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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 pores and in the bulk gas. They are particularly 

useful for the design 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 and (iii) the deviation 

of the estimated equilibrium.constant for the Boudouard equilibrium 

from that predicted by standard.thermodynamic data. In addition, a 

compensation effect is observed in this work and shown to be a statistical 

artefact resulting from a correlation of errors.

Ill
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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 CO2” 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^C) by active species formed from 

radiolysis of CO2 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/C02 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 CO2 or have considered only a 

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 kinetic 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/C02 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.
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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) reaction at active sites within the solid;

Cii) transport of reactant gas molecules from the external

surface to reactive sites within the pores and transport 

of products from reactive sites to the exterior;

(iii) 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

(i), (ii) and (iii) above, as originally proposed by Wicke (1) and 

applied to the graphite/C02 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/C02 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/C02 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
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totally within zone I or has extended beyond it. It will be shown 

that one feature of the kinetics of the graphite/C02 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-requisite for using low pressure 

data to aid the understanding of the reaction at higher pressures 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/C02 reaction (Chapter 

3). The models demonstrate the importance of mass transport in the 

graphite/CÜ2 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/C02 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/C02 reaction and
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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.
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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/C02 reaction have often been 

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

^1 ^C02Rate =     2.1
 ̂ ^2^C0 ^3^002

where k^, k2, kg 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 CO2, reducing the number
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of occupied sites and therefore the rate of gasification. Using 

the nomenclature of Walker, Rusinko and Austin (2), mechanism A can 

be written as;

Cg + CO2  C(0) + C   2.2

Cf + CO - ^ c(CD)   2.3

%

^3C(0) — ^  CO . 2.4

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

chemisorbed CO respectively. At steady state the oxidation rate is

^1 ^C02
Rate =     2.5

^CO,' * V i ,  * 'Vj. - 22 ' ->3

so that k^ = i , k_ = ̂2/. ,k = ̂ 1/.
J . Z  J 2 J 2

In a similar manner mechanism B is

C^ + CO2  ̂ ---- c(0) + CO   2.6

C(0) ■> CO   2.4
^3

In this case, at steady state we have

?co.
Rate =       3.7

which gives k = i , k„ = ^1/. ,and k_ = ^1/.
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If it is assumed that the oxygen exchange reaction (eqn 2.6) is at 

equilibrium, then the final form of the rate expression is

= k2 PcO + S  Pco, .......

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

Rate = ‘  2.9
* ^Co/k

where k = jg and K = ^1/j^ 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 COg and COg/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 or 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 McK.ee (10) .
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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/COg reaction under different conditions. The SPl natural 

graphite used in all these works was compacted, machined and repurified 

by heat treatment to about 2500°C (impurities less than Ippm).

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 k^, kg and kg respectively. 

Assuming mechanism B to apply, this gives 414, 310 and 364 kJ/mol for 

if, j^, jg. However, the value of the pre-exponential factor for k^ 

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 COg under 

two conditions: at atmospheric pressure between 1060°C and 1200°C and 

between 960°C and 1120^0 at about 7Pa.

In the low pressure studies the reaction scheme could be simplified
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to

= '̂ 1 Pco,

i.e. kg Pq q , kgP^Q both very much less than unity. Extra

polating from Strange's data gives 10 ^ for kgP^Q at llOO^C. The 

activation energy found for k^ was 433 kJ/mol in agreement with 

Strange. The higher pressure data were represented in a reduced 

Langmuir-Hinshelwood form which, when combined with the direct 

measurement of k^ from the low pressure studies, gave activation 

energies of 29 and 129 kJ/mol for kg, and kg respectively. The 

values of kg and kg are significantly different from those found by 

Strange. The pre-exponential factor for k^ 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 Hg impurity in the case of ref (11). The CO used 

in the latter studies was found to contain about 200 vpm Hg.

Biederman studied the addition of hydrogen and found that k^ dropped 

with increasing Hg pressure but that the effect saturated at 4 Pa. 

Results with greater than 4 Pa Hg agreed with values of k^ extrapolated 

from Strange (11). Dissociative 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 Hg 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 Hg, 

the authors concluded that it is probably impossible to obtain a true 

rate for the C/COg reaction.
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Shelef (13) found that gasification in non-purified COg/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% bum-off. The transient could be quenched by Hg 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/COg reaction have also been observed by 

Rellick et al (1^), who found transients for outgassed pyrolytic

graphite reacting with purified COg. 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 (l8 ). They studied the oxidation of 

two petroleum coke based graphites, labelled graphites A and B, in 

COg/CO mixtures at COg 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 k^, kg and kg respectively 

and for graphite B; +389, -54 and +29 kJ/mol for k^, kg and kg.
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Redden and Lowe (19), (20) studying the oxidation of the nuclear 

graphites. Dragon grade 5 and grade 9, obtained rather different 

results. Using a flow system they considered the oxidation of a bed 

of crushed graphite (0.4 to 1mm dia) for COg pressures between 0.01 

and 0.1 MPa and CO pressures up to 0.07 MPa in the temperature range 

980°C to 1120°C. The rate of reaction was measured by the pressure 

build-up or by analysis of the change in gas composition. Rate 

constants and kg were determined from experiments in pure COg and 

these values used to deduce kg in experiments in which CO was added. 

Langmuir-Hinshelwood kinetics were found to apply only for Pc02^^C0

greater than 0.5 Under these conditions activation energies were:

Grade 9, + 297, -184 and +82 kJ/mol for k^, kg and kg respectively 

and Grade 5, +297, -138 and +82 kJ/mol for k^, kg and kg respectively. 

For P^Q /P^Q less than 0.5 the results were much better fitted to an

expression

k, P1 CO2
Rate =     2.10

1 + kg (^C02^ ̂ ^3 ̂ C02

In this case kg’ gave the same activation energy as kg but a

different pre-exponential factor. The authors do not present any 

mechanism for the new kinetic form. Using similar methods, graphite 

Grade 5 was also studied at much lower partial . pressures i.e.

50 to 270 Pa COg and up to 270 Pa CO in helium at atmospheric pressure. The

results were best represented by

^G02
=      2.11

1 + ^CO

^CO ^C02

where k was 0.5 and not temperature dependent, and the activation 

energies were 318 kJ/mol for k^ and 128 kJ/mol ' for k, CO inhibition 

was considerably greater than calculated from the higher pressure studies.
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Rao and Jalan (21) have also studied the C/COg reaction in 

pure COg, using pelleted Stirling FT carbon black. After allowing 

for mass transport by using the methods given by Roberts and 

Satterfield (22) and using values for kg and kg for electrode 

graphite given Wu (23) they obtained an activation energy for jg of 

333 (+ 21) kJ/mol. Using the mass transfer corrections described in 

Chapter 3 of this thesis, an improved fit to the Arrhenius equation 

was obtained together with an activation energy of 255 kJ/mol.

This work is considered further in Chapter 3.

Liu (24) has recently studied the oxidation of H451 nuclear 

graphite at temperatures of 1043°C to 1143°C and total pressures of 

up to atmospheric pressure, obtaining activation energies for k^ of 

310 kJ/mol, for kg of -67 kJ/mol and for kg of -56 kj/mol. The 

negative temperature coefficient for kg cortrasts with other recent 

studies.

The form of the kinetics relating to an equilibrium oxygen

exchange reaction has been studied by Mens ter and Ergun (25), (26)

following from earlier work by Ergun (5). The more recent studies 
14used COg to study the oxygen exchange reaction on Spheron 6 

carbon black between 750°C and 850°C. Rate constants were deduced 

from analysis of variation of the degree of exchange with gas

composition. The values of the equilibrium constant and its

temperature dependence were in good agreement with the earlier studies 

Activation energies were for i^, 222 kJ/mol and for j^, 151 kJ/mol.

In this study the activation energy for jg was found to be 243 kJ/mol,

once more in agreement with Ergun's earlier value of 247 kj/mol.

Within ref (26) it is shown that the measured average exchange 

rates are only factors of 2 to 11 greater than average gasification 

rates and in some cases the calculated initial gasification rates are 

more rapid than the initial exchange rates.
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This is in contrast with ref(25) where the rates were stated to
4differ by a factor of 10 . Under the condition that oxygen 

exchange and gasification occur at comparable rates, the exchange 

step cannot be considered to be at equilibrium. The mathematical 

analysis of the results necessarily requires the equilibrium 

assumption and thus the association of the observed activation 

energies with the exchange step must be doubtful.

Ergun's earlier studies (5) have been criticised in a similar 

manner by Lowe (28). Once more it is implicitly assumed that the 

oxygen exchange reaction is at equilibrium. Removing this assumption 

Lowe has shown that the measurements are:-

1 + kgC

1 + kg C

1 + k,C

instead of K.   2.12

instead of jg.  ..2.13

where C is the total gas concentration. Thus the value of AH 

quoted by Ergun for the enthalpy of the equilibrium constant is 

generally between Eg - Eg and Eg and the temperature dependence of jg 

is generally between E^ - Eg and E^

In summary,table 2.1 shows the activation energies obtained by 

various workers, both those considered above and some earlier studies 

already well reviewed. The table lists the observed activation 

energies and those implied assuming mechanism B. In addition the 

table also gives the measured or implied value for the temperature 

dependence of the equilibrium constant of the oxygen exchange reaction, 

The table serves to highlight the wide range of activation energies 

outlined above.

Turkdogan and co-workers (29),(30), (31) whilst retaining an ideal 

or Langmuirian surface consider a different initial step writing
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Table 2.1 Comparison of Activation Energies for Rate Constants 

found in Kinetic Studies Interpreted using a Langmuir- 

Hinshelwood Equation.

Author Ref. Material ^1 ^2 ^3 h ^3
AH for 
exchange

Gadsby 
et al 27 Charcoal 246 -190 +126

i1
-70 120 316

Wu 23 Electrode
Carbon 210 -254 -28 -16 238 226

Wu 23 Coke 258 -169 -27 116 285 142

Ergun 5 Various i
i  1
i  1^47 96 !

Menster & 
Ergun 25 Carbon

Black 222 -92 -21 151 243
i
!I

Strange 11 Natural
Graphite 414 -54 50 310 364 u .

Biederman 12 Natural
Graphite 433 29 129 333 303 100

Yamauchi & 18 Petroleum 385 -79 ■ 21 285 364 100
Mukaibo Graphite 389 -54 29 306 360 83

Hedden &
19, S r i p g i c e 297 -184 82 31 215 266

Lowe 20 8 r l ^ i l e 297 -138 82 77 215 220

Rao & Jalan 21 C.Black 333

Liu 24 H451
Graphite 310 -67 -56 299 366 11
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COg C + 2(0)   2.14

i.e. where gaseous COg is in equilibrium with carbon and adsorbed 

oxygen. In pure COg equilibrium is considered to be established so 

that the rate determining step is the gasification rate, k(0).

The reaction therefore has an order of 0.5 with respect to COg 

pressure. The activation energy for k was 289 kJ/mol for both an 

electrode graphite (National Grade AUC) and an activated charcoal. 

In the presence of CO, the strong inhibition observed is due to 

adsorption of CO on active sites (as in mechanism A). The rate 

determining step is assumed to change to dissociation of COg on 

the surface such that at a considerable distance from overall 

equilibrium the oxidation rate is

^ ^COg
 i   2.15

CO+ CO/

where <J) is an activity coefficient for adsorbed CO. k was found to 

have a temperature dependence of +253 kJ/mo1 and 1/^^Q bad a 

dependence of -114 kJ/mol. This is the enthalpy change associated 

with chemisorption of CO.

The kinetic scheme proposed above by Turkdogan has been criticised^ 

particularly by Rao and Jalan (21) and by also by Grabke (32).

The criticisms of a mechanism A type description apply to the 

mechanism and the initial dissociation step is energetically unlikely 

compared with the more usual oxygen exchange step. The enthalpy 

change for CO chemisorption of -114 kJ/mol.computed by Turkdogan 

contrasts with the experimentally determined enthalpy of chemisorption 

on coke (4), of +33 kJ/mol. In addition Rao and Jalan have shown 

that is better regarded as an empirical function containing both 

kg and kg and is explicable in terms of mechanism B.
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Using Wu's data (23) they predict an enthalpy change of -163 kJ/mol 

associated with the supposed CO chemisorption, in reasonable agreement 

with Turkdogans findings. The half order dependence dependence 

found in pure COg is predictable on many other grounds and does not 

necessarily require consideration of the reaction step eqn (2.14).

From the general equation (2.1), for kg = 0, the order must vary 

from unity to zero as the COg pressure increases. It will be shown 

that mass transport considerations are important under the conditions 

of study producing a reduced order with respect to COg. In addition 

extrapolation of Grabke's mode1^discussed below, will also give half 

order dependence.

In view of the above criticisms the kinetic scheme is considered 

to be of questionable value and will not be used further.

2.1.3. The Nature of the Graphite Surface

To judge whether or not a Langmuirian surface is a reasonable 

assumption for the graphite/COg reaction it is necessary to consider 

the nature of sites on the graphite surface and the influence of 

adsorption upon these sites.

Implicit in Langmuir’s description of the adsorption isotherm for 

chemisorbed oxygen (and chemisorbed CO in mechanism A) are several 

assumptions:-

CD The solid contains a fixed number of adsorption sites. At 

equilibrium a fraction G is occupied by adsorbed molecules 

and a fraction 1 - 9 is not occupied.

(2) Each site can hold one adsorbed molecule, which is 

localised at that site.

C3) The heat of adsorption is the same for all sites and is 

not a function of coverage 0.
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(4) There is no interaction between molecules on different sites.

In general condition (1) is not satisfied for graphite, in 

particular the number of sites increases with weight loss at a rate 

different to the increase in the BET surface area. If the rate of 

increase in adsorption sites is slow then, at any particular weight loss, 

a Langmuir description of the sites may apply. The variation of 

the number of sites can be considered as a series of steady states 

which can then be related by some empirical function. Thus the break

down of part of condition (1) is not necessarily a serious objection to 

using a Langmuir isotherm. However, there is evidence from both direct 

microscopic observation and from adsorption studies that conditions (3) 

and (4) are not always met. Unfortunately most studies upon the nature 

of oxygen on the graphite surface have been conducted on "surface oxide" 

formed from the C/O^ reaction. Since oxygen reacts with graphite at 

much lower temperatures than does CO2, the "oxides" formed may not be 

comparable even at similar coverages. Thus care must be exercised in 

applying results to the graphite/C02 system.

Graphite contains three principal crystallographic directions 

giving rise to three distinct surfaces (e.g. 8), the basal plane 

(i.e. c-face or (0002,) plane and two faces in the a direction: the 

"arm-chair" or 1122, face and the "zig-zag" or 10Î2, face.

Variation in reactivity between the two faces is small but

reaction anisotropy between the basal plane and the edge atoms is such
o 14that at 1150 C in CO2 the edge atoms are a factor of greater than 10

more reactive (33). Thus reaction can safely be associated with edge

atoms. However, the basal planes of crystals contain various defects

and these can act as centres for oxidation such that an "etch pit"

with exposed edge atoms will be formed. The edge atoms within the
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etch pit participate in oxidation, such that the overall reaction

anisotropy between the a and h directions is a factor of 20 to

100 for natural graphite (33).

The defects in the surface responsible for etching of basal

planes are apparently single vacancies, vacancy loops, screw

dislocations and edge dislocations. The concentration of vacancies

has been increased in some cases by neutron irradi ation. Natural

graphite may also contain many single vacancies due to natural

radiation. Such vacancies will be removed by annealing at graphit-

ising temperatures. If cooled slowly graphitic materials should

contain few vacancies. Etch pits associated with screw and edge

dislocations have been clearly observed by Hughes et al (34). The
2 2density of screw defects varies from 10 /cm for some natural graphites 

8 2to 10 /cm for pyrolytic graphite. Dawson and Follet(35) have
7 2measured a density of edge dislocations of 3 x 10 /cm in Calder 

Â' graphite. In the same graphite pitting was observed upon oxidation 

(36). This occurred predominantly at crystallite boundaries, 

although some pits were observed within crystallites and were associated 

with edge defects. However, within this work it was not possible to 

distinguish whether the defects were intrinsically reactive or reactive 

because they acted as sites for the aggregation of impurities.

Thomas and Hughes (37) have noted a slight anisotropy in edge 

plane oxidation. In oxygen etching hexagonal pits are formed. Below 

900^0 carbon atoms are detached more readily from the (10Î&) faces 

than the (1122,) faces. At temperatures above lOOO^C the orientation 

of the hexagonal pits had altered such that the relative reactivities 

were reversed. This difference in activation energy was 17 kJ/mol.

A difference in reactivity could be anticipated from the model 

proposed by Coulson (38) for stabilising of edge atoms in graphite.
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If a basal plane is regarded as a large aromatic molecule from

which all hydrogen atoms are removed, the edge carbons will each have

a single unpaired electron. Edge atoms at the (1122) face would

tend to acquire partial triple bond character by deformation within

the basal plane and thus allowing pairing of the otherwise unpaired

electrons. Carbon atoms in the (10102) face may revert to the 
2 2divalent (s p ) state. This would limit the - bonded part of the

molecular structure, but would again leave no electron unpaired.

Thus there can be three types of edge carbon, those with unpaired

electrons, those with partial triple bond character and those which

have reverted to a divalent state.

Although only edge sites are gasified, there is evidence that

surface mobility or diffusion of oxidising species on the basal

plane may be significant. This has been infered from earlier studies

(39),(40) and has been demonstrated more directly recently.

Olander et al (41) from studies using a modulated molecular beam have

proposed a two site model; on one site dissociative adsorption of O2

and gasification can occur, on the second only gasification via oxygen

migration can occur. Yang and Wong (42), (43), (44) have studied

natural graphite in a manner similar to Hennig (33). They have measured

two contributions to the overall gasification, one from direct

chemisorption and gasification from edge atoms and a second from surface

diffusion of oxygen species on the basal plane. The two processes

gave an approximately equal contribution to the overall rate in 0.02

MPa O2 at 650°C for an initial vacancy density of 1/ym^ but the

surface diffusion term had dropped to 0.1 that of the direct reaction
2at a vacancy density of lO/ym . Furthermore, it was shown that for

2ring densities of 1/ym the ring expansion continued for a considerable
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time after the oxygen supply was cut off. No such continuing

oxidation after removal of oxidant from the gas phase was observed
2for ring densities of greater than 20/ym . Thus the importance of 

surface diffusion in graphite oxidation is very dependent on the 

density of defects within the material.

From microscopic studies, therefore, there is evidence for 

differences in the intrinsic reactivity of the edge atoms and also 

evidence for edge atoms other than those on crystallite boundaries, 

i.e. those associated with various defects. The observation of 

surface diffusion or mobility is also at variance with the simple 

Langmuirian description of the surface.

Adsorption and desorption studies also show considerable 

evidence for variations in site energies. Bansal et al (45, 46) 

observed five different types of site for the chemisorption of oxygen 

on Graphon, a graphitised channel black. Five different activation 

energies for chemisorption ranging from 13 to 52 kJ/mol were 

observed. For each site there was apparently relatively little 

variation in activation energy with coverage. Phillips et al (47) 

studying the thermal decomposition of surface oxide on Graphon found 

that in a plot of CO evolved against temperature the graphs appeared 

to be a series of intersecting lines, supporting Bansal's findings. 

Four different types of sites for desorption of chemisorbed oxygen 

on SP-l graphite are reported by Magne and Duval (48).

There is also evidence that the enthalpy of adsorption may be 

a function of the coverage. Grabke,studying oxygen transfer and 

oxidation of electrode graphite by CO^,observed a variation of the 

rate constant for chemisorption with the oxygen activity of the 

gas phase. Under the conditions studied the surface coverage was 

a function of the oxygen activity. Grabke (32) also demonstrates 

that a Langmuir expression cannot be used to describe his kinetics.



- 21 -

Barton et al (49,50) observed a variation in activation energy of 

desorption of CO with coverage for oxygen chemisorbed on a nuclear 

graphite. The activation energy found varied from 100 kJ/mol at a 

coverage of close to unity to greater than 400 kJ/mol at approaching 

zero coverage. The intermediate behaviour was a function of sample 

pretreatment. The energy distribution became more uniform with 

increased temperature of chemisorption.

From the above it is evident that there is more than one site 

for both chemisorption and desorption and that the enthalpies of 

chemisorption are functions of coverage. The desorption studies by 

Trembley et al (51), of oxygen on Graphon, support the view that 

for desorption, the enthalpy of any type of site varies with coverage 

of that particular type.

For studies over a relatively narrow range of temperatures, 

pressures and gas composition, Langmuir-Hinshelwood kinetics may be 

observed, if the sites involved and enthalpies of chemisorption and 

desorption do not vary significantly. However, the results obtained 

may not agree when compared with experiments performed under conditions 

where the coverage is very different.

In addition to a knowledge of the nature of active sites on 

graphite the number of these sites within a particular graphite is 

important. Two principal methods of determining sites have been 

employed: oxygen chemisorption and selective adsorption of hydrocarbons

The chemisorption technique due to Laine et al (52), (53) attempts 

to measure "active" surface area directly. In this technique, 

originally applied to Graphon, a sample is outgassed in vacuo at 

950°C for 3 hours and the oxygen adsorbed onto the surface for 24 hours 

at 300°C at an initial oxygen pressure of 67 Pa. The complex formed 

is removed by outgassing to 950°C and converted to an equivalent 

oxygen concentration. Active surface area (ASA) is calculated
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-20 2assuming each oxygen atom has an area of 8.3 x 10 m , based 

upon the area of a carbon atom in the edge plane. Laine et al 

studied the ASA of Graphon. They found that whilst the initial 

ASA was 0.3% of the BET or total surface area (TSA), this fraction 

rose to 3.1% of TSA after 35% weight loss. For polycrystalline 

graphites much higher ASA to TSA ratios of up to 40% have been 

found e.g. (54).

The technique has been used by other workers, but it has not 

always been apparent whether the conditions given above are 

applicable or whether O2 chemisorption is complete. Recently, 

results on thin films of carbon (55) and on a very disorganised 

material, Saran Char (56) have shown the ASA to be apparently greater 

than the TSA, indicating some breakdown in the concepts for these 

conditions.

However, general confirmation of the method can be found in the 

results of adsorption techniques. Groszek (57),(58) has used 

microcalorimetry to measure the adsorption of materials showing 

very strong preferential adsorption on either basal or edge planes.

The assumption that edge atoms are the active sites is required before 

this technique can be compared with oxygen chemisorption.N-dotriacontane 

(n-Cg^Hg^) was used to measure basal plane areas and n-butanol 

(adsorbing on H2O or surface oxide on edge planes) was used to measure 

edge areas. Basal areas virtually identical to BET areas were found 

for Graphon and an edge area of '̂17o BET area was obtained. For PGA 

graphite powder edge areas of up to 40% of the BET area were found.

This latter ratio could be altered by grinding, the mechanism of 

grinding determining whether the surface became more edge or basal in 

character.
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Thus the two different techniques both show that the Graphon 

surface is predominantly basal whereas for polycrystalline graphites 

much larger fractional edge areas are found.

2.1.4 Interpretations Based upon other Kinetic Schemes

It has already been noted that Shelef (13) could not interpret 

his studies on SPl graphite using a Langmuir-Hinshelwood model. He 

used a general form, originally proposed by Evropin et al (59) i.e.

Rate = k (PCO2) ^ ■ .........  2.16

and found x = 0.62, y = - 0 .20.

In the model proposed by Evropin et al the energy of the C-0 bond 

on a given site population changes linearly over a fixed range of

values. In the rate equation (2.16) the exponent y always has a

negative value reflecting the inhibition of reaction by CO.

Temkin et al (60) represented the overall rate as

Rate = k ( \ .......  2.17
\1 + k Pco /

The mechanism was derived from discussion of the C/H^O reaction and 

the water-gas reaction. Essentially eqn. (2.17) is derived on the 

basis of mechanism B but with the assumption of an expontential 

distribution of site energies.

Grabke (32),(61) has taken a different view which uses 

mechanism B but avoids the assumption of a given fraction of the 

surface being 'active'. Oxygen exchange between CO2 and the surface 

and (implicitly) surface mobility of the adsorbed oxygen atoms are 

assumed. At equilibrium the thermodynamic activity of oxygen on 

the surface (a^) is proportional to (P^ )% in the co-existing
 ̂ pgas phase. By judicious choice of standard state, a^ = "CO^/p^Q.

The activity of oxygen on the surface determines the concentration 

of oxygen in all its different states. The rate constants (or
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coefficients) are assumed to be functions of a^. In Grabke's 

scheme the relationship between rate constants and a^ in effect 

represents the variation in (i) occupancy of sites, (ii) energies 

of different sites and (iii) site energies with coverage, which have 

been discussed previously. The overall gasification rate is found 

to be ka^, i.e. the rate constant k is independent of a^. The 

constant k should not be equated with jg,the rate constant for 

desorption of CO in mechanisms A and B. Since the standard state 

is assumed to be ^C02/P(,q = ag = 1, the temperature dependence of 

k, in addition to containing the temperature dependence of 

desorption, also contains that for the gas phase equilibrium bet

ween CO and CO2 and the partition of oxygen between surface and

gas phase. When the oxygen exchange reaction is not at equilibrium 

(generally for large ^CO^yp^^) the oxygen activity on the surface is 

not simply that given by the gas phase but is a steady state represent

ing competition between exchange and gasification. The reaction 

scheme is represented empirically for an isobaric experiment as

“ 2/VcoRate =       2.18
1 + X

where x is an empirical constant. In addition, in pure CO2 the rate 

becomes ^

Rate -   2.19

where m, with values between 0 and -1, is defined below.

Experimentally Grabke studied the forward step of the exchange 
14reaction using CO2 and also the overall gasification rate for a 

natural graphite, a polycrystalline graphite (Johnson Matthey Specpure) 

and an activated charcoal. The rate coefficient for the forward
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step of oxygen exchange was represented as a^^. For electrode

graphite between 800°C and 1000°C m was -0.5; for activated charcoal

m was -0.78at 815°C and -0.87 at 728°C and for natural graphite

m was close to zero at 950°C and 1000°C. For electrode graphite

oxygen exchange was only in equilibrium at 1000°C for ^C02/_
/^CO

less than 2. Under conditions of equilibrium the activation energy 

for the gasification coefficient (k) was 518 kJ/mol and for the 

forward step of oxygen exchange (k^) was 171 kJ/mol. Thus the range 

of gas compositions for which oxygen exchange is at equilibrium is 

reduced as the temperature is increased. The empirical constant 

X was observed to have a temperature coefficient of 192 kJ/mo1 at 

one atmosphere total pressure. Experimentally the overall activation 

energy was found to vary from 518 kJ/mol to 518 - 192 kJ/mol i.e. 

to 326 kJ/mol as the CO partial pressure was reduced to zero.

Importantly, the constant x and the overall reaction rate when 

oxygen exchange was not at equilibrium could be correctly predicted 

from the values of the rate coefficients and their dependencies upon 

oxygen activity calculated under conditions of oxygen exchange 

equilibrium. Thus the observed oxygen exchange was a participating 

reaction and not a parallel independent maction.

2.1.5 Comparison of Kinetic Studies

The differences between observed rate constants found by various 

workers have been considered most recently by Rao and Jalan (21) and
II

Lowe (28). These reviews have generally concentrated upon differences 

in mechanistic interpretations. However, the consideration given to 

any mechanism is strongly influenced by the numerical values of the 

rate constants and the temperature dependences produced by the 

kinetic study. Thus the validity and accuracy of these should also 

be considered.
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Within work, interpreted using Langmuir-Hinshelwood kinetics 

there is considerable disagreement as has been illustrated in 

table 2.1. The work of Turkdogan and of Ergun has already been 

discussed. In Biedermans studies it is necessary to use results 

at atmospheric pressure and at less than 10 Pa, i.e. results 

obtained at pressures differing by 10^, to evaluate the rate 

constants. Extrapolation over such a range may well lead to error.

The results from Strange (11) obtained on the same material over a 

a pressure range more in accord with the other reported work will 

be used here in comparisons.

With the exception of Liu's work the maximum possible activation 

energies given by

^1 ^C02Rate =  i   2.20
^2 ^CO

are in better agreement than other derived constants and lie in the 

range 427-481 kj/mol . This equation (2.20) emphasises the possible 

importance of CO inhibition. The large temperature dependence 

associated with the equation requires that temperatures in any 

experiment should be very well controlled.

The kinetic studies can be divided into two groups dependent 

upon the. estimated enthalpy of the oxygen exchange reaction. Those 

with AH greater than 200 kJ/mol are all experiments in which the 

constants k^ and k^ were obtained in the absence of carbon monoxide 

and then the values used in later experiments with CO to give k2.

