO?) 

GeOz+H,S03i2GeS04+H20, (7) 

failed to dissolve this reasonably intrac- 
table form of the hexagonal solid. Maxi- 
mum solubility was 7.6 g/L of Ge. 

Reactions in Basic Media 
Previous studies indicated that a maxi- 

mum in the solubility of h-GeO, occurs in 
2.5M NaOH.' Because chemical attack in 
solutions on the tetragonal form leads to 

the precursor of the hexagonal form, solu- 
bilization studies of both materials have 
been confined to scrutiny of 2.5M reagent. 

At room temperature, the reaction 

GeOz+20H*Ge0 S-+H,O (8) 

is quite slow, as indicated by the observa- 
tion that h-GeO, only dissolved to the ex- 
tent of 0.44 mg/mL in 2.5M NaOH and to 
0.084 mg/mL in 0.65M oxalic acid. This 
limited solubility of our commercially pro- 
cured material is contrasted with the solu- 
bility of the freshly prepared hexagonal 
h-GeO, in 2 . 3 4  NaOH (80 mg/mL) and 
in 0.6M oxalic acid ( 2 2 0  mg/mL). Re- 
sults of the solubilization of h-GeO, in the 
various reagents studies are given in Table I. 

Under well-controlled conditions, the 
solubility of h-GeOL was determined in 
2.5M NaOH at 100°C. In a covcred Teflon 
(TFE) beaker, 1 of the material submerscd 
in 50 mL of 2.5M NaOH was heated in a 
furnace. The solubility of the matrix was 
followed by analyzing aliquots of the solu- 
tions versus time of heating. The results 
(Table 11) confirm the resistance of the 
material to chemical attack upon prolonged 
conventional heating with reagent solu- 
tions. However, significant solubilization 
is achieved within 6 h. 

Under the standard conditions of this 
study of the dissolution of GeO, within a 
Teflon pressure vessel (180°C for 24 h), h- 
and i-GeO, were dissolved completely in 
a quantity of 2.5M NaOH sufficient to ac- 
commodate 4 times the treated amount. The 
formation of the GeOS- ion via Eq. (8) is 
therefore quite effective for solubilization 
under accelerated conditions. Treatment 
and observation of samples for periods 
less than 24 h (1, 3, 5 ,  6, 7, 12, and 19 h) 
indicated complete dissolution of both the 

Table 111. Flux Materials Reacted with h-Ge02 
Ge 

Weight of Solubility of Melting temperature solubilized 
Flux GeO, (mg) fuwd melt of flux ("C) (%) 

Na202 I000 Completely 460 92 * 249* Completely* 460* 100" 
NazCO, I000 Completely 851* 102 

NaCOOH 500 Partially 253 100 
NaH 2 PO 2 500 Partially 25 3 100 

NaLCI04 500 Partially 250-270 89 

NaOH 500 Completely 318 92 * 
*Terragoiial G e 0 2  treated; all other data iefer to coniiiiercial /&eO,. 

232* Completely* 318* 98* 

hexagonal and the tetragonal form after 7 h 
in a Teflon pressure vessel. 

The more vigorous chemical attack in- 
duced by 2.5M NaOH on the Ge02 than 
that resulting from other tested chemicals 
makes this the reagent of choice for con- 
verting the purchased product into a form 
compatible with further chemical process- 
ing. Large column beds of the solid heated 
to 100°C could be leached continuously 
with 2.5M NaOH. 

Accelerating the chemical dissolution 
of the material via 2.5M NaOH mixture 
containing reducing agents was achieved. 
Samples of the hexagonal oxide were 
treated with 0 .1M N a H 2 P 0 2  in 2 .5M 
NaOH in pressure vessels for 7 h. The re- 
sulting solution with suspended, finely di- 
vided, clear, crystalline particles, yielded 
a gelatinous, milky precipitate upon neu- 
tralization with HCI. With additional 
acidification, the precipitate redissolved 
completely to form a particle-free, clear 
solution. The chemical reactions corre- 
sponding to these observations are 

GeO,(s) + H2P0 5 +OH-SHGeOI 
+H,POT (9a) 

HGe0; +H+@Ge(OH)? (9b) 

HGeO, +H2PO;+GeHPO3+20H- (10a) 

Ge(OH)z+3HCl~HGeC13+2HZ0 (lob) 
GeHPO3+3HCI~HGeC1,+H3PO, (11) 

Treatments of h-GeOz in this medium 
for periods as short as 3 h produced a col- 
loidal suspension that was completely sol- 
ubilized upon acidifying the solution with 
HCI. The tetragonal sample was solubi- 
lized completely after 7 h in the same re- 
agent. Percentage solubilizations of 0.2 g 
of t-Ge02 in 10 mL of 0. IM H2P02-2.5M 
NaOH versus time were 62.7% in 3.25 h ,  
91% in 6.25 h, and 100% in 19.5 h. 

