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Reaction between Aluminium Trichloride and Steam in the Vapor Phase
and Properties of the Aluminium Oxide Formed
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The reaction between gaseous AICl; and steam, and the products formed were examined by X-ray analysis,
TG, DTA, and electron microscopy. The thermal transitions of the Al,O, formed under various conditions
were also examined. The reaction between gaseous AlICl; and steam occurs even at 150 °C and proceeds rapidly
above about 400 °C. The product is amorphous Al,OQ, below 600 °C, amorphous Al,O, containing poorly crys-
tallized y-AlL,O; at 800 °C, y-Al,O, containing amorphous ALQ; at 900 °C, and y-Al,O, at 1000 °C. Also, it
was observed that the Al,O, formed below 900 °C included a chloride oxide of aluminium, which decomposed
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in the vicinity of 830 °C to form y-Al,O, with the evolution of gaseous AICI,.

On heating the amorphous AlL,O4

ca. 700°C ca. 800°C

formed by the reaction between gaseous AICl, and steam, the transition: amorphous >
ca. 1000°C ca. 900°C
& ————— « occurs; and on heating the y-Al,O; formed by the same reaction, the transition: y —

ca. 1000 °C ca. 1000°C

o Ooccurs.

The reaction of volatile metal chlorides with oxygen
or steam has recently become important for the prep-
aration of fine powders of pure metal oxides, because
it is possible to carry out the reaction in the vapor
phase. To develop a chemical process for preparing
fine powders of aluminium oxide (AL,O,) by the vapor-
phase oxidation of aluminium trichloride (AlCl,), the
authors? have examined the reaction between AlCIl,
and oxygen in the vapor phase and the properties of
the AL,O, formed.

There are limited data on the reaction between
AlCl; and steam in the vapor phase. Kato et al.?
have studied the reaction product between gaseous
AlCl; and excess steam at 700—1100 °C and reported
that the reaction product is amorphous AlO,
which includes a Cl-containing compound, presumably
AICIO, at 700 and 900 °C and §-Al,O; with or without
a small amount of #-AlL,O, at 1100 °C. They have
also reported that the amorphous Al,O, crystallizes
to £-Al;O,; on heating up to 830 °C in the air and
that the §-ALO, transforms to «-Al,O; by the heat
treatment at 1100 °C in the air.

In this paper, the reaction between gaseous AlCl,
and steam and the product formed have been ex-
amined in detail by X-ray analysis, thermogravimetry
(TG), differential thermal analysis (DTA), and electron
microscopy. The thermal transition of the AlLO,
formed under various conditions has also been ex-
amined.

Experimental

The AICl; used was prepared by the reaction between
pure aluminium(Al1:99.999,) and chlorine at 400 °C.D

A transparent quartz reaction tube (1000 mm length)
with an inner concentric tube was used. Gaseous AlCl
was formed by heating AICl; placed in the inner tube at
150 °C, and was carried by a stream of argon (40 cm?/min)
to the reaction zone (27 mm i.d. and 250 mm length) held
at a specified temperature. In the meantime, a stream
of argon (100 cm3/min) containing a specified amount of
steam was introduced through a separate tube into the reac-
tion zone. The mean flow-rate of the AICI; was approxi-
mately 3.8 cm® Al,Clg(g)/min. The reaction was allowed

to proceed for 2 h.

Hydrogen chloride(HCI) formed during the reaction was
absorbed in a known amount of 0.1 Mf sodium hydroxide
(NaOH) solution, and was determined by neutralization
titration of the excess NaOH.

The unreacted AICl;, which was deposited outside the
reaction zone together with the reaction product, was sep-
arated by heating the mixture in an argon stream at 250
°C. The AICl, adsorbed on Al,O; formed was separated
by washing the Al,O, with ethanol at boiling point with
stirring.V

X-Ray analysis of soild product was performed with an
X-ray powder diffractometer equipped with a proportional
counter, using Ni filtered Cu radiation. TG and DTA
were performed in an argon stream and a heating rate of
5°C/min was employed. The sensitivity of the quartz
helix used for TG was approximately 71 mm/g. «-Al,O,
was used as a reference for DTA.

Throughout this work, AlCl; and reaction products were
handled in an argon atmosphere or in vacuo to prevent any
contamination from moisture in the air.