Since CO is the reaction product there is inevitably some CO in the 

experimental rigs during measurement of k^ and k^. Indeed Hedden
IT

and Lowe (19) used CO analysis to measure the rate. Thus the measured 

values of k^ and k^ may well, contain some contribution from CO. 

Unfortunately,logically consistent tests for CO accumulation within
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samples cannot be made using the measured rate constants. This 

aspect Is considered in detail in Chapter 3. Wu's results for 

coke were,also obtained using the sequence above but give AH of 

142 kJ/mol. In this experiment correction was made for both the 

accumulation of an ash layer during oxidation and also for the 

production of CO thus modifying the constants obtained.

The remaining experiments with AH less than 115 kj/mol 

contained CO in all experimental runs. The experiments considered 

a linearised form of the Langmuir-Hinshelwood equation;

 ̂ 1 / . . - " 2.21
rate k, I 3 2 P _  I kiPgO^

1/  1The constants are obtained from plots of Rate vs at various
pfixed values of CO/P^^ . Such experiments illustrate that estimates 

of the rate constants are not independent. The gradient is ^/k^ 

and the intercept is

Intercept = ^  | k_ + kg ^0 \   2.22

Thus since the slope is positive a high estimate of ^/k^ produces a 

low estimate of the intercept. Since the intercept is a multiple of 

^/k^ the estimate of the bracketed function in eqn (2.21) is even 

lower. In general, in such a series of experiments there are two 

variables, P^^ and P^^ . In experiments at constant total pressure 

Pco + Tqq is constant so that there is only one independent variable 

and three unknowns. Thus there must be dependence between the various 

estimates of the rate constants obtained graphically. An extreme 

form of interdependence of estimates taken from slope and intercept 

is given in Chapter 6. In the case to be considered it will be shown 

that a correlation of errors can easily be mistaken for a chemically 

significant result.
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In the experiments above the applicability of the Langmuir- 

Hinshelwood scheme has initially been implicitly assumed and the 

apparent linearities produced are seen as a justification of the 

assumption. Within the data little use has been made of statistical 

methods in determining the rate constants. Thus the accuracy and 

significance of variations in the rate constants cannot be easily

tested. There have been no tests of whether, for example, in
1 Pexperiments measuring /k^ at differing CO/Poq the hypothesis that

1 .  ̂the values of /k^ are different can be rejected.

An example of the errors possible in studies is given by Lowe

(28) . In an experiment similar to those of Ergun (5), Lowe measured

(1 + k2C)/(l + kgC) as an intercept at various temperatures. Using

a graphical method he obtained a temperature dependence of 188 kJ/mol 

and using least squares regression for data at each temperature and 

for the final Arrhenius plot obtained 132 kJ/mol with 95% confidence 

limits of ±55 kJ/mo 1 i.e. the estimates from the graphical method 

were outside the 95% confidence limit based upon regression.

From these considerations the scatter found, even in experiments 

performed in the same manner, does not seem unreasonable. From studies 

analysed using Langmuir-Hinshelwood kinetics, the principal area of 

agreement is the high activation energy found when the rate equation 

can be approximated to eqn.(2.18).

The overall activation energy found by Grabke of 519 ± 21 kJ/mol, 

although slightly higher than calculable from other studies in low 
^C02/ ^  mixtures, reflects the high activation energies found above, 

Rao and Jalan (21) have pointed out that for conditions where 

k2PcO ^3^00 both much greater than unity eqn.(2.1)reduces to

4   2.23:

' ' ^  '“ «'CO
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which is a form indentical to that used by Grabke for high
/-n Ib was also pointed out that the values of ^3 from

. . 2
Wu's study on electrode carbon were, at similar temeperatures, very 

close to those for X from Grabke's studies. However, it could also 

be noted that those of Strange are greater by a factor of 19 and 

those of Liu are greater by a factor of 50 at 900°C. Thus the 

apparent agreement between Grabke and Wu may be fortuitous.

The value of the exponent (m) found by Grabke for the influence 

of oxygen activity on the forward rate coefficient for oxygen 

exchange can be compared with an exponent due to a change in 

coverage in the Langmuir-Hinshelwood model, i.e. due to a change in 

1 - 0 .  This is

h  ?C021 - 0  = 1 -  :__________
1 -CO "1 "CO2

Results for natural graphite ( m ? 0) at 900°C and 1000°C are in 

agreement with data extrapolated from Strange which would give a 

minimum value of -0.07. However, the higher values of m found by 

Grabke for polycrystalline graphite fO.5) and for activated charcoal 

(-0.8) are not calculable from other work. Coverage is always low 

such that the values of m are all between 0 and -0.1. The different 

dependence between direct measurement of exchange and that implied 

from Langmuir-Hinshelwood kinetics is compatible with a model 

requiring surface mobility as proposed by Grabke.

2.1.6 Influence of the Boudouard Equilibrium.

The equations used so far do not represent a full description 

of the Graphite/C02 reaction. The gasification reaction cannot be 

considered to be irreversible. In general the approach to equilibrium 

must also be considered. Writing the overall equilibrium, the 

Boudouard equilibrium, as
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C + CO^ 2C0    2.2.4

the equilibrium constant is

K =      2.25P e
cC02 ^

where superscript e represents the equilibrium gas composition 

and a^ the activity of carbon. For perfect gases and a pure,single 

crystal graphite as standard state, ■ can be calculated using 

standard thermodynamic functions and data. The procedure and 

numerical results are given in Appendix A. Values of are 

0.0865, 7.1 and 141 atm at 600°C, 800°C and 1000°C respectively. 

Thus, at the low pressures and high temperatures used in most 

experiments, the influence of equilibrium can be safely ignored for
pall but very low 00;^?^^. Conversely, at high pressures and at 

low temperatures the influence of the equilibrium can be very 

important.

The graphites studied are not perfect, pure single crystals. 

Thus some difference in free energy between polycrystalline 

graphite and the standard state would be expected. The important 

free energy terms are associated with the graphite surface. These 

terms have been reviewed by Abrahamson (62) who concluded that 

polycrystalline graphites have an endothermie enthalpy of formation 

of at least 0.6 kJ/mol with respect to single crystal graphite.

The consequence of an excess free energy associated with a graphite 

under study will be to slightly modify the conditions under which 

the approach to equilibrium should be considered.

The approach to equilibrium has been incorporated into the 

kinetic schemes discussed above. Writing the Langmuir-Hinshelwood 

kinetic scheme as :
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3-1
C + C O ^  > C(0) + CO   2.26

J1

:3C-CCO) — ) c + CO ........  2.27
^3

Temkin et al (60), for example, have shown that

2

P '........  .....  2.28
J3 + (Jl + I3)

In this case = i^j^ 2 29

h S
Extending Turkdogans equations gives

■ ?C02 )̂
Rate =     2.30

and using the oxygen activity concept due to Grabke

Rate = ka/ao - Pco .   2.31

p

This equation can be shown to be equivalent to eqn.(228) under 

limiting conditions.

2.1.7 Studies at High Pressures

Published studies at above atmospheric pressure have been 

conducted either in pure CO2 or have covered only a limited range 

of gas compositions. Turkdogan et al (29), (30), (31) studied the 

reaction with pure CO2 at temperatures between 800°C and 1200°C 

at pressures up to 4 MPa, The reaction order was less than the 0.5 

order observed below 0.1 MEhsuch that the rate was essentially
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constant above 1 MPa. The change in order was explained by an 

increase in coverage with pressure so that the chemisorption step 

proposed by Turkdogan (eqn. 2.14) was no longer the dominant reaction 

step. In a similar manner Lang and Magnier (63) report a very low 

order (0.035) for oxidation of graphite in pure CO2 between 620°C 

and 700°C and up to 2 MPa. Board (64) oxidised PGA graphite at 

between 0.3 and 1.4 MPa in both pure CO2 and CO^/CO mixtures. In 

pure CO2 reaction order was approximately zero. CO was observed to 

inhibit strongly such that at 800°C the reaction rate dropped by a 

factor of 40. between pure CO2 and 002/7.8% CO. Between 0.7%C0 and 7.8%CO
P

the reaction rate was proportional to C02/p^^ . in 0.17X0 the 

activation energy was 380 kJ/mol, but was lower in pure CO2.

Board and Billinghurst (65) used ^^C labelled graphite to study 

oxidation between 575°C and 840°C at pressures up to 4.3 MPa, At 2.9 MPa 

the activation energy in pure CO2 was about 210 kJ/mol. CO inhibited 

the oxidation, particularly at low temperatures, such that the 

activation energy in C02/2%C0 was 460 kJ/mol. Further increase in CO 

concentration to 5%C0,although increasing the inhibition, did not 

markedly alter the activation energy. The influence of total pressure 

was studied at 715°C in C02/2%C0 between 0.8 and 2.9 MPa. Although the 

total effect of pressure was small, a maximum in rate was observed at 

about 2.2 MPa. Thus the rate increased by 1.3 between 0.8 and 2.2 MPa 

but at 2.9 MPa was only a factor of 1.23 greater than at 0.8 MPa. A 

number of tests at 4,3MPa in C02/2%C0 and C02/5%C0 showed no marked 

change in rate compared with that at 1.5 or 2.9 MPa.

Blackwood (66) studied a "reactor grade" graphite between 0.1 and 

3 MPa and for CO concentrations from zero to 1.2%. In effectively pure 

CO2 the increase in rate over the entire pressure range was less than 

2. Between 1.0 MPa and 3.0 MPa and for CO between 0.3% and 1.2% the
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rate equation was of the form:

^C02
Rate =   2.32

1 + ^2 ^CO

similar to many other studies. For a coconut char a greater pressure 

dependence and more complicated kinetics were observed (67).

Studies between 0.45 and 4.0 MPa, up to 10% CO and in the temperature 

range 790°C to 870°C were analysed in terms of an equation

\ ̂ C0% 5̂ PC02
Rate =*     2.33

1 + ^2^C0 ^3 ^C02

This equation was derived by considering both mechanism A and 

mechanism B to be operative and,in addition, a reaction

CO2 4- CCCO) —  ̂ 2C0 + C(0)   2.34

and then eliminating steps as seemed experimentally permissable.

Golovina (68) has recently analysed studies at pressures up to 

4 MPa and for temperatures above1400K. The experimental results are 

characterised by a drop in reactivity between 2000K and 2200K. This 

drop becomes less as the pressure increases and appears only as an 

inflection at 4 MPa. The results are analysed in terms of a Langmuir- 

Hinshelwood model. However, analysis of the results depends upon correct 

interpretation of the influence of diffusion on reaction before the 

rate constants can be evaluated. In practice this is extremely 

difficult. The calculated variations in the rate constants, particularly 

jg,are discussed in terms of a heterogeneous surface and dependence 

of on coverage, 0. This is in conflict with the original derivation 

of jg from a Langmuirian model.

The limited published studies at high pressure therefore exhibit 

broadly similar behaviour to lower pressure studies, but there is very
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little information on activation energies and full kinetic schemes.

2.2 The Influence of Mass Transport

2.2.1 General Remarks

In any chemical reaction occurring within a porous solid 

considerable concentration gradients can occur when the rate of reaction 

is greater than the rate of mass transport either within the solid or 

in the gas phase (steps ii and iii p.2). The effect of these gradients

on the observed rate of reaction has been studied in detail for simple

order reactions. However for the more complex kinetics of the graphite/ 

CO2 reaction the effects of mass transport limitations have not been 

considered so closely.

For the graphite/C02 reaction there are two complicating factors: 

the reaction is inhibited by CO and there is a change of volume on 

reaction. The first effect makes it necessary to calculate both 

reactant and product concentration gradients. The second effect causes 

a net flux of molecules out of the sample. In the limit of bulk 

diffusion (momentum transfer via molecular collisions) this flux will 

oppose the supply of reactant gas. In the limit of Knudsen diffusion 

(momentum transfer via collisions with pore walls) the principal effect 

of the change in volume is an increase in pressure within the sample.

In order to describe mass transport within a porous solid it is

necessary to characterise the structure. Oxidation studies have 

considered both microporous and macroporous carbons. In micropores, 

or at very low pressures, mass transport will be primarily by Knudsen 

diffusion, whereas in macropores bulk diffusion or, in the presence 

of a pressure gradient, viscous flow may predominate. As oxidation 

proceeds the pore structure will change. In general this will be a 

slow process compared with the time taken for the gas composition to 

reach a steady state within the sample. Therefore (as in section 2.1.3) 

the progression of oxidation can be treated as a series of steady states
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at different weight loss. For a complete description the mass transport 

parameters e.g. diffusion coefficient, should be calculated or measured 

over the range of weight loss.

This review is primarily concerned with models for the solution 

of the mass transport problem for given kinetic and mass transport 

parameters under isobaric conditions. Thus diffusion will be the 

only method of mass transport. The problems of characterising the 

porous solid have been dealt with elsewhere e.g. (69) and thus it is 

assumed, as is usual, that diffusion within the solid can be defined 

by an effective diffusivity (D@ff). In general, the transition between 

zone I and zone II is the initial diffusion limitation. Thus the 

review deals primarily with internal mass transport.

External mass transport is treated separately for simplicity, 

although to the two processes are not necessarily independent.

2.2.2 Chemical Engineering Methods

The method normally used to describe the influence of diffusion 

on the observed reaction rate is based upon that first suggested by 

Thiele (70) for integral order reactions. The solution of the 

differential equations for simultaneous diffusion and reaction are 

expressed in terms of a dimensionless modulus (p (the Thiele Modulus) 

and the effectiveness factor n. The modulus 4» contains the chemical 

reactivity, the rate of diffusion within the solid and a characteristic 

sample dimension (a). For a first order reaction in a slab (width 

2a)

* ° 4  iff)'   2.35
n is defined by

n “ observed rate of reaction
Rate of reaction in the absence of restriction by diffusion processes
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The parameters in the differential equation for any particular 

geometry are fully described by (j). Thus, once the equation has been 

solved, a plot of n versus (p can be used to describe the reaction 

system for any combination of parameters.

A plot of q vs (f) for a first order reaction occurring in an 

infinite slab is given in Fig. 2.1. The region for which a reaction 

is chemically controlled is given by n - 1, The criterion usually used 

for a reaction departing from chemical control is that n is less than 

0.95. Therefore for values of (j) less than 0.4 the influence of 

diffusion can be considered to be unimportant. The dashed line in 

Fig. 2.1 gives the asymptotic solution for first order reaction. This 

is the solution obtained when the concentration of reactant is assumed 

to be zero within the sample. When the asymptotic and true solutions 

are superimposable the reaction is occurring within zone II. It can 

be seen that, for first order kinetics, the value of p for which n is 

1 is also 1, close to the criterion given above for departure from 

chemical control. For this reason the value of for which n is unity 

from an asymptotic solution has also been used as a criterion for 

departure from chemical control.

One disadvantage of the above methods is that, in general, the 

true chemical rate is not known so that p cannot be ascertained 

accurately. Thus, in an experiment designed to measure the chemical rate 

constant, the modulus (p based on that rate constant cannot be used to 

assess diffusion influence. The most common solution to this problem 

is that originally proposed by Wagner (71) and much used by Weisz and 

Prater (72) . In this method they define a modulus ^  in terms of the 

observed rate of reaction and independently calculable parameters, viz:

2
3 =    X observed rate/gross volume..........2.36

eff^l
where is the concentration of reactant in the bulk gas.
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The modulus J can also be defined in terms of (j> and n as obtained from 

solution of the differential equation. For a first order reaction 

we have

Î  = ^ —  kCl % or * %   2.37
°eff^I

Other kinetic schemes will give similar simple relationships. From 

the calculational route a graph of J vs n can be constructed for the 

kinetic scheme and.geometry under study. Experimentally J can be 

calculated from the observed rate and the effectiveness factor obtained 

from the graph.

2.2.3 Specific Studies of the Graphite/CO^ Reaction

Walker, Rusinko and Austin (2) discuss the effects of diffusion on 

carbon gasification in some detail. The principal aim of the work is 

to describe the oxidation behaviour of carbon rods as a function of 

temperature. The study is of great importance in establishing the 

different oxidation regimes. However,in all the work first order 

kinetics is assumed. Under most conditions this is not applicable.

Since inhibition by CO accumulation is ignored the work seriously 

underestimates the onset of diffusional influence.

It should be noted that the authors suggest that build up of CO 

within samples is a possible explanation of the deviation of an Arrhenius 

plot for oxidation of spectroscopic carbon rods in CO2 from that 

predicted by first order kinetics. In this study deviation occurred 

at 975°C. In the same study a: density profile was observed in a 

graphite rod oxidised to 11% b u m  off at 925°C, whereas a criterion based 

on first order kinetics would have predicted that the reaction should 

have occurred well within zone I. Once more the most probable 

explanation of this is CO accumulation in pores thereby reducing 

the oxidation rate within the rod.

Austin and Walker (73) investigated the effect of CO accumulation
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using Langmuir-Hinshelwood kinetics. The steady-state differential 

equation for combined chemical and internal mass transport effects was 

solved numerically for an infinite slab reacting at one face only.

For the values of the kinetic parameters used it was concluded that

(1) retardation by CO could account for the results found in ref.

(2) and (ii) for the electrode graphite considered in the 

calculations, the simple criterion based on first order kinetics 

could only be used above 1600K where CO inhibition was not important.

In this work the concentration gradients are related simply by the 

reaction stoichiometry. Even for Knudsen diffusion this is not the 

true relationship. The particular choice of relationship between 

CO2 and CO concentrations will influence the numerical solutions in 

the paper. The mass transport equations were only solved for a few 

particular conditions related to the work reviewed in (2) and therefore 

no general data applicable to other systems are available from this 

work.

The difference between a first order criterion for diffusion 

influence, as above, and one based on a Langmuir-Hinshelwood type 

rate law has been demonstrated by Peterson (74). He used the method 

of asymptotic solutions, i.e. solving the differential equations for 

the condition in which the reactant concentration falls to zero within 

the sample. He demonstrated that, for the constants used by Austin and 

Walker at lOOOK, the asymptotic solution for a value of (j) of 1 gave an 

effectiveness factor of 0.03 in the case of Langmuir Hinshelwood 

kinetics compared with the value of n of unity for a first order 

reaction. A general problem of asymptotic solutions is that the range 

of validity of the solution is not known. For first order reactions 

the solution is superimposable on the exact solution for cj) greater than 

3, i.e. n less than 0.4. However,Roberts and Satterfield (22) have 

shown that for Langmuir-Hinshelwood kinetics the asymptotic solution
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for highly inhibiting conditions was only satisfied for <P greater than 

1 with n less than 0.05. Using more inhibiting conditions, it will 

be shown in this work that asymptotic solutions are not valid in some 

cases for n above 0.005. Therefore, although the asymptotic solutions 

are valuable in demonstrating the difference between kinetic types they 

are of no value in establishing the onset of diffusion influence. It 

should be noted that Peterson’s calculational route is only valid for 

Knudsen diffusion and that the solutions given assume that the kinetic 

parameters used are the true values, i.e. there is no method for 

dealing with observed reactivities,

A generalised method of predicting effectiveness factors for

kinetic expressions of the Langmuir-Hinshelwood type has been

produced by Roberts and Satterfield (22). The solution, for slab

geometry only, was described in terms of two moduli, ^ and an

absorption modulus K.Prn where P is the pressure of CO^ at the
^^2,S ^°2,S

surface and K is a constant containing pressures, diffusivities, the 

stoichiometric coefficients for other species and all the rate constants 

other than k^. As an example of their method the work of Austin and 

Walker is considered and the results confirm that diffusion effects 

were significant at 1000°C in the latter study. The effect of geometry

on reactions of the Langmuir-Hinshelwood type is considered in a

subsequent paper by Knudsen, Roberts and Satterfield (75). In this

work solutions are presented for spherical geometry for a number of the

values of parameters studied by Roberts and Satterfield (22).

The solutions given are applicable to Knudsen diffusion only but 

are the most generally useful of the solutions for this regime. It 

should be noted that the constant K requires true values of k2 and k^ 

and therefore the method cannot be used in an experiment designed to 

measure k2 and k^. This point is considered in more detail in
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Chapter 3.

The effect of volume change on reaction has been considered by 

Tien and Turkdogan (76). Solutions to the mass transport problem are 

given for the kinetics found in Turkdogan’s (31) studies i.e. eqn (2.15). 

The solutions obtained are applied to earlier studies by Turkdogan 

(28, 29) and good agreement was obtained with experiment. However the 

rate constants used for calculation applied to a batch of graphite 

which had a reactivity of about a half that of the experimental points 

given. Once more the method used requires knowledge of the true rate 

constants k^ and k^ before the calculations can be performed. Thus 

the solution cannot be applied to an experiment in which k^ and k^ 

are to be evaluated.
Liu (24) has recently produced equations for the influence of volume

change using Langmuir-Hinshelwood kinetics. However, the results given 

refer only to Liu's own experiments and the solutions are not expressed 

in a generally applicable manner. The method applies only to true rate 

constants and the equations produced are valid for the case when CO2 

is diluted in an inert gas, conditions under which volume change has 

little influence.

Tien and Turkdogan (77) observed variation between predicted and 

observed oxidation rates for large coke samples at temperatures of 

1200°C and above. The authors were able to reconcile these differences 

in terms of non-isothermal oxidation. The graphite/C02 reaction is 

endothermie (4H. =+170 kJ/moI), thus a temperature gradient would be 

expected to exist within a graphite sample during oxidation. In a 

subsequent paper a temperature drop of 7°C was found between the centre 

and surface of a 22mm diameter cylinder of coke oxidised at 1200^0 

in 0.1 MPa CO2. This was in agreement with the mathematical analysis 

of the system. Graphites would typically have thermal conductivities 

of one hundred times that assumed for the coke and reactivities at
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least one order of magnitude less than the coke. Thus the effects of 

non-isothermal oxidation would be very small for graphite and can be 

safely ignored below this temperature.

2.2.4 The Effect of Volume Change on Reaction

I'Jhen mass transfer occurs by Knudsen diffusion only, the effective 

diffusivity is unaffected by a change in the number of moles on reaction. 

However the total pressure will vary through a sample thereby modifying 

the concentration gradient. For a first order irreversible reaction 

the change in total pressure does not influence the effectiveness 

factor. However for more complex kinetics this may not be true.

In the limit of bulk diffusion the pressure gradient through the 

sample will be negligible. The effective diffusivity will therefore 

be unaffected. The change in number of moles will produce a net flow 

(Stefan Flow) into or out of the sample. This flow must be added to 

the diffusion flux and this will change the rate of diffusion. For 

a binary mixture there is only one diffusion coefficient and the 

fluxes of the two components can be related without explicitly including 

the flux due to Stefan Flow Csee e.g. Frank-Kamenetskii (78)). The 

resulting mathematical relationship is the Stefan-Maxwell equation.

V b - V a  = -(Ci + V  ^    2-38
dr

where N is the flux of A, C. the concentration of A and r is the distance A A
co-ordinate.

Weefcman and Gorring (79) have examined the effect of volume change 

on zero, first and second order reactions using the above flux 

relationship. To describe the system they require one extra modulus 

a "volume change modulus", defined by Weekman and Gorring as 0 ’ = (n-l)x^ 

where x^ is the mole fraction of reactant. The authors present plots 

of  ̂/n vs 0 ' for various values of <p, where is the ratio of the

effectiveness factor for volume change to that calculated ignoring volume
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change. They found, for example, that for a first order reaction 

A 2B with only A in the gas phase then ^ jn falls asymptotically 

to 0.78 as 4» tends to infinity.

2.2.5 Diffusion in Graphite

The usual method of accounting for internal mass transport 

limitations under isobaric conditions is to use an effective 

diffusivity. Determination of such a factor is difficult because 

the complex nature of diffusion within a general pore structure has 

not been definitively resolved.

Methods for experimentally determining the effective diffusivity 

can be divided into two basic types: (i) steady-state methods generally 

based on a Wicke-Kallenbach type cell (e.g. 80) to measure countercurrent 

diffusion and (ii) unsteady-state methods, most commonly using 

chromatographic techniques. The steady-state method is time consuming 

and only measures diffusion in the continuously interconnected porosity 

or transport porosity. If there are a substantial number of dead-end 

pores or if most of the surface area were in very fine pores the steady- 

state diffusivity may not be relevant. Unsteady-state methods should 

include such contributions. Although simple to perform the mathematical 

models used to determine effective diffusivities from such methods can 

be complicated (e.g. 81). McCreavy and Saddiqui (82) have discussed 

the confusion in interpretation of effective diffusivities reported 

by various workers using different analyses of the problem. For 

various materials unsteady-state diffusivities have been found to be 

both higher (e.g. 83) and lower (82) than steady-state methods. 

Unsteady-state measurements in graphite have been reported by Clark 

and Robinson (84). Observed values on both oxidised and unoxidised 

material were in some cases higher and in some cases lower than steady 

state values. The authors suggest that there was no strong indication
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of any real difference. In this study diffusion from restricted access 

(dead-end) pores was identifiable and treated separately, thus the 

porosity being considered in transient and steady-state methods may have 

been similar.

A third direct method used to estimate effective diffusivities is 

to measure the oxidation rate of a large sample of graphite where 

oxidation is influenced by mass transport. If the relevant kinetic 

data are known then the diffusivity can, in principle, be calculated.

In general, for zone II the rate is proportional to(D^^p^’̂  and in the 

intermediate region between zone I and zone II the dependence is lower.

Thus any error in the rate will tend to give rise a much larger apparent 

change in

Liu (24) has applied this method using CO2 oxidation with known 

kinetic data analysed using a Langmuir-Hinshelwood model. The derived 

measurement was 60% higher than that from a Wicke-Kallenbach method and was 

attributed to the contribution from dead-end pores in the reactive case.

The general difficulty of defining the rate constants and applying these 

in a model is discussed in the following chapter. Within Liu's study the 

intrinsic rates of H451 graphite were measured on crushed material 

(0.10-0.15mm diameter) compared with a grain size of greater than 1mm.

The surface area of the ground samples will be very different to bulk 

graphite and since the grains have been ground the nature of the surfaces 

may be different (c.f. section 2.1.3.) so that the data are not directly 

applicable. There is evidence to support this. The choice of 0.10mm to

0.15mm diameter was made on the assumption that, since there was no size 

effect on oxidation below this size but a reduction in rate above it, 

then diffusion effects were absent by 0.10 to 0.15mm diameter. Using 

Liu's kinetic and diffusion data and Knudsen, Roberts and Satterfields 

model (75) for spherical particles it is found that n is close to unity 

for 0.15mm diameter samples. However ti is also calculated to be
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very close to unity for samples of 0.5mm diameter which is not apparently 

observed. These two different sizes of particles should not give 

the difference of two in observed rate until the rate for the 0.15mm 

diameter spheres is a factor of 20 higher than that measured.

This rate would also imply a size effect down to a much smaller 

particle size which is not observed. The more likely explanation of 

the size effect is that the surface area and/or nature are changed on 

grinding. The measured rate constants will then not be applicable to 

the bulk sample and calculation of effective diffusivity. It should 

also be noted that,for the steady-state method, diffusivity was measured 

axially in long cylinders whereas for the reactive technique diffusion 

occurred only radially. H451 is an extruded graphite and will therefore 

show some anisotropy in its properties. If valid comparisons of 

diffusivities are to be made, the direction of diffusion relative to 

the direction of extrusion should be the same for all samples. This 

aspect is not considered by Liu.

In contrast with Liu’s study Hawtin, Dawson and Roberts (80) note 

excellent agreement between their measurement of effective diffusivity 

of PGA graphite using a steady-state, non-reactive technique and an 

earlier "reactive" measurement of D^^^ by Hawtin and Murdoch (85).

The latter study used the mathematically simpler graphite/Og, reaction 

and measured intrinsic reactivity on bulk graphite samples.

From the pressure or temperature dependence of the effective 

diffusivity it should be possible to determine whether Knudsen diffusion 

or bulk diffusion predominates. The Knudsen diffusion coefficient Dĝ  

is independent of pressure whereas the bulk coefficient Dg is inversely 

proportional to pressure. Simple kinetic theory predicts that D^ *(.

