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Abstenct—The rate of interaction of equi-molar micron-sized particles of NiO with plate-like particles of
natural graphite has been studied between 900 and 1000°C in both a closed system and fn vacuo. Both
CO and CO, are primary products of the reaction. In both a closed system and in vacuo, reaction
proceeds essentially to complete reduction of NiO. Reduction it vacio is more rapid than in a closed
system. Reduction of NiQ) i vacno is described by first order plots, with the increase in rate constant
values with temperature having an activation cnergy of 75 keal mol ~F, ¢ 1997 Eisevier Science Ltd
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I, INTRODUCTION

Reduction of nickel oxide (NiO) by carbon has been
studied by a number of workers, and several theories
have been put lorth to explain the mechanism and
kinetics ol the reaction. For example, Boukloh and
Springerum [1] observed that plots of {metallic film
thicknessy® versus time gave a siraight line and con-
cluded that the reaction proceeds by the diffusion of
carbon through the Ni layer formed during the
reaction. According to Bogatskii [2], NiQ dissociates
into Ni,O and O during the reaction. Pavlyuchenko
and Shelkanoviseva [3] and Kohl and Marineck [4]
supgested that the NiO is reduced both by carbon
and CO whicl is formed during reaction. Zhuravleva
et al. {5] found that small amounts ol potassium and
sodium carbonates conpsiderably accelerate the
reaction.

It appears that the mechanism and kinetics of the
NiQ/carbon reaction are not completely understood.
There are conflicting views, even regarding the reac-
tion products. Some workers [3,4] suggest that CO
is the only product of the solid state reaction between
NiO and carbon, while another [6] suggests (hat
C0, is the primary product. More work is, therefore,
needed Lo have a better understanding of the reaction.
In part I [7] and part 11 {8] of the present serics, &
visual description of how NiQO and graphite reacl
with cach other was presented. The present work
describes the kinetics and the gaseous products of
the reaction.

2. EXPERIMENTAL

2.1 Marerials
SP-1 graphile used in this invesligalion was
obtained from the then Carbon Products Division,
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Union Carbide Corporation. It is a high purity
spectroscopic grade natural graphite, having a maxi-
mum impurity content of <6 ppm. H consists of
flakes that have an average thickness of about 0.5 ym
and an average diameter of about 25 ym. The par-
ticles either approach single crystals closely or are
made up of large crystallites highly aligned. The BET
surface area was L8m2g” ' The NiO used was
99,999% pure and had an average diameter of about
2 um. I was obtained from the Organic/Inorganic
Research  Chemical Corporation, Sun  Valley,
California; it has a BET surface area of
0.65m* g~ Carbon dioxide and CO used were of
research grade obtained frem Air Products and
Chermicals, Inc. and Matheson, Inc., respectively.

2.2 Apparatus

Details of the apparatus used have been described
earlier [7,8]. Briefly, the double-walled quariz reac-
lion tube was placed horizontally in a furnace, the
temperature of which was controlled by a Gardsman
West temperature controller. The annular volume
between the two walls of the reaction tube was
evacuated continuously so as 1o aveid diffusion of
oxygen into the reaclion tube at high temperatures.
The reaction tube was connected to: (i) iwo expan-
sion bulbs, (i1} a vacuum system capable of producing
a low pressure of 1078 Torr, (iii) a liquid nitrogen
trap, (iv) a MKS Baratron pressure gauge, and (v} a
mass spectrometer.

2.3 Experimental

In most of the experiment equal molar mixtures
of NiO and SP-1 graphite were used. 100 mg of the
mixiure were evacuated in the reaction tube for
6 hours at 300°C, The boat containing the mixture
was then moved out of the furnace, and the temper-
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ature of the furnaee raised. When the desired reaction
temperature had stabilized, the reaction was started
by pushing the sample back into the furnace.

The reaction was carried out both in a closed
system (where the gases evolved were aliowed lo
accumulate} as well as in vacuo (where the gases
evolved were conlinuously pumped out of the
system). For reaction in the closed system, the liquid
nitrogen trap was closed; and the gases were allowed
to accumulate in the apparatus by isolating it from
the vacuum pumps. A small amount of the gas was
taken after different intervals of time and its composi-
tion determined using the mass spectrometer.
Knowing the amount of gases (CO and CQO,) evolved,
the amount of NiQ reduced could be calculated.

