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ABSTRACT

The reaction between graphite and CO2 is inhibited by the
reaction product, CO, which may be present in the reactant gas or may
accumulate within the porosity. In previous studies the importance
of inhibition by CO has not always been. appreciated. This thesis
presents new models for the influence of CO accumulation on the
oxidation rate. The models consider mass transport limitations both
within the graphite poreé and. in the bulk gaé.‘ They‘afe parﬁiéuiaﬁl?
useful for the deéign of new experiments and are applied to experiments
within the thesis and also to previously reported studies.

Oxidation of a highly purified, polycrystalline graphite by CO2
is studied at pressures up to 4.1 MPa, CO concentrations up to 50%
and temperatures between.800°C and 1050°¢C by continuous measurement of
weight loss using a microbalance. The experiments consider both the
chemical kinetics and the influence of mass transport on reaction.

The results demonstrate the validity of the calculations for CO
accumulation and the importance of CO as an inhibitor. For the first
time, the kinetics of the approach to the Boudouard equilibrium are
reported. At high pressures and high CO concentrations the kinetics
are represented by simple equations which are limiting forms derivable
from previous kinetic models. These models assume an idealised graphite
surface; however, three aspects of the study illustrate the complex
and variable nature of the real graphite surface: (i) the manner of the
deviation from the simple kinetic equations at low pressures, (ii) the
observation of large.transient oxidation rates aﬁd (iii) the deviation
of the estimated equilibrium.constant for the Boudouard equilibrium
from that predicted by standard thermodynamic dﬁta. In additiom, a
compensation effect is observed in this work and shown to be a statistical

artefact resulting from a. correlation of errors.
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1. INTRODUCTION

Graphite is used as moderator and as a structural material in
Advanced Gas Cooled Reactors where it is exposed to COZ- based gas
mixtures at pressures between 3.16 and 4.3 MPa. The graphite can be
oxidised by two distinct mechanisms, (i) radiolytic oxidation of the
moderator (mean temperature 400°¢) by active species formed from
radiolysis of co, within the porosity of the graphite and (ii) thermal
oxidation of a number of components at gas outlet temperatures (650°-
700°C). Thermal oxidation may also be significant under abnormal
reactor conditions. This thesis considers aspects of thermal oxidation
processes relevant to the high reactor pressures.

Although the graphite/CO2 reaction has been widely studied, the
vast majority of kinetic studies have been performed at atmospheric
pressure or below. The limited published studies at higher pressure

have either been conducted in pure CO, or have considered only a

2
limited range of CO concentrations. The processes of mass transport

can have a significant effect on the observed rate of reaction. Studies
of mass transport have dealt primarily with processes dominant at low
pressures and have by necessity considered the interaction of mass
transport with the kinetié schemes found at low pressures.

The aim of this thesis is to use the knowledge gained at low
pressures to assess the role of mass transport and to examine the
kinetics of the graphite/CO2 reaction under high pressure conditions.

In order to relate previous studies at low pressures to the current work,
it is necessary first to understand the major steps which can control

gasification and to consider the factors which determine control by any

one step.



The gasification of graphite may, in common with other hetero-
geneous reactions involving a porous solid, be controlled by one or
more of three major steps:-
(i) reactiom at acéive sites within the solid;
(ii) transport of reactant gas molecules from the external
surface to reactive sites within the pores and tramsport
of products from reactive sites to the exterior;

(1ii) transport of gas molecules to the external surface of the
solid from the bulk gas.

The temperature dependence of chemical reactions is generally
much greater than that for gas phase diffusion. Therefore, for such
a reaction the controlling step will change from step (i) through to
step (iii) with increasing temperature. Ideally the variation of
gasification with temperature can be discussed in terms of three
distinct zones: zones I, II and III corresponding to control by steps
(1), (1i1) and (iii) ahove, as originally proposed by Wicke (1) and
applied to the graphite/CO2 reaction by Walker, Rusinko and Austin (2).
The three zones are also characterised by the behaviour of the reactant
concentration within the graphite. In zone I (chemical control) the
reactant concentration is uniform, in zone II (in-pore diffusion control)
it drops effectively to zero within the graphite sample and in zone
III (external mass transport or boundary layer control) it falls from
its bulk value to zero at the surface across a boundary layer.