T^*^ whereas Dg*T^'^. More rigorous kinetic theories and experimental 

evidence (86) show that the exponent for bulk diffusion is 1.7 to 1.8.
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Some observed values for graphite are given in table 2.2. It is 

apparent that Liu and Nichols predict behaviour intermediate between 

the two modes of diffusion, whereas Hawtin et al and Turkdogan et al 

predict behaviour close to the bulk limit. Turkdogan has also measured 

pressure dependence. He found that the dependence gave an order of 

-1 above atmospheric pressure (i.e. bulk diffusion) but was much less 

marked below atmospheric pressure, showing that this study was also 

close to the intermediate region. It is therefore probable that the 

variation in results for temperature dependence represent slight 

differences in the pore structures of the different graphites such that, 

at pressures much below atmospheric, Knudsen diffusion would predominate, 

whereas at much above atmospheric pressure bulk diffusion would 

predominate.

Since Knudsen diffusion is only important when the pore diameter 

is comparable with mean free path, comparison of these two dimensions

should confirm the above conclusions. From simple kinetic theory the
o . -2mean free path for CO2 at 20 C and atmospheric pressure is 5 x 10 urn.

Graphite pore sizes have historically been measured by mercury porosimetry

and, although they vary considerably with graphite type, they are

generally much greater than the mean free path. For example, Best and

Wood (89) give pore size distributions from mercury porosimetry for

19 different unoxidised graphites. Of these 16 have at least 50% of

their porosity in pores of more than lum entrance diameter and 5 have

at least 50% porosity in pores which have entrance diameters larger than

10pm . Mercury porosimetry is known to underestimate pore sizes (90),

thus the true pore dimensions may be considerably larger. Thus the

majority of molecular collisions should be with other molecules and

diffusion will occur close to the bulk limit. Detailed comparisons

of the observed steady-state diffusivities and porosimetry curves are

not possible due to the errors in porosimetry and a lack of knowledge
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Table 2.2 Experimental Determinations of the exponent in the

Temperature Dependence of the Effective Diffusivity

in Graphite (Dgff « T^).

Author Ref Material Gas Pair Temp.Range Exponent m

Nichols 87* Electrode
Graphite

He/CO^ 30 - 400 0.98

Hawtin PGA He/Ng 20 - 600 1.61
Dawson & 80 If He/Ar T1 1.58
Roberts Experim

ental 1 He/N^ 1.50

Experim
ental 2 He/Ng T1 1.50

Experim
ental 2 COg/CH^ II 1.75

Turkdogan 
et al 88 Electrode

Graphite CO/CO, 20 - 900 1.5

Liu 24 H451 Ar/N2 27 - 700 1.17
II CO2/N2 27 - 310 1.11

* As given in Ref. 22.
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of the relative importance of dead-end pores and interconnectivity 

between pores.

2.2.6 Influence of External Mass Transport

External mass transport influences the reaction system, by 

definition, when the concentrations of reactants and products at the 

surface are different to those at some distance into the gas phase.

The problem to be resolved is the determination of this concentration 

difference and its mechanistic consequences.

At low flow rates the flow over the surface will be laminar.

Under these conditions the equations of motion and mass transfer can 

be solved simultaneously to yield the concentration profiles and 

thereby the required flux of reactant. This is often a complex 

problem. If simplification is required to make the mathematics 

tractable, the results may not represent the real mass transfer 

situation. At higher flow rates the flow becomes turbulent. The 

total flux of reactant will contain two components, due to molecular 

diffusion and eddy diffusion. Molecular diffusion predominates in 

the region close to the surface; eddy diffusion in the turbulent core. 

Since the flow conditions in turbulent flow cannot generally be described 

mathematically, mass transfer in turbulent flow cannot be rigorously 

modelled. Thus great reliance is placed upon experimental results.

Mass transfer in turbulent flow is therefore usually described 

by mass transfer coefficients. These coefficients are merely 

expedients used to describe situations which are not fully understood.

For molecular diffusion in one dimension (Z) for a binary mixture 

(A, B) with overall fluxes N̂ , (due to diffusion and e.g. reaction 

stoichiometry requirements)it can be shown that (91)
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\  °AB^T in V (N^+Ng) - C.

V̂(%+Ng) - ̂ Ao/cT J

2.39

To maintain the same well-understood framework in turbulent flow
D Cconditions the basic equation is retained but the term AB T is

Z
replaced by the mass transfer coefficient F. Other more limited 

coefficients can be used to describe simpler cases of diffusion (e.g. 

equimolar counterdiffusion). An alternative to the use of F would 

be to use an "effective boundary layer thickness" over which molecular 

diffusion took place and outside which composition was uniform. This 

distance (6) would simply replace Z above (78). Although F replaces 

the parameters ^AB^t/^ this does not imply that,under the same fluid 

flow conditions, F is proportional to D. For turbulent flow a

much smaller dependence is generally observed, such that F is proportional 

to some fractional power of D, The power varies between 0 and 0.9 

depending upon circumstances.

Methods for the determination of F are given in standard texts (91). 

Mass transfer has been studied for. simple geometries and from these 

studies F can be obtained. The results are often expressed in 

terms of the Sherwood number:

where I is the distance relevant to the particular flow condition e.g. 

pipe diameter for flow in a long straight pipe. The observed 

correlation between mass transport and flow conditions is then 

described by an equation giving the Sherwood number as a function of 

other flow and mass transport parameters expressed as dimensionless 

numbers (e.g. Reynolds number, Re, Schmidt number. Sc). The use of 

dimensionless numbers enables flow conditions to be described very 

generally and also allows great advantage to be taken of the analogy
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between heat and mass transport.

Although, in principle, mass transfer coefficients are not 

required for laminar flow, a uniform method of dealing with laminar 

and turbulent flow is desirable. In addition, the mathematical 

difficulty may be such that it is simpler to use pre-determined 

mass transfer coefficients in laminar flow. Thus mass transfer 

coefficients are very widely used and often the Sherwood number will 

be expressed by a number of correlations each with a limited range 

of validity in terms of Reynolds number and other mass transport 

parameters.

It should be noted that, for fully developed laminar flow, mass

transfer coefficients will be independent of linear velocity (e.g.

for flow in a long pipe the Sherwood number is 3.66). Similarly for
0 33short tubes the flow rate dependence will be small (e.g. Re * (92)).

In this regime the lack of influence of flow rate on reactivity does 

not indicate absence of external mass transport limitations, only 

that the gas composition at some distance from the surface is the bulk 

composition. Thus Liu’s observation (24) that flow rate over a 

cylindrical sample in a larger cylindrical furnace tube had no influence 

on reactivity,once overall reactant starvation was minimal, does not 

imply that there was no concentration gradient perpendicular to the 

sample. Although Liu gives insufficient data to produce a rigorous 

solution to the mass transfer problem, for a cylinder of graphite 

oxidising in a microbalance tube, the discussion of heat transfer in 

annuli by Kays (93) suggests that, for any reasonable furnace tube 

diameter, the variation in Reynolds number in his experiments (a 

factor of 5) would have very little influence on the mass transfer 

coefficient. Thus flow rate variation was not a good test for 

external mass transport limitations.
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For graphite the influence of external mass transport has most 

often been considered for the graphite/oxygen reaction. The reaction 

with CO2 has been considered in general terms by Laurendau (94). 

Experimentally Golovina and Khaustovich (95) have considered the 

graphite/C02 reaction above 1700K. They found that at 1800K the 

reaction was within 0.7 of the predicted mass transport limited rate. 

However, as the temperature increased there was a dip in reactivity and 

the observed rate did not recover to the predicted mass transport rate 

until temperatures of 'vSOOOK.

Mass transfer phenomena within a microbalance used for studying 

carbon gasification have recently been reported by Wigmans et al (96). 

The geometry of oxidation experiments, a bed of powder on a watch glass, 

was reproduced but mass transfer in isolation was studied using 

napthalene sublimation. For downward flow they found

Sh = 1.2 + 1.2Re°'^^Sc°'^   2.41

i.e. a low order dependence on Reynolds number. In considering the 

catalysed oxidation of a char by H2O they were able to show that 

external mass transfer, i.e. between particles in the bed, was 

influencing the observed reactivity at temperatures as low as 750°C 

although within each particle reactivity was uniform. Within this 

assessment it was assumed that gasification was a first order irrever

sible reaction,whereas in a previous paper (97) Langmuir-Hinshelwood 

kinetics had been applied. Importantly, the results demonstrated that 

variation of flow rate is not sufficient to reveal external mass 

transport limitations. Within the study increasing Re from 10 to 20 

only increased Sh from 2.8 to 3.0 whereas for both these flow rates 

external mass transport limitation was extreme. For Re less than 10 

product inhibition became significant leading experimentally to an 

apparent lowering of the Sherwood number.
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2.3 Aims of this Study

The above review demonstrates that although aspects of the 

graphite/CÜ2 reaction have been studied by a great number of workers 

there are still many areas of disagreement and some aspects which have 

not been considered in any detail.

In kinetic studies it is apparent that although a Langmuir- 

Hinshelwood formalism is often used in low pressure studies there is 

considerable evidence to suggest that it is not universally applicable. 

There is a lack of detailed information at total pressures above 

atmospheric, particularly concerning the influence of CO under these 

conditions. The experimental work within this study will consider 

inhibition by CO at high pressures, particularly for higher CO 

pressures than those used by Blackwood (66) and Board and Billinghurst 

(65), conditions under which there are virtually no data.

In considering internal mass transport it is apparent that there 

is still a requirement for methods for determining whether an 

experiment can be performed in the absence of any diffusion limitations 

The presently available solutions are only applicable to cases where 

at least some of the rate constants are known from previous studies.

The most generally applicable model (22) applies only to Knudsen 

diffusion and Langmuir-Hinshelwood kinetics. Many studies have been 

conducted in the bulk diffusion regime and for these there is no 

general model. The work of Tien and Turkdogan (76) applies only to 

their own studies and that of Liu (24) only to dilute mixtures. For 

external mass transport only a simple first order approach has been 

used: there has been no consideration of inhibition by accumulated 

CO. A further aim of this study is therefore to produce more 

generally applicable diffusion models and to demonstrate the 

influence of CO accumulation in the graphite/C02 reaction such that 

the conditions for experimental studies can be much better defined.
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3. MASS TRANSFER MODELS

3.1 General Remarks

In the previous chapter earlier models for the influence of 

mass transfer have been critically reviewed. The particular criticisms 

have been the lack of a generally applicable model for bulk diffusion 

and a restriction in the kinetic schemes used and circumstances for 

their application.

A criticism of all of the methods for more complex kinetic 

schemes is that none of them is directly applicable to an experiment 

measuring kinetic parameters. For example, the constant K in ref.

(22) requires true values of k2 and k^ from the Langmuir-Hinshelwood 

equation and therefore cannot be used to demonstrate the validity of 

these constanns. There is no a priori method of modifying the 

parameters k2 and k^ for the influence of diffusion because the initial 

choice of values affects the calculated degree of accumulation of CO 

within the sample. In general, if more than one rate constant is 

required to describe the system, then only one of these can be 

incorporated into the modulus

Any method allowing for the possible influence of diffusion on an 

observed rate should, therefore, have only one rate constant. In 

addition, to be useful in determining the validity of data it should 

be more responsive to changes in gas composition than the kinetics 

under study. A form of kinetics fitting these requirements for 

studies of Langmuir-Hinshelwood type equations is that proposed by 

Grabke (32) i.e.

Rate - k — —    (3.1)
CO
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It follows that in any experiment performed within a 

region for which the simplified kinetic eqn. (3.1) gives an 

effectiveness factor greater than 0.95, the effectiveness factor 

for any Langmuir-Hinshelwood expression will also be greater than 

0.95, i.e. the reaction is chemically controlled. The results from 

eqn. (3.1) will only under-estimate the effects of diffusion if the 

true form of kinetics shows a more extreme dependence on CO or CO2 

than given by eqn. (3.1). Such a condition would be the approach to 

equilibrium. However, equilibrium considerations are most 

important at low temperatures and when the gas composition contains 

a significant proportion of CO, whereas mass transport limitations 

will be important at high temperatures and low concentrations of CO, 

conditions far from equilibrium (see Appendix A). Thus use of the 

simplified kinetic equation should not underestimate the influence of 

CO accumulation for most studies.

In the following sections the solutions to the mass transport 

problem are given for the two kinetic schemes, Langmuir-Hinshelwood 

kinetics and the simplified scheme. The solutions for Langmuir- 

Hinshelwood kinetics can be used for assessing the influence of 

sample size, gas composition etc. when the two constants k2 and kg 

are known. The solutions to the simplified kinetic equation give, 

for the first time, the conditions under which the true kinetic 

parameters for the C/CO2 reaction can be established. Both semi

infinite slab and spherical geometry are considered as these represent 

very different volume-surface ratios. This division gives rise to 

four separate cases for study and these will be described as:

Case 1 

Case 2 

Case 3 

Case 4

Langmuir-Hinshelwood kinetics, slab geometry; 

Langmuir-Hinshelwood kinetics, spherical geometry; 

Simplified kinetics, slab geometry;

Simplified kinetics, spherical geometry.
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Initially only internal mass transport, i.e. the zone I to zone 

II transition, will be treated. However,the influence of CO 

accumulation in external mass transport has not been considered before 

and will therefore be examined in a separate section. Since it 

introduces further complexities,study is limited to case 3 above, 

for bulk diffusion within the graphite. The conditions for 

examination of the external mass transport problem are not experimentally 

realisable in this study. The model is presented as an opposite 

extreme to the more usual first order reaction so that the theoretical 

differences and possible implications for the study of zone II can 

be assessed.

3.2 Mathematical Models

3.2.1. General flux models

Bulk and Knudsen diffusion represent two extremes of behaviour.

In bulk diffusion molecular collisions dominate such that for a 

binary mixture there is a single diffusion constant, D^, which is 

virtually independent of gas composition. In Knudsen diffusion the 

collisions of both reactant and product are predominantly with the 

pore walls and they therefore diffuse independently. The relative rates 

of diffusion are determined by the mean velocities of the species 

and are therefore a function of molecular weight.

Between these two extremes is an intermediate region where 

collisions with both pore walls and other molecules are significant.

A more general model of mass transport in porous solids is the "Dusty 

Gas" model (Mason, Evans and Malinauskas, (98) and refs, within)).

This model describes the intermediate region and extrapolates to the 

two extremes. It is thus capable of describing diffusion under any 

condition with a single set of flux relationships. However, the 

flux relationships for a gas mixture are much more complicated than 

for bulk or Knudsen diffusion and full solution requires knowledge of
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graphite permeability. In Appendix B simplified flux equations 

derived from the "Dusty Gas" equations are reviewed and equations 

developed for one such model. The non-applicability of this 

simplification over the whole range of diffusion is demonstrated by 

comparison with the extremes of bulk and Knudsen diffusion.

Since there is no simple unifying model for diffusion over the 

whole range of diffusivity it is necessary to develop the steady- 

state diffusion and chemical reaction equations for both Knudsen 

diffusion and bulk diffusion. It will be shown that, for the reaction 

under consideration, the differences between the two extremes of 

behaviour are small such that only when very great precision is 

required would a full calculation based upon the "Dusty Gas" model 

be justified.

3.2.2. Nomenclature

The nomenclature used for the two diffusion regimes are similar. 

However, because of the fundamental differences in diffusion mechanism, 

it is convenient to use different measures of concentration within 

the two systems. For bulk diffusion,pressure is constant and mole 

fractions are used, whereas for Knudsen diffusion simple molar 

concentrations are used. An additional copy of the nomenclature is 

included as a loose leaf at the back of the thesis.

English Symbols

a Radius of sphere, half thickness of slab or sample characteristic

dimension, as appropriate.

A Reactant.

B Product.

C Concentration of CO^

Concentration of Component i.

Cg, Total gas concentration (bulk diffusion).
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^eff A Effective diffusivity for component A in Knudsen Regime.

Deff ^  Effective diffusivity in bulk regime.

f(C) General rate expression.

Diffusive flux of component i. 

k^ Reaction rate constants.
t

k^ Modified reaction Rate Constant for Langmuir-Hinshelwood

kinetics.

t k̂  0 , , .k = ___1________  (bulk diffusion)
1 (0 + kgC^)

m

1_____________  (Knudsen diffusion)

K Modified Constant for Langmuir-Hinshelwood kinetics.

0C. (k« - kg)
K =   (bulk diffusion)0 + k^C^

K - ^3 ^A,l -/m ^2 ^A. 1 (Knudsen diffusion)

M^ Molecular weight of component i.

n Stoichiometric coefficient A — ^ nB

Total flux of component ,i.

^CO C . .q  2 = --  dimensionless concentration of CO2
^1,C02 ^1 (bulk diffusion)

r distance from centre of slab or sphere.

s V a  : dimensionless distance from centre of slab or sphere,
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Mole fraction of component i.

_ C  COg
y Dimensionless concentration COg- p— f _-----

1 1 rn(Knudsen diffusion) ’ 2

z Index of mass balance equation (eqn. 3.6).

= 0 : slab

= 1 : cylinder

= 2 ; sphere

Greek Symbols

a Ratio of Effective diffusivity in bulk regime to that in

Knudsen regime.

n Effectiveness factor i.e.

________observed rate_______________________________
True chemical rate in absence of diffusion influence

Mole fraction of CO2 in gas phase.0
_ _ k(p Thiele modulus. For cases 3 and 4 p = a 1V 1 eff

2
Dimensionless Modulus = — ----- x observed rate/gross vol.

Subscripts

0 Centre of slab or sphere.

1 surface of slab or sphere,

b bulk diffusion

K Knudsen diffusion

L Slab geometry

S Spherical geometry.
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3.2.3. Bulk Diffusion

The method used is essentially similar to that of Weekman and 

Gorring (79). The basic mass transport relationship is the 

Stefan-Maxwell equation:

V b - V a  = - (CA + V  °eff ^    (3.2)
dr

In addition for a binary mixture we have

==A ° 3   (3.3)

and from the reaction stoichiometry

Ng = -nN^   (3.4)

Combining (3.2), (3.3) and (3.4) gives the relationship 

^T^ dx.
\  " " (l+(n-l)x^) dr ......

From material balance for the system

4  d T   ̂W    (3.6)r

For slab geometry, (z = 0), substitution into eqn. (3.6) gives

dr2

Introducing dimensionless variables 

.2 ^i _ 2 _ -  e / dq \ _ 2 f(C) (1 + 0q) . (3.8)ds2 l+0q V V  ■ ClDeff
In a method analogous to that of Roberts and Satterfield (22) the 

Langmuir-Hinshelwood kinetic expression can be rewritten as

« « T T kT    (3.9)
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On the substitution of the modified Thiele Modulus

the equation for case 1 can be written as

Case 1 d'
ds'

 q (1+Gq)
l+0q Ids / m 1+Kq

In a similar manner we obtain

2r
Case 2 d

ds

Case 3 d^q 
ds^

0 I dq 
l+0q Ids

2(l+0q)
so^q/ds

, q(l+0q)
m l+Rq

Case 4 d q 
2ds'

l+0q Ids

l+0q I ds

q0(l+0q)
l-0q

2 _ 2(l+8q)
s0^^/ds

= .2 q0 (l+0q) 
l-0q

. J

(3.10)

(3.11)

(3.12)

(3.13)

The boundary conditions for all cases are given by the criteria that 

the concentration of CO2 is a minimum at the centre and equals the 

free gas concentration at the surface, i.e.

~  = 0 at s = 0ds

q = 1 at s - 1

The effectiveness factors are:

Case 1 n.
4).
l _ (1+K) dq
2 (1+0) I ds

m s=l
(3.14)

Case 2 n, (l+K) /dq 
2 (1+0) Ids

m s=l

(3.15)

Case 3 n. (1-0) /dq
,2 8(1+0) \ds/s.l

(3.15)

Case 4 n, 3 (1-0) /dq
2 8(1+0)\ds^g_^

(3.17)
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The modulus ^ as used by Weisz and co-workers (72) is 

- a^ X observed rate of reaction/gross sample volume

 ̂ 2n
Cases 1 and 2

2
Cases 3 and 4 $, = fo = 7T ^

(3.18)

(3.19)
•L " IS 7Tl0)

It can be seen that all the equations for the simplified 

kinetic scheme have only two parameters, p and the observable 0 . 

Therefore for each geometry all cases can be represented by a 

single plot of ^ vs n for various values of 0. The equation for 

slab geometry can be solved analytically giving 

2
Case 1 _ 2 (1+Gq)

(K-0)

Case 3 / da \ , (j,2 (i+@q)2

(l+0q) _
(l+0q ) ■ K

(1+Kq^)
(1+Kq)

"0"

to  (l+Ggp) + ,n

(3.20)

(3.21)
(l+0q) (l-0q) _

For the first order reaction (K=0), eqn. (3.20) reduces to the form 

given by Weekman and Gorring (79). The value of q^ is not known and 

must be found numerically. The asymptotic solution (i.e. q^ = 0) can 

however be found analytically and this will be used to obtain 

effectiveness factors when these are very low. The asymptotic 

solution will also apply to spherical geometry since at high values of

or m
2(l+0q)
s0(8q/ds^

«  1

However, the values of (J)̂ for which this condition is true are 

not necessarily those for which the asymptotic solutions applies for 

slab geometry. For spherical geometry no closed solution seems possible
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Numerical solutions were obtained using Gears method. The 

subroutine used in calculations was the Harwell Library subroutine 

DCOIAD (99). Each of the equations 3.10, 3.11, 3.12 and 3.13 was 

broken down into two first order differential equations and these were 

solved simultaneously. As the boundary conditions are mixed it was 

necessary to use a simple iterative method to determine q^.

Convergence on the external concentration was required to be q equal 

to liO.OOOl for conditions when 0 was less than 0.99; for 0 greater 

than 0.99 the criterion was adjusted accordingly. Numerical methods 

may fail when the estimate of q^ produces q greater than 1 for s 

less than 1, i.e. the program is seeking a solution outside the 

physical bounds of the system. The program has been written such that 

this condition (q > 1) is quickly recognised and the iterative 

procedure continued before errors can cause the program to fail.

The numerical solutions for Case 2 were checked by comparing the 

effectiveness factor for K = 0 with the calculations of Weekman and 

Gorring. The two were found to agree to within ± 0.1%.

Figs. 3.1 to 3.4 give the results obtained for Cases 1 - 4  

respectively. All the results are given in the form of plots of 

n vs ^ and therefore in the correct form for use in assessing experimental 

data. Figs. 3.1 and 3.2 give the curves for CO2 only in gas phase.

The effect of CO in the gas phase for Langmuir-Hinshelwood kinetics 

is discussed below. (Section 3.3.1.3).

The figures have been produced from both numerical and asymptotic 

solutions. The asymptotic solution for a given value of p was only 

used for that value and larger values of (|) when the effectiveness factor
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for th.a asymptotic solution (n) agreed with the numerical solution 

Cn) to better than 1% i.e.

0.01

For spherical geometry the agreement between asymptotic and 

numerical solution was inferior to that for slab geometry. For 

example, for Langmuir-Hinshelwood kinetics with K = 0 and a value of

m of 10 the effectiveness factors for asymptotic and numerical

solutions agreed to within 2 parts in 10  ̂ for slab geometry, whereas

for s^rical geometry, the effectiveness factor for the asymptotic

solution was 8% higher than for the numerical solution. Redefinition

of (|̂ in terms of the characteristic dimension as used by Aris (100)

(Replacing r by ^/3 in the spherical case) improves the agreement only

slightly, the difference decreasing to 5%. The reason for the

difference in behaviour is the neglect of the'term

2(1 + 9q)
S0C^^/ds)

in the asymptotic solution used for spherical geometry. As is 

increased still further the agreement of numerical and asymptotic solution 

will improve.

3.2.4 Khudsen Diffusion

Equations applicable to Knudsen diffusion for reactions of the 

Langmuir-Hinshelwood type i.e. Case 1 and Case 2,have been derived by 

Roberts and Satterfield C22) for slab geometry and Knudsen, Roberts 

and Satterfield (75) for spherical geometry. These results are given 

again here for completeness as the nomenclature used in this work 

differs from that of the original authors.

In the Knudsen regime the flux relationship is given simply by 

Ficks^ law*
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......  (3.22)
Ja  ° “ RT d T

and similarily for component B

.....

These equations show that the two fluxes are completely 

independent. However, in the case of a chemical reaction the 

species will be related by the reaction stoichiometry giving

ig = - "^A
or

^  ^  ^    (3.24)
il ' ■ “ Dg dr

now
D

°B ' Æ  
integrating

Pg - Pg, 1 = (PA ■ Pa,1  ̂   (3.25)' /m

This relationship may also be written in terms of concentrations

S  ° (^A.i ■ V  S , i✓m

Converting to dimensionless concentrations by dividing by C^ ^

(1 - y) + y%  ̂   (3.26)
/m ’

The rate expression for the simplified kinetics can now be written as

Rate - ------- — -------
^  (1 - 7) + 7g 3
vm

Material balance is given by

= -Rate
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For Case 3 (slab geometry) z = o, substituting and converting to 

dimensionless units gives

Case 3. d^y _     (3.27)
^  (1 - y) + yg_i

In a similar manner we obtain

Case 1. d^y _ ^m^y   (3.28)
ds3 ' (1 + Ky)

2
Case 2. d^y + ̂  ^   ̂ ^m ^   (3.29)

s ds (1 + Ky)

case 4. A  + 1  ^  . _ J s _ l .........   (3.30)
ds3  ̂ (1 - y) + 73,1

For Casa 1 and Case 2.
I 2

3 * ^2 * ^B,l^

3 + 1̂ 2 C*,! ( Æ  * ?B,l)   (3.31)

The boundary conditions are

s = 1, y = 1

S = 0 , ^  = 0, y = y»
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This gives effectiveness factors of

Case 1. 1 (1 + K ) f e
K   ̂ 's=i

case 2. Hg = __3_ (3 +

s=l

Case 4. rif, 3 / dy
3 ^-2 fB.l dl

s=l   (3,32)

The modulus (j) is given by
. 2T n

Case 1 and Case 2. ^

Case 3 and Case 4. ^  =

K

2

"B,l
(3.33)

For Langmuir-Hinshelwood kinetics the concentration of product at
I

the surface appears only in k^ and K. Therefore, for both geometries 

all cases can be represented by a single plot of ^ vs n for various 

values of K. The solution is thus simpler than that obtained for bulk 

diffusion, which required both K and the mole fraction of B in the 

gas phase. For Knudsen diffusion the limits of K are -1 to +«». For 

slab geometry eqns. (3.28)and(3.27) can be solved analytically giving
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Case 1. K(y - y^) - £n ( 1 + Ky_\

Case 3. / dyj

(3.34)

’æ ^ ^ Z oU Z b j

'3,1 /J
(3.35)

y^ is not known and must be found numerically. For spherical geometry 

there is no analytical solution and the second order equations (3.29) 

and(3.30) must be solved numerically. Numerical solutions were again 

obtained using the Gears method package DCOIAD from the Harwell 

Subroutine Library.

The results obtained for cases (1) to (4) are summarised in 

Figs. 3.5 to 3.8 respectively as graphs of $ vs n. The results are 

therefore presented in a suitable form for examination of 

experimental results. The regions of the graphs for which the 

asymptotic solutions are valid are very similar to those for bulk 

diffusion. The criterion used for application of the asymptotic 

solution was that used above, i.e. that the numerical and asymptotic 

solution agree to within 1%.

The results obtained from numerical solutions are indistinguishable 

from those of Roberts and Satterfield for slab geometry and those 

of Knudsen, Roberts and Satterfield for spherical geometry. Thus the 

calculational route is producing consistent results. Additional 

calculations for Langmuir-Hinshelwood kinetics have been performed 

over a limited range of ^  for conditions of high sensitivity to CO 

accumulation i.e. for K close to -1. The calculations have been used to 

re-analyse the results obtained by Rao and Jalan (21) (section 2.1.2) 

such that the previously published curves do not have to be extrapolated.
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The limited vs n curves are given in Fig. 3.9.

3.3 Consequences of Mass Transport Models

3.3.1. Features of New Models

The curves 3.1 to 3.8 show the obvious features that as the 

observed rate increases the effectiveness factor decreases. Figs.

3.3 and 3.4 show for a given rate that, as the amount of CO in the 

gas phase decreases the effectiveness factor decreases. For the 

simplified kinetics the effectiveness factors are always lower that 

those predicted by first order kinetics (given by K = 0 in Figs,

3.1 and 3.2). For Langmuir-Hinshelwood kinetics there is a family 

of curves for which K is greater than 0 (i.e. k^ is greater than k^) 

giving effectiveness factors greater than for first order kinetics and 

rising to an infinite value of K when zero order kinetics are 

obtained. In this section we are interested in the possible decrease 

in effectiveness factor due to product inhibition i.e. when K is

less than zero. For bulk diffusion, it should be noted that when k^ 

equals k^ the influence of diffusion is identical to that of first 

order kinetics. The lower limiting value of K is -1. For Langmuir- 

Hinshelwood kinetics the curves for values of K less than -0.90 

correspond closely to the curves for simplified kinetics with 0 

greater than 0.90, indicating that the two calculational routes are 

giving consistent results.