In solutions of 2.5M NaOH alone, 
GeO? is solubilized completely as the 
GeOi- ion, whereas basic solutions with 
hypophosphite generate the divalent species 
shown in Eq. (10a). The solubilities of 
these species in 2.5M NaOH are lower 
than that of the t-Ge02 anion. Thus, the 
advantage of rapid dissolution of CeO, 
using reducing agents in basic media may 
be partially offset by the lower solubility of 
the divalent Ge species formed. However, 
subsequent dissolution-oxidation of the di- 
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valent compounds in 6.OM HCI-C12 or 
6.0M HCl-3% HzOz occurs readily. From 
such solutions, chemically reactive GeOz 
could be precipitated by optimum adjust- 
ment of the pH. After removal of most of 
the supernatant fluid, direct treatment of the 
GeOz suspension with concentrated HCI 
containing excess C12 is suitable for pro- 
ducing GeCI4 by the conventional HCl 
distillation process. 
Fused Solid Reactions 

Destruction of intractable solid matri- 
ces by fusion to convert the material into 
easily solubilized products is a basic ap- 
proach to sample treatment prior to chemi- 
cal analysis. Although reactions of melts 
at elevated temperature have several in- 
conveniences in comparison with dissolu- 
tion with reactive liquid reagents, the 
significant advantage of rapid conversion 
to solubilizable products can be obtained. 
Consequently, the most suitable fluxing 
agents for Ge02 were examined. Such an 
approach to the processing of Ge02 at rea- 
sonably low temperature (<5OO"C) would 
be considered a simple and inexpensive 
operation in comparison with conventional 
smelting processes. Fluxes reported in 
Table I11 were evaluated and are discussed 
subsequently. Fusion with NazO, accord- 
ing to the reaction 

GeOz + Na2028Na2Ge03 +;O2 (12) 

proceeds quickly for both the hexagonal 
and tetragonal solid. After some initial 
frothing due to oxygen evolution, a dark 
but clearly fluid melt is formed. After so- 
lidification, the gray melt was dissolved 
completely by heating with several vol- 
umes of 2.5M NaOH. A small amount of 
a flocculent precipitate was removed from 
the resulting solution by filtration and was 
shown by X-ray fluorescence to contain 
predominantly N i  and traces of Ge. The 
presence of Ni(OH), due to contamination 
by the crucible is evident. Fusion in quartz 
crucibles completely eliminated this pre- 
cipitate and also prevented darkening of 
the melt. Attempts to dissolve the melt di- 
rectly into concentrated HC1 are accompa- 
nied by the expected copious precipitation 
of NaCl . 

With Na2C0,, more extensive heat- 
ing over a considerably longer period than 
observed with Na202 was required to in- 
duce the fusion process. considerable 

frothing due to C 0 2  evolution occurred 
also. The reaction 

GeO2+NazCO,?Na2GeO3+CO2 (13) 

is evident for the melt. Again the fused 
material was dissolved completely by 
heating with small volumes of 2 .5M 
NaOH. Fusion of h- and t-GeOz with 
NaOH is very straightforward. In this 
case, the flux is easily premelted (320°C) 
in a quartz crucible, and the GeOz added 
directly. The resulting hexagonal and te- 
tragonal, white, solid melts were dissolved 
completely in 45 and 75 mL of 2.5N NaOH, 
respectively. The reaction 

Ge02+2NaOH8Na2Ge03+H20 (14) 

applies. Essentially complete solubiliza- 
tion of GeOz is obtained with these fluxes 
(Table 111). 

Fusion under reducing conditions 
with sodium hypophosphite also proceeds 
readily. The flux mixture ignites and, after 
burning, forms a melt that dissolves com- 
pletely in heated 2.5M NaOH. Upon cool- 
ing, the entire solution forms a clear crystal- 
line mass that dissolves completely in 
6M HCl. The low recovery of Ge could be 
due to loss of the volatile monoxide dur- 
ing reductive fusion. Sodium formate also 
ignites during fusion. The resulting solidi- 
fied melt does not dissolve completely 
upon heating with 2.5M NaOH. Addi- 
tional treatment with 30% H 2 0 2  also failed 
to solubilize the remaining residues, 
which are largely carbon deposits. Fusions 
with sodium oxalate were found to behave 
similarly, with the exception that the flux 
does not ignite upon heating. After pro- 
longed heating of h-Ge02 with this flux 
material in a Ni crucible, a gray product 
was formed that did not dissolve com- 
pletely when treated with 2.5M NaOH. 
The relative amounts of GeOz solubilized 
by the various fusion procedures are re- 
ported in Table 111. Moderate temperature 
fusion in quartz vessels may evidently be 
based on the reactions either with NaOH 
or with Na202 for conversion of chemi- 
cally intractable t -  or h-GeOz into the re- 
active form. These flux materials are 
readily available and inexpensive and ef- 
fect quantitative solubilizations at moder- 
ate temperatures. Optimum flux/GeO, 
ratios, temperature, and time of fusion are 
easily assessed. 

SUMMARY AND CONCLUSIONS 
This report describes a variety of 

chemical procedures that have been exam- 
ined for potential use in large, industrial- 
scale processing of GeOz raw materials 
that, under ordinary conditions, possess 
low chemical reactivity and poor solubi- 
lization properties. Stockpiles of cherni- 
cally intractable GeOL raw materials such 
as those examined in this study may be 
available. These materials may be pro- 
cessed efficiently and economically by 
methods described in this work and con- 
verted into technologically desirable and 
increasingly expensive Gc compounds 
such as GeO+ Solubilization and fusion 
procedures leading to formation of soluble 
(aqueous) Ge species have been described. 
These processes may be used to produce 
GeCI4 by the conventional distillation 
method, employing concentrated HCI- 
CI,. Exothermic processes in the 600" to 
700°C region were not detected in any of 
the other samples. This effect, we suspect, 
is due to residual water of hydration which 
is only completely removed from the 
oxide above 8OO0C, as possibly indicated 
by the weak endotherm in the 840" to 
900°C region. The lower temperature en- 
dotherm could thus be explained by hy- 
drothermal conversion of some hexagonal 
material to the tetragonal form, which is 
more stable by approximately 6 kcal/ 
mo1.4 
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