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Mechanism of the reduction of carbon/alumina
powder mixture in a flowing nitrogen stream
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The mechanism of the reduction of carbon/alumina powder mixture in a flowing nitrogen stream
was studied. Five steps were found to be involved in the overall reaction.
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The consumption rates of Al,O; and carbon, and the production rate of AIN, were determined to

be
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in the temperature range 1648-1825 K.
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1. Introduction
The carbothermic nitridation of aluminium oxide has
been investigated in several previous reports [1-8].
The effects of operating variables on the final yield of
AIN is the primary focus of most of them, but the
mechanism of the carbothermic nitridation of alumi-
nium oxide was discussed in two papers [2, 8].

One part of a comprehensive study by this laborat-
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ory involving the carbothermic nitridation of alumi-
nium oxide is covered in this investigation. The effects
of several variables upon the rates of reaction have
been previously presented [5]. A general interpreta-
tion of the kinetic relationships is discussed. In con-
tinuation of the previous work, the mechanism of the
reaction in which solid alumina is converted into
aluminium nitride, was also studied.
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2. Experimental procedure
Nitrogen (Lien-Hwa) with a minimum purity of
99.99% was employed. Reagent grade alumina and
carbon black were supplied by Cerac Incorporated
and Johnson Matthey Electronics, respectively.
Powders of Al,O; and carbon black were separate-
ly dried and screened. The powders with known sizes
and predetermined proportions were mixed in a
V-blender for 43 200 s with ethanol employed as a dis-
persing medium. The mixed samples were then dried
in a nitrogen stream at 323 K and transferred to an

alumina crucible with 2.4 x 1072 m diameter and-
2.0 x 1073 m height. The weights of solid samples were

2.6x107*kg.

Reactions were carried out in a reaction tube heated
by a tubular furnace. The solid sample was placed on
the left-hand side of the tube once the temperature of
the tube was closer to the desired value. Both ends of
the tube were closed by silicon plugs and a nitrogen
gas flow was initiated. Once the temperature had
reached the predetermined value and remained stable
for approximately 300 s, the solid sample was pushed
by an alumina rod into the reaction zone to react. The
pressure in the reaction tube was maintained at 0.03 m
H,O0 higher than atmospheric. The solid sample was
removed and quenched by an argon stream once the
reaction time had been reached. During the reaction,
the gas leaving the tube was occasionally fed into a gas
chromatograph (Hitachi model 263-30) to analyse the
composition of CO and CO,.

Following weight measurement, the sample was cal-
cined in air at 973 K for 21 600 s and the weight of the
calcined sample was again determined. The amount of
residual carbon in the sample following reaction could
be calculated from the weight loss of the sample. The
calcined sample was subjected to X-ray diffractometry
to determine the aluminium nitride content.

3. Results and discussion

The reactants in this reaction system were Al,O;(s),
C(s), and N,(g); the main solid product was AIN(s).
The amounts of aluminium oxynitride and aluminium
oxycarbide were so small that the X-ray diffractometer
was unable to detect them. From gas chromatograph
analysis, the product gas was known, from the results
shown in Fig. 1, to contain mostly CO and very little

CO,. Because gas containing aluminium has been.

pointed out to be possibly produced during the reac-
tion [9], a comparison was made between the meas-
ured and calculated weight of AIN produced in order
to determine if any other gas was produced in the
reaction. It was assumed that no aluminium-contain-
ing gas was produced, in the calculation of the weight
of AIN produced. The measured and the calculated
results at 36 000 s are shown in Table I. The measured
values in this table are observed always to be smaller
than the calculated ones. Gas containing aluminium is
indicated to be produced in the reaction system. Al,O
and AlO have been previously mentioned as the pos-
sible gases, and that the probabiiity of production of
AL, O is substantially higher than that of Al1O [9]. This
proposition was adopted in this study. Most of the

CO,/CO molar ratio (x 10%)

40

Soaking time (1072 s)

Figure 1 Plot of the COZ /CO molar ratio against soaking time; the
effect of reaction temperature: (O) 1648 K, (A) 1698 K, (A) 1748 K,
() 1800:K, (M) 1825 K.