From inspection of appropriate pairs of effectiveness factor 

curves (e.g. 3.3 and 3.7) it is apparent that the general features of 

both bulk and Knudsen diffusion regimes are very similar. Thus for, 

simplicity, the influence of geometry and the differences between 

strong product inhibition and first order reaction are discussed using
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the results for bulk diffusion. The comparatively minor differences 

between bulk and Knudsen diffusion will then be considered.

3.3.1.1. The Influence of Geometry

Aris (100) has proposed that the influence of geometry can be 

effectively removed by defining <j> in terms of a characteristic 

dimension given by the volume to surface area ratio of a sample. 

Knudsen, Roberts and Satterfield have discussed this for slab and 

spherical geometry in the case of Langmuir-Hinshelwood kinetics when 

Knudsen diffusion predominates. They found that the maximum difference 

between effectiveness factors for a given ^ is about 16% for a value 

of K of -0.98. Results obtained in this work for other cases show 

similar differences. For example using the simplified kinetics with 

0 equal to 0.99, the maximum difference is 15%. In view of the good 

agreement possible between different geometries the discussion below 

is limited to the mathematically simpler slab geometry. The overall 

conclusions are equally applicable to spherical geometry.

Care must be taken in use of the characteristic dimension. For 

strong product inhibition (high 0, low K) the n vs ^ curves are very 

shallow at low values of Thus, if the values of $ for constant n 

are compared these can be quite different e.g. for simplified kinetics 

with 1% CO in the gas phase and n equal to 0.95, the value of ^ for 

for a slab is 0.0008 and for a sphere is 0.0004. In this example the 

usual criterion for chemical control would be given for an observed 

rate of reaction differing by a factor of 2 depending on the geometry 

chosen. Thus whilst the effectiveness factor can be accurately 

calculated from the observed rate, this rate cannot be accurately 

estimated from the effectiveness factor.
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3.3.1.2. Comparison of First Order and Product Inhibited Reactions

Two features of the n vs ^ curves for strong product inhibition 

distinguish their shape from those of integer order kinetics:

(i) the very shallow region at low values of ^ and (ii) the non

applicability of the asymptotic solution until very low effectiveness 

factors are obtained. This combination of features implies that the 

intermediate region between zone I and zone II will cover a much 

wider spread of reactivity than for integer order reactions.

If the criterion to be used experimentally for a reaction 

occuring in zone II is that the difference between asymptotic and 

full solutions is less than 5%, then for a first order reaction ^ 

varies from 0.08 to 1.2 in going from zone I to zone II, whereas for 

simplified kinetics with 0 equal to 0.99, $ varies from 0.0008 to

1.2. This implies that the transition from zone I to zone II 

encompasses an increase in observed rate of 15 in the first case and 

about 1,500in the second case. The two curves together with the 

limits are given in Fig. 3.10.

Two further conclusions can be drawn from this comparison.

Firstly, for strong inhibition the observed rate at which behaviour 

deviates from zone I is one hundredth of that for first order 

uninhibited kinetics. Secondly, if the temperature coefficient of 

diffusion can be ignored, then the increase in the chemical rate 

constant during the transition from zone I to zone II is 33 for first 

order kinetics and about 50,000 for strong inhibition. This implies 

that thé temperature range of the transition region is greatly increased 

by the change in kinetics.

Using the criterion outlined above for reaction occurring within 

zone II implies that, for large values of 0, zone II will be entered 

experimentally under conditions in which the concentration of
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reactant at the centre of the sample (0 )̂ is greater than zero.

For example, when 0 is 0.997, the difference between numerically- 

calculated and asymptotic effectiveness factors becomes less than 

5% when 0^ is 0.65. Even if the more stringent criterion of the 

difference being less than 1% is applied, then 0^ is about 0.30.

As the amount of CO in the gas phase decreases, then the above 

criterion will be satisfied by increasingly larger concentrations 

of CO2 at the centre of the sample. Therefore, for practical 

purposes, the usual criterion for a reaction occurring in zone II, 

i.e. that the reactant concentration drops to zero within the sample, 

is not met by reactions in which there is strong product inhibition.

3.3.I.3 Differences between bulk and Knudsen Diffusion.

Since, for bulk diffusion, the influence of Stefan flow decreases 

with decrease in the mole fraction of reactant, it follows that for 

Langmuir-Hinshelwood kinetics and bulk diffusion,the effect of CO in 

the gas phase is to increase the effectiveness factor for a given 

and Two examples are given in Fig. 3.11. The lower limiting 

value of for any gas composition for bulk diffusion is -0. There

fore, as CO is added to the gas phase the limiting value moves towards 

first order behaviour. It should be noted that K is a function of 

gas composition and therefore, for a given set of experimental rate 

constants, the value of K to be used in assessing the influence of 

diffusion will vary with gas composition. It follows that, for bulk 

diffusion and a value of 0 of e.g. 0.9, identical solutions will be 

obtained for Langmuir-Hinshelwood kinetics with K|j equal to -0.90 and 

for simplified kinetics. However, because of the differing influence 

of Stefan flow, the solutions obtained for Langmuir-Hinshelwood kinetics
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with pure CO2 and equal to -0.90 will differ from those for 

the simplified kinetic equation with 0 equal to 0.90.

As has been noted previously, the solutions for Knudsen diffusion 

are simpler in that the gas composition dependence occurs only in 

K^. The lower limiting value of for the C/CO^ reaction is

.......  (3.36)

thus,for Knudsen diffusion,solutions for values of K^ calculated from 

the above for Langmuir-Hinshelwood kinetics will be similar to 

those for simplified kinetics with the substituted value of 0.

Comparison of the influence of the mode of diffusion on Langmuir- 

Hinshelwood kinetics is thus complicated by an extra influence of 

gas composition for bulk diffusion and a difference in definition
1

for K and k^ between regimes. Therefore,for the comparisons below, 

the solutions for the simplified kinetics have been used.

For all cases the effectiveness factors for Knudsen diffusion 

are greater than for bulk diffusion under comparable conditions.

The difference between diffusion regimes increases with increase in 

(J) and is largest and most easily demonstrated for the asymptotic 

solution. In the case of the asymptotic solution r\ is inversely 

proportional to (f> and thus comparison can be made on the basis of the 

proportionality constant. The differences between the diffusion 

regimes are shown in Table 3.1 for simplified kinetics.

The ratio of effectiveness factors for bulk and Knudsen diffusion 

is less for product inhibited reactions than for first order reactions. 

For example from the asymptotic solutions in Table 3.1 we have 

'^Knudsen ~ 0*78 for the first order reactions whereas for the simplified
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Table 3.1

Effect of Diffusion Regime, Mole Fraction of CO2 in the Gas Phase 

and Reaction Order on the Asymptotic Solutions to the Diffusion 

Equations.

Proportionality constant n â /(j)
Mole fraction CO2 
in gas phase (0)

Diffusion
Regime Simplified 

kinetic scheme 
Eqn.. 3.1

First Order 
kinetics

0.99 Knudsen 0.0229 1.0
Bulk 0.0201 0.784

0.90 Knudsen 0.172 1.0
Bulk 0.151 0.798

0.50 Knudsen 0.832 1.0
Bulk 0.759 0.870
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kinetic equation and 1% CO, = 0.88.

As the mole fraction of CO in the gas phase increases, the 

differences between the two modes of diffusion decreases for both 

the simplified kinetic model and for first order reactions. In the 

case of Langmuir-Hinshelwood kinetics it,is once more important to 

recall that for bulk diffusion K is a function of 0. For 0 equal 

to 1 the ratio of will change from 0.88 to 0.78 as K varies

from -1 to 0. As 0 decreases the ratio will become closer/ Jj iX
to one for all values of K. In discussing the above small differences 

it should be remembered that, particularly for strongly inhibiting 

situations with low CO concentrations in the free gas, the difference 

between the diffusion regimes is very much less than the change in 

inhibition due to CO accumulation.

The detailed differences between the two modes of diffusion are 

demonstrated in Figs. 3.12 and 3.13 for the simplified kinetic model, 

with 0 = 0.99, (|) = 0.1 and slab geometry. These conditions give = 

0.145 and = 0.159. Fig. 3.12 shows the CO and CO2 concentration 

profiles and Fig. 3.12 gives the resulting reactivity profile. All 

concentrations are normalised to the CO2 concentration at the surface. 

The greater drop in CO2 concentration in the case of bulk diffusion 

is the result of Stefan flow opposing diffusion into the sample. The 

CO accumulation in the case of bulk diffusion is however greater than 

for Knudsen diffusion. This occurs because for bulk diffusion there 

is only one diffusion coefficient, i.e. CO and CO2 diffuse at the 

same rate, whereas for Knudsen diffusion CO diffuses from the sample 

more rapidly than CO2 diffuses in, thus reducing the CO concentration 

profile. Fig. 3.13 shows that the reactivity profile for bulk 

diffusion is always below that for Knudsen diffusion. However, it can 

be seen that the net effect of the different concentration profiles
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on the reactivity profile is small.

Knowledge of the exact diffusion regime will only be necessary 

when the other parameters are accurately known. Under these 

circumstances it can be safely assumed that,if the ratio of bulk to 

Knudsen diffusion coefficients (i.e. a),is greater than 100 then 

the Knudsen diffusion curves are correct. For the intermediate 

region the error can obviously be reduced, if required, by interpolation. 

In this case the diffusivity should be calculated using the Bosanquet 

relationship i.e.

I  ̂   3.37
°eff

where D is the effective diffusivity of the reactant in thee i f
intermediate region. The values of and can be estimated from 

the appropriate curves and the required value of n can then be 

interpolated by weighting the relative importance of the diffusion 

regimes according to their contribution to the overall diffusivity.

3.3.2 Application of Diffusion Models to Previous Work

3.3.2.1 Neglect of CO Accumulation and the Limitations of Langmuir- 

Hinshelwood Kinetics.

The dependence of the solutions for Langmuir-Hinshelwood Kinetics 

on the modulus K containing the predetermined values of k2 and kg 

demonstrates the unsuitability of such a reaction scheme for determining 

the influence of diffusion in an experiment designed to measure kinetic 

parameters. For such an experiment the possible diffusion boundaries 

should be predetermined in a manner which does not require extra rate 

constants and which is more sensitive to composition changes e.g. the 

simplified kinetic equation.
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Under such conditions it is obviously not possible to perform 

an experiment in pure COg and be certain that there is no influence 

of CO accumulation on the rate. Although the simplified kinetic 

scheme cannot apply, the composition at which it breaks down is, 

at least initially, unknown. It should be noted that this is a 

real restraint. From the Langmuir-Hinshelwood mechanism Rao and 

Jalan (21) calculated values of K as low as -0.999 for their studies in 

pure COg. These results are discussed in greater detail in section

3.3.2.3. From Fig. 3.5 it can be seen that the influence of product

accumulation is large such that diffusion effects will be found at 

very low temperatures. Thus the value of kinetic data obtained from 

studies using pure CO^ must be questionable.
rr

In their studies, Hedden and Lowe (19,20) measured the Langmuir- 

Hinshelwood parameters and kg in pure COg and thus their validity 

would be in doubt using the criteria given here. It was also found for

^COg/Pç^Q greater than 0.5 that, instead of the more usual term for

inhibition by CO i.e. kgP^Q,a lower order dependence was found i.e.
» 1

^2 ^CO the rates taken from the kinetic equations are used

simply to give "observed reactivities" then, using the physical properties 

given (19), the modulus can be calculated. Using simplified kinetics, 

spherical geometry and the bulk diffusion limit, possible diffusion 

influence would be predicted for all gas compositions with COg/P^g

greater than 0.5 at the highest temperature. The influence of diffusion
Pincreases rapidly above CO^yP^^ of 10. This limit will increase with

decrease in temperature. The influence of CO accumulation particularly 
Pat high COgy/P^Q, is a possible explanation of the unusual CO depend

ence found.
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Grabke (31) observed deviation from the simplified kinetic model 

at lOOO^C for greater than 6. In his studies an effective

diffusivity is not given. On similar Johnson Matthey "Specpure" 

graphite a steady-state effective diffusivity of 0.01 that of free gas 

has been measured (Section 4.3). With such a diffusivity it is 

found that for Grabke’s experiments the effectiveness factor drops to

0.95 when ^00^?^^ is 9. For higher ratios n will fall rapidly.

The diffusion model therefore predicts a change in the oxidation behaviour 

in the region in which such a change is observed.

3.3.2.2. Influence of Sample Size

In view of the difficulty of modelling the transition from zone

1, particularly when the effective diffusivity is not well defined, 

workers have attempted to use independent methods to ensure chemical 

control. The most widespread of these is the use of variable sample 

size, since in zone I reaction rate is proportional to volume (mass), 

whereas in zone II it is proportional to geometric surface area.

The two features distinguishing product inhibited reactions from integer 

order reactions: (i) the very slow decrease in effectiveness factor 

with observed rate and (ii) the non-applicability of the asymptotic 

solution until effectiveness factors are very low, make such a method 

difficult to use. Either great sensitivity or a large variation in 

sample size will be needed to determine the zone I boundary. Thus for 

a sphere the radius must increase by a factor of more than 200 from 

zone I to zone II for simplified kinetics, 1 %C0 whereas for first 

order kinetics the increase would be less than 6. Also, for simplified 

kinetics, 1 %C0 the effectiveness factor will change from 0.95 to 0.5 

for an increase in linear dimension of approximately 8 whereas for
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a first order reaction the equivalent increase would be less than 

5. Experimentally it may not be possible to vary sample size over 

a wide range without altering material properties. In this context 

the results obtained by Liu (24) have already been discussed (Section 

2.2.5).

An. example of the influence of sample size can be obtained from 

Biederman (12). In part of this study slabs of SP-1 graphite of 

1/16" (1.59mm) and 1/32" (0.79mm) thickness were oxidised at 

temperatures of between 1060°C and 1200°C in 10% CO/COg at 

atmospheric pressure. From data given within his work and work on 

similar samples by Strange (13), the modulus can be deduced.

From the data given on the graphite, diffusion should be close to the 

Knudsen limit and thus the curves appropriate to that regime have 

been used. Effectiveness factors for simplified kinetics, slab 

geometry and for first order kinetics are given in Table 3.2. Assuming 

that first order kinetics are applicable, then these results show that 

the reaction is in chemical control at all temperatures (except 1200°C 

for 1/16" samples). However, if simplified kinetics apply, then the 

reaction is in chemical control only below about 1100°C. It can 

be shown that, at each temperature, the differences in observed rate due 

to the different effectiveness factors are less than experimental 

errors. This demonstrates that caution must be exercised when using 

sample size to determine the limits of chemical control for reactions 

that are strongly inhibited by CO.

3.3.2.3. Consideration of the Work of Rao and Jalan

The results of Rao and Jalan (21) have been discussed briefly 

in earlier sections. In their experiments data were obtained in 

pure COg and selected data were corrected for CO accumulation assuming
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Table 3.2 The Influence of sample size on Effectiveness factors 

for Oxidations in 10% CO/COg by Biederman (12)

T 1/16" ' Samples 1/32" Samples

°C X 10^ n first 
order X 10^ n first 

order

1060 4.23 0.98 1.00 - - -

1100 21.4 0.91 0.99 6.73 0.96 1.00

1150 65.2 0.76 0.98. 20.5 0.91 0.99

1200 220 0.50 0.93 69.2 0.75 0.98
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Knudsen diffusion and Langmuir-Hinshelwood kinetics to be 

applicable. In correcting their data it was therefore necessary 

to use predetermined values of k2 and k^ and to assume that these 

were correct, i.e. uninfluenced by diffusion. The results given 

by Wu C23) for electrode carbon were used. Under the conditions 

of experiment,it was found that the influence of CO accumulation 

would be great (K =-0.944 to -0.999). The correction factors used 

were those given by Roberts and Satterfield (22). For K less than 

-0 .9.8 extrapolation of the published curves was necessary.

However, Rao and Jalan did not apparently appreciate the degree of 

extrapolation. Comparing K = -0.98 and K = -0.999 is roughly 

equivalent to extrapolating the influence of CO accumulation for 

Case 3 from 2% CO in bulk gas to 0.1% CO in bulk gas, i.e. extra

polating over a twentyfold increase in sensitivity to CO accumulation. 

To avoid these extrapolations the relevant portions of the vs n 

curves have been calculated here for the exact values of K used by 

Rao and Jalan (Fig. 3.9). From these calculations it is possible 

to recorrect their observed reactivity data and then, as in the 

original paper, use VTu’s data once more such that the final rate 

represents the rate constant j^.

The original and recorrected data are given in Table 3.3. It 

can be seen that at the lowest temperature, for which the sensitivity 

to CO accumulation is greatest, the corrected reactivity has been 

underestimated by a factor of 3. This serves to illustrate the 

potentially severe nature of the influence of CO accumulation and 

the difficulty of accurately measuring rates either in pure CO2 or 

in very low CO concentration mixtures. At the highest temperatures 

the correction factors were slightly overestimated by Rao and Jalan. 

The original data correspond to an activation energy of 334 (a =± 13)
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kj/mol, whereas the recorrected data give an activation energy of 

255 (a= ± 8) kJ/mol, i.e. a reduction in both activation energy and 

relative error.

It is apparent from the table that the corrected effectiveness 

factors are approximately constant throughout the temperature span. 

This surprising result occurs because the influence of a given 

concentration of CO is predicted by Wu to decrease with increase in 

temperature, in this case compensating for the actual increase in CO 

accumulation with temperature. The result once more demonstrates the 

problems associated with the use of predetermined rate constants with 

Langmuir-Hinshelwood models. Wu’s results are assumed to be true, 

although the values of kg and k2 were obtained using pure CO2 and are 

thus subject to possible error. Such an error due to diffusion 

influence in Wu's experiments would reduce the apparent importance 

of added CO at high temperatures and would thus lead to the calculated 

drop in sensitivity to CO accumulation at high temperatures.

The results above are merely quoted as examples of studies in 

which most of the relevant information required for estimation of 

diffusion influence has been given. In many studies there is 

insufficient detail to make any judgement. However, it can be seen 

that use of CO2 alone in kinetic studies should be avoided and that 

within any study the initial route for determining the limits of 

diffusion influence should be use of a kinetic equation such as the 

simplified kinetic equation (eqn.3.1).

3.3.3. Considerations for this Study

Experimentally the intention of this work is study the kinetics 

of the graphite/C02 reaction at high pressures. Thus the conditions 

of study are determined by the criteria of Cases 3 and 4: the
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simplified kinetic equation. From analysis of previous studies of 

measurement of diffusivity in graphite (Section 2.2.5) the use of 

the bulk diffusion limit should be appropriate at above atmospheric 

pressure.

The limiting conditions for any gas composition are determined 

by the observed reactivity, sample size and the diffusivity. From 

Section 2.2,5 it is apparent that the measurement of effective 

diffusivity contains a considerable uncertainty. Thus to confirm 

and to test the ability of the models an independent method of 

assessing the diffusion boundary is required. Due to the gradual 

nature of the departure from zone I, particularly at low CO 

concentrations, this is itself a difficult task.

Methods based upon sample size variation are subject to many 

errors as have been discussed earlier. Even for large representative 

samples the inevitable sample to sample variability in rate makes the 

method difficult to use accurately. The sensitivity of sample size 

methods are reduced,since the measured differences are due to an average 

reactivity across the sample. In particular, when the overall 

effectiveness factor is 0.95, the oxidation rate at the centre of a 

sample is 0.92 that at the surface.

So that the extra sensitivity available from a single sample 

could be used, the boundary for departure from chemical control was 

studied by density profiling of oxidised samples. To obtain a 

density profile requires considerable weight loss. Since diffusivity 

and reactivity generally vary with weight loss such a method cannot 

easily be used to determine the instantaneous effectiveness factor 

well into diffusion influence. However, the departure from chemical 

control, conditions under which property variation is fairly 

uniform, should be detectable.
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3.4 External Mass Transport

3.4.1. Scope of the Study

Within Section 3.2 only internal mass transfer was considered. 

However, just as it has been demonstrated that the product inhibited 

reaction represented by eqn. 3.1 is much more sensitive to internal 

mass transport limitations than an uninhibited first order reaction, 

the inhibited reaction should also be more sensitr&e than first 

order kinetics to mass transport across an external boundary layer.

In principle this can be easily seen. For a first order reaction 

with 002/1% CO in the bulk gas in which the gas composition changes 

across a boundary layer to C02/2%C0 , the surface rate is 0.99 that for 

the bulk gas whereas, if eqn. 3.1 is applicable, the surface rate is

0.5 of the bulk gas rate.

It is often considered that inhibition by CO becomes less 

important as temperature increases and as external mass transport is 

only important at high temperatures, CO inhibition can be ignored.

This presupposes that: (i) external mass transport limitations for 

product inhibition are similar to e.g. first order kinetics and

(ii) the loss of inhibition by CO with increase in temperature has

been measured in the absence of diffusion influence, neither of

which have been properly demonstrated. The occurrence of external 

mass transport limitations at low temperatures has been reviewed in 

Section 2.2.6.

The purpose of this section is to assess, in general terms,how 

external mass transport can influence observed rates. Compared with 

the work already considered, this introduces further complications



— 84 —

and therefore study is limited to one case only, bulk diffusion 

in a slab using the simplified kinetic equation. Since, as has 

been discussed earlier, the influence of geometry can be effectively 

removed by redefining the Thiele modulus in terms of the 

characteristic dimension, and, since the mode of internal diffusion 

has little influence, the restriction leads to little loss in 

generality.

The existence of a fixed effective boundary layer above the 

sample is assumed. The effective boundary layer is the distance 

calculable from the mass transfer coefficient F. This, in turn, 

will usually be obtainable from calculations or correlations 

giving the appropriate Sherwood number.

The nomenclature used within this section is similar to that 

given in 3.2.1. with the following additions:

D Free gas interdiffusivity

f^(Q) General function of 0

F Mass transfer coefficient

L Length modulus = —

Re Reynolds number = y

Sc Schmidt number = ~pD
FJ2,Sh Sherwood number = —OLip

u Gas flow velocity
x^ Mole fraction of CO2 in bulk gas.

6 Effective boundary layer thickness.

0 Mole fraction of CO2 at surface.

X

m

Diffusivity ratio i.e. ^eff^^ 

Modified Thiele modulus = 0 (̂j)
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p Gas density,

li Gas viscosity.

Subscripts

i internal mass transport

g external (gas phase) mass transport

T overall (internal and external) factor or modulus
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3.4.2 Mathematical Model.

The reaction system is illustrated diagramatically in Fig. 3.14. 

The reactant composition drops from a mole fraction in the bulk

to 0 at the surface and to 0q^,where q^ lies between 0 and l,at

the centre of the sample. The only unknown within Fig. 3.14 is 0. 

Once this is calculated the importance of mass transport can be 

investigated. At steady state 0 is determined by equating external 

and internal mass transport fluxes.

The net flux of material away from the surface, due to the 

volume change on reaction, opposes CO2 diffusion inwards and thus 

reduces the overall rate of external reactant transfer. Representing 

the flux of CO2 by the Stefan-Maxwell equation we have

"a =............................................ .... (3.38)
A

Integrating gives

' ¥   < > • »

This equation is a restricted form of equation (2.39)for A 2B.

The flux of reactant from internal mass transport limitations 

is that given in Section 3.2. However, the Thiele modulus ((j>) has 

so far been defined in terms of the surface concentration of reactant

I.e.

since this concentration is now a variable the modulus must be 

redefined. Expressing the modified Thiele modulus as
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m Crieff

-1gives (j) - 0 ^ m

(3.40)

(3.41)

The equation for in - pore diffusion (eqn. 3.12) becomes

= A 2 q (l+0q) 
l+0q IdsJ m (l-0q) (3.42)

with solution

ds
’m &n

l+Gq,
l+0q + &n

l-0q^
T=0^ ..(3.43)

The internai effectiveness factor is given by

"i
1 (1-0) 
m

(1+0) (3.44)

and the modulus is

* 2 
*m "1
(1-0)

(3.45)

Reactant flux per unit area of surface of a slab of characteristic 

dimension a is

0
“a  ° r : ë  \

(3.46)

or N, ( 3.47)

0 can be found from eqns (3.39)and (3.47).

In general, there is no simple solution and the concentration gradient 

at the surface must be found by iterative methods. The resulting 

equations are most easily solved by a second iteration.
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Representing the functions involving 0 as

and

we obtain

  » • « )

....

^  f,(0) _ fr f,(0) ....  (3.50)2 + - ÿ

or f^(0) £2(8) ..... (3.51)

The ratio represents the ratio of effective sample size (allowing

for the reduction in diffusivity compared with bulk gas) to the 

effective boundary layer thickness. This is defined as the length 

modulus L. From eqn. (3.49)

0 = e“^2^®^(l+x^) - 1   (3.52)

With an initial estimate of 0,(^| can be obtained numerically
\ds/s=l

and thus f^(0) calculated. From this and eqn. 3.51, fgXG) and a 

new estimate of 0 can be obtained to continue the iteration. 

Solutions were obtained for varying values of x^, cj)̂ and L using 

an expanded version of the programs given in Section 3.2.3.

Under certain limiting conditions the above equations can 

be simplified. For the asymptotic solution for internal mass 

transport:-
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1 1-9
I'm ®

and N. ^ ak
V

writing

in / 1 
\l-0‘

-.1
%n

1— 0"

in/ 1
.1— 0"

we can equate internal and external mass transport fluxes

(3.53)

(3.54)

,(3.55)

^  £3(6) - £2(0)
Ô

or f\(0) = fo(0)

.(3.56)

.(3.57)

In a similar manner to that above, 0 can be found by iteration.

The maximum possible observable rate will be given by the maximum 

external mass transfer rate. This occurs when the reactant 

concentration is reduced to zero at the graphite surface such that

CtD &n (1 + x^) .(3.58)
,max

The overall effectiveness factor will generally contain 

two components: and a second term from the change in gas

composition in the external boundary layer, rig, where

= 0(1 - x^)
x^ (1 - 0)

(3.59)

and Pm = n n.  ̂ g ^ (3.60)

The overall modulus fm is defined as
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2
^  ^ --- X observed rate/unit volume   (3.61)
^ "effCcOg

where is the CO2 concentration in the bulk gas. The function

will be given within the calculations by 
2Ît = *01 r:r-  (2.62)o

will vary with the modulus L, <j)̂ and x^ and thus all are 

needed to specify the overall effectiveness factor. Construction of 

a vs n graph requires a full solution for each point when q^ is 

greater than zero. For the asymptotic solution (q^ =0) 0 is a 

function of 4>̂ /L and x^ only, so that a solution for a given

suffices.

The full calculation above is necessary for predictive purposes,

i.e. using a known rate constant and modulus L to calculate an 

observable rate. For estimation of an overall effectiveness factor 

from an observed reactivity a solution is possible without iteration.

In this case the external mass transport problem can be solved for the 

flux required by the observed reactivity to give the gas composition 

at the surface, and then the internal problem solved as in Section

3.2.3. for that precise surface composition.

The full calculations for a given Thiele modulus provide sufficient

information to produce a solution for and the graphs of this versus 

effectiveness factor so calculated enable to be estimated without 

recourse to calculation of 0.

The presentation of results can be simplified by plotting all 

the data for one gas composition so that they have a single mass 

transport limit. This is achieved by the functions or
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For simple first order kinetics with no volume change the limit 

of is unity. For a volume change reaction (A ^ 2B) the

limit is

. i  tn (1+x )  (3.63)

which gives a limit of 0.695 for = 0.99. The maximum value 

moves towards unity as x^ decreases. From a plot of n,p vs

for various values of L the influence of the length modulus upon 

the existence and size of the in-pore diffusion control regime can be 

easily assessed.

In Section 3.4.3 the results obtained from the above analysis 

are compared with the more common analysis of mass transport 

limitations, i.e. first order kinetics with no volume change. The 

equations necessary to derive the results for a first order reaction 

are given below in the nomenclature used within this work.

For internal mass transport

f). “ —  tanh (j) ...«.(3.6*̂ )1

where ^D^ff^ ^ first order rate constant.

the flux at the surface from reaction is

= a(^G k n.  (3.65)

and the flux from external mass transport is

- C_D '  (3.66)
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0 can be obtained from equations (3.65) and (3.66) i.e. 

L X0
L + (j) tanh <()

.(3.67 )

The other required relationships are

n „ =  I   (3.68)

= *2 Aj  (3.69)

and for the asymptotic solutions tanh 4) is unity.