Results and Discussion

Reaction between Gaseous Aluminium Trichloride and Steam.
The amounts of HCI formed by the reaction between
gaseous AlCl; and steam(H,O) at various tempera-
tures were examined. When gaseous AlCl; and a
stream of argon containing excess H,O (15 vol9, H,O),
more than the value calculated as needed to form
AlL,O; and HCI, was introduced into the reaction
zone, a part of the HCIl formed by the reaction was
dissolved in the unreacted H,O which condensed out-
side the heating zone. Aluminium trichloride hexa-
hydrate was also formed from the Al,O; and the HCL
So, the experiments were thus carried out by intro-
ducing into the reaction zone a stream of argon con-
taining an amount of H,O (9, 5, or 2vol% H,O)
smaller than the calculated value. The reaction tem-
perature above 150 °C was employed, because gaseous
AlCl; was generated by heating AICl; at 150 °C.
The results are shown in Fig. 1. The broken lines
in Fig. 1 show the calculated values of the amount
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Fig. 1. Amounts of HCIl formed by the reaction be-
tween gaseous AIlCl; and steam at various tempera-
tures.
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Fig. 2. TG and DTA curves of the products formed

by the reaction between gaseous AlCl; and steam
at 400—900 °C.

of HCI, based on the assumption that all the H,O
introduced reacts with gaseous AlCl; to form HCI

From the results, the reaction between gaseous AlCl
and H,0O begins even at 150 °C, and all the H,O
introduced reacts with gaseous AICl; above about
400 °C.

To determine the reaction product of gaseous AlCI,
with H,O, the products formed by introducing a
stream of argon containing 9 vol%, H,O at reaction
temperatures above 400 °C were examined by X-ray
analysis, TG, and DTA.

The X-ray analysis of the reaction products formed
at 400 and 600 °C showed no diffraction line. The
TG and DTA curves of the products are shown in
Figs. 2(a) and (b).

The samples obtained after heating both the prod-
ucts up to 750 °C gave no change in X-ray diffraction
pattern (amorphous). The samples obtained afier
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heating up to 900 °C gave diffraction lines corre-
sponding to both x-AlLO;3% and p-Al,0,;%% From
these results and the fact that the amorphous Al,O,
formed by the reaction between gaseous AlCl; and
oxygen crystallizes to x-Al,O, in the vicinity of 820 °C
with an exothermic effect as previously reported,V)
the exothermic effect observed in the vicinity of 820 °C
was considered to be due to the crystallization of
amorphous AlLO,. During the weight losses in the
vicinity of 830 °C which appeared in the TG curves
(129, for the product at 400 °C; 109, for the product
at 600 °C), it was observed that a white powder was
deposited on a cooler part outside the heating zone.
The white powder was identified as AlCl; by chemical
analysis. This result and the fact that diffraction
lines corresponding to y-AlL,O; in addition to x-AlLO,
based on the crystallization of amorphous Al,O; were
observed in both samples obtained after heating up
to 900 °C led us to conclude that the products formed
by the reaction at 400 and 600 °Cl were amorphous
Al,O, containing a compound which decomposed in
the vicinity of 830 °C to form y-Al,O; with the evo-
lution of gaseous AICl,. Also, the results of IR spec-
troscopy confirmed that the reaction products con-
tained neither H,O nor OH-. These results indi-
cated that the compound mentioned above was a
chloride oxide of aluminium.

The reaction product formed at 800 °C was found
to be amorphous by X-ray analysis and its TG and
DTA curves are shown in Fig. 2(c). The exothermic
effect due to the crystallization of amorphous AlO,
in the vicinity of 820 °C became weak and diffuse.
Although the weight loss in the vicinity of 830 °C
(3%,) was rather small compared with those of the
reaction products formed at 400 and 600 °C, the sample
obtained after heating up to 900 °C gave diffraction
lines corresponding to both x-AlL,O; and y-Al,O,.
These results indicated that the reaction produet formed
at 800 °C was amorphous ALO, containing poorly
crystallized y-Al,O, and a small amount of the chloride
oxide. This estimation was confirmed by the experi-
mental results on the thermal transitions of the AlO,
formed under various conditions, as described later.

The reaction product formed at 900 °C gave dif-
fraction lines corresponding to y-Al;O,. But the DTA
curve (Fig. 2(d)) showed a weak exothermic effect
due to the crystallization of amorphous Al,O4 and
the sample obtained after heating up to 900 °C showed
diffraction lines corresponding to x-Al,Og in addition
to y-ALO,. Also, a slight weight loss (19%) due to
the thermal decomposition of the chloride oxide was
observed. These results indicated that the reaction
product formed at 900 °C was y-Al,O; containing
amorphous AlLO; and a small amount of the chloride
oxide.

