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Carbothermal reduction and nitridation of aluminium
hydroxide
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Carbothermal reduction and nitridation of aluminium hydroxide was investigated by
weight-loss measurement and X-ray diffraction. Experimental results indicated that
aluminium hydroxide was first dehydrated to aluminium oxide and then reduced and
nitrided to aluminium nitride. Aluminium oxynitride and Al,O were found to be intermediate
products. The reaction rate was found to be increased by increasing the nitrogen flow rate,
the molar ratio of C/AI{OH);, or reaction temperature. The rate was also found to be
increased by decreasing the sample size, the grain sizes of carbon or aluminium hydroxide
or initial bulk density. Empirical rate expressions of the conversion of AI(OH); and carbon, as

well as the yield of AIN, were also determined.

1. Introduction
a-Al, O3 is conventionally used as a precursor to syn-
thesize aluminium nitride by the method of carbother-
mal reduction and nitridation [1-6]. The reaction is
known to be enhanced, reaction temperature and time
are reduced, the oxygen content of AIN is reduced and
the quality of the AIN product is improved; that is, if
o-Al, O3 is replaced by AI(OH); [5, 7]. Unfortunately,
the carbothermal reduction and nitridation of alumi-
nium hydroxide have received limited attention
[6—12]. Literature involving the kinetics of this reac-
tion is especially rare [7]. Cho and Charles [7] ob-
served that the overall reaction rate increased with
decreasing AI(OH); particle size and increasing nitro-
gen flow rate. They also found that the particle mor-
phologies of the AI(OH); powders did not change
during the reaction. Ish-Shalom pointed out that alu-
minium oxynitride was the intermediate product dur-
ing reaction [8]. Mimoto and Yoshioka [10] reported
that no appreciable evaporation of aluminium species
occurred during the preparation of AIN. Inoue et al.
[5] stated that the skeleton of raw powder remained in
the synthesized AIN powder shape.

The overall chemical reaction of this system can be
written as

2A{OH); + 3C + N, — 2AIN + 3CO + 3H,0

(1)

The intermediate products and the kinetics of this
reaction, have been examined in this work. The effects
of the following factors on the rates of reaction were
investigated: gas flow rate, sample height, reaction
temperature, molar ratio of C/AI(OH)s, grain size and
initial bulk density.
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2. Experimental procedure
Sample preparation, the apparatus and procedure are
similar to those described elsewhere [6] except that
Al, O3 was replaced by AI(OH);.

Nitrogen used in this study was produced by Lien-
Hwa Industrial Gases Co. Ltd with a minimum pu-
rity of 99.995%. Fine powder pure aluminium hy-
droxide was supplied by E. Merk Darmstadt and
acetylene carbon black by Stream Chemicals, Inc.
Powders of AI(OH); and carbon black were separ-
ately dried and screened. These powders with known
grain sizes and predetermined proportions were
mixed in a ball mill for 43200s with ethanol as
a dispersing medium. Next, the mixed samples were
dried in a nitrogen stream at 373 K until no further
weight loss, and then transferred to an alumina cru-
cible of 0.024 m diameter and 0.002 m height. The
weights of solid samples were in the range of
8.47x 107 % to 6.77x 103 kg,

Reactions were carried out in a horizontal alumina
tube heated by a furnace. The reaction tube was
heated at room temperature and the nitrogen was
introduced to the tube during the heating up period.
When the temperature reached the desired one and
had been stably maintained for about 200 s, the solid
sample was pushed by an alumina rod from the cold
end of the tube to the reaction zone for reaction. The
pressure in the reaction tube was maintained at
0.01-0.03m H,O higher than atmospheric. After
a predetermined time, the solid sample was removed
and quenched in an argon stream.

After measuring the weight, the solid sample was
calcined at 973 K for 10800 s. The weight of the cal-
cined sample was redetermined. The amount of resid-
ual carbon in the solid sample was calculated from
the weights before and after calcination. Finally, the
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aluminium nitride content in the sample was deter-
mined from X-ray diffractometery.

Thermogravimetric analysis/differential thermal
analysis was performed on aluminium hydroxide. Sur-
face areas of several aluminium compounds were de-
termined using a Micrometritics ASAP 2000 surface
area meter.