3.4.3 Features of the New Model

For predictive purposes the required graphs are those of

These are given in Figs. 3.15 and 3.16 for 1% CO and

10% CO for the simplified kinetic equation(3.1). However, the 

influence of mass transport on observed rate is more readily seen 

and more easily compared with that due solely to internal mass 

transport from the modulus Figs 3.17, 3.18 and 3.19 show the

variation of effectiveness factor with observed reactivity as expressed 

by , for first order reactions and the simplified kinetic

equation with 10% CO and 1% CO bulk gas,respectively. The curves 

show clearly the nature of the transition from zone I (horizontal 

lines) to zone III (vertical lines). Zone II is indicated by an 

order of -1.

It is apparent that zone II is most clearly defined for first 

order kinetics. In Fig. 3.19 for 1% CO the linear regions of the 

plots are considerably reduced compared with Fig. 3.17. In addition 

it is obvious that there is. no linear region when L is small.
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Such an effect must occur since, when srample size and external

boundary layer are comparable, the gas composition cannot change

solely within the sample.

In order to quantify the range of reaction zones it is

necessary to define the criteria by which control is judged. As

in Section 3.3.3.1 zone I is defined when rirj, is greater than 0.95.

Extending the concept of being within 5% of the given region

allows definition of the other zones. Entry into zone II from

chemical control can only occur when external mass transport

limitations can be ignored (rig and will be given when the.

effectiveness factor (n^ ) is within 5% of the zone II effectiveness

factor for no external mass transport limitation. Departure from

zone II towards zone III will be given when rig is less than 0.95.

External mass transport control occurs when the rate is 0.95 that of

the mass transfer limit given by eqn. (3.63). The limits on zone

II are shown in Figs. 3.17 to 3.19.

Thus, for first order kinetics, zone II occurs within a region

bounded by = 0.54, = 4.8 x 10  ̂whereas for equation 3.1

and 1% CO the bounds are rî  = 0.035 and = 2.4 x 10 Thus,

for strong product inhibition, not only is the transition between

zone I and zone II much longer than for first order kinetics, but

the transition from zone II to zone III is also much longer, in this
2case by a factor of more than 10 on the observed rate. For a length

modulus of 10^ the zone II to zone III transition corresponds to an

increase in chemical reactivity of 2 x 10^ for’ first order kinetics 
9and of 5 X 10 for strong product inhibition.
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The combination of these two influences is such that,whereas

a small zone II region is found for values of the length modulus
2 . . .L of 10 and first order kinetics, a similarly sized zone II is

not defined until L is 10^ for strong product inhibition. For 

zone II to be recognized experimentally a considerably greater 

value of L would be required (about 10^ from Fig. 3.19 ).

The sensitivity of product inhibited reactions to external 

mass transport can be further illustrated by considering the case
3when L is 10 . For 1% CO,external mass transport influences the

inhibited reaction, i.e. Hg is less than 0.95, when ^t/l is 

2.5 x-10 , conditions under which a first order reaction is only

just leaving zone I, i.e. is 0.94. Thus external mass transport 

can become significant for product inhibited reactions when first 

order uninhibited reactions would still be very close to chemical 

control.

From Figs. 3.18 and 3.19 it appears that the gradients of 

Up as functions of are close to unity beyond the mass transport

limit for departure from zone II, i.e. when rig is less than 0.95.

If a visual definition of departure from zone II were used, i.e. that 

the value of drops to 0.95 of the value of the asymptotic solution 

calculated assuming that the bulk gas composition existed at the 

surface, then zone II would be extended as shown in the Figures.

This region extends down to an Hg of about 0.7 for 1% CO and is only 

found for product inhibited reactions.

The extended linear region arises from the interaction between 

in-pore and external mass transport. For strong product inhibition, 

the effectiveness factor for any observed rate is a sensitive function
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of the gas composition. A given increase in the amount of CO 

within the graphite pores will have a larger effect for a lower 

surface concentration of CO. Thus, as the external mass transport 

effectiveness factor decreases, the surface concentration of CO

increases and the internal effectiveness factor will be that for

the new gas composition. Therefore the internal effectiveness 

factor will be increased relative to that for bulk gas. This is 

illustrated in Fig. 3.201, for 1% CO with L equal to 10^. The figure 

shows Hg, and also gives, as a dotted line, the solution 

assuming 1% CO at the surface. It can be clearly seen that is 

increased above that for 1% CO and that the compensation between 

the two effectiveness factors produces an extended linear region.

For this system zone II is entered when is 1.1 x 10 ^ and is

left when is 2.4 x 10 ̂ . Thus zone II occupies an observed

rate variation of only 2. deviates by 5% from n for 1% CO at

the surface,when ^T/L is 2 x 10 ^ producing an apparent linear region 

covering an observed rate change of about 20. This region may

be experimentally observable and mistaken for zone II. Within the 

region the observed activation energy will be that for zone II, i.e. 

half that for chemical control. However, this region cannot be regarded 

as in-pore diffusion controlled since the external boundary layer is 

influencing the observed rate.

3.4.4. Application of the External Mass Transport Model

Within many studies external mass transport has not been 

specifically considered so that there is generally insufficient data to 

allow discussion of any influence. However, as has been pointed out 

previously, the often - used test for external mass transport limitation, 

of varying flow rate, may not be a sensitive test for this effect.
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The behaviour observed Is obviously critically dependent upon

the length modulus L and therefore the often undeflnable boundary

layer thickness. If an estimate of this can be made then the

external mass transport Influence can be determined. For example,

for an Isolated sphere (radius, r) at very low flow rates and.

In the absence of natural convection, the Sherwood number (Sh) Is 2

such that the effective boundary layer thickness (ô) Is equal to

the radius. For many graphites the dlffuslvlty ratio (X) Is close

to 10 and from Arls (100) the characteristic dimension (a) for a

sphere Is V 3. Thus the value of L ( ) Is less than 10^ and for

strong product inhibition zone II would not be observable. Under

these conditions departure from zone I Is still determined by internal
2mass transport since, for 1% CO and a value of L of 10 , when is

0.95, Hg Is 0.998. Only for L less than 10 would departure from 

chemical control be determined by external mass transport limitations.

It was shown in Section 3.4.3 that for zone II to be experiment

ally observable for strong production inhibition, L would have to be 

at least 10^. The flow conditions required to study in-pore diffusion 

in an isolated sphere can therefore be estimated. The effective 

boundary layer thickness decreases as the flow rate increases.

From the correlation given by Treybal (91).

Sh = 2.0 + 0.347 (Re Sc°*^)°*^^ ........ (3.70)

For a Schmidt number (Sc) close to unity, L would, not become 10^ until 

the Reynolds number (Re) was 10^. This is well beyond the limits of 

the above correlation, and most unlikely to be obtainable experimentally. 

Thus, for an isolated sphere, it would be very difficult to perform 

an experiment to study zone II for strong product inhibition and low 

initial CO concentrations.
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A specific example can be drawn from Turkdogan and Vinters (30). 

Within that work the influence of external transfer on oxidation of 

a single sphere of graphite in pure CO^ was considered. It was 

concluded, that since the maximum rate of mass transfer was consid

erably greater than the observed rate, then external mass transport 

could be neglected. However, using the physical properties given 

(88), together with experimental parameters and eqn (3.39) it can be 

shown that at 1000°C, 3,0 MPa for the 22mm diameter sphere used, 

the surface composition would be 5,0% CO. Using the kinetic parameters 

measured by Turkdogan et al (31) for the influence of CO, the surface 

rate would be 0.033 that of pure CO2. Thus external mass transport 

was exerting a considerable influence.

Within the present study the graphite sample has the form of a 

10mm right cylinder in an open sample holder, within a silica bell 

20mm high x 20mm diameter, inside a furnace tube (Fig. 4.4). This 

geometry is not well defined for calculations but, if it is approximated 

to isolated sphere,then boundary layer influence can be estimated.

For the most limiting conditions, i.e. 1.1 MPa 1053°C, 002/5.6% CO, 

it is found that for the flow conditions used,L is close to 30.

Under these conditions when ng is 0 . 9 5 , is 0.68 such that although 

the boundary from zone I to zone II is defined, internal mass 

transport cannot be considered in isolation far beyond the zone I 

boundary. The value of L above represents a minimum value since it 

was calculated in the absence of natural convection. As will be 

discussed, in Chapter 4, the variation in bouyancy due to convection 

effects produced an increasing amount of noise with increasing 

pressure,demonstrating some influence of natural convection.



—  98 —

Under suck conditions the constant 2.0 in eqn. (3.70) is replaced 

by eqn. (3.71) i.e.

Sh^ = 2.0 + 0.569 (Gr.Sc)0'25 Gr.Sc <10®   (3.71)

where Gr is the Grashoff number 

Gr =- S & &P l_P,X ... (3.72)
P (i

and g is acceleration due to gravity

Thus if there is a temperature difference of 1°C across the 

sample then the Grashoff number is 80 such that Sh^ is 3.7. This 

will increase L to about 50 so that external mass transport will 

not influence the observed rate until slightly lower overall 

effectiveness factors.
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4. EXPERIMENTAL

4.1 Aims and Methods

The intention of the experimental pmgramme was to study the 

graphite/COg reaction at high pressures. From the review of the 

literature it can be seen that the influence of CO on the high 

pressure graphite/COg reaction has not previously been studied 

systematically.

Many methods are available for measuring oxidation rates. Methods 

based on the integral behaviour of a graphite bed or upon gas 

composition change often require considerable computation and implicit 

assumptions which may influence the results obtained (e.g. 26). To 

avoid these assumptions the most direct method of measuring rates,

i.e. by weight change, was used. Continuous weighing using a 

recording microbalance provides the opportunity of obtaining many 

rates for different conditions on a single sample.

The possible difficulties of reducing sample size and of studying

the chemistry in beds of crushed graphite for later application to 

larger samples have been reviewed in Section 2.2.5. In order that the 

results obtained could be applied to the behaviour of bulk graphite a

single sample only has been oxidised at any one time.

For such a kinetic study the remaining difficulty is to determine 

whether chemistry or mass transport within the graphite is being 

studied. Thus this work also probed the boundary between chemical and 

in-pore diffusion control. These studies, using the same rig and 

experimental geometry as the kinetic studies, were necessary to ensure 

that neither the models nor the numerical constants used for the 

calculation of the influence of diffusion were optimistic. As outlined
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in Section 3.3.3. the method used for detection of diffusion influence 

was the occurrence of a density profile within the sample.

These requirements gave rise to an iterative experimental prog

ramme. In this conservative values for physical prop erties were 

used to define conditions under which initial density profiles were 

obtained. These gave initially conservative limits.under which the 

kinetics could be evaluated and then used to enable the boundary to 

be further studied.

4.2. The Graphite

The material studied was a high purity electrographite, Morganite 

EYC9106. This material was chosen because of its high purity, simple 

pore structure and its technological relevance. The graphite is 

manufactured by re-purifying (in a halogen containing gas stream) and 

regraphitizing Morganite electrographite EY9106. From SEM examination 

maximum grain size was close to 50 um.

High purity is desirable to avoid catalytic oxidation. Impurity 

levels, from analysis supplied by Johnson Matthey Chemicals Limited, 

were A4 0.03, Ca 0.1, Cu 0.01, Fe 0.2, Mg 0.01, Si 1, and Na 0.1, ppm 

by weight. Elements not detected had different limits of detection 

notably 0.1 ppm for Zn,0.05 ppm for Bi, Co, Pb and Sn, 0.01 ppm for 

Ba, Cd^Mo, Ni, Ti and V and 0.001 ppm for Be, Cr, Li, Mn and Ag.

To avoid conta mination of the graphite it was machined with diamond 

tipped tools and carefully handled.

A simple uniform pore structure was considered desirable so that 

the diffusion regime could be easily defined and to minimise the error 

in applying the measured effective diffusivity in calculations. The 

simple structure of the porosity is illustrated in Fig. 4.1 showing a 

polished section of a bismuth impregnated sample of material. The 

high pressure impregnation with molten bismuth alloy was performed at 

UKAEA, Springfields.



tmê
200 um

EYC9106

Fig. 4.1 Polished Section of Bismuth Impregnated Graphite showing 

uniform nature of Porosity.
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The pore structure of the impregnated sample has been studied by 

quantitative image analysis (101), (102). In this technique the 

camera optic of the metallographic microscope is replaced by a TV 

camera and images of the surface are fed directly to a Joyce Loebl 

"Magiscan" image analyser. Image resolution is 512 by 512 points, 

each point having an intensity range of 0-64. The high contrast image 

from bismuth impregnation is converted into a binary image (i.e. 

value 1 for every point within a feature, 0 for points outside) using 

a software "edging" technique. In this method the feature boundary 

is detected, not by the usual rule of an absolute intensity but by 

the mid-point of the slope between light and dark. This method was 

found to give the most sensitive detection of feature boundaries.

Once detected the porosity can be analysed as required. Pores have 

been classified according to their area to perimeter ratios. For long 

pores, such as those illustrated in Fig. 4.1 this is approximately 

equivalent to pore half-width.

Fig. 4.2 shows the cumulative pore size distribution as a 

function of the area to perimeter ratio. The figure also gives a 

cumulative distribution from mercury porosimetry. The mercury poros- 

imetry curve is plotted as a function of pore half-width i.e. pore 

entrance radius, assuming cylindrical geometry. It should be noted 

that the two measures of pore half-width are not exactly equivalent, 

even for cylindrical geometry. For a cylinder of radius r, the area 

to perimeter ratio of a section through the cylinder varies from 0.5r 

to r as the angle of the section varies from perpendicular to parallel 

to the cylinder axis.

The two curves demonstrate the uniform nature of the porosity. 

From image analysis the vast majority of the pores are in the narrow



Œ
C7»

o a

un —

O  «-

>

s  a

CM00 (O<N
o/o 0Ujn]OA a jo d -u ed o  aAi^Djnujng

tn co
-w
D
n

m  
Q
Q; N
i/)

2  
S.

è
JO 
CLaL.
O
CD 
O

■*2
CJ >  
LU

cvi

o
Ll



- 102 -

range 4 to 8 um. From mercury porosimetry the porosity is also in a 

narrow range, but the apparent pore size is smaller i.e. between 1 and 

4 pm. The systematic difference between the two techniques could be 

expected from the errors implicit in mercury porosimetry as discussed 

previously (e.g. 90).
3The bulk density was 1752.1 kg/m (a = 8.0) as measured on eleven 

cylinders, 15mm long by 15mm diameter. The pore volume accessible to 

nitrogen at room temperature, i.e. the open pore volume or OPV, was 

measured on a Cahn microbalance using a simple bouyancy method. For 

five samples results were an OPV of 13.87^/o(a = 0.44) in agreement with 

the cumulative pore volumes from Fig. 4.2. Assuming a crystal density 

of 2260 kg/m^ the initial closed pore volume was 8.64^/o(a = 0.31).

BET surface area, measured by nitrogen adsorption using a Perkin Elmer 

sorptometer,was 0.16 m /g (a = 0.02) averaged over 12 samples. The 

variation in surface area and pore structure due to weight loss in 

long-term low temperature experiments have been discussed previously 

(103).

4.3 The Effective Diffusivity of EYC9106 Graphite

The effective diffusivity of any gas pair in graphite, is

often written as:

°e f£ ,A B  “  ̂ °AE

where is the free gas interdiffusivity and \ is the diffusivity 

ratio. Within this study it was only possible to measure effective 

diffusivity under ambient conditions. The technique used is described 

in Section 4.3.1 below.
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The diffusivity ratio is a constant, independent of gas pair, 

for diffusion within the bulk regime. From the discussion in 

Section 2.2.5 and the measured pore size distribution of EYC9106 given 

in Section 4.2, diffusion should occur within the bulk regime at 

atmospheric pressure and above. Thus the effective diffusivity, under 

the conditions of the oxidation experiments, can be calculated from 

the diffusivity ratio measured under ambient conditions and the 

variation of the free-gas diffusivity with temperature and pressure.

The value of and its variation with experimental conditions

has been calculated from the theoretical equation based upon kinetic 

theory and the Lennard-Jones expression for intermolecular forces, 

as given by Satterfield (69). The required values of the force 

constants in the Lennard-Jones potential function are available from 

viscosity data. This method gives a value for at 273K and

0.1 MPa of 1.3 X 10  ̂m^/s , an inverse dependence on pressure and a 

temperature dependence approximating to a power function with an exponent 

of 1.73.

4.3.1. Measurement of the Diffusivity Ratio

In view of the disagreements between workers on the analysis of 

unsteady - state diffusivity measurements, a steady-state method was 

used. Counterdiffusion of an O2/N2 gas pair at room temperature was 

measured in an apparatus very similar to that described by Hewitt (104). 

Differences were that (i) gas analysis was by gas chromatography using 

a Katharometer detector and (ii) a different design of sample 

holder was used. In this case diffusion along a cylinder was measured. 

The samples were 10mm diameter by 20mm in length, sealed along their
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curved surfaces by a compressed, pre-formed silicone rubber mount.

TTie absence of leakage around the seal was checked with a non-porous

blank. The experimental procedure used was that given by Hewitt.

The reproducibility of a result within the apparatus was checked

by measuring the diffusivity ratio of a single sample of EYC9106 on

five occasions. Values of X were 0.0153, 0.0183, 0.0167, 0.0167,

0.0172 giving a mean of 0.0168 (a * 0.0011). The accuracy of the

rig was checked by comparison of measurements on samples of the

same roddfJohnson Matthey "Specpure" graphite in this apparatus and in

a different rig at UKAEA, Springfields. Values of the diffusivity

ratio obtained at Springfields were 0.0132 and 0.0082 (105) and

from this apparatus were 0.011 and 0,012.

For other samples of EYC9106 diffusivity ratios of 0.0156,

0.0242, 0.0229, 0.0132 and 0.0161 were found. Thus sample to

sample variability was considerably greater than rig reproducibility.

For calculation of the influence of diffusion on EYC9106 oxidation a

mean diffusivity ratio of 0.018 has been taken from the above results.

EYC9106 was selected, in part, because of its apparently simple

pore structure. It was assumed that a simple open pore structure would

minimise any inaccuracy from use of a steady-state diffusivity. This

assumption can now be tested.

The diffusivity ratio is often written as (104)

\ = £
2q

where e is the open pore volume and q represents the tortuosity. This

equation refects the reduced cross section for gas transport and the

differences in real pore characteristics from an idealised simple
2parallel pore structure. The terms within the factor q are discussed
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in detail by Sattefield (69). For the complex pore structure of

graphite, q represents not only the increase in length for diffusion

due to the tortuous nature of the pores, but also the influence of

varying cross section of pores and, in the case of steady-state

methods, the neglect of dead-end porosity. The presence of dead-end
2pores increases the apparent value of q because not all of the open

porosity is involved in gas transport through a graphite membrane.

Thus the graphites for which the steady-state diffusivity should be
9most applicable will be those with the lowest values of q".

2From the mean diffusivity and mean OPV for EYC9106, q is 7.6.

This is an unusually low value for graphite and can be compared with 
2values of q = 21 for a reactor moderator graphite, GCMB, whose

9diffusivity ratio was measured at the same time as EYC9106 and q“ =

34 given by Liu (24) for H451 graphite.

In summary, the relatively low value of "tortuosity" for EYC9106 

is consistent with the observed simple pore structure. The low value 

implies that much of the open pore volume is involved in gas transport 

through graphite and thus any inaccuracy in using the measured effective 

diffusity should be minimised.

4.4 Oxidation Rig

In order to obtain continuous and direct measurement of the 

oxidation rate a Sartorius high pressure microbalance was used. The 

balance has a sensitivity of 1 ug and a capacity of 25 g. Thus, under 

favourable conditions,it should be possible to obtain a very large 

number of rate determinations on a single sample. Apparatus for gas 

pressure and composition control and sample temperature control was 

designed to be used in conjunction with the balance.
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4.4.1 Gas Composition and Pressure Control

The pressure system associated with the balance is shown 

schematically in Fig. 4.3. All high pressure items and piping are 

stainless steel, and whenever possible valves are all stainless steel 

with metal valve seats.

Carbon monoxide (Air Products C.P.) was taken at pressure and 

Ni (CO)^, a potential source of oxidation catalyst, removed over 

activated charcoal. Carbon dioxide (Air Products H.P.) was also 

taken at pressure and mixed with the CO using two stainless steel 

"Brookes Instruments" mass flow meters and a solenoid controlled 

needle valve on the CO line. Composition was controlled by proport

ioning the flow signal from the CO^ across a multiturn potentiometer 

and using the proportioned signal to control CO flow. The arrangement 

was such that the selected gas composition could be maintained independ

ently of total flow rate. Using cylinders of pure CO2 and CO as inlet 

gases, compositions up to 50% CO could be obtained and controlled.

Oxygen was removed from the gas mixture over reduced BASF catalyst 

(supported Cu/CuO) and the mixture was then dried over Magnesium perch

lorate. Gas flowed from the mixing rig into the microbalance housing 

and then down over the sample. Gas returned from the sample pressure 

vessel to the mixing rig and the flow rate over the sample was 

controlled by double needle valves at this point. It was found that 

increasing flow rate much above 1 litre/min decreased the rig pressure 

marginally, i.e. although a pressure change was barely recordable, a 

bouyancy change was observed. Changes in CO concentration had a 

similar small effect.

Total pressure control was by pressure reducing valve on the CO2 

inlet line. The solenoid valve on the CO effectively set the CO
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pressure marginally above that of the CO2 to give the desired gas 

composition. The circuit was protected from overpressurisation using 

"Hoke" pressure relief valves set at slightly above operating pressure. 

Pressure measurement was by "Bell and Howell" strain-gauge type 

pressure transducers of specified high accuracy (non-linearity and 

hysterisis <0.05% full scale read-out). To cover the pressure range 

of interest two transducers were used 0-1.0 MPa and 0-5.0 MPa. In 

addition, for ease of rig use, two Bourdon gauges were incorporated 

into the rig. The pressure transducers and gauges were calibrated using 

a standard "Budenberg gauge calibration apparatus". This apparatus 

uses a deadweight method and so gives an absolute calibration.

4.4.2 Sample Pressure Vessel

The sample pressure vessel is shown schematically in Fig. 4.4.

The vessel was designed to limits of a surface temperature of 400^0 

for a pressure of 4*0 MPa. The insulation within the vessel was 

stainless steel foil. This was used so that radioactive gases could 

easily be handled within the autoclave. In the event of the insulation 

becoming contaminated it could easily be removed. The design limited 

the maximum sample temperature to 1000°C. However, performance of 

the insulation was better than anticipated and with new windings the 

furnace should be capable of 1200°C without exceeding the 400°C 

external limit.

The vessel was designed such that sample removal required breaking 

of only a small silver plated gasket and not the main pressure vessel 

top flange. In this manner the pressure integrity of the vessel was 

easily maintained. The whole pressure vessel was moved up and down 

on a vertical tube mount using a large screw thread. To allow simple
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operation and pressure control the same gas mixture was admitted to 

the whole pressure vessel. The possibility of metallic contamination 

of the sample was minimised by using only silica or alumina 

components close to the sample and the gas flow was directed over the 

sample, and then into the main gas outlet by an alumina gas guide.

The insulation was further purged, so that flow was away from the 

sample,by an additional outlet on the main top flange (not shown in 

Fig. 4.4).

The temperature of the sample was controlled using a non- 

inductive three zone furnace, each zone being independently controlled 

by a "Eurotherm" controller. Due to increased convection within the 

vessel with increased pressure the set temperatures required to give 

an isothermal region varied with pressure. The furnace was mapped 

at 50°C intervals between 750°C and 1000°C and at pressures between

0.25 and 4.1 MPa. Set temperatures between these were found by

interpolation. Temperature mapping was achieved using a single movable 

thermocouple. It was possible to set the temperature to be uniform 

to within ± 1°C over the centre zone and most of the two outer zones.

An example of a temperature profile is given in Fig. 4.5. During 

operation,sample temperature was monitored by a single thermocouple 

positioned 5mm beneath the sample. At all pressures, temperatures were

controlled to within ± 1°C.

4.4.3 Gas Analysis

Gas compositions (with the exception of H^O) were measured both 

before and after the sample pressure vessel. CO was monitored by a 

"Grubb Parsons IRGA-20" Infra-Red Gas Analyser with 4 ranges between
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2% and 100% CO. Gas compositions were found to agree with the 

value set by the Brookes mixing system for all but the lowest CO 

concentrations where a small zero error raised the observed CO 

concentration by a constant amount above the predicted value. The 

flow rate was adjusted to ensure that there was no appreciable gas 

composition change on reaction from consideration of the rate of 

weight loss; this was confirmed by CO analysis on gas exit.

Oxygen and hydrogen concentrations were monitored using a 

helium ionisation chromatograph. Absolute measurement of oxygen 

was made difficult by a slight air leakage into the chromatograph 

injection system. Thus at high flow rates (200 mis/min), when air 

ingress was least important, apparent ox^/gen concentrations of less 

than 1 vpni were found and the difference between furnace inlet and 

furnace outlet oxygen was less than 0.1 vpm. Significant hydrogen 

was only detected in the gas outlet. These concentrations were 

generally between 2 and 5 vpm, but on sample start-up were occasionally 

as high as 30 vpm. The source of hydrogen was most probably from 

reactions of water vapour (especially on sample loading) and from 

minor organic constituents within the gas mixture.

Water vapour was monitored only on sample inlet using an 

'Engelhard” electrdytic moisture meter. Water was generally not detect

able above the background reading ("zero") of the water meter cell. 

However, determination of the cell background requires an absolutely 

"dry" gas mixture. It was found that during experiments the reading 

would often eventually drop below the initial background, suggesting 

difficulty in obtaining a true zero. The gas mixtures were considered 

"dry" with a limit of detection of 5 vpm H2O.
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4.4.4. Rig Monitoring

The various output signals from the balance and gas handling rigs 

were monitored using chart recorders.

It was found,that because of noise due to convection, the micro

balance could only be operated at 10 yg sensitivity. The analog 

output from the balance increments in units of this sensitivity. The 

two lowest digits of the weight were recorded on a variable speed 

chart recorder. The chart speed was set such that the time to 1 mg 

weight change could be measured to within at least 1%. Gas composition 

(% CO) was monitored on the same recorder.

The sample temperature was displayed by a "Pye Ether" digital 

temperature indicator with an output display of 1°C increments. The 

reading of the meter was checked periodically using a standard 

potentiometer. In addition the temperature was also recorded on a 

50 mV multipoint chart recorder. Other signals i.e. furnace zone 

temperatures, pressures and flows were monitored using the same 

recorder.

4.5. Experimental Procedure

4.5.1. Oxidation Studies

The oxidation procedure was similar for both density profile 

and kinetic studies. All samples were in the form of 10mm diameter 

by 10mm long right cylinders. Pre-weighed and dimensioned graphite 

samples were held in an open silica bucket and suspended from a multi

sectioned silica hangdown. The use of a sectioned hangdown reduced 

noise due to convection. After loading a sample the whole apparatus 

was pumped down to less than 20 Pa to remove oxygen and the temperature
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raised to at least 800°C. The required gas mixture was added slowly 

maintaining temperature. This procedure was used to prevent the 

formation of Ni(CO)^ within the sample pressure vessel. Once the 

desired pressure had been reached, temperature was raised slowly to 

the initial experimental temperature. The total time taken for the 

vessel to reach a steady temperature condition from cold was 

approximately 4 Hours. However, much shorter periods to a steady 

sample temperature could be obtained if the furnace temperatures 

were adjusted manually during this period. Heating rate was limited 

both by limiting the power of the controller (the maximum fraction 

of a cycle which could be switched in by the Thyristor controller) and 

by limiting voltage. For high temperature density profile experiments 

where reaction rates were rapid the pressure vessel was brought to a 

steady-state at a lower temperature where oxidation was insignificant 

and then raised rapidly to the desired temperature.

For kinetic studies the initial reactivity measurement was always 

a standard condition of 1.1 MPa, 22.5% CO, 935°C. Parameters were

only varied from this after the initial reactivity had be checked under

steady-state conditions. In addition,samples were returned at 

intervals to the standard conditions and the reproducibility of the 

reactivity was checked. For these studies,changing temperature, 

pressure or gas composition produced a change in bouyancy and therefore

an apparent weight change. However, this bouyancy change was easily

identifiable and was considered in estimation either of rate or total 

weight loss. Since the time period for a change in pressure or gas 

composition was much longer than for a temperature change experiments 

were usually performed at a fixed gas composition covering a range of
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temperatures. The order of experiments within an attainable temperature 

range was, mixed i.e. never continuously increasing or continuously 

decreasing temperatures.