TABLET Measured and calculated weights of AIN produced at
36000 s

Temperature .Production of AIN
®) Measured Calculated
(mol) (mol)

1648 0.0008 0.0011
1698 0.0019 0.0022
1748 0.0038 0.0040
1800 0.0054 0.0058
1825 0.0063 0.0065

Al,O gas was converted to AIN(s), but some of it was
carried out in the nitrogen stream. Minimal Al,O gas
was converted to aluminium oxynitride and alumi-
nium oxycarbide, and was retained in the solid
sample. Based on the above discussion, the reactants
of this system are Al,O;(s), C(s) and N,(g) as well as
the products AIN(s), CO(g), CO,(g) Al,O(g), alumi-
nium oxynitride and aluminium oxycarbide.

3.1. Reactions involved

The amounts of aluminium oxynitride and aluminium
oxycarbide produced are rather small. Their forma-
tion reactions are, therefore, ignored here. Seven reac-
tions can be involved in this complex reaction system

ALO;(s) + 2C(s) — ALO(g) + 2CO(g) (1)
ALO;(s) + C(s) — ALO(g) + CO,(2) (2)

AL,O5(s) + CO(g) — ALO(g) + 2CO,(g) (3)
ALO(g) + CO(g) + N,(g) — 2AING) + CO5(2) (4)
AL, O(g) + C(s) + Ny(g) — 2AINGs) + CO(®) (5
2A1,0(g) + C(s) + 2N,(g) — 4AIN(s) + CO,(g) (6)
C(s) + CO,(g) — 2CO(g) (7

Alumina reacts with carbon to produce Al,O and
CO, gases in Reaction 2. CO, is, however, thermo-
dynamically unstable with respect to CO under the
temperature range 1648-1825K. Reaction 2 can
therefore be discounted.
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Reaction 3 could be ruled out from the reaction
system because of the results from the following ex-
periment. Al,O; was employed in reacting with CO
without carbon being present. The weight of the solid
sample was indicated by the results to have not
changed, and no CO, was found in the exit gas.

Performing an experiment to find out whether Al,O
gas reacts with carbon or carbon monoxide is imposs-
ible because Al,O gas is an intermediate which cannot
be produced in our experimental system. Nevertheless,
Reactions 5 and 6 can be ruled out here, for the
following reason. Wang [2] pointed out that the AIN
grains formed are isomorphous with the reactant
alumina. This suggests that Al,O(g) is adsorbed on the
surface of Al,O; and then reacts with CO(g) and
N,(g). The reaction between Al,O(g), C(s) and N,(g)
seems impossible, thus Reactions 5 and 6 are ruled
out.

Now, only Reactions 1, 4 and 7 are retained in this
complex reaction system

AL O5(s) + 2C(s) — ALO(g) + 2CO(g) (1)
Al,O(g) + CO(g) + Ny (g) — 2AIN(s) + CO;(g) (4)
C(s) + CO,(g) — 2CO(g) (7

A reaction scheme is drawn in Fig. 2 to the reaction.
A solid—solid reaction, observed from this figure to
occur between Al,O;(s) and C(s), produces gaseous
Al,O and CO. Al,O is adsorbed during the nucleation
stage on to the surface of Al,O3 and reacts with CO
and N, to produce AIN and CO,, as shown in Reac-
tion 4. The growth stage begins once AIN has been
produced. Reaction 4 takes place on the surfaces of
both Al,O; and AIN. CO, gas produced from Reac-
tion 4 simultaneously adsorbs on to and reacts with
carbon and releases CO gas through Reaction 7.

3.2. Reaction steps

Several elementary steps are involved in Reactions 1, 4
and 7. The following steps are proposed for this
reaction system

AL, Os5(s) + 2C¢fs) — ALO(g) +2CO(g) ®)

k2
Al,0(g) + solid surface = [Al, O], 9

k>

[AL,0], + CO(g) + Ny(g) —> 2AIN(s) + CO4(g) (10)

CO4(g) + Ce(s) : CO(g) + [0]. (11)
k
[0]. = CO(g) (12)

Reaction 1 is an elementary reaction. Reaction 8, is,
therefore, the same as Reaction 1. Reaction 4 contains
Reactions 9 and 10. A “solid” appears in Reaction 9
which includes the solid surfaces of Al,O; and AIN.
Al, O adsorbs on to Al,O; during the nucleation stage,
while Al, O adsorbs both on to Al,O; and AIN during
the growth stage. Reaction 10 represents the reaction
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Figure 2 Reaction scheme of carbothermic nitridation: (a) nuclea-
tion stage, (b) growth stage.

between adsorbed Al,O, CO and N,. The Boudard
reaction, Reaction 7, consists of Reactions 11 and
12[10]. Reaction 11 represents the reaction between
CO, and carbon, while Reaction 12 represents the
reaction between adsorbed oxygen and carbon.