For reaction in vaeno, the gases evolved were
continuously pumped through the liquid nitrogen
trap, so as to condense any CQ,, while allowing CO
to escape. The details have been described pre-
viously [8].

The reaction was studied in the temperuture range
900 to 1000°C.

3. RESULTS AND DISCUSSION

Results from the reduction of NiQ with SP-1
graphile in a closed system, at various temperatures,
are given in Fig. 1. The reaction is very slow at 900°C
but increases with increase in the reaction temper-

ature, At 1000°C, the reaction proceeds to equiiib-
rium within 100 minutes.

During the reaction, both CO,; and CO were
evolved, with CO, predominating throughout the
reaction. Figure 2 shows the amounts of CO, and
CO evolved during reaction at 950°C. It is seen that
the ratio CO,/CO increases sharply at first and after
reaching a maxima decreases slowly in the final stages
of reaction. It seems that the solid state reaction
starts initially resulting in the production of both
CO; and CO. The subsequent sharp increase in the
CO,/CO ratio is thought to be due 1o a fast reaction
between CO and NiO. The decrease in the CQ,/CO
ratio during the last stages of reaction may be due
to a catalyzed (by Ni formed during the reaction)
reaction between €O, and graphite {93, 1t appears,
therefore, that the reaction between NiO and carbon
i @ closed system is & complex process; and at least
the following four reactions may be taking place
simultaneously.

INiO + C—2Ni + CO, (1)
NiO+C—Ni+CO (2)
NiO +CO-Ni+ CO, (3
CO, +C2C0 (4)

Reactions (1) and {2) are solid state reactions, while
(3) and {4} involve the gas phase. In the initial stages,
reaction {3) is faster than reaction (4) and, hence,
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Fig. 1. Reaction between NiO and graphite a1 various temperatures in a closed system,
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Fig. 2. Evolution of CO, and CO during reaction between NiO and graphite 1 950°C in 2 closed system.

the increase in the CO,/CO ratio. However, in the
final stages when the amount of NiO has been
reduced, reaction (4) which is catalyzed by the Ni
formed is faster; and, hence, a slight decrease in the
CO,/CO ratio occurs. It is also evident that in a
closed system, the NiQ is being reduced not only by
the solid state reaction but also by a reaction involy-
ing CO which is a product of the solid state reaction.
In order to determine the effect of the presence of
CO on the reduction of NiQ, the reaction was carried
out after introducing some CO at the beginning of
the reactions. As can be seen by comparing Fig. |
with Fig. 3, the reaction is faster in the presence of
added CO than in its absence. The fast depletion of
CO in the initial stages (Fig. 3) indicates a rapid
reaction between CO and NiO. This shows that in a
closed system, the gas phase reduction of NiQ affects
the overall reaction kinetics.

It has been suggested [3,4] that the reaction
between metal oxides and carbon, which starts at the
oxidefcarbon interface, proceeds later on only
through the gas phase reaction involving CO. In
order to determine the influence of the pas phase
reaction on the overall reaction and to determine
whether the reaction in the later stages primarily
proceeds through the pas phase, the reaclion was
carricd out in vacuo, ie. the gases evolved were
continucusly pumped oul in order to minimize the
possibility of any gas phase reaction. Figure 4 shows
the amounts of CO, and CO evolved when the
reaction is carried out in vacuo at 950°C. The fact
that the reaction proceeds to equilibrium even in
vacuo {as will be seen shortly) suggests that the
reaction does not necessarily proceed through the
gas phase as suggested by some workers [3,4]. Also,
since the evolution of CO, predominates even when

the chances of reaction between CO and NiO are
very small, as the gases are being coalinuously
pumped oud, it is evident that both CO, and CO are
primary products of the solid state reaction between
NIiO and carbon. Thus, the suggestion of some
workers [3.4] that CO4 is formed only by the reaction
between CO and NiO is not justified.