To prevent Ni(CO)^ formation on shut-down the temperature was 

reduced slightly to give a low oxidation rate, the pressure slowly 

reduced to atmospheric, the vessel evacuated to less than 20 Pa and 

finally the heating switched off.

Whenever possible the total weight loss obtained in the micro

balance was compared with that obtained by direct weighing on a 1 yg 

sensitivity balance. After allowing for changes in bouyancy due to 

variations in temperature, pressure and gas composition, results were 

found to agree within 2%. For density profile samples the agreement 

was much better, with all but one sample giving agreement within 1%.

In view of this good agreement, no correction of the microbalance 

results for bouyancy effects was considered necessary.

4.5.2 Density Profile Measurement

Density profiles were determined by successive machining. For 

oxidised samples the most satisfactory manner of mounting a sample 

was found to be on a centre spigot. Thus it was necessary to drill 

a centre hole (2.5mm) through the sample. Any density gradient within 

this region could not be detected. However, such a hole represented 

less than 10% of the original volume.

The diameter of the sample was reduced successively on a Jewellers 

lathe. Each cut taken was 0.2mm. Dimensions were measured with a 

micrometer of sensitivity 1 ym and the sample was weighed between each 

cut on a balance of sensitivitv 1 yg.
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The sample diameter was measured at a number of different points 

circumferencially and axially. For samples showing no detectable 

trend in measurements an average diameter was used. However, other 

samples were corrected accordingly. Thus, a sample with a slight 

taper was considered to be the frustrum of a cone and slightly 

barrel-shaped samples were considered to be truncated ellipsoids.

No density profile was observed on an unoxidised control. Thus 

any observed effect on an oxidised sample should be real and not an 

artefact of the method.

4.6 Experimental Limits

Construction of the pressure vessel limited the sample conditions 

to a maximum temperature of 1000°C and a maximum pressure of 4.0 MPa. 

However, in view of the better than expected properties of the insulation 

it was possible to perform a few experiments at higher temperatures.

Thus two density measurement samples were oxidised at 1050°C.

For studies of the chemical kinetics the maximum temperature was 

further limited by the possibility of CO accumulation and therefore 

non-uniform oxidation. This aspect is considered in greater detail 

in later sections. Since, in general, the influence of CO accumulation 

increases as CO in the bulk gas decreases the maximum observable rate 

and therefore temperature decreased with decrease in CO concentration.

In principle, the lower temperature limit on oxidation studies is 

given by the approach to the Boudouard equilibrium. The restrictions 

imposed by this are given in Appendix A Fig. A.1. This shows for 

example that at 4.0 MPa total pressure the lowest temperature for 

studies in 50% CO would be 865°C or in 20% CO would be 740°C. However, 

since, even in the absence of equilibrium constraints, the reaction
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rate falls rapidly with reduction in temperature the low temperature 

limit was often determined by the accuracy of weight loss measurement. 

This limit was strongly dependent upon system pressure. At 0.25 MPa 

rapid noise due to convection effects was v 20 ug peak to peak and 

at 4.1 MPa was v 100 ug In addition there was a longer term drift due 

to room temperature changes amounting to v 100 ug at 0.25 MPa and v 1 mg 

at 4.0 MPa.

Since the rapid noise due to convection produced a fairly uniform

band on the chart recorder the weight loss could be estimated within

the band. Error from longer term drift could be reduced considerably

by averaging over exact multiples of one day. The lowest rate

attainable is limited by the time taken to measure a single point.

In chis work the maximum time used for a single point: was generally

3 days. With this time limit the minimum measureable rates were found
-4to be V 0.03, 0.1, 0.5 x 10 g/gh at 0.25, 1.1 and 4.1 MPa respectively. 

For a limited number of experimental points measurements were made over 

much longer time periods.

Gas composition control was designed for operation between 0 and 

50% CO. However, poor zero stability of the CO controller restricted 

good control of gas composition to above 5% CO. Thus all experiments 

were performed between 5% CO and 50% CO. A further limit on gas 

composition, carbon deposition within the pressure vessel, prevented 

measurement of oxidation in 50% CO at both 2.1 and 4.1 MPa and restricted 

measurement even in 22.5% CO. This restriction was distinct from the 

influence of the approach of the sample to equilibrium since it occurred 

whilst sample oxidation was still rapid. Deposition was observed 

on the inside of the silica tube surrounding the hangdown wire. This 

region was at a much lower temperature than the sample (and therefore
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thermodynamically depositing for high CO and high total pressure) but 

still at a sufficiently high temperature for the kinetics of 

deposition to be rapid. Once the deposit fouled on the hangdown the 

sample weight could not be recorded. In no experiments were 

significant deposits observed on the har^down so that observed weight 

changes represented sample weight change.

4.7 Experimental Programme

As outlined in Section 4.1, the difficulty of ensuring that true 

oxidation rates were measured necessitated an iterative experimental 

programme. Initial experiments were performed at 1.1 MPa total 

pressure. The calculational route for estimation of diffusion 

influence assumed bulk diffusion, the simplified kinetic scheme and 

spherical geometry. Spherical geometry was considered since the 

sample has the same volume/surface area ratio as a sphere of 

equivalent diameter.

The maximum observable rate within the chemically controlled 

regime can be obtained from Fig. 3.4,a plot of effectiveness factor 

versus the modulus defined as

2

°eff *̂3
X observed rate/unit volume.

where a is sample radius (5mm) and C^ is the surface concentration

of CO^. For calculation of the boundary the limiting effectiveness

factor was assumed to be 0.95. Thus for 10% CO the maximum value of

$ was 8.5 X 10 Using the known parameters the maximum observable -S
rate was close to 2.5 x 10  ̂g/gh. The temperature of the sample 

could therefore be increased in the chemically controlled regime until
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this limiting rate was reached. However, this limit depended upon 

accurate knowledge of material parameters. Thus the initial kinetic 

and density profile experiments used a limit giving a safety factor 

of 10 in observed rate, from the calculated limit. This factor was 

used to allow for uncertainty in both property measurements, 

particularly diffusivity, and chemical kinetics. Limiting rates were, 

e.g. for 10% CO, 2.5 x 10 ^g/gh and for 40% CO, 1.17 x 10  ̂g/gh.

These experiments demonstrated that neither the assumed kinetic scheme 

nor the assumed effective diffusivity unduly underestimated the 

diffusion limit. Further density profiles (at 1000°C, 22.5% CO 

and 950°C, 5.6% CO) confirmed the position of the mass transport 

boundary close to that predicted by calculation directly from physical 

properties and enabled a detailea study of the kinetics at I.i MPa total 

pressure to be obtained within this boundary.

The applicability of the kinetic scheme to other conditions was 

tested by experiments between 0.25 MPa and 4.1 MPa total pressure. To 

help resolve the observed differences in studies at 0.25 MPa further 

density profiles were obtained at the lowest pressure.
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5. INTERPRETATION OF RESULTS

Since the determination of the limit of chemical control is 

critical to observation of chemical reactivity, analyses of density 

profiles are given first within this Chapter. Once the profiles are 

understood and the experimental limit determined, the kinetics are 

considered. Conversely once the kinetics are understood it should be 

possible, using the models from Chapter 3, to fully rationalise the 

profiles found beyond the limit of chemical control. This latter 

aspect is considered in Chapter 6.

Within the experiments there are large amounts of both raw data 

and data from statistical tests. So that this Chapter is not over

burdened with tables of such data the majority of the data are given 

only in Appendix C, on microfiche. Where appropriate, examples of the 

data and summaries of the tests applied are given within the main text.

5.1 Density Profiles

5.1.1 Initial Remarks

Density profiles were measured on eight samples. The conditions 

for these determinations are summarised in Table 5.1. To remove the 

influence of minor density differences the results are considered in 

terms of local burn-off profiles. The weight loss in these tests was 

nominally 13% but varied between 11.8% and 15.1%. For comparative 

purposes, all the results have been normalised to the weight loss of 

sample 02 (13.16%). Normalisation was simply by proportioning the 

observed weight loss. Since the reactivity varied slightly with weight 

loss such a process will introduce a small error. However, this error 

is not significant in the analyses below.
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Samples 02, 03 and 04 were initially cut from one rod of EYC9106 

and the remaining samples were cut with a similar diamond tool on a 

different occasion from a separate rod of the same batch. It was found 

that the behaviour of the two groups of samples was slightly different. 

Thus the general features of all of the observed profiles are described 

below using primarily 02, 03 and 04 as examples. However, the comparisons 

of results are made internally within the groups.

The profiles found for all samples are given in Tables C*1 to 

C.8. The results obtained for 02, 03 and 04 are plotted in Figs 5.1 to 

5.3 respectively as plots of local weight loss against the volume 

fraction of material removed. In all cases the weight loss at the 

centre of the sample was a significant fraction of the overall weight 

loss. Oxidation was therefore not occurring close to Zone II, for 

which there would have been no weight loss at the centre of samples.

The profiles are all characterised by a very high weight loss in 

the surface layer. In sample 02 this effect is complete in less than 

0.15 of the sample volume i.e. in less than 0.4mm into the sample. The 

influence of diffusion would be expected to increase with increase in 

temperature and, for product-inhibited reactions, increases with 

decrease in CO in the bulk gas. Thus any diffusional influence upon 

a profile would be expected to increase in the order 02, 03, 04.

From Figs. 5.1 to 5.3 a second less steep component of the profile can 

be seen as the expected diffusional influence increases, such that for 

sample 04 there is a considerable gradient continuously to the centre 

of the sample. Fig. 5.3.

Associated with the steep corrosion profiles were external volume 

losses greater than would be predicted from the'ratio of the geometric 

surface area to the BET surface area, assuming the reactivity to be the 

same in both cases. The external area represented only 0.2% of the 

initial BET area, a proportion which would have fallen further during
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oxidation. The volume losses from mensuration were 1,9%, 2.1% and 

3.9% for samples 02, 03 and 04 respectively. Samples 015 to 020 

showed less marked external corrosion giving losses between 0.5%(015) 

and 1.4%(020). The difference in external oxidation was the principal 

difference between the two groups of samples.

It should be noted that,despite the differences in external

weight loss, the density of the outer layer was almost constant between 
31.0 and 1.2 g/cm . A possible explanation of the constant density is 

that the graphite has no structural integrity below a density of
31 g/cm . Oxidised samples were all observed to have loose, fragile 

surfaces. Further evidence supporting this explanation is a rapid 

increase in reactivity found in samples oxidised to more than 30% 

weight loss. Under these circumstances the overall density of the 

material will be such that much of the sample would be close to 

disintegration.

Thus in addition to an anticipated corrosion profile there is 

also extra corrosion very close to the surface in all samples. The 

following section (5.1.2) reviews evidence for such surface effects 

from other work. The possibility that the surface effect in this work 

is due to mass transport limitations is considered and rejected within 

section 5.1.3. Similarly, possible explanations related to experimental 

technique are investigated in section 5.1.4. These are:(i) oxygen 

ingress, (ii) extra surface roughness and edge area due to machining 

and (iii) catalysis. A further consequence of machining: the 

enhancement of porosity by opening of usually closed pores, is considered 

in section 5.1.5. This section also summarises.the evidence, much of 

it indirect, which suggests that enhanced corrosion close to the surface 

is not due to mass transport limitations but is most probably due to 

extra surface area produced by damage during machining. Once the surface
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effect has been analysed the second component in the density profiles 

can be compared with the diffusion models so that the limits for 

kinetic studies can be determined (section 5.1.6).

5.1.2. Other Evidence for Surface Effects

Enhanced reactivities close to the surface have been observed by 

Clark and Robinson (84) and by Growcock et al (106) and Eto and 

Growcock (107).

Clark and Robinson produced density profiles in samples of 

extruded pitch coke graphite oxidised in air at 425^C. They found 

that, for an overall weight loss of 5.15%, the weight loss in the 

"core" of the sample was 2.95%. In addition,there was a loss of 

section such that the diameter of the sample above decreased from 

12.10mm to 12.01mm on oxidation. The samples were calculated to have 

been oxidised well within the chemically controlled regime even 

assuming, pessimistically, that the graphite/O^ reaction is first 

order with respect to oxygen at a partial pressure of 0.02 MPa (85). 

Oxidation conditions were such that the time to 5% weight loss was 

151 days. The authors attributed the enhanced surface rate to machining, 

either due to catalysis by material abraded from the tool or by generation 

of crystal defects at which oxidation would preferentially occur.

Growcock et al (106), (107) studied the oxidation of H451 graphite 

in both air and H^O/He gas mixtures. A steep density profile was observed 

which was complete within 2mm of the surface, after which significant 

uniform internal weight loss was found. Steep surface gradients were 

also found in samples which had been enclosed in outer graphite shells, 

suggesting that inhibition by product accumulation was not the cause 

of the profile.
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From the low temperatures of experiment and from the influence

of temperature on rate,the authors concluded that the samples were

oxidised in Zone I and that the enhanced reactivity was due to extra

surface area within micropores accessible from the surface. Inter-

connectivity between micropores and the macroporosity was assumed to

be minimal so that only by machining did the microporosity

contribute to the reactivity.

The evidence for microporosity was taken from Yang and Liu (108)

who found that, for H451 graphite with a particle size of 180 to

250 um, 4.0% of the total graphite volume was in microporosity with

a sharp peak in the pore size distribution at 2 nm. Assuming all

the micropores to have a radius of 2 nm gives a surface area of 
223 m"*/g for the graphite. Although the surface area of bulk H451 is

not given, nuclear graphites, such as H451, generally have surface 
2areas of 0.1 m /g . Thus it is most probable that the microporosity

responsible for the large surface area is a result of the production

of fine powdered graphite, either by opening of previously inaccessible 

microporosity or by creation of the porosity during sample production. 

Pores due to the latter effect would not necessarily be present in 

machined material. The pore sizes used in explanation of the surface 

effect would not then be relevant.

Evidence of a more open pore structure accessible from the surface 

of graphite has been obtained by Mathews (109). Mathews investigated 

the steady-state diffusivity of single samples of candidate HTR fuel 

rod graphites as a function of sample thickness. The diffusivity ratio 

(X) was constant until the samples became very thin i.e. less than 

2.5mm , at which point the values rose by a factor of up to 2. The 

results were explained in terms of a pore structure in which large 

pores were part of a series network. As sample size was reduced these
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pores formed a parallel network.

An excess surface area produced by machining has been found by

Asher (110). In studies of IM1”24 it was found that the observed

BET surface area of samples 12.6mm diameter x 50mm in length,was

dependent upon the type of tool used. Samples machined with a blunt

steel tool had surface areas a factor of up to 3 greater than those

machined with a sharp diamond tool. In addition, it was found that,

for samples machined with a blunt steel tool surface area dropped

exponentially with time, e.g. for one sample stored at room
2temperature the surface area fell from 0.235 m /g to close to that of

2diamond turned samples (0.068m"/g ) over a period of 1000 days. Over

the same period the surface area of diamond turned samples fell from
2 2 a mean of 0.088 m /g to 0.068 m /g . Smaller differences in

surface areas were measured on samples machined with two different

diamond tools.

From the above studies it is apparent that excess reactivity 

close to the external surface can be a real phenomenon. The extra 

surface area observed by Yang and Liu and by Asher is most probably 

produced by damage in sample preparation. An accurate assessment of 

the influence of the increased surface area on the reaction rate 

requires knowledge of the reactivity per unit area of the newly 

created porosity. This is not known, and is not necessarily the 

same as for bulk porosity. The influence of the method of sample 

preparation on the nature of the surface area has been demonstrated 

by Groszek (58), as discussed in section 2.1.3..
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5.1.3. The Influence of Mass Transport on the Enhanced Surface Reactivity

High corrosion rates at the surface have been observed above in 

the absence of overall mass transport limitations. It is therefore 

necessary to consider whether, within the present studies, the observed 

steep profiles are due to such mass transport limits.

In sample 02 burn-off profiles were found for a reactivity about 

0.1 of that predicted for diffusional influence using models based 

upon the simplified kinetic equation (eqn. 3.1) given in Chapter 3.

If the observed profiles were due to CO accumulation then, from the 

shape of the profile, the effectiveness factor would be very low 

(n 0.1). Thus the calculational route for the modulus would have 

to be in error by two orders of magnitude or the kinetic scheme would 

have to very much more dependent on the CO concentration than given by 

eqn.(3.1). Errors of this magnitude would seem most unlikely.

However, other aspects of the oxidation characteristics suggest that 

the reactivity profiles not produced by mass transport limitations.

If the effectiveness factor were as low as 0.1 for sample 02 then 

thi_ sample would be very close to in-pore diffusion control, such that 

the observed activation energy above that temperature would be close 

to half of the chemical activation energy. The activation energy 

observed between between 931^0 and 1000°C (v450 kj/mol) is comparable 

with the maximum obtained by other workers, suggesting that the 

reaction is chemically controlled. A true activation energy of 900 kJ/mol 

would be greater than that even for self-diffusion of carbon in the 

basal plane (111) and it would be most unlikely that the activation 

energy for gasification would be greater than that for solid state 

diffusion.
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In addition, if sample 02 were diffusionally influenced then, 

as the temperature was increased or CO reduced, the density profiles 

would have become increasingly limited to the surface. Although 

there is a small reduction in the weight loss at the centre of the

sample in going from 02 to 04 the overall shape of the density profile

is less steep, a trend opposite to that suggested by diffusion 

influence on sample 02. Thus,the internal evidence suggests that 

the observed steep initial profile is not a true mass transport 

influenced profile. However, its presence must be explained and 

resolved before the true diffusion boundary can be detected.

5.1.4 Influence of Experimental Method

A possible cause of the steep initial profile is oxidation by a 

minor component of the gas, which is consumed close to the surface.

The reactivity of graphite to H2O is very similartethat towards CO2

and thus should not be important. Oxygen, however, is much more reactive

(2) and could, in principle, lead to such an excess weight loss.

Oxygen concentrations of less than O.lvpm were estimated for the 

vessel. At the flow rates used this would produce less thar* 1.7% of 

the observed excess oxidation for the longest timescale density 

profile measurements (24 days). In addition,total oxygen would be 

much less for short timescale density profile determinations such 

that the excess oxidation would decrease with decrease in oxidation 

time. However, no correlation was observed.

Catalysis due to machining has been considered above (84) to be 

a cause of the profiles. In an attempt to avoid such contamination the 

samples in the present study were machined using "polycrystalline 

diamond" tools. However, these tools contained some impurities, notably 

Co. Electron microprobe analysis gave the composition as 0.88%Co, 

0.07%Fe ,0.06%Al,0.05%Si, 0.03%Ca.
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No Co was found in the bulk analysis of the graphite (section 4.2), 

although Fe was found. This suggests that Fe is present throughout 

the sample and not solely as a result of machining. The apparent lack 

of Co or any other contaminant in bulk analysis does not necessarily 

imply that none was transferred to the graphite surface, only that, 

when averaged over the whole sample, the amount was less than the 

limit of detection. Thus, although there may be no direct evidence for 

catalysis, it is always difficult to completely dismiss the possibility 

simply from elemental analysis.

The impurities present could be catalysts of the graphite/C02 

reaction (7), (9), (10). However, the ability of impurities to 

influence oxidation is dependent upon their physical and chemical state. 

The relative catalytic influence of the various impurities as abraded 

particles of probably mixed composition is not known. In this instance, 

the behaviour of the potentially major contaminant Co can be used as 

an indicator of possible catalytic influence.

Cobalt has been shown (7) to be a very good catalyst of the 

graphite/C02 reaction, when present as the metal. CoO has little or no 

catalytic activity. In addition,it was shown that the oxidation state 

of Co should change between the conditions of density profiles in the 

present study. At 823°C Co and CoO are in equilibrium with C02/4.65%C0 

and at 923°C are in equilibrium with 6.95%CO. Thus,if catalysis by 

metallic Co were important,then surface oxidation profiles would not 

have been observed in samples oxidised in 5%C0 (except possibly for 

sample 015 oxidised at 888°C). Profiles were found for all samples.

The lack of any correlation with the anticipated influence of Co 

suggests that there has been little transfer of material from the 

machining tool to the graphite and that catalysis by this route was 

unlikely.
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However, given the present understanding of catalysis, it is 

difficult to completely disprove a mechanism based upon surface 

contamination.

Machining could also influence the rate at the surface by 

increasing surface roughness or by increasing the amount of edge area 

available relative to that of the internal surfaces.

The external surface area will be increased by the helical 

"thread" inevitably machined into the cylindrical sample. For all 

samples the lathe feed rate was only 0 .02mm per revolution. The 

diamond tools had a specified radius of 0.38 to 0 .50mm. The increase 

in external area of a machined sample compared with a plane surface 

was only 0.01% and is therefore negligible. Similarly the apparent 

reduction in density of an annulus of 0.1mm thickness, compared with a 

planar outside surface, is also negligible, so that the measured density 

of the outer layer is not influenced by machining.

If machining produces greater fractional edge plane area on the 

external surface than is found for the BET surface area, then the surface 

oxidation rate will be enhanced. However, for polycrystalline graphites 

previous studies show that the BET surface area has a considerable edge 

character of up to 40% of the total surface (Section 2.1.3.). Thus, 

even if all the machined surface were edge planes, the external surface 

rate per unit area would be a factor of 2.5 greater than the internal 

surface rate. Apparent surface weight losses are a factor of 4 greater 

than that at the centre of the sample. Such an effect could therefore 

contribute to the surface profile but would not explain it completely.

It would be anticipated that the influence of extra edge area 

would only extend by one grain size into the graphite (50 um). At 

this depth all of the extra edge plane area would have been oxidised.

The surface effect is observed to extend to a depth of 0.4mm from the
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original surface, an order of magnitude greater than grain size.

Thus- enhanced edge character due to machining is not a full explanation 

of the observed profiles.

5.1.5. Estimation of the Porosity Close to the Surface

Since the excess reactivity apparently extends a small distance

from the external surface, it should be associated with extra porosity 

within this surface layer. This could arise as machining damage as 

found by Asher (110) or as opening of the initially closed pore volume 

(CPV). For EYC9106 the CPV is more than 8% of the bulk volume or 40% 

of the total porosity. It might be anticipated that at least part 

of this closed porosity consists of pores of sizes similar to the 

OPV but whose entrances had been blocked during manufacture. In an

attempt to measure the importance of the latter effect,the porosity

was studied as a function of distance from the graphite surface.

The pore structure of unoxidised EYC9106,as given by a polished 

section of Bismuth impregnated graphite,was analysed using a Joyce Lcebl

"Magiscan” image analyser. From section 4.2 it is apparent that,

within the errors of measurement and sample variability, image analysis

was detecting all of the open pore volume.

A frame of width 145 ym and height 336 ym was used. This was 

chosen to give a reasonable number of features in each frame ('̂ 30) 

without damping any radial variation in properties. The porosity was 

analysed along 16 different radii using 10 successive frames moving 

inwards from the surface. In an attempt to remove subjectivity in the 

use of the analyser the experiment was repeated a considerable time 

interval after the initial determinations. On each occasion the OPV, 

number of pores, and total perimeter of pores were measured. The
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perimeter was measured because this relates, in three dimensions, 

to the surface area.

The small frame size used gave rise to considerable scatter in 

results. For analytical purposes the results were grouped by their 

distance from the surface, treating each group in statistical terms 

as a separate sample. The results are given in Table C.9 to C.14 

Sample 1 is closest to the external surface.

The initial test on the data was to determine whether or not the 

overall results obtained on the two days were comparable. These are 

summarised in Table 5.2. The tests applied were an F-test on the 

variances found each day and a t-test on the differences between the 

mean values each day (112). The conclusions are that the overall 

variances of each parameter did not change significantly with the 

:ime of measurement, and that for determinations of OPV and perimeter 

the overall mean values are not distinguishable. However, for the 

number of pores the results obtained can just be distinguished at the 

95% confidence level. The difference only in the number of pores 

suggests that the sensitivity to small pores may have been slightly 

different in the two experiments. Such pores would not contribute 

greatly to the open pore volume or perimeter. Such a change is 

equivalent to a change in resolution due to either different subjective 

judgement of the correct identification of pores or due to a change 

in microscope or image analyser performance. The smallest feature 

which could be detected with the objective lens used (x25) was 

approximately 1 pm.

In Figs. 5.4 to 5.6 the mean values of the measured parameters 

are plotted as a function of distance into the graphite. The error 

bars given for each point are the 95% confidence limits for the means.
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The results for experiment 2 have been offset by half a frame (73 ym) 

compared with, those for experiment 1 so that the points can be 

separated. From these it can be seen that in five out of six cases 

the parameters are a maximum at the surface. However, it is 

apparent that even in these cases the increase in values is not 

great. If the reactivity were a simple function of porosity, then 

from the loss of section and steep density profiles measured in 

oxidised samples, a much larger effect might have been anticipated in 

the outer frame. In addition, the enhanced porosity would extend for 

three frames into the graphite (^440 ym).

In order to assess the significance of the apparent differences 

an analysis of variance table (ANOVA) was used (112). This test is 

performed in two parts. Firstly, it is necessary to test that the 

variances of the samples are from a single universe of variance, since, 

if this condition is not met, the simple analysis of variance is not 

possible ("Bartletts test"). Secondly, if it is possible, the ratio 

of "between samples" variance to "within samples" variance is tested 

using the F statistic. If the ratio is higher than the critical value 

then there are significant differences between samples.

In addition the signficance of the difference between the mean 

from the outermost frame and any other mean has been assessed using a 

t-test, where for a deviation d

" - 1^1/Sd

The standard error of difference for two samples of size n^ and n^ is

®d = ^p J Ï T k
y
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where Sp is the pooled standard deviation i.e. that given by the 

"within samples" variance.

The results obtained are given in Tables C.9 to C.14 and are 

summarised in Table 5.3. Thus for OPV measurements in ,experiment 1 

it is not strictly possible to perform an analysis of variance.

However, from inspection, there is little difference between any of 

the readings. Of the remaining five experiments there are significant 

differences between samples in only three cases. From the t-test 

applied to pairs of samples only in the case of the number of pores in 

experiment 1 was the mean for the outermost frame significantly greater 

than all other samples.

The evidence from the statistical analysis, although not decisive, 

suggests that there is an enhancement of porosity within the surface 

layer. However the increases over the bulk values are small (e.g. an 

increase of 25% in the number of pores in the outermost frame in 

experiment 1, when compared with the mean of all other frames). Such 

increases are unlikely to be sufficient to totally explain the enhanced 

oxidation observed, since even without considering the loss of section, 

the weight loss for sample 02 in the first 145 ym was a factor of

approximately 3 greater than the bulk value. Thus, if the increase in 

reactivity is due to an increase in surface area close to the external 

surface then this must occur primarily in pores smaller than the 

resolution of the microsocope (1 ym), and not within large pores which 

intersect only the external surface. The difference between the number 

of pores detected in the two experiments suggests that there may be 

extra porosity close to resolution limit.

Thus, summarising sections 5.1.2. to 5.1.5, there is considerable 

evidence for steep density profiles close to the surface from other
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kinetic studies apparently conducted within the chemically controlled 

regime. For the present study, calculations based on the conservative 

diffusion models of Chapter 3, the observed high activation energies 

and the temperature dependence of the profiles all suggest that the 

initial profiles are not due to mass transport limitations. There 

is also evidence that the surface area of graphite can be increased 

by damage due to machining, the magnitude of the increase depending 

upon the method of machining. From image analysis studies close to 

the graphite surface there is no evidence for opening of closed pores 

of sizes similar to the open porosity but some evidence for extra 

porosity close to the limit of resolution of the equipment.

Thus the probable explanation of the steep profiles observed in 

this study is that they are similar to those found in other studies 

and are due to damage during sample preparation. The differences in 

external weight losses between the two groups of material from the 

same batch are compatible with this explanation. Although both groups 

were machined with diamond tipped tools they were machined with 

different tools on separate occasions and thus could have suffered 

differing damage.

5.1.6. Estimation of the Influence of Diffusion

From the above discussion it is apparent that the profile for 

sample 02 was not produced by diffusional influence within the major 

pore network of the graphite. Similarly for sample 015, oxidised under 

conditions even further from diffusional influence, the profile observed 

represents that due to excess reactivity close to the external surface. 