Thus any study of the graphite/CO2 reaction faces not only the
difficulties generally associated with studies of chemical kinetics,
but also the difficulties associated with reactions in porous solids,
i.e. problems analogous to those of heterogeneous catalysis. Many
previous studies of the graphite/CO2 reaction cannot be understood
unless the influence of mass transport is considered. In particular,

it is necessary to decide whether a kinetic study has been conducted




totally within zone I or has extended beyond it. It will be shown
that one feature of the kineticsof the graphite/CO2 reaction, inhibition
by the reaction product CO, makes the overall reaction very sensitive
to mass transport considerations and that this sensitivity has not
always been fully appreciated. A pre-requiéite for using low pressure
data to aid the understanding of the reaction at higher pressu?es is
that the conditions of the lower pressure studies can be well defined.
The concern of this thesis is therefore to establish the degree of
product inhibition and to assess how that inhibition determines the
boundary for departure from chemical control at both low and high
pressures.

The thesis commences with a critical review of the literature
on both the kinetics of reaction and the influence of mass transport
(Chapter 2) which highlights (i) the paucity of data at high pressures,
(ii) the areas of agreement and disagreement in low pressure studies
and (iii) the difficulty of determining exactly whether the reaction
is solely controlled by chemical considerations. Following from the
review, models are developed for assessment of mass transport influence
relevant to studies of the kinetics of the graphite/CO2 reaction (Chapter
3). The models demonstrate the importance of mass transport in the
graphite/CO2 reaction and the difficulty of ensuring that any kinetic
study is free from mass transport influence.

The new models are used as a basis for microbalance studies of the
influence of CO on the graphite/CO2 reaction at varying total pressures
(Chapter 4). The discussion of these studies in Chapters 5 and 6
demonstrates the importance of CO inhibition and the approach to overall
equilibrium of the reactions particularly at high pressures. Two other

features of interest in studies of the graphite/CO2 reaction and



observed in this work are considered: a compensation effect and large
transient oxidation rates. The mass transport models and the
observed kinetic scheme are used in experimental studies to probe the
boundary for departure from chemical control, once more emphasising
the importance of mass transport.

Inevitably in theoretical discussions and as a result of
experimental observation some aspects of the work are not answered
completely and in other areas new questions are posed. A final and
important part of this thesis (Chapter 7) sets out these questions

and suggests the methods required to answer at least some of them.



2, A REVIEW OF THE LITERATURE

The aim of this review is to provide a background to the
remainder of the study. It is therefore divided into three main topics
concerned with (i) chemical kinetics, (ii) the influence of mass
transport and (iii) the manner in which this study will use and extend
the available information. Much of the early work on both kinetics
and mass transport has been extensively reviewed. Discussion of this
early work is therefore limited to the introduction of concepts and

mechanisms and to the definition of common nomenclature.

2.1 Studies of Chemical Kinetics

2.1.1. General Remarks

Experimental data for the Carbon/CO2 reaction have often been

fitted to an equation of the Langmuir-Hinshelwood type i.e.

k, P
1°C
Rate = ©2 .. 2.1
1+ kZPCO + k3PCO2
where kl, k2’ k3 may be functions of more than one fundamental rate

constant. Some data are fitted to restricted forms of eqn (2.1) and
others are considered not to conform with the basic equation. However,
the basic steps which are used to derive eqn (2.1) are common to almost
all kinetic schemes. Two distinct mechanisms have been proposed for
the reaction, differing in the method of inhibition by CO. In the

first, (mechanism A) CO adsorbs reversibly on active sites, reducing

the number of sites available for formation of surface oxide and subsequent

gasification. In the second, (mechanism B) inhibition is due to CO

reacting with chemisorbed oxygen to produce COZ’ reducing the number



of occupied sites and therefore the rate of gasification. Using
the nomenclature of Walker, Rusinko and Austin (2), mechanism A can

be written as:

1
1
Ce+ 0, 3 cO+C
i,
Ce+CO 2 @
%—.
iz
i3

c(o) — CO

where Cf, C(0) and C(CO) represent free carbon, surface oxide and

chemisorbed CO respectively. At steady state the oxidation rate is

"1 Foo,
Rate = @~@—\—vo0nn— e
1 +1%/ Poo ¥ 11/, Pco2
so that k, = i k, = l2/ k. = ‘1/
1 M1 %2 is 103 j
2 3
In a similar manner mechanism B is
il
Cf + C02 <———3 cQo) +co Ll
jI
cC®) ——> CO
I3
In this case, at steady state we have
! Pco2
Rate = o _ < L deeaes
] i
1'+-“1/. P + 71/, P
/33 Co /33 CO2
. . - 3 - j _ i
which gives kl i, k, 1/j ,and k3 = "1/,

3 J3



If it is assumed that the oxygen exchange reaction (eqn 2.6) is at

equilibrium, then the final form of the rate expression is

ok
Rate = 1 cereri.. 2.8

ky Peo * k3 Pco2

where k;, k,, k, are defined as above for eqn(2.7)or

Rate = 2 teseeess 2.9

Pco2 * Pog/k

where k = j, and K = ll/j1 is the equilibrium constant for the

oxygen exchange reaction.

Mechanisms A and B are reviewed in detail in ref. (2). From the
discussion and subsequent data reviewed by Lewis (3) mechanism B would
seem the more probable. The main evidence supporting mechanism B is
that the rate of chemisorption of CO is too slow for mechanism A to
operate (4) and that the oxygen exchange step has been observed to be
rapid and reversible (5 and refs. within).

The vast number of papers on the kinetics using various types of
carbon in both pure CO2 and COZ/CO mixtures have provided a great
wealth of data but have not produced an overall agreement on mechanism
and in particular on the values of rate constants. From the extensive
reviews of Walker, Rusinko and Austin (2) and Von Fredersdorff and
Elliott (6) and from the more recent review by Lewis (3), it is apparent
that at least part of the disagreement between early workers has
arisen from the use of poorly characterised ;r impure carbons, and a
lack of appreciation of possible mass transfer effects. The literature
concerning catalysis of graphite oxidation is vast. Important aspects
have been reviewed by Lewis (3), Walker, Anderson and Shelef (7),

Thomas (8) and recently by Baker (9) and McKee (10).



Thus this subject will not be reviewed further. This study will
concentrate on pure, well-graphitised material. Mass transport
effects are considered separately. Whilst more recent workers have
shown greater appreciation of the points above, there are still
considerable disagreements to be resolved. This review considers
studies analysed using both Langmuir-Hinshelwood kinetics and other
kinetic schemes and attempts to emphasise the areas of agreement
between workers.

2.1.2. Studies using Langmuir-Hinshelwood type kinetics

Three studies by Strange (11), Biederman (12) and Shelef (13)
emphasise the difficulty of obtaining consistent results for the
graphite/002 reaction under different conditions. The SP1l natural
graphite used in all these works waé compacted, machined and repurified
by heat treatment to about 2500°¢C (impurities less than lppm).

Strange and Biederman used adjacent samples from the same pressings.

Strange (11) and Strange and Walker (14) describe the kinetics in
the pressure range 2.6 to 16 kPa and the temperature range 902-1007°C.
Results could be fitted to a Langmuir-Hinshelwood form giving activation
energies of +414, =54 and +50 kJ/mol for kl’ k2 and k3 respectively,
Assuming mechanism B to apply, this gives 414, 310 and 364 kJ/mol for

il’ jl’ j3. However, the value of the pre-exponential factor for kl

was greater than could be predicted from kinetic theory. If oxygen

exchange was in equilibrium then an apparent heat of reaction of 105 kJ/mol

was obtained for the oxygen exchange reaction. Strange showed that this
was consistent with the carbon-oxygen bond in the oxygen complex having
about 2/3 double bond character.