The reaction product formed at 1000 °C gave dif-
fraction lines corresponding to y-Al,Oz and gave no
thermal effect in the DTA, and no weight change
in the TG. The sample obtained after heating up
to 900 °C. gave diffraction lines corresponding to y-
ALO, alone. From these results, the reaction product
formed at 1000 °C was found to be y-AlO,.

The reaction products formed by introducing gaseous
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TaBLE 1. THERMAL TRANSITIONS OF ALO; FORMED AT VARIOUS TEMPERATURES
Formation temperature of AL O, and heating atmosphere
Heating
temp 400 °C 600 °C 800 °C 900 °C 1000 °C
'—_GEY__ —_——— —— —_———
In argon In air In argon In air In argon In air In argon and air In argon and air
600 Amorphous Amorphous Amorphous y y
700 X X x X X x > ¥
800 XL Ky A K X, K,y XA K A B 7 As Ky ¥ > ?
900 XL K Y X K X By X K X K,y XA K p>O 7>0, & 7 0
1000 K, 6>a K, a E, 6>a Kk, a £,6,0,00 £,0,0, 6, 0, « 4, 0, «
1100 a o a a a a a>0, a>0, 6
1200 — — — — — — a a>0
1300 — — — — — — — a«

Amorphous: amorphous ALO,, 3: x-ALO,, &: £-Al,0,,%9 y: y-AlOg, 8: 6-ALOy,3" a: a-AlLOy® 6: 6-Al,0,.%

AlCly and a stream of argon containing 5 vol?%, H,O
were examined in the manner described above. The
results - indicated that the reaction product at each
temperature was similar to that formed by introducing
a stream of argon containing 9 vol%, H,O, described
above.

-These experimental results show that the reaction
between .gaseous AlCl; and H,O occurs even at 150 °C
and proceeds rapidly above about 400 °C. The reac-
tion product formed is amorphous Al,O; at 400—
600 °C, amorphous Al,O, containing poorly crystal-
lized y-Al, O, at 800 °C, ¢-Al,O,; containing amor-
phous AlL,O, at 900 °C, and y-ALO; at 1000 °C. In
addition, the ‘Al,O, formed below 900 °C includes
the chloride oxide of aluminium, which decomposes
in the vicinity of 830 °C to form ¢-Al,0O, with the
evolution: of gaseous AlCl;. The amount of the chlo-
ride -oxide decreased with increasing the reaction tem-
perature, and - the formation of the chloride oxide
was not observed at 1000 °C.

Kato et al.?) have reported that the products formed
by the reaction between gaseous AlCl; and H,O at
700 and 900 °C are amorphous and have estimated
that the products include a Cl-containing compound,
presumably AICIO, from the result that, on heating
the products in the air, they lose weight in the vicinity
of 800 °C with the evolution of chlorine. In the
present work, it was also observed that the ALO,
formed below 900 °C included a chloride oxide of
aluminium. The only known chloride oxide of alu-
minium is AIClO. But, the composition of the chlo-
ride oxide formed in these experiments was not evalu-
ated by chemical analysis, because the chloride oxide
was included in the ALO,; formed.

As described - in the previous report,) the reaction
between gaseous AlCl; and oxygen occurs above about
400 °C and proceeds appreciably above about 800 °C.
While, the reaction with HyO was found to proceed
rapidly at rather low temperatures. The modification
of the AlL,O, formed by the reaction with H,O. at
each temperature was the same as that of the ALO,
formed by the reaction with oxygen,)) except that
the Al,Oj formed by the reaction with oxygen at
800 °C is amorphous ALO,.

The reaction products formed by introducing gase-
ous AlICl; and a stream of argon containing 9 or 5

(a) 800°C

(b) 1000°C

Fig. 3. Electron micrographs of the Al,O, formed by
the reaction between gaseous AlCIl; and steam at
800 and 1000 °C (Steam content in Ar: 9 vol%).

volY%, H,O at various temperatures were examined
by electron microscopy. Typical electron micrographs
of the ALO; formed are shown in Fig. 3.

As reported before,V) the Al,O, formed by the reac-
tion with oxygen is relatively uniform, ultrafine pow-
ders with diameters of the order of 1/100 wm. While,
the range of particle sizes of the Al,O; formed by
the reaction with H,O was found to be wide, as seen
from Fig. 3.