If these two samples are used as controls demonstrating zone I 

oxidation for the two groups of graphite, then the diffusional effects 

within the remaining samples can be resolved.
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From the shape of the curves in Figs. 5.1 to 5.3 it is apparent 

that,if the initial profile is ignored,there is a second profile in

creasing in magnitude for samples 03 and 04 as would be predicted by 

the calculational route given earlier. The experimental scatter 

within the profiles and the very steep surface profile make it 

difficult to estimate relative surface weight losses. However, from 

the Figures it can be seen that the relative rates of oxidation at the 

centre of the sample can be more accurately estimated. The relative 

rate can be converted into an effectiveness factor using the results 

of the calculations in Chapter 3 which require the determination of 

the gas composition and hence reactivity at the centre of a sample.

It can be shown that, for the effectiveness factors of interest, the 

relationship between effectiveness factor and ratio of rates at the 

centre and surface of a sample is not a strong function of the kinetic 

scheme. The observed relative rates at the centre can thus be easily 

converted into effectiveness factors without detailed knowledge of the 

kinetics. These results can then be compared with model calculations.

In Table 5.4 the relative weight losses from experiment and the 

effectiveness factors, these represent are given together with those 

predicted by calculation. The calculations used the data given in 

Table 5.1 for reactivity and other parameters were as discussed in 

Chapter 4 i.e. using the simplified kinetic equation and spherical 

geometry for bulk diffusion limiting the reaction. It should be noted 

that the experimental burn-off profiles are only two-dimensional and 

should therefore strictly be corrected for the steep initial profiles 

from the ends of the samples. Correction for this effect would tend 

to reduce the weight loss at the centre of the sample. However, since 

the influence of the steep initial profile has been effectively removed
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by the comparative method used, this correction should be small for the 

effectiveness factors observed.

It can be seen that the diffusion boundary as given by samples 

03, 017 and 04 is very close to that predicted. Thus the reaction must 

be strongly inhibited by CO under the conditions of experiment. In 

view of the agreement between the model and the observed onset of 

diffusional influence, the reactivity limit in the kinetic studies was 

taken to. be the limit given by the model. However, the agreement does 

not continue as the predicted diffusional influence increases, as 

demonstrated by sample 018. In this case the influence of diffusion 

is overestimated. Similarly for the samples oxidised at 0.25 MPa the 

model overestimates the influence of mass transport. Some error in 

predicting this influence could be anticipated since the observed 

reactivities are lower than those observed at 1.1 MPa (Table 5.1) 

so that the kinetic scheme assumed is overestimating the influence of 

CO in at least the lower pressure results.

In summary, machining of graphite produces excess reactivity in 

tha surface, most probably associated with extra surface area within 

fine porosity in the surface layer. Density profiles obtained must 

be corrected for this excess reactivity. After correction, the density 

profiles close to the diffusional boundary are in agreement with the 

proposed model for the inhibition of reaction by accumulation of CO, 

such that the model can be used to give the experimentally limiting 

reaction rates. Beyond tha boundary the modal overestimates the 

influence of diffusion.



— 138 —

5.2 Kinetic Studies 

5.2.1. Introduct ion

The aim of the kinetic studies was to consider the influence of 

CO on the graphite/C02 reaction at high pressures and to test the 

results against the simple model equation used for calculation of 

diffusional influence.

However, before the basic results can be used in modelling two 

factors must be considered. Firstly, the reactivity of graphite 

generally varies with weight loss and thus it is necessary to ensure that 

this effect does not influence comparison of results. Secondly, due 

to the requirements of temperature mapping, the influence of gas 

composition on temperature and a very slow variation in the vessel 

temperature,it was not possible to measure reaction rates at identical 

temperatures for differing gas compositions and pressures. The results 

must therefore all be reduced to common temperatures for comparison.

The methods used for these corrections are given below.

The largest range of gas compositions studied was at 1.1 MPa total 

pressure i.e. 5.6, 10.4, 15.2, 22.5. 31.0, 39.4, and 50%C0. These 

results have been used to produce the basic kinetic model. The influence 

of total pressure on this model was then studied using a limited range 

of gas compositions at pressures between 0.25 and 4.1 MPa i.e. 5.6,

22.5 and 50%C0. Since there is inevitably scatter in results the 

statistical significance of the differences between results at 1.1 MPa 

and other pressures are carefully considered. These results are summ

arised in Section 5.2.9. The combination of the data at different 

pressures to produce a single model of wider validity is given within 

the discussion (Chapter 6).

The estimated mean pressures used were 0.250, 0.550, 1.10, 2.08 

and 4.09 MPa. For ease of presentation these have been rounded to two
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significant figures but the full accuracy is used in calculation.

The results are presented in the broad chronological order of

experiments, i.e. at 1.1, 2.1 and 4.1, 0.25 and 0.55 MPa. The

experiments at 0.55 MPa were performed after it became apparent that 

there were considerable differences between reactivities at 0.25 and

1.1 MPa.

5.22 The Influence of Weight Loss on Reactivity

The reactivity of all samples, expressed in terms of original 

weight, increased with weight loss. The general features of this 

increase are outlined in Figure 5.7 for sample 01. In the periods not 

indicated in the figure reactivities were determined using different 

gas compositions and temperatures. The initial increase in reactivity 

was rapid, typically increasing by a factor of 30% over the first

1.5% weight loss. Although the increase became less rapid at higher

weight losses there was never a period of constant oxidation rate as 

has been observed for some graphites (e.g. 11). The reactivity once 

more increased rapidly above 30% weight loss. As has been noted in 

section 5.1.1 this corresponds to a density of 1.2j^m^/g). By 

comparison with observed surface densities this probably represents 

an effective minimum density for the oxidised material. For all kinetic 

studies the weight losses were kept well below this limit; all quoted 

results, with the exception of some for sample 01. being obtained below 

14% weight loss.

The dynamic range of the microbalance is such that a maximum 

weight loss of close to 14% could be obtained without having to re-tare 

the balance, an operation which required shutting the balance down and 

exposing the sample to air. Thus sample 01 was re-tared twice. There
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was apparently no effect of shutting down and starting again on the 

reactivity. Similarly,for samples which were removed and then re-used 

for other reasons there was no change in reactivity. Therefore the 

start-up procedure had no effect on the results obtained.

For oxidation within the chemically controlled regime the shape 

of the weight loss curves were not dependent upon oxidation conditions. 

Samples were returned at intervals to standard conditions (1.1 MPa, 

22.5%CO, 935°C) and the reproducibility of the reactivity was checked. 

Thus oxidations could be compared at any given weight loss. The 

reactivity curve for sample 02 is presented in Fig. 5.8. From this 

figure it is therefore possible,at any given weight loss,to obtain the 

rate relative to a standard weight loss. Fig. 5.8 has been used to 

normalise the reactivity of different samples at different weight 

losses to the value at 10% weight loss which has been taken as the 

standard weight loss for inter-sample comparison.

For many conditions results were obtained using more than one 

sample. These results represent a considerable test of the validity of 

the normalisation procedure. An example of this is given in Fig. 5.9 

which shows an Arrhenius plot for 22.5%CO, 1.1 MPa total pressure, 

constructed from results for samples 01 and 05 both normalised to 10% 

weight loss. The actual weight loss ranges of the samples were 1.4% to 

18.0% for 01 and 0.8% to 4.5% for 05. It can be seen that the results 

together fall on a single Arrhenius line.

5.2.3 Graphite Oxidation Rates

The results obtained in kinetic studies are summarised in Table

5.5 in order of increasing total pressure. All results are expressed 

in terms of weight loss relative to the initial weight of graphite, and
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have all been normalised to the reactivity at 10% weight loss. Where 

reactivity has been measured more than once at very similar temperatures 

this represents either repeat measurements on one sample at widely 

differing weight losses or determinations on different samples. The 

maximum temperature used in each case is that which gave the limiting 

reactivity according to the model for diffusional influence. Since, 

in section 5.1.6. it was demonstrated that the model correctly predicts 

the diffusion boundary, then all kinetic measurements should be within 

the chemically controlled regime.

Figs. 5.10, 5.11, 5.12, 5.13 and 5.14 show the data as Arrhenius 

plots for 0.25, 0.55, 1.1, 2,1 and 4.1 MPa respectively. It can be 

seen that the scatter in results increases at the highest pressures 

due to the increase in convection induced ’’noise" in the balance under 

these conditions. The scatter in the low temperature results for 

0.25 MPa,50%C0 is due to the occurrence of transient rates in the 

oxidation. These transients are described below. The true rate could 

only be established after the transient had decayed. Since these
3transients could last for 10 minutes it was difficult to judge when a 

true steady rate was attained.

5.2.4 Statistical Presentation of Data

Since data have been obtained at different temperatures it is 

necessary to consider methods for comparison of data at the same 

temperature, and also methods for the estimation of errors associated 

with these comparisons.

Oxidation data have been represented, as is usual, by the Arrhenius 

equation. The Arrhenius parameters can then be used to obtain estimates 

of errors for e.g. a predicted value of the oxidation rate.
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It should be noted that the errors thus quoted represent the errors 

from fitting the data to the particular relationship used and are 

not, in this sense, the intrinsic errors in rate determination.

Results have been fitted using simple linear regression analysis 

of the linearised Arrhenius equation. In using a linear least 

squares regression it is implicitly assumed that the values of the 

dependent variable y are subject to a normally distributed error of 

measurement unaffected by x. This also implies that the standard error 

is independent of y. In the analysis of a linearised Arrhenius 

equation the equivalent assumption is that all the values of £n k 

are known with the same accuracy or that the error is a constant 

multiple of k. This assumption is made in the vast majority of reported 

work without any qualification. If, for example, the errors in k are 

constant then a weighting procedure should be used (e.g. 112).

Within the present study the assumption of constant error in £n k 

is probably not strictly valid but is regarded as the most appropriate 

simple scheme. The weight losses used for a rate determination were 

approximately constant and the error associated with weighing was that 

associated with the rapid noise due to convection, a constant for any 

pressure and gas composition. The speed of the chart recorder (measuring 

time) could be varied over such a wide range that the error in time 

measurement was negligible. Under these conditions the error in rate 

will be proportional to the rate. The exception to this condition was 

close to the limit of detection of weight change, when the slow drift 

within the microbalance became important. However, since under these 

conditions other variables could be averaged over the whole period of 

experiment, the conditions of experiment.were better defined.
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The combination of errors in weight and other variables e.g. temperature, 

gas composition,is judged to produce an overall error roughly prop

ortional to the observed rate. It should be noted that, for any one 

set of conditions, the variation in the observed rate with temperature 

was a factor of up to 600. Under these conditions a constant error of 

less than 1% in the highest rate would completely swamp the lowest rate 

determinations. Since the influence of temperature on rate was easily 

discernable even at the lowest temperatures used, and the accuracy of 

the highest rate determinations was rarely to within l%,then an 

alternative assumption of a constant additive error is clearly not valid.

The results of the regressions are summarised in Table 5.6 which 

also gives standard errors for the regression and for the estimates of 

slope and intercept. From these data it is possible to estimate the 

mean rate at any temperature and also the standard error associated with 

that rate (112) i.e. for the general equation we have

y = a + bx   5.3

Sy = se 5.4

where s^ is the standard error in the estimated value of y 

s^ is the standard error from regression, 

n is the number of points 

X = X -X

In Tables C.15 to C .19 the rates, together with 95% confidence limits 

are given for selected temperatures and all combinations of total pressure 

and gas composition. From Table 5.6 it is apparent that there is 

considerable variation in activation energy. In. addition it will be shown
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(Section 5.2.5) that the groups of experimental data should not all 

be represented by single Arrhenius plots. Under these conditions 

caution must be exercised in extrapolation. Thus in the Tables C.15 

to C.19 results obtained by extrapolating through more than 15°C 

(a factor of 2 on rate) are shown in italic type.

In many cases it is desirable to test the comparability of 

predicted rates from different experimental conditions. Since the 

predicted rates at different pressures are obtained from statistically 

different regression lines and at very different distances from the 

means of the individual regression lines such tests have been made using 

"Welch’s test" (112, 113) i.e. no assumption on comparability of 

standard errors has been made. The test is an approximate t-test 

requiring calculation of an equivalent number of degrees of freedom 

such that a t-test can be performed using the estimated standard error 

of difference for the estimated mean values of y .

Thus for y^ and y^, the difference d is

. I  ̂  ̂ I q q
'̂ 1 " ̂ 2 ' ......

'd =............................................. .....  5.6

and the total number of degrees of freedom (f) is

1 ^2 
2s.

where C = ---^ ^  .....   ̂ ^
s " + s "
?1 ?2

The overall suitability of a single Arrhenius plot to describe 

groups of data has been tested using either a simple t-test (for two
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groups) or an analysis of variance (ANOVA), for more than two groups 

(112, 113), The tests are essentially similar to those given in 

section 5.1.5. For the analysis of variance the overall sum of squares 

of deviations can be split into its components to test successively,

(i) whether the individual lines are parallel, (ii) if so, whether 

the group means lie on a least squares line and (iii) whether the 

gradient of the least squares line through the group means is the 

same as that from the individual lines. All such tests depend upon 

the standard errors being comparable, i.e. the data must satisfy 

Bartlett's test.

5.2.5. Oxidation at 1.1 MPa Total Pressure

The most detailed oxidation studies were performed at 1.1 MPa.

From Fig. 5.12 and Table 5.6 it can be seen that the activation energies 

increase with increase in CO concentration. At 50%C0 the activation 

energy (E^ = 565, a = 18 kJ/mol) is higher than generally observed 

although, as the CO concentration is reduced, the activation energy drops 

to 470 kJ/mol, a value comparable with those calculable from other work 

for the overall gasification. The values of the activation energy 

obtained at 22.5%CO and below are pairwise statistically different 

(at the 95% confidence level) to those obtained at 50% CO and 39.4%CO.

The supposition that the rate data can be represented by the 

simple rate equation

^^CO-
Rate = — ...    5.9

CO

has been tested by an analysis of variance for the temperature dependence 

of the rate constant k for each gas composition. The results (Table C.20)
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show that the rate constant, temperature data cannot be treated as a

single Arrhenius line.

From Fig. 5.12 it is apparent that, whilst the gasification is

strongly inhibited by CO, the degree of inhibition decreases with

increase in temperature. However, at the lowest temperatures the

influence of CO is greater than previously observed. This is

demonstrated in Fig. 5.15 where the rates of reaction are plotted 
Pagainst the highest order dependence upon CO proposed in the

^  CO,
literature. In the figure the rate of reaction at any temperature

has been normalised by expressing it as a fraction of the rate at 5.6%

CO at the same temperature. From the slope in Fig. 5.15 the order

with respect of ^CCu/p is close to 1 at 1000°C in agreement with eqn
 ̂ CO

5.9. It should be noted that for low CO concentrations the extra

polation is over a considerable temperature range such that the plots 

only imply agreement if the mechansim of oxidation found experimentally 

is still valid at the highest temperature. This aspect is considered 

again in section 6.5.1. There is no evidence,on extrapolation, for an
porder less than unity with respect to CO^P^^ . At low temperatures

and high CO the order increases. At 850°C and 900°C and with a 95%

confidence limit the rates obtained at 31%C0 and above cannot be related

to rates at 22.5%CO and below using the above kinetic expression.
PFor an increase in the ratio C02y^P^g of 16.9 the rate increases 

by 14.6 (95% confidence limits 10.4, 20.6) at 1000°C and by 44.7 

(95% confidence limits 30.3, 65.9) at 850°C.

The results deviate from the simple kinetic expression as the CO 

partial pressure is raised above 0.2 MPa and at temperatures below 950°C 

Under these conditions the Boudouard reaction is considerably closer to
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the equilibrium than in lower pressure studies. The gasification step 

cannot therefore be considered to be irreversible. This is examined 

below as a possible explanation for both the greater sensitivity to 

CO concentration and hence the greater activation energies than 

observed previously.

The simplest expression considering the Boudouard equilibrium, 

compatible with the kinetics from higher temperatures is due to Grabke 

(32) i.e.

5.10

Under conditions where the overall rate, in the absence of equilibrium 

considerations, reduces to eqn.(5.9)then the more complicated Langmuir- 

Hinshelwood expression for the approach to equilibrium proposed by 

Temkin et al, i.e. eqn. (2.28), reduces to the form above. Thus it

should be possible to test the applicability of eqn.(5.10)by a plot
/p P \of observed rates vs ^ 002^?^^ - COy^ If is considered merely

as a correction term and allowed to vary (to allow e.g. for an excess

free energy as discussed in section 2.1.6.) then the best estimate of

Kp can be obtained. Fig 5.16 gives an example of the data at 850°C

corrected using a value of of 10. This shows good agreement over
Pthe entire range of C02yP^Q The results in Fig. 5.16 require an 

extrapolation of ^50°C beyond the actual experimental range. Since the 

term due to the approach to equilibrium implies that the single 

Arrhenius plot is not applicable and that the observed temperature 

dependence should show curvature as equilibrium is approached, then 

extrapolation over a large temperature span may be difficult.

A better estimate of has been found by determining

that valueof which gives an order of 1 with respect to
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- ^CO/K V  If extrapolation is limited to 15°C then the
?co / py

lowest temperature at which it is possible to produce a reasonable

estimate of K is 880°C. Best estimates of K are 9.3 at 880°C and P P
11.2 at 900°C. For these two cases an order of 1 is within the 95%

confidence limits of the fitted curve for values of K of less thanP
13 at 880°C and 14 at 900°C.

5.2.6 Oxidation at Pressures above 1.1 MPa

As has been previously discussed increased "noise" plus the 

increasing importance of carbon deposition restricted both the gas 

composition range and the temperature range. The increased noise 

tended to increase the standard deviation associated with regression 

and the reduction in temperature range, and therefore number of 

experimental points,increased the confidence bands (e.g. Table C.19).

The solitary measurement of rate at 50%C0, 2.1 MPa pressure i.e.

7.17 X 10  ̂ g/gh at 988°C is well within the 95% confidence bands
-4for the rate at 1.1 MPa i.e. a mean rate of 7.89 x 10 g/gh with

-4 _4limits 6.48 x 10 g/gh and 9.61 x 10 g/gh. Under these conditions' )
the approach to equilibrium should not significantly influence the 

results. From these data there is no evidence of any influence of 

pressure.

The activation energy found for 2.1 MPa, 22.5%CO is greater than 

that at 1.1 MPa in qualitative agreement with the influence of the 

approach to equilibrium. At any given temperature the influence of 

reversibility will be greater for 2.1 MPa studies than 1.1 MPa studies.

At low temperatures the rates will be depressed,further whereas at the 

highest temperatures there will be little influence. Thus the activation 

energy should increase. That a similar result is not found at 4.1 MPa 

reflects the reduced experimental range and increase in "noise" under
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these conditions.

For 1000°C, 22.5%CO the oxidation rates at 1.1, 2.1 and 4.1 MPa 

are similar such that away from the influence of equilibrium there 

is no evidence of any influence of pressure. As the temperature is 

reduced the estimated rate depends very much upon the temperature 

range of study, however, the rates at 4.1 MPa, 22.5%C0 are not

statistically different from those at 1.1 MPa, 22.5%C0 over the

temperature range of the 4.1 MPa studies.

At 5.6%CO results should not be influenced by the Boudouard 

equilibrium and thus, as in Section 5.2.5, it may be possible

to compare Arrhenius plots. Comparisons are made difficult by the 

large sample variance for 2.1 MPa data. However, it can been seen from 

Table 5.6 that the 95% confidence limits for the 1.1 MPa studies lie 

completely within those from 2.1 MPa studies. Similarly "Welch's test" 

for estimates of rates shows that the rates at 2.1 MPa are not pairwise

statistically different to those either at 1.1 MPa or 4.1 MPa, at

temperatures between 800°C and 1000°C.

The activation energy found at 4.1 MPa, 5.6%CO is considerably 

lower than that at 1.1 MPa. Since the sample variances are similar it 

is possible to compare Arrhenius equations using a simple t-test (Table 

C21). This shows that the gradients are significantly different. 

Comparison of oxidation rates shows that at 900°C, i.e. within the 

experimental ranges, the rate at 4.1 MPa is statistically lower than 

that at 1.1 MPa. The difference in rate increases with increase in 

temperature. At 850°C the difference in rates is not significant.

Thus, in higher pressure studies,the only evidence for deviation 

from the behaviour observed at 1.1 MPa is a relative decrease in rate at

4.1 MPa, 5.6%CO towards the top of the experimental temperature range.
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5.2.7 Oxidation at 0.25 MPa Total Pressure

The reduced noise at lower pressures enabled results to be 

obtained down to lower temperatures. The activation energies observed 

were only a little less than at higher pressures but the oxidation rates 

were usually considerably lower.

The activation energy in 50%C0 is once more slightly larger than 

generally observed, thus suggesting that results were influenced by 

approach to equilibrium. Using the equilibrium data from 1.1 MPa studies 

and assuming that eqn. 5.10 holds gives a reduction in rate of 10% at 

900°C. This influence will increase as the temperature is reduced such 

that a higher activation energy would be predicted.

The exception to the generally lower rates found at 0.25 MPa 

occurred in 50%C0 at low temperatures, where rates became larger than 

those at 1.1 MPa. This is compatible with the reduced influence of the 

Boudouard equilibrium at lower pressures . Thus in 50%C0 rates were 

significantly lower than at 1.1 MPa at 950°C and above, whereas in 

both 5.6%CO and 22.5%C0 the rates were significantly lower over the 

whole experimental temperature range.

The differences between reactivity at 1.1 MPa and 0.25 MPa 

increases with decrease in CO concentration and increase in temperature. 

At 900°C the observed ratio of the 1.1 MPa rate to the 0.25 MPa rate is 

1.63 for 22.5%CO and 2.71 for 5.6%C0. Allowing for the influence of 

equilibrium in the 1.1 MPa studies only increases the ratio at 22.5%CO 

to vl.7. At 1000°C the ratio is 1.63 at 50%C0 and 2.14 at 22.5%CO with 

the extrapolated ratio for 5.6%CO being 3.62.

The change in relative rate implies that the results at 0.25 MPa 

cannot be described by the simple model rate equation (eqn. 5.9) although 

the behaviour in 50%CO does not vary greatly from higher pressure data.
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The inhibiting influence of CO is not as great as predicted by the 

simple equation. Thus from comparison of 1.1 and 0.25 MPa data 

there is an influence of pressure in addition to that governed by 

equilibrium requirements. This additional influence reduces both the 

overall rate and the inhibiting influence of CO.

5.2.8 Oxidations at 0.55 MPa Total Pressure

Analysis of results at 50%C0 and 22.5%CO once more suggest that 

the results have been influenced by the approach to equilibrium at the 

lowest temperatures studied.

The high activation energy C526 kj/mol) found for 50%C0 suggests 

that equilibrium considerations are important. However, since at 

lower total pressures the influence is less important, the activation 

energy is less than that found for 1.1 MPa (565 kJ/mol). This is 

reflected in the rates of reaction. At 1000°C the rates at 0.55 and

1.1 MPa are similar but at 950°C and lower temperatures the rates at 

0.55 MPa are greater. There is no evidence of any other influence of 

pressure within the 50%C0 data. For 22.5%C0 the estimated rates of 

reaction at 9 50°C and 1000°C, although lower than 1.1 MPa data, are not 

significantly different from those obtained at the higher pressure.

For 5.6%C0 the oxidation rates at the lower end of the experimental 

temperature range are not significantly different from higher pressure 

data, but at temperatures of approximately 880°C and above reactivity 

is statistically lower than in 1.1 MPa studies. A simple t-test on the 

Arrhenius plots at 0.55 and 1.1 MPa shows that the two groups of data 

cannot be represented as a single line, since the gradients are different 

at the 95% confidence level. (Table C.22).
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Thus, although overall the results agree more closely with 

those at higher pressures there is some evidence that the trend 

observed at 0.25 MPa i.e. deviation from higher pressure results at 

high temperatures and low CO concentrations,is being followed.

5.2.9 Summary of Kinetic Studies

The largest range of gas compositions studied was at a total 

pressure of 1.1 MPa. At this pressure there was no evidence for a
p

reaction order less than unity with respect to C02yP^Q The 

activation energies found at low CO concentrations were comparable with 

those found by other workers. At high CO concentrations the activation 

energies were larger than previously observed and also, at high CO 

concentrations and low temperatures, the order with respect to CO 

concentration was greater than previously measured. These results 

could be explained by the approach to the Boudouard equilibrium. If 

the "equilibrium constant" was treated merely as a correction factor 

then the kinetics could be represented simply as

'"“ 2 ?C0Rate = k I — -Z - ^  I   5.10
^CQ S

At other pressures (between 0.25 MPa and 4.1 MPa) a more limited 

range of gas compositions was studied. For 50%C0 gas mixtures differences 

from results at 1.1 MPa were all, at least qualitatively, explicable in 

terms of the differing influence of the approach to the Boudouard 

equilibrium as a function of pressure.

For lower CO concentrations considerable differences in rates have 

been found. At 4.1 MPa, 5.6%CO and for temperatures above 900°C the
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observed rates were significantly lower than those at 1.1 MPa. For 

0.25 MPa studies, the reaction rates were lower than at 1.1 MPa over 

the entire temperature range of the study and also exhibited an order 

of less than unity with respect to ^CQ^P^^ . Results at 0.55 MPa 

showed behaviour intermediate between that at 0.25 MPa and 1.1 MPa.

The mechanistic interpretation of the behaviour at 1.1 MPa and 

the influence of pressure upon this are considered in detail within 

Chapter 6.

5.2.10 Observation of Transient Oxidation Rates

In kinetic experiments high transient rates were sometimes 

observed on changing conditions. Whilst neither the experimental 

facility nor the programme were designed for a comprehensive study 

of the conditions leading to formation of transients a sufficient number 

occurred during experiments to enable some features and requirements 

to be identified.

Transients were associated only with temperatures of 850°C and 

below and with 50%C0 gas mixtures. This combination of conditions 

was only studied at 0.25 MPa and 0.55 MPa; equilibrium restrictions made 

studies at 1.1 MPa and above impossible. Transients were found only 

for two out of three samples oxidised under the appropriate conditions 

above. The only difference between samples appears to be that the 

sample not giving transient rates (sample 016) was oxidised in C02/50%C0 

at 850°C shortly after the rig had been started such that the hydrogen 

concentration was of the order of 30 vpm whereas the hydrogen concentration 

for the two samples showing transients (samples 014 and 021) was less 

than 5 vpm.

High oxidation rates were observed on either reducing the temp

erature to 850°C or below whilst using 50%C0 or on changing to 50%C0 

whilst at temperatures below 850°C. Thus for 021 a temperature reduction
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from 930°C to 850°C produced a large transient whereas a fall from 

981°C to 881°C produced no transient. The only occasion when reducing 

the temperature to below 850°C did not produce a transient was for 

sample 016 described above (980°C to 850°C in this case).

The shape of the transients are summarised in Figs. 5.17 to 

Figs. 5.20. Where rate data have been averaged over long time periods 

the rate is indicated by a bar for the whole, period together with a 

symbol associated with the mid-point of the range. In addition, 95% 

confidence limits for the estimated steady-state oxidation rates are 

given.

Fig. 5.17 shows two transients at 0.25 MPa with different starting 

temperatures but the same final temperature, 832°C. In both cases the 

rate increased when the temperature was reduced. The difference in 

maximum rate observed was not great (a factor of 1.8), particularly 

when compared with the difference in rates before the transient, and 

is probably not significant. In both cases there is evidence for an 

ascending portion in the initial stages of the transient although, in 

this early phase, pressure and temperature variations within the 

pressure vessel make accurate rate determinations difficult. The 

transient decays are virtually identical,once more indicating a 

minimal influence of starting conditions. In addition the plots 

demonstrate that decay is more rapid than exponential decay. The 

observed rate was still a factor of more than 10 above the predicted 

steady-state rate after 2000 minutes, corresponding to an excess weight 

loss of 8 mg. For one transient (913°C - 832°C) the temperature was 

increased to 865°C after 2600 minutes, the observed rate then fell to 

a little below the predicted rate at 865°C i.e. 2.35 ug/^ compared
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with an estimated 95% confidence band of 2.95 to 4.05 yg/gh .

This latter effect is also observed in Fig. 5.18. An initial 

transient was found on dropping the temperature to 852°C for sample 

021 at 0.25 MPa. The transient had a similar maximum to those to 

832°C but apparently decayed slightly more rapidly. After ^2500 

minutes the temperature was increased to 881°C and the rate fell to 

close to the predicted steady-state rate. The temperature was then 

reduced to 849°C causing the rate to increase before decaying once 

more. On increasing temperature again to 913°C the estimated steady 

state rate was rapidly attained.

The pattern in studies at 0.55 MPa was similar. In Fig. 5.19 

two transients are plotted. In one,the gas composition was changed 

from 22.5%C0 to 50%C0 at approximately constant temperature, 850°C.