3.3. Reaction-rate expressions

The production rate of Al,O, [Al,O7, and [O], can be
expressed according to the reaction mechanism shown
in Reactions 8—12 as

IALOT k(AL OSAICT — kalALO)
[solid surface] + k3 [[AL,O],] (13)
d—[[—A(Iii—OE = k,[Al,O][solid surface] —k;[[Al,O],]
[N, ][CO] — k3 [[ALO]s] (14)
dOLT _ 4 rco,110
de
— ky[CO][[O].]1 — ks[O]. (15)

where ky, k,, ki, k3, k4, ki and ks are reaction-rate
constants and [Al,O], [[Al,O0],], [Al,05 1, [C¢], [CO],
[CO,], [N,] and [[O].] are concentrations of Al,O,
adsorbed Al,O, vacant sites of alumina, vacant sites



of carbon, CO, CO,, N, and adsorbed oxygen,
respectively.

At steady state, the production rate of the inter-
mediates can be assumed to be nil.

d[ALO]  d[[ALO]]
ar ar (16a)
_d[[O].]
= =5 (16b)
~ 0 (16¢)

Substituting Equations 16a—c into Equations 13-15,
respectively, the expressions of the concentrations of
Al,O, [ALO], and [O]. can be calculated and ex-
pressed as follows

ki[AL, O3] [CcT* + k3 [[AL,O],]

Al,O] = 17
[ALO] k, [solid surface] {17

_ ka[ALO ]G, T
[(ALOL] = “ o oicey U9)
_ klCO,11C
(101 = e (19

The total concentration of active sites [C,] equals
the sum of those of vacant sites and adsorbed oxygen

[C] = [C]+[[0l] (20)

The expression of [C;] is obtained following a sub-
stitution of Equation 19 into Equation 20 and re-
arranging.

ke [CO;]
ks + ki [001} b

The total concentration of active sites on Al,Oj,
[AL, O3], equals the sum of those of vacant sites and
adsorbed Al,O

[ALLOs3] = [ALOs]+m[[ALO]] (22)

where m is the fraction of Al,O adsorbed on to the
Al,O;5 surface.

After substituting Equation 18 into Equation 22
and rearranging, one obtains the expression for
[AL,Ox]

[Ce] = [C‘]/{1+

mk1 [Cf:IZ
k2[CO] [NZJ} @)

and the consumption rate of Al,Os; can be expressed
as

[ALLO;] = [Alzoat]/{l +

d[AL,O5] _ d[AL,O4]
d¢ dt
= — ki [Al;O3] [Cf]2
— k,[Al,O]m[solid surface]
+ kym[[A1,O];] (24)

On substituting Equations 17, 18, 21 and 23 into
Equation 24, the consumption rate of Al,O; can be
expressed as

d[A1,04]
de

= — (1 + mk,[Al,05,][C,J? / ({Hi{m} x{

If the solid-solid reaction between alumina and
carbon, Reaction 8, is very slow which controls the
overall rate, k; approaches zero. Furthermore, Reac-
tion 12 will be assumed to be substantially slower than
Reaction 11 [10] such that ks < ks and ks < kj.
Equation 25 can then be simplified to

d[AL,05.] _

dt

— (1 + mk;[Al,03,]1[C.]? / {1 +k“[C02]}2 (26)

ka[CO]

The concentrations of total active sites of carbon
[C,] and alumina [Al,0O5,] are proportional to the
molar concentrations of carbon [C] and alumina
[Al,Os]

[C] = K[C] (27
[Al;03] = k"[Al,0;] (28)

Replacing [C,] and [Al,05;,] in Equation 26 by
Equations 27 and 28, combining k; and k'? into k, and
rearranging, Equation 26 can be written as follows

d[ALOs]
dt N

k,[CO,])2

— (1 + mk,[ALL,O,][CT? / {1 + ﬁ[fc*:"ézj]'} (29)

where m is a function of soaking time. During the
initial stage, no AIN is present in the solid sample,
AL, O only is adsorbed at the Al,O; surface, and then
m approaches 1. During the growth stage, most Al,O
is adsorbed at the AIN surface, and m approaches
zero. The nucleation stage is observed from the experi-
mental results [5] to be rather short. Thus we can
assume that m approaches zero in our experimental
system. Equation 29 can therefore be rearranged and
written as follows