Thermal Transition of the Aluminium Oxide Formed by
the Reaction between Gaseous Aluminium Trichloride and
Steam. The thermal transitions of the Al,O,
formed under various conditions were examined. The
samples obtained by heating the ALO, at a specified
temperature for 2h both in an argon atmosphere
and in the air were examined by X-ray analysis.

The results for the Al,O, formed by introducing
a stream of argon containing 9 vol% H,O are shown
in Table 1. As examples, the X-ray diffraction pat-
terns of the samples obtained after heating the amor-
phous Al,O,, formed at 400 °C, at various tempera-
tures in an argon atmosphere and after heating the
y-ALLQOg, formed at 1000 °C, at various temperatures
in the air are illustrated in Figs. 4 and 5, respectively.

These experimental results show that, on heating
the amorphous AlLO,, formed at 400 .and 600 °C,

both in an argon atmosphere and in the air, the amor-
ca. 700 °C ca. 800 °C ca. 1000°C
phous > — K > o transition

occurs regardless of the heating atmosphere. The
y-ALLO; observed in the samples obtained after heating
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Fig. 4. X-Ray diffraction patterns of the samples
obtained after heating the amorphous Al,Og, formed
at 400 °C,, at various temperatures in an argon at-
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Fig. 5. X-Ray diffraction patterns of the samples
obtained after heating the y-Al,O,, formed at 1000
°C, at various temperatures in the air.

at 800 and 900 °C in an argon atmosphere was con-
sidered to be due to the decomposition of the chloride
oxide, as mentioned before, and the §-ALO, observed
at 1000 °C was considered to be due to the thermal
transition of the y-Al,Oy formed. The samples ob-
tained after heating the amorphous ALO; in the air
gave neither diffraction lines corresponding to y-Al,O,
nor diffraction lines corresponding to §-Al,O,. This
fact was considered to indicate that, on heating the
chloride oxide in the air, it was oxidized to amorphous
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Al,O,, which transformed in the same manner as
the amorphous Al,O, formed by the reaction between
gaseous AlCl; and H,O.

The result for the y-Al,O,; formed at 1000 °C in-
ca. 900°C

dicates that, on heating the y-ALOg, the y ——
ca. 1000°C ca. 1000 °C .
> 0 > o transition occurs regardless of

the heating atmosphere.

On heating the y-Al,O, containing amorphous Al,Oj,
formed at 900 °C, and the amorphous AlLO; con-
taining poorly crystallized y-Al,O,, formed at 800 °C,
both the amorphous—y—t—« and y—>6—0—a tran-
sitions occur, as is expected from the above results.

As mentioned above, it was observed that, on heating
the Al,O, formed at 800 °C in the air, the y—>é—
0—a transition occurred. Also, let us assume that
the y-Al,O; observed in the samples obtained after
heating the ALO, formed at 800 °C both in an argon
atmosphere and in the air is due to the thermal de-
composition of the chloride oxide included in the
Al,O,. Then 6-Al,;0O,4 should not be observed in the
samples obtained after heating at 1000 °C, as seen
from the results obtained on heating the amorphous
ALO,, formed at 400 and 600 °C, in an argon atmos-
phere. These results support the estimation, described
in the previous paragraph, that the Al,O; formed
at 800 °C is amorphous Al,O; containing poorly crys-
tallized y-AlLO;.

The experimental results for the Al,O; formed by
introducing a stream of argon containing 5 vol9, H,O
were similar to those for the Al,O4 formed at 9 volY,
H,O, described above.

These experimental results show that, on heating

the amorphous Al,O, formed by the reaction between
ca. 700 °C

gaseous AlCl; and H,O, the amorphous ——— g
ca. 800°C ca. 1000 °C

> K > a transition occurs, and on heat-
. ca. 900°C ca. 1000 °C
ing the y-Al,O, formed, the y ) —

¢ca. 1000 °C

0

o transition occurs.
As previously reported,) on heating the amorphous

AL O, formed by the reaction with oxygen, the amor-
ca. 700°C ca. 800°C ca. 1000 °C

phous > X > K » a« transition

. ca. 1000°C

occurs. On heating the y-Al,O,4 formed, the y ————
ca. 1100°C ca. 1100°C

-+ 0 — o transition occurs. The transi-

tion temperatures of y—4, 6—0, and 6—a on heating
the y-ALLO; formed by the reaction with H,O are
approximately 100 °C lower than those of the y-Al,O4
formed by the reaction with oxygen.
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