Biederman studied the reaction between SPl graphite and CO2 under
two conditions: at atmospheric pressure between 1060°C and 1200°C and
between 960°C and 1120°C at about 7Pa. |

In the low pressure studies the reaction scheme could be simplified



to

Rate = kl PC02

i.e. k2 PCO’ kBPCO both very much less than unity. Extra-
polating from Strange's data gives 10-2 for kZPCO at 1100°C. The
activation energy found for k1 was 433 kJ/mol in agreement with
Strange. The higher pressure data were represented in a reduced
Langﬁuir—Hinshelwood form which, when combined with the direct
measurement of k1 from the low pressure studies, gave activation
energies of 29 and 129 kJ/mol for k2, and k3 respectively. The
values of kz and k3 are significantly different from those found by
Strange. The pre—exponential factor for kl was even greater than
that found by Strange and therefore that much greater than predicted
from kinetic theory.

The oxidation rates calculated by Biederman are about 4 times
greater than those calculable from ref (11). The explanation advanced
by Biederman and Biederman et al (15) was based upon inhibition of
the reaction by H2 impurity in the case of ref (l11). The CO used
in the latter studies was found to contain about 200 vpm HZ'

Biederman studied the addition of hydrogen and found that kl dropped
with increasing H, pressure but that the effect saturated at 4 Pa.
Results with greater than 4 Pa H, agreed with values of kl extrapolated
from Strange (11). Digsociative adsorption of hydrogen on SPl gave

an isotherm which deviated from Langmuirian behaviour, but gave a
shoulder at 3 to 4Pa at 1100°C. Assuming the isotherm to be Langmurian
resulted in an active surface area for H2 of only one third that for
oxygen. With improved outgassing techniques Biederman was able to
increase reactivities by a factor of up to 4 compared with his earlier
work. Since it was virtually impossible to remove all traces of Hy,
the authors concluded that it is probably impossible to obtain a true

rate for the C/CO2 reaction.
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Shelef (13) found that gasification in non-purified COZ/CO
mixtures could not be described by the Langmuir—Hinshelwood equation
at pressures above 8 kPa,in contrast with ref (11). The form of
kinetics found are discussed in section 2.1.4. In highly purified
gases large transient rates were observed on well outgassed samples
(16). The transients lasted for several hours and extended for up to
7% burn-off. The transient could be quenched by H2 and the appearance
of the transient, although not the decay of an existing transient,
could be prevented by CO in the gas phase. The peak in reactivity
was not observed below 940°C and only the decay of the transient
could be observed above 1050°C. These phenomena were associated with
the formation and decay of a highly reactive surface oxide which was
exceedingly sensitive to contamination. Overall activation energy of
the transient rates were between 262 and 342 kJ/mol compared with 363
kJ/mol for the steady-state gasification. Steady-state rates in
purified gases were similar to those found by Strange. The steady
state activation energy is lower than would be predicted from ref (11).

Transient rates in the C/CO2 reaction have also been observed by
Rellick et al (17),‘who found transients for outgassed pyrolytic
graphite reacting with purified COZ' The outgassing conditions
required to produce transients were much less severe than those
necessary in Shelef's studies.

Activation energies very similar to those of Strange have been
found by Yamauchi and Mukaibo (18 ). They studied the oxidation of
two petroleum coke based graphites, labelled graphites A and B, in
COZ/CO mixtures at'CO2 pressures of between 5 and 27 kPa and in the
temperature range 1100°C to 1175°C. Activation energies were, for
graphite A: + 385, =79 and +21 kJ/mol for kl’ k, and k, respectively

2 3

and for graphite B: + 389, -54 and +29 kJ/mol for kl’ k, and k3.







































































































































































































































































































































































































































































































































































































































































































































































































































































































