On comparing the reaction in a closed system with
thatt in vacuo (Fig. 5), it is seen that the reaction is
faster in vaeno than in a closed system. Since in the
closed system, NiO is reduced both by the solid state
reaction as well as by the gas phase, the reduction of
Ni should be fasler than in vacno, instead of being
slower. This can ouly mean that the gas phase
consisting of CO, and CO in some way adversely
affects the solid state reaction. Since the presence of
CO in the system is expected 1o favor the reduction
of NiQ as shown earlier, it appears that it is the
CQ, which retards the solid state reaction.

The adverse effect of CQ, on the solid state reaction
between NIO and graphite cannot be due Lo equilib-
rium limitations because at the temperatures studied
the equilibrium in the reaction

NiO+COwaNi+CO, (3

is essentinlly completely on the side of CO; as shown
earfier {9]. Rather it is thought that CO, interacts
with carbon free active sites (Cp) according to reaction

(6}

covering some of them with oxygen complex, that is
C({0}. Such coverage decreases the number of carbon
free active sites available to reduce the NiQ.

Figure 6 presents first order plots for the reduction
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Fig. 3. Reaction of NiO with graphite and added CO at 950°C in a closed system.
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Fig. 4. Evolution of CO, and CO during reaction between NiQ and graphite at 956°C in vacto.
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Fig. 6. First order plots for reaction between NiC and graphite in vacue.
of NiO i vacwo over the temperature range From the slopes of the first-order plots, values for
900-1000°C. Or the rate constant, &, can be calculated. Figure 7 then
) presenis an Arrhenius plot for the rate constants,
—d(NIO) ielding an activati £ 75 keal mol ~?
=k(Xo.ni0 — Anio) (7 yielding an activalion energy o cal mol ™.

<r It is interesting that the rate of reduction of NiO
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Fig, 7. Arrhenius plot of the rate constants for the reaction between NiO and carbon in recuo.

can be described by a simple first-order reaction. The
reaction is thought to proceed as follows. Carbon
atoms first interact with the NiO surface producing
Ni. Carbon atoms then go into solution in the Ni
layer surrounding the NiO particles, diffuse through
this layer {which is building up in thickness as
reaction proceeds) to the NIO/Ni interface where
some reduction proceeds. Carbon atoms also diffuse
across the surface of the porous NiQ particles, where
additional reduction occurs. Carbon monoxide and
CO, are produced. In vacuo, the gaseous reaction
products are rapidly removed, diffusing through
cracks present in the Ni coating, The cracks are
produced by strain developed due to reduction in
volume us reaction proceeds,

The rate of reduction of NiQ is expected {0 depend
upon the rate at which carbon atoms reach the
Ni/NiQ interface as well as the extent of reduction
of NiO. The rate at which carbon atoms reach the
NiQ/Ni interface should depend upon the conegen-
tration of active sites in the carbon surface and
contact area between the active sites in the carbon
surface and the Ni surface. The importance of the
contacl area was confirmed by two experiments. In
one experiment, the amount of graphite mixed with
a constant weight of NiO was increased. It resulted
in an increase in reduction rate of NiO, described
again by first order kinetics. In a second experiment,
the NiO and carbon were first mixed as before but

then pelletized under pressure. The coherent pellet is
expected to have a higher contact area between the
NiO and carbon than does the loose mixture. The
resull was an increase in reduction rate of the NiO,
again described by a first order reaction.

The fact that the rate of reduction of NiO can be
described by a simple first order reaction supgests
that the contact area between the Ni surlace and the
carbon active surface changes little during reduction,
It is known that the active site concentration per unit
total surface arex of SP-1 graphite increuses as the
graphite is consumed by its gasification [10]. It is
suggested that a similar increase in active surface
area concentration is produced as carbon aloms are
consumed as a resull of NiO reduction. Thus the
active surfuce could remain essentially constant as
NiQ reduction proceeds.

It 15 understandable that the rate of diffusion of
carbon atoms through Ni is not the rate controlling
step in the reduction of NiQ. That is, the activation
energy for the diffusion of carbon atoms through Ni
is reported to be about 33 keal mol "t {111 - much
lower than the experimental activation energy lound
for the reduction reaction, that is 75 keal mol ~ 1.
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