3. Results and discussion
3.1. Chemical reactions
3.1.1. Dehydration of aluminium

hydroxide
Aluminium hydroxide is dehydrated to several phases
of aluminium oxide at higher temperatures. TGA/
DTA results (Fig. 1) indicated that the solid sample
started to lose weight from about 503 K; in addition,
the weight of the sample would become stable at
about 900 s. The temperature of the dehydration pro-
cess was low and the rate was high. All aluminium
hydroxide in the solid sample is converted to alumi-
nium oxide during the initial stage of reduction and
nitridation. Therefore, the reactant involved in the
reaction is Al,O4 not AI(OH); and the reactions can
be written as

2AI(OH); — Al,O; + 3H,0 (very fast) (2)

2 2 2
A1203+(m;r )¢ +(m;“ IN, &2
AIN + mCO + CO, 3)

Fig.2 shows the X-ray diffraction pattern of
Al(OH); before and after calcining at 973 K for 1800 s
under a helium atmosphere. This figure indicates that
a large quantity of AI{OH); has been converted to
v-Al,Oj after calcination.

The surface areas of several aluminium compounds
are listed in Table I. This table reveals that the surface
area of uncalcined A1(OH); is 6.26 x 10* m?kg~! and
that of calcined AI(OH); has been increased to
1.49 x 10° m?kg ™! which is even higher than that of
v-Al, 05, 1.02x 10° m?kg~!. The surface area of o-
Al,O; is only 7.02 x 10®> m* kg~ !. The reaction rate is
normally proportional to the surface area of solid
reactant. Therefore, the order of the rate of reduction
and nitridation is Al(OH); > vy-Al, O3 > 4-Al,0;.
Experimental results in Fig. 3 verify this expectation;
the results coincide with previously published data
[5, 7], and indicate that unstable and high reactivity
phases of Al,O,, e.g. v,9,0,x, A and 7y, are formed
after calcination, as reported by Candela and Perlmut-
ter [13] and Sato [14].

3.1.2. Other intermediate products

The X-ray diffraction pattern of the solid sample after
reduction and nitridation, indicates the presence of
Al,O5, AION and AIN. The amount of aluminium
oxynitride AION contained in the sample cannot be
directly determined from the X-ray diffraction pattern
because it is unstable and cannot be purchased to
prepare the calibration curve. However, the amount of
AlON can be qualitatively determined through the
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Figure 2 X-ray diffraction patterns of (a) Al(OH);, and (b) Al{OH);
calcined at 973 K for 1800 s. (#) v-Al,O;.

TABLE I Surface areas of aluminium compound

Aluminium compound Surface area

(m*kg™")
AI(OH), 6.26 x 10
AI(OH); heated at 973 K for 1800 s 1.49 x 10°
a-ALO, 7.02% 103
v-ALO, 1.02x 10°

comparison of the intensities at 26 = 45.2°. The higher
the intensity would imply the larger the amount of
AION. A plot of the intensity of the AION peak
against reaction time at different reaction temper-
atures 1s depicted in Fig. 4, which reveals that when
the reaction time is increased, the amount of AION is
increased, reaches a maximum, decreases and then
disappears. As the reaction temperature is increased,
the peak is higher and appears in a shorter time.
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Figure 3 Plot of the yield of AIN against soaking time, showing the
effect of various aluminium compounds. Gas flow rate =
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Figure 4 Plot of the intensity of AION against soaking time, at ()
1573 K, (O) 1623 K, (A) 1673 K, (V) 1723 K.

If the intensities of Al,O;, AION and AIN are
plotted against reaction time, the curves are as shown
in Fig. 5. As reaction time increased, the amount of
Al,O; decreases monotonically; the amount of AION
increases, reaches a peak and then decreases; the
amount of AIN increases monotonically. This is easily
found to be a system of series reactions in which
Al,Oj; 18 a reactant, AION is an intermediate product,
and AIN is a product.

The above findings agree with those of Ish-Shalom
[8].

The other intermediate product was Al,O gas. A de-
tailed discussion of this is presented below.

3.2. Reaction kinetics

Six series of experiments were performed to examine
the kinetics of this reaction. In each of the series, one
of the following variables was varied: i.e. gas flow rate,
sample height, reaction temperature, molar ratio of
C/Al(OH);, grain size and initial bulk density. The
values of the variables studied are listed in Table II.
The italicized values are the standard operating vari-
ables. That is, when the effect of that variable is not
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Figure 5 Plots of the intensities of (&) AL, O3, (A) AION and (@)
AIN against soaking time. 26: () 43.3°, (&) 45.2°, (@) 33.2°.