[A1203][C]2}0'5 _
d[AL,O;]/d¢ B
1105 ky [CO,]
) e 0

If the assumptions and the derivation presented
above are true, a plot of [[Al,O;][C]?/
{d[A1,03]/d¢}]% against [CO,]/[CO] would pro-
duce a straight line with a slope of k,/k2-5 kj and an
intercept of — (1/k,)°-%. The experimentally obtained
molar ratios of CO,/CO are depicted in Fig. 1. The
concentrations of Al,O; and C with various soaking
times and various temperatures are shown in Figs 3
and 4, respectively. The plots of [[Al,O3][C]?/
{d[Al,03]/dt}]1%* against [CO,]/[CO] with differ-
ent temperature are shown in Fig. 5. These plots are
clearly good straight lines. This validates the mechan-
ism, Reactions 8-12, and the assumptions made.

mky[C]? ka[CO, ]

T+ ki[COJ} ) 9
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Figure 3 Plot of the concentration of Al,Oj; against soaking time;
the effect of reaction temperature: (O) 1648K, (@) 1698 K,
(A) 1748 K, (A) 1800 K, ([0) 1825 K.
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Figure 4 Plot of the concentration of carbon against soaking time;

the effect of reaction temperature: (O) 1648 K, (@) 1698 K,
(A) 1748 K, (A) 1800 K, () 1825 K.

The expressions for k, and k,/ki obtained are as
follows
k, = 143.88exp(— 290580/RT)
m3s kg 1mol ! (31)
ky/ki = 5.83x10"*exp(— 427497/RT)
m3s kg 'mol ! (32)
where R = 8.314kJ kg *mol ! K~'. The Arrhenius
plots are shown in Fig. 6. If Equations 31 and 32 are
substituted back into Equation 29, the consumption
rate of Al,O5 can be written as
d[ALO;] _
dt B

— 143.88(1 + m)exp( — 290 580/RT)[Al,0,][C]? /

2
{1 + 5.83 x 10 exp( — 427497/RT) [Coz]}

[CO]
kg mols *m™3 (33)
By a similar method, the consumption rate of car-
bon and the production rate of AIN can be obtained
as follows
d[C]
dt
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= — 409.504exp( — 254 500/RT)[A1203][C]2/
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Figure 5 Plot  of [[Al0;][C]*/{d[Al,0;]/dt}]%° against

[CO,1/[CO] with several reaction temperatures: (©) 1648 K,
(A) 1698 K, (A) 1748 K, () 1800 K, (M) 1825 K.
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Figure 6 Arrhenius plots of k, and k, /k "
[CO,] |2
1+ 583 x10™ —427497/RT
{ exp( /RT) [CO]

kg mols™'m™®  (34)

d[AIN]
de

53.24(1 + m)exp( — 290 580/RT)[A1,0;] [C]Z/

2
{1 + 5.83 x 10" exp( — 427497/RT) [COZJ}

[CO]
kg mols™im~3 (3%

4, Conclusions

The mechanism of the reduction of a carbon/alumina
powder mixture in a flowing nitrogen stream was
confirmed from the experimental results to be

Al,O3¢(s) + 2Cq(s) —Iiﬁ ALO(g) + 2CO(g)  (8)

k
ALO(g) + solid surface = [AL,O],  (9)
ks

[Al,O], + CO(g) + N, (g) k 2AIN(s) + CO,(g) (10)

k
COz(g) + Ci(9) == CO( + [0 (11)

4



01, & co (12)

Reaction 8 was observed to be rather slow and became
a rate-limiting step. The rate of forward and reverse
reactions of Reaction 11 were also observed to be
substantially higher than that of Reaction 12.

The consumption rates of Al,O; and carbon and
the production rate of AIN were found to be

d[A1,0,]
dr

— 143.88(1 + m)exp(—290 580/RT)[Al,0,1[C]*/

C0,1)2
{1 + 5.83 x 10"%exp( — 427497/RT) L 2]}

[CO]
kgmols '‘m™*  (33)

d[C]

dt

— 409.504exp( — 254 500/RT)[Al,05][C]? |

COo,1)?
{1 + 5.83 x 10"%exp( — 427497/RT) L 2]}

[CO]
kgmols™'m 3 (34)

d[AIN]
dt

53.24(1 + m)exp( — 290 580/RT) [Alzo3][C]2._.-"f

{1 +5.83 x 10'exp( — 427497/RT)

[CO,]\?
[CO]

kgmols™!'m™3 (35)
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