TABLE II Values of the operating variables

Operating variable value

4.167x107%,9.167x 10",
13331075, 1.833x 1075,
2.083x 1075, 2.250 x 1077,
2750 %1073

0.001, 0.002, 0.004, 0.006, 0.008

1573, 1623, 1673, 1723, 1773

1.5/1, 3/1, 6/1

0.042,0.0675, 0.1155

0.042, 0.0675, 0.1155

270, 370, 510

Gas flow rate (m3s™!)

Sample height (m)

Reaction temperature (K)
C/Al(OH); molar ratio
Carbon grain size (mm)
Al(OH); grain size (mm)
Initial bulk density (kg m™3)

studied, its value is held at the italicized value in that
series of experiments. Those experimental results are
presented by plotting the conversion of AI(OH); and
C, Xs100m, and X, respectively, as well as the yield of
AIN, X, n, versus time, and the conversions and the
yield are defined as follows

CAIN
XaN = oo 4
AIN C/(-)\I(OH)3 ( )
AC
Kaom, = G g
AC,
Xe = o ©)

where Cuy 18 the number of moles of AIN at time ¢,
CRiom), the initial moles of AI(OH);, C¢ the initial
moles of carbon, ACuon), the consumed moles of
Al(OH); at time ¢, and AC¢ the consumed moles of
carbon at time &.

3.2.1. Effect of gas flow rate

The effects of gas flow rate on the yield of AIN and
conversions of AlI(OH); and carbon are shown in
Figs 68, respectively. The figures indicate that the
faster the gas flow, the faster is the reaction. When the
nitrogen flow rate exceeds 2.083x 107 °m3s™?,
the reaction rate is no longer accelerated, which means
that when the temperature is 1723 K and the sample
size 1s 0.002 m, mass transfer resistance in the gas film
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Figure 7 Plot of the conversion of AI{OH), against soaking time, showing the effect of gas flow rate. For key, see Fig. 6.

can be neglected. Thereafter, the nitrogen flow rate
was maintained at 2.083 x 107> m?s ™! in all experi-
mental runs.

A comparison of Figs 6 and 7 reveals that the frac-
tion of AI(OH); converted was, under all conditions,
higher than that of the yield of AIN.

Chen et al. [6] proposed the following reasoning to
account for this phenomenon. An intermediate gas
product, Al,O, is formed before Al,O; is converted to
AIN. Most of the Al,O finally converts to AIN. How-
ever, a small amount of Al,O diffuses from the solid
matrix to the sample surface and is carried away by
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the nitrogen stream. This supports the presentation of
an intermediate product of Al,O, as mentioned above.

3.2.2. Effect of sample height

The effect of sample height on the yield of AIN is
shown in Fig. 9. This figure indicates that the smaller
the sample size, the higher will be the yield of AIN.
When the sample height is less than 0.002 m, the
reaction rate is no longer enhanced, thereby sug-
gesting that the so-called “reaction controlled region”
has been reached. Data obtained in this region are
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Figure 9 Plot of the yield of AIN against soaking time, showing the effect of sample height (m): (&) 0.001, (#) 0.002, (O) 0.004, (@) 0.006, (A)
0.008.

intrinsic. Therefore, sample heights in all experimental ~ be the reaction. This result coincides with those of
runs were maintained at 0.002 m. most previous investigators [4, 15].

3.2.3. Effect of reaction temperature 3.2.4. Effect of molar ratio of C/AI(OH);
The experimental results shown in Fig. 10 indicate  The effect of the molar ratio of C/Al(OH); on-the yield
that the higher the reaction temperature, the faster will ~ of AIN is depicted in Fig. 11. This figure reveals that
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Figure 10 Plot of the yield of AIN against soaking time, showing
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Figure 11 Plot of the yield of AIN against soaking time, showing
the effect of molar ratio of C/AI(OH);: (A) 1.5/1, (#) 3/1, (O) 6/1.

the higher the molar ratio of C/AI(OH);, the faster
will be the reaction. Most investigators have obtained
the same trend [3, 5, 15].

3.2.5. Effects of grain size

Two categories of experiments were performed in this
series of reactions. In one category, the grain size of
Al(OH); was fixed and that of carbon was varied; in
the other one, the grain size of carbon was fixed and
that of AI(OH); was varied. The results shown in
Figs 12 and 13 indicate that the smaller the grain size
of either AI(OH); or carbon, the faster is the reaction.
Many investigators have obtained the same results
[6,7,9,12].

3.2.6. Effect of initial bulk density

Results obtained from this series of experiments
are depicted in Fig. 14, revealing that when the
initial bulk density was increased, the rate of reaction
was decreased, but the effect was insignificant. The
results agree with those of Mitomo and Yoshioka

[10].
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Figure 12 Plot of the yield of AIN against soaking time, showing
the effect of carbon grain diameter (mm): () 0.0420, (O) 0.0675, (A)
0.1155.
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Figure 13 Plot of the yield of AIN against soaking time, showing

the effect of AI{OH); grain diameter (mm}): (<) 0.0420, (@) 0.0675,
(A) 0.1155.

100 —T1 7+ T T 1 Tt 1 T 1 T T 1 7T 7
2 80} g
z 4
X' 60 | .
Z K
2wl -
he} _
[]
s 20 4
0 PR WU FOUNT TRV NN TR NNPUN N T ST S S N |

0 2 4 6 8 10 12 14 16 18 20
Soaking time (ks)

Figure 14 Plot of the yield of AIN against soaking time, showing
the effect of initial bulk density (kg m™3): (A) 270, (O) 370, (#) 510.

3.2.7. Reaction rate expressions

When the gas flow rate is sustained over
2.083x 107 °m3s™! and the sample height is lower
than 0.002 m, the overall reaction is rather close to
chemical reaction control. The data obtained above
are in this region. Hence, one can regress these data to
obtain the intrinsic rate expression for the conversions



of AI(OH); and carbon and the yield of AIN as follows

%‘5 = 1.104 x 10° exp[ — 322417(J mol~")/RT] dayom. dc 373 ps 1o CUN° Caitomy, C&°8 mol s ™!
(7)
- fi% 9.948 x 10® exp[ — 328 819(J mol ™ 1)/RTT daycomy, dc °*** pg 162 Cain’” Citom, C&5%¢ mol s~ 1
(®)

— (_1(%9 = 1.529x 10" exp[ — 349926(J mol ')/RT] d;ﬁoi{fdgo'mpaz"’“cfii;” C21?3§)30é~682 mol s 1
©)

where Caiom, 15 the number of moles of Al(OH),
at time t, Cc the moles of carbon at time t, dajom,
the grain diameter of AI{OH); (m), dc the grain dia-
meter of carbon (m), R the gas constant =
8.314 kJ kg — mol~*K 7%, T the reaction temperature
(K), and p, the initial bulk density of the solid sample
(kgm™3). The applicable ranges for these rate ex-
pressions are: gas flow rate is higher than
2083x107°m3s™!; sample height is less than
0.2 x 1072 m; temperature range is between 1573 and
1773 K; molar ratio of C/AI{OH); ranges between
1.5/1 and 6/1; grain diameter of carbon ranges be-
tween 0.42x107° and 0.1155x 10" *m; grain dia-
meter of aluminium hydroxide ranges between
0.42 x 1077 and 0.1155 x 10~ % m; the initial bulk den-
sity ranges between 270 and 510 kg m ™.

In Equations 7-9, the higher the temperature, the
higher the reaction rate is represented by the exponen-
tial terms; the smaller the grain sizes of AI(OH); or
carbon, the faster the reaction, is represented by the
minus exponents of daom, and dc in the rate expres-
sions. When the value of the initial bulk density is
changed, all the values of pg, N3jom, and N are
changed. Therefore, the effect of the initial bulk dens-
ity cannot be represented alone by the exponents of
Po-
According to Equations 7-9, the relationships be-
tween conversions of AI{OH); and carbon and the
yield of AIN with reaction time can be calculated.
They are shown by the solid lines in Figs 10-14. These
figures reveal that the calculations correlate suffi-
ciently with the measurements. Calculated curves have
not been drawn for Figs 6-9, because resistance due
to gas fllm mass transfer and intergrain gas diffusion
cannot be ignored in these cases.

4. Conclusions

. Aluminium hydroxide was dehydrated to alumi-
nium oxide in a short period before it is reduced and
nitrided to aluminium nitride.

2. AION and Al,O are intermediate products in
this reaction system.

3. The reaction rate was found to be increased by
increasing the nitrogen flow rate, molar ratio of
C/Al{OH}; or reaction temperature.

4. The reaction rate was also found to be increased
by decreasing the sample size, the grain sizes of carbon
or aluminium hydroxide or the initial bulk density of
the solid sample.

5. The rate expressions of conversions of AI{OH);
and carbon, as well as yield of AIN were determined
on the basis of experimental data.
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