This is very similar to the second, found on reducing temperature from 

930°C to 850°C. Both the enhancement in rate and the maximum rates 

were greater than found at 0.25 MPa. Fig.5.20 shows the initial stages 

of one transient in more detail. Once more there is an apparent ascending 

portion. The oxidation rate within this transient was still a factor 

of more than.three greater than the anticipated steady-state rate after 

120 hours. The excess weight loss was more than 10 mg. After 120 

hours the gas composition was changed to 5.6%C0. The rate rapidly 

increased to that predicted.
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6 DISCUSSION

6.1 Introduction

The aims of the study are to consider the kinetics of the oxidation 

of graphite at high pressures, to produce generally applicable models 

for the influence of CO accumulation on the graphite/C02 reaction and 

to demonstrate the applicability of these models.

The features and general applicability of the mass transport models 

have already been considered in Chapter 3. Within this Chapter the 

results of the kinetic experiments, described in Chapter 5, are considered 

in more detail and compared with both previous studies and the kinetics 

initially assumed for the mass transport models. The application of 

both the mathematical models for diffusion influence and the particular 

kinetic results to the observed density profiles are used as further 

validation. Considering these aspects in more detail:

Within Chapter 5 the results at 1.1 MPa were tested against two 

simple kinetic equations. The first,

^CO,
Rate = k | -— - |   6.1

CO

was used as the extreme kinetic scheme for diffusion modelling. The 

second equation,

P
Rate = k 3— ^  - - 5̂  I   6.2

V^co S

can be seen as an inevitable development of eqn. (6.1) as the Boudouard 

equilibrium is approached. The application of these two equations and 

their mechanistic implications are considered in Section 6.3. Some data 

at low pressures gave lower oxidation rates and gas composition 

dependence than found at high pressures. Although limited in number,
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these data will be shown, by comparison with previous work, to give 

a useful insight into the nature of the surface. (Section 6.3.4.) 

Similarly, the transient oxidation rates are best discussed in relation 

to both the observed steady state oxidation kinetics and previous studies 

of transient oxidation. Further consideration of this topic

is given in Section 6.4.

The topics outlined above consider the kinetics of the graphite/C02 

reaction under chemical control. The discussion of these topics 

enables formulation of limiting kinetic schemes and consideration of 

their range of application. Some results, i.e. those for samples 

giving density profiles, have been obtained in a regime showing diffusion 

influence. The samples were initially used as an aid to experiment, 

demonstrating that the theoretical models for determining the chemical 

control boundary were applicable in many cases. However, for low 

pressure and very high temperatures, deviation from predicted behaviour 

was observed. From the increased knowledge of the kinetics it should 

be possible to explain the observed density profiles and also to define 

more precisely the range of validity of kinetic schemes. (Section 6.5).

In a final section the importance of CO accumulation, as given by 

the observed kinetics,is compared with that predicted by the models in 

Chapter 3. The applicability of the models to other graphites and 

experimental conditions, particularly experiments designed to study 

oxidation kinetics,is then considered.

One result observable within the kinetic experiments is a "compensation 

effect". This effect is defined below. Previous explanations of the 

compensation effect have involved either a particular competition 

between differing reactions or a particular distribution of site energies. 

Observation of the effect potentially restricts discussion of the 

kinetics, since any proposed model must also conform to the compensation 

effect. In view of this, the compensation effect is considered in
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advance of any other discussion of the kinetics.

6.2 The Compensation Effect

In this work the temperature dependence of the oxidation reaction 

has been described by the Arrhenius equation, as is common for processes 

occurring at the gas-solid interface. Within a group of comparable 

rate processes (e.g. for systematic variations of reactants, catalysts, 

solvents etc.) it is commonly observed that a variation in one 

Arrhenius parameter is offset by a compensatory change of the other.

In particular a linear relationship is observed between £n A^ and E^.

This is the "compensation effect". The phenomenon is also referred to 

as the "9 - rule" or "isokinetic effect". This latter terms reflects 

the consequence of the linear relationship that there is a temperature 

^ , the isokinetic temperature, at which all of the rate constants are 

equal, i.e. if i is the gradient of the compensation plot, then

E.
—  = 6 A + c   (6.3)

K  O

Through transi tion state theory the pre-exponential factor and 

activation energy are related to the entropy and enthalpy changes 

associated with formation of the transition state. Similarly for 

equilibria,the Van't Hoff equation enables the enthalpy and entropy 

changes on reaction to be calculated. The compensation effect is there

fore often discussed in terms of enthalpy, entropy compensation and plotted 

in 2iH, AS co-ordinates. This transformation does not influence the 

accuracy or correlation observed.

If the simple rate equation (eqn.6.1) is assumed to apply then the 

overall rate constant k for the individual groups of data show an excellent 

compensation plot (Fig. 6.1). The basic data from which Fig. 6.1 has 

been produced is given in Table 5.5 and the parameter estimates in Table 

6.1a.
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TABLE 6.1a Regression Parameters from Conventional Arrhenius Plot

Number of 
points

Pressure
MPa

Error Error%C0 £n A

67,920 2,182 55,92 -1.795

39.4 64,960 2,854 53.57 2.356

1,812 50,85 1.49531.0 61,580

22.5 48.42 1.16058,410 1,397

15.2 56,280 588 46.56 0.497

10.4 57,410 1,530 47.53 1.305

57,140 1,202 47.30 1.055

22.5 63,270 2,217 52.26 1.816

53,480 44.00 2.7113,110

22.5 5,823 43.12 4.766

50,380 1,952 41.38 1.681

0.25 58,440 1,235 47.98 1.024

0.25 22.5 54,390 947 44.50 0.795

0.25 52,790 981 42.61 0.857

0.55 63,290 3,382 52.35 2.799

0.55 22.5 55,350 45.851,120 0.937

0.55 52,440 1,230 43.11 1.089
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This compensation is potentially very restrictive since, if it is a true 

effect, then any explanation of the overall kinetic scheme must satisfy 

the additional requirement that ilnAo and are effectively linearly 

related.

The aim of this section is therefore to describe the compensation 

effect found in this study and to explain its origin. Observations of 

the compensation effect and the many theoretical models proposed for 

its explanations have been extensively reviewed, most recently by 

Galwey (114) and are thus only considered in outline. However, one 

aspect of the compensation effect which has, until recently, received 

little attention is the statistical methods used to identify compensation 

phenomena. This study therefore considers application of statistical 

methods to the compensation effect in the graphite/CO^ reaction in 

greater detail than before.

6.2.1. Nomenclature

a General estimated intercept from least squares regression

a^ Oxygen activity of graphite surface

Pre-exponential factor in Arrhenius equation

b General estimated slope from least squares regression

c Intercept of compensation plot

Activation Energy in Arrhenius equation

F F - statistic for a probability P and i, j degrees of freedom
T

k,k Oxidation rate constants

Equilibrium constant for Boudouard reaction 

n Number of points in regression

P Probability, level of significance

R Gas Constant
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^ Estimate of standard error in intercept, or slope

Estimate of standard error from regression
-1 IT, Harmonic mean temperature i.e. (T, ) = —  E(T )nm hm n

X General independent variable

y General dependent variable

a General true intercept

3 General true slope

Y slope of transformed Arrhenius equation

6 Isokinetic temperature

8 Modulus fraction

6.2.2 Explanation of Compensation Behaviour

The first report of the compensation effect was given by Constable 

(115) . Since then a large number of studies have been described for 

different surface reactions. The observations and explanations have 

been reviewed by Cremer (116) , Bond (117) and Galwey (114). Many 

different models have been proposed and all are not necessarily mutually 

exclusive. Proposed mechanisms of possible relevance to the graphite/CO^ 

reaction include (i) an energetically heterogeneous surface and (ii) 

the existence of more than one active site. These two mechanisms are 

considered as examples below.

If the surface contains an array of energetically different sites 

then the overall rate constant can be expressed as a summation

k = k E^n_ exp(-E^/RT)   (6.4)

If a second assumption is made i.e. that there is an exponential 

dependence of the number of sites (n^) upon E^ with finite limits on E, 

then a compensation effect will be observed.

If the observed chemistry is the summation of several independent 

processes (occuring on e.g. different active areas or different 

catalysts) then the overall rate can be written as:



- 165 -

k = Z.9.A. exp(E./RT)   (6.5)1 1 1  1

where 9^ is the fraction of surface characterised by A^ and E^.

If we consider, as have most workers, only two processes then 

the rate constant can be written as

k = 8^A^ exp(-E^/RT) + (1-9^) A^ exp(-E^/RT)   (6.6)

Although this equation does not strictly conform to the Arrhenius 

equation it can be shown that,over a wide range of conditions,the error 

would not be detected in experiment. Variations in 9^ within a 

series of related reactions leads to a compensation effect. As the 

number of terms within the summation is increased the system may 

become similar to that outlined above. Feates, Harris and Reuben (118) 

have treated compensation effects in the catalysed graphite/CO^ 

reaction using this model, the two processes considered being the 

catalysed and uncatalysed oxidation rates.

6.2.3 Statistical Basis for the Recognition of Compensation

Since experimental measurements are subject to error it is 

necessary to specify the criterion by which agreement with any model is 

judged. Within the literature very little use has been made of statistical 

methods for quantitative assessment of compensation. Indeed, in many of 

the early papers the estimates of E^ and A^ have been determined by 

graphical methods. For much of the reported work values of k,T are not 

recorded so that alternative analyses of data cannot now be performed.

Galwey (114) and Krug, Hunter and Grieger (119,120,121) have 

reviewed early work on the application of statistical methods, particularly 

by Exner and co-workers. These studies suggested the use of k and T 

as variables,since errors in T are small, rather than the use of log A^ 

and E^ for which there are errors in both and, more seriously errors



- 166 -

which are mutually dependent. Exner concluded that many of the 

reported cases of compensation were not real effects. Exner's methods 

are however limited in application to two or three experimental 

points. The interdependence of estimates of E^ and £n and the 

possibility of this leading to an apparent compensation effect has 

been stressed by many workers (e.g. Thomas and Thomas (122), and 

Boudart (123)%but no method for quantitatively resolving this inter

dependence was given.

Galwey acknowledged the existence of the interdependence of 

estimates of Arrhenius parameters but, in the absence of any well 

accepted criterion for judgement of this effect, used a simple linear 

least squares regression. Although within his review the data were 

always plotted with Zn A^ as the independent variable the regressions 

were performed on the observe i.e. to fit

Zn Ag = a + b E^ .....  (6.7)

Galwey concluded that most workers would accept that there is 

evidence for a compensation relationship when (i) is less than 0.1b 

for measurements extending over a difference in activation energies 

of 100 kJ/mol and (ii) s^ is less than 1.5, where s^, s^ are estimates 

of the standard error (or deviation) for the regression and for the 

gradient (b) of the compensation plot,respectively. The most satisfactory 

plots reviewed had s.̂ less than 0.03b.

The interdependence of estimates of E^ and Zn A^ in an Arrhenius 

plot can be inferred from the observation that, for a negative gradient, 

if a sample gives a low estimate of slope then it is likely to give a 

low estimate of the intercept and vice versa. This is particularly 

true for observations taken a considerable distance from the ori^.

This situation is illustrated in Figure 6.2 for the general equation 

y = a + bx, with a negative gradient. Figure 6.2 (a) shows three
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estimated lines passing through the means (x,y). If the least squares 

estimates for a and b from these lines are plotted against each other

then the points will appear as Figure 6.2 (b). The three points

consider only an error in the intercept caused by an error in the slope

in Figure 2(a) and are thus co-linear. Since, from the least squares

regression,

a = y - bx ........ (6.8)

there will be an error in a associated with the error in estimation of 

y i.e.
? 2 - 2

= s; + X "b   (6-9)

Inclusion of this error in Figure 6.2 (a) will produce points 

in Figure 6.2 (b) which lie off the indicated line. It is found that,if 

a is plotted against b for repeated random samples,the points in 

Figure 6.2 (b) fall elliptically about the true centre (a,6) where 

ct,S are the. true intercept and slope respectively. Conversely any 

confidence interval (i.e. the 100(1-P)% confidence region for any level 

of significance ?) for the true combination of a and 3 will be an

elliptical region with the best estimates (a and b) as centre. Since,

at a given joint confidence level, the individual confidence levels of 

the parameters may be exceeded,the extremes of the 100(1-P)% joint 

confidence region will be a little greater than the independent 100(1-P)% 

limits for the two parameters taken separately. The equation for the 

100 (1-P)% joint ellipse is given by (e.g. Lark, Craven and Bosworth,

112)
(a-a)^ + 2x (a-a)(g-b) + (Zx“/n)(6-b)^ = 2F^  ̂ ^/n ... (6.10)r, z,x e

where F _ _ is the F statistic for a probability P, 2 variables and f r , z, r
degrees of freedom. f is equal to n-2 where n is the number of initial 
data points, since there are only n-2 independent differences provided 

by the data after fitting the line.
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Thus the interdependence of the estimates of E. and £n AA o
from an Arrhenius plot can be examined by consideration of the 

eccentricity of the joint confidence ellipse plotted in E^, Zn A^ 

co-ordinates. Krug, Hunter and Grieger (120) have shown for the 

Arrhenius equation that, since T » 1  (i.e. x << 1), the ratio of 

major axis (2) to minor axis (m) of the joint confidence ellipse 

is always much greater than unity and may be approximated by

-  =1—     (6.11)m

1where T^^ is the harmonic mean temperature, i.e. ^ the mean of
hm

the inverse temperatures. For a typical Arrhenius plot the ratio in 

eqn. (6.11) will be of the order of 10,000. An example of the extreme 

elongation is given in Figure (6.3) for data obtained in this study 

at 1.1 MPa, 22.5 %C0. The joint confidence region almost has the 

appearance of a single line. Thus, in any series of experiments 

performed at the same temperatures and where chemical variations are 

small compared with experimental errors, 100 (1-P)% of these measure

ments will fall within one ellipse centred about the true values.

Under conditions of extreme elongation it can be shown (112) that, for 

b as the independent variable, the gradient of the error ellipse 

approaches x. Thus, when experimental errors are large compared with 

chemically induced variations, estimates of E./R and Jin A from aA O
series of experiments at the same temperatures will lie on a line of 

slope T^^ (treating Zn A^ as the independent variable). This is the 

statistical compensation effect which is quite independent of any 

chemically induced compensation effect.
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The statistical compensation effect can also be illustrated by

replotting the Arrhenius equation in such a form that estimates of

slope and intercept are independent. From equations (6.8) and (6.9)

this is achieved when x is zero. Thus the estimates are independent when

the inverse temperature is centred about the harmonic mean. We can

write the Arrhenius equation in terms of the shifted temperature scale 
1 1

T  ( ï  -  t ; . )  ............

E . ( \The gradient _A and intercept I2n A - — —  I are now independent.
R V ° hm /

The intercept is also the log mean rate &n k, a constant for any one 

experiment with an error independent of E^/R. For In k to remain 

independent of the estimate of E^/R any error in the value of E^/R must 

be fully compensated by an error in £n A . Thus we have

Zn k = tn Ag - .....  (6.13)
hm

Shimulis (124) has shown that for repeated experiments carried out at 

the same temperatures eqn.(6.13) will give

= =  S.AIn A = &n k + — .............................. .....  (6.14)
O  K . 1 .hm

where Zn k is the overall log mean rate. This is another statement of 

the statistical compensation effect.

Since the temperature characteristic of the statistical compensation 

effect is T.ĵ  Krug, Hunter and Grieger (120) have suggested the use of a 

null hypothesis for the detection of the existence of a real compensation 

effect in experiments performed at the same temperatures, i.e. if the 

isokinetic temperature cannot be distinguished from the harmonic mean 

temperature at an appropriate level of significance (normally P = 0.05)
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then there is no reason to suspect the existence of a chemically 

induced cause for the effect. Using the null criterion the above 

authors (119) found that, out of 38 sets of data for various reactions, 

in all but 3 the compensation effect could be explained as a statistical 

artefact.

Although the hypothesis test is useful it cannot allow for the 

case where the isokinetic temperature is close to the harmonic mean 

temperature, since a true value of (j) close to will be rejected by 

the null hypothesis. Nor does it enable the true isokinetic temperature 

to be determined accurately in those cases where a true compensation 

exists.

The transformation given in equation (6.12) makes the errors in the

estimates of the regression coefficients independent. Using this
( \transformation and plotting in co-ordinates E /R and I Zn A -A' I c RT, /\ hm /

will show a completely random distribution of experimental errors. Thus 

any structure, linear or otherwise, must result from chemical considerations 

For data obtained at the same temperatures centring the regression about 

the harmonic mean temperature produces unbiased estimates of the 

regressors from which the presence of compensation can be assessed.

The independence of the estimates implies that the axes of the 

joint confidence region for any point are normal to the axes of the 

compensation plot. This can be seen algebraically by substituting x = 0 

in equation (6.10). The length of the axes can be obtained simply from 

the F-statistic i.e.

Z = s^ /2F > m = s^ /Tf   (6.15)

It should be noted that the relative error in E^/R is much greater

than in (Zn A^ - . From the general equations for estimated

standard errors and for x = 0 it can be shown that
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s'
Z  / I  - i

“   »  1   (6.16)2
-  i r.

Thus the modified compensation plot will consist of a series of 

vertical ellipses, one for each Arrhenius plot, with the best estimates 

of slope and intercept as centres. If the regression parameters from 

the modified Arrhenius plot still indicate compensation, then the true 

isokinetic temperature can be found from a linear regression. Since 

there is error in both the slope and intercept the regression should 

strictly consider this. A scheme for this has been given by Krug,

Hunter and Grieger (121). Since the error in the intercept is very 

much less than in the slope the former should be the independent variable. 

If the slope of the regression line is y then it can be shown that

7 ° ■ tT   (6.17)hm

enabling the isokinetic temperature (ij)) to be obtained.

The above analyses are applicable to data sampled at identical 

temperatures. Experimentally this is not always possible. The experiments 

in this work are an example. Lower temperature limits were given by 

balance sensitivity and varied with total pressure and gas composition.

The upper temperatures were either limited by the furnace capabilities 

or by mass transport considerations. The latter are a function of gas 

composition. Under such conditions it may not be possible to plot unbiased 

estimates of regression parameters against each other.

Krug (125) has shown that,when the data are transformed by shifting 

the origin to the overall harmonic mean temperature then, in the limit 

that estimates are only distributed by experimental error, there is an 

overall nonbiased distribution of estimates. For the case where the 

regression coefficients vary due to chemical factors, the estimates are
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collectively the minimum biased estimates. The amount of bias will 

be determined by the distance apart of the various temperature spans.

Since the individual estimates are biased the bias associated 

with each point should be displayed in terms of the joint probability 

region. From a plot of minimally biased estimates with their associated 

biases shown the existence, or otherwise,of a true linear compensation 

effect can be visually assessed.

In the algorithm given by Krug (125) for analysis of the regression 

coefficients it is implicitly assumed that the harmonic mean temperature 

for each experimental run is identical to the overall harmonic mean.

This is not a least squares estimate. The estimate of standard error 

is correspondingly much larger than for a least squares regression.

6.2.4 Application of Statistical Methods for Detection of Compensation

In Fig. 6.1 the correlation between and Zn A^ is for the 

regressors calculated using the traditional assumption of constant error 

in Zn k, as discussed in Section 5.2.4. The plot is presented in the 

form usual within the literature i.e. with Zn A^ as the independent 

variable. From visual inspection there is a slight curvature on the plot. 

The gradient from Figure 6.1 gives the isokinetic temperature directly 

918°C (s^ = 21°C). From the regression we obtain values of s^ of 0.385 and 

of 0.018 b. From the obverse plot (i.e. reversed dependent/independent 

variables) as used by Galwey, we have s^ equal to 0.318, s.̂ equal to 

0.018b and the isokinetic temperature (±s^) of 924°C ± 21°C. Since the 

range of activation energies is 160 kj/mol the data would be regarded as 

showing a very good compensation effect by the criteria given by Galwey.

However, the similarity of the relative errors and estimates of the 

isokinetic temperature suggest a possible correlation between the estimates 

of E^ and Zn A^. The correlation between parameters in an individual 

run is illustrated in Fig. 6.3 for the data obtained at 1.1 MPa,22.5 %C0.
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The error ellipse is plotted at the 95% confidence level. The ratio 

of major to minor axis is 37,000. Thus the estimates are virtually 

constrained to lie along a line of slope 931°C, i.e. the harmonic mean 

temperature of that particular group.

Although the null hypothesis presented in the previous section 

is not quantitatively applicable (since the data are obtained over 

different temperature spans) the estimates of isokinetic temperature 

above are very close to the overall harmonic mean temperature of 915°C, 

further strong qualitative evidence that the observed compensation may 

be a statistical effect.

The further correlation between all groups of data is demonstrated 

in Fig. 6.4. In this, data from Fig. 6.1 is replotted together with 

the major axes of each error ellipse. For clarity these are shown 

at the 50% confidence level. The 95% probability regions will be 

increased in length by a factor of between 2.9 (for 6 points) and 2.2 

( for 20 points) so that the majority of the ellipses will show 

substantial common regions. Once more, this is strong evidence of a 

statistical compensation.

If the 7 groups of data at 1.1 MPa pressure are considered alone 

the situation is different. For these data the harmonic mean temperature 

is 918°C. A compensation plot (AE^ = 97 kJ/mol) gives s^ equal to 0,065
-4and a value of s^ of 6.0 x 10 b, criteria which would be generally 

acceptable as showing a good compensation. The isokinetic temperature 

(± s^) is 977 ± 7.5°C. Although, as outlined, the simple null hypothesis, 

equation (6.14), is not applicable, the large difference between the 

isokinetic temperature and harmonic mean temperature suggests that there 

may be a real compensation.

To test these arguments the data have been plotted as minimally 

biased estimates as indicated in Section 6.2.3. i.e. by centring the 

temperature range about the overall harmonic mean temperature of 915°C.
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In contrast with Krug (125), a true least squares regression has been 

performed on the transformed data. Thus the estimates are the best 

estimates of the minimally biased parameters. Table 6.1 (b) gives 

the calculated values of E /R and (In A - | . The transformation
V ° hm /

should leave the estimate of slope unaltered. The very minor differences 

between estimates of E^/R in Tables 6.1(a) and 6.1(b) merely reflect 

rounding errors. It should be noted that the 

error in the estimate of the intercept is now much reduced.

In Fig. 6.5 the new compensation plot is given. This shows no

good overall linear correlation confirming that the observed overall 

compensation in Fig. 6.1 is a statistical effect.

The only data which show a consistent trend are those at 1.1 MPa. 

These data are shown in more detail in Fig. 6.6. Here the 95% confidence 

regions plus the carbon monoxide concentration associated with each 

point are given. If the 1.1 MPa data are to be considered in isolation 

the transformation should be performed around the harmonic mean

temperature of those data alone. Since this is 918^C,(c.f. 915°C for all

data) errors in considering these data alone transformed around the overall 

harmonic mean temperature are small.

From the figure it can be seen that the significant increase in E^/R 

is found at the highest CO concentrations. This has been explained 

previously in terms of the approach to equilibrium of the graphite/CÜ2 
reaction. Thus the Arrhenius plot is not strictly applicable. The 

approach to equilibrium is similar to the concept of two competing 

reactions to explain compensation. However, in this case rather than a 

difference in sites there is a difference in gas composition dependence 

of the two steps. The two reactions are of opposite sign, and thus the 

region for which a plot will appear linear will be reduced compared 

with competing reactions.
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TABLE 6.1b Regression Parameters from Arrhenius plot transformed 

around the harmonic mean temperature (915°C).

Pressure
MPa %C0

Number of 
points R

Error
S.

In Ao - EI
RThm

Error
S

1.1

1.1

1.1
1.1

1.1

1.1

1.1

2.1

2.1

4.1

4.1 

0.25 

0.25 

0.25 

0.55 

0.55 

0.55

50

39.4 

31.0

22.5 

15.2

10.4 

5 .6

22.5

5.6

22.5

5.6 

50

22.5

5.6 

50

22.5

5.6

11
11
12

11
13

9

9

12

6

6

20
12

8

10
15

9

67,900

64,980

61,560

58.400

56.290 

57,360 

57,170 

63,280 

53,500 

51,670

50.400 

58,430

54.400 

52,790

63.290 

55,340 

52,440

2,233

2,859

1,810

1,420

596

1,559

1,178

2,195

3,110

5,811

1,931

1,249

939

997

3,385

1,117

1,223

-1.243

-1.106

-0.979

-0.744 

-0.814 

-0.782 

-0.780 

-0.994 

-1.015 

-0.356 

-1.014 

-1.204 

-1.278 

-1.823 

-0.919 

-0.731 

-1.023

0.0643 

0.0807 

0.0521 

0.0364 

0.0180 

0.0516 

0.0517 

0.0690 

0.1307 

0.1616 

0.0509 

0.0460 

0.0370 

0.0416 

0.1212 

0.0395 

0.0647



G 0. 25  MPa
V 0.5 5. MP a

+ 1.1 MPa
o 2.1 MPa

A 4 .1  MPa

L J_________L

o

fn An -
RTh m

xIO^K
6.3

6.6

A

6.4

6.2

6.0

5.8

5.6

5.4

5.2

5.0

4.8

R

4.6-1.9 -1.7 -1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3
'o

6.5.  C o m p e n s a t i o n  P l o t  o f  ^ * / R  v s j l n  A ^ -  —
RT h m

f o r  a i l  D a t a  ; Thm = 9 1 5 ° C



7.0

+ 50 6.8

6.4

+ 31

6.0
22.5

5.8

5.6

i i i1
-16 -1.4 -1.2 -1.0

in^* E| A o _
RTh

-0.8 -0.6 -0.4
m

^G.6.6.  C o m p e n s a t io n  Plot  of ^A /p  v s . j l n A o ”
E a

for D o t a  a t  1.1 M P a  T o ta l  P r e s s u re ;

RT h m

Xhm = 915°C : 95*/o Conf idence  R é g ions. P e rc en ta ge  

CO S h o w n  with  Each Point .



- 176 -

Within Section 5.2.5 the oxidation rate, as equilibrium is 

approached has been written as

This equation has been found to hold for much of the data, particularly 

that at 1.1 MPa. Within this section we have assumed that

Rate = ^      (6.19)
CO

T
thus we can write for the assumed rate constant k

2 .
)_

T  "CO
k' = k ( I - )   (6.20)

2 '

This equation can give the observed compensation. Linear 

compensation depends upon the temperature ranges of the individual 

Arrhenius plots. For low CO concentrations the temperatures at which 

deposition is significant are much lower than those at which significant 

oxidation can be observed in the microbalance, and the scatter in the 

points represents almost random error in determinations. At any 

temperature,as the CO concentration is increased an increasing number 

of experimental points are influenced by deposition. For any experiment 

this increase is offset by the fact that at lower CO concentrations the 

observed rate of oxidation is greater and therefore the experiment can 

be conducted down to lower temperatures. The nett effect of these 

influences is an approximately linear compensation plot.

An estimate of the isokinetic temperature can be calculated from 

the slope in Fig. 6.5 using eqn. (6.17), since this equation is generally 

applicable. Assuming ^2n A^ - F^/RT.^^^ to be the independent variable 

and free from error, this gives 981°C (±s^ = + 28, -15°C). This estimate
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of the isokinetic temperature is indistinguishable from that given 

by the conventional plot, thus demonstrating that the difference 

between the harmonic mean temperature and the isokinetic temperature 

from the conventional plot is a very useful indicator of true compensation. 

It should be noted from Fig. 6.6 that,although the overall bias is close 

to zero,the compensation line is still generally aligned with the major 

axes of the confidence regions of those points contributing to the 

linear plot. Thus there is still some constraint along the apparent 

compensation line.

The isokinetic temperature of 980°C corresponds to the temperature 

at which the influence of the depositing reaction can be ignored.

This is in agreement with the analysis within Section 5.2.5 and e.g.

Fig. 5.15 which shows that deposition becomes insignificant between 

950°C and 1000°C.

At other pressures the temperature at which the depositing reaction 

becomes significant will be different and, since the temperatures 

accessible are a function of balance sensitivity which in turn depends 

on pressure, the temperature ranges used varied with pressure. Those 

points at pressures other than 1.1 MPa which are influenced by 

reversibility do not necessarily lie on the 1.1 MPa compensation line 

(e.g. 2.1 MPa 22.5 %C0, 0.55 MPa 50 %C0).

The results at 0.25 MPa and that for 0.55 MPa, 5.6 %C0 are not

well represented by eqn.(6.18). The deviation from eqn.(6.18) increases

with decrease in CO and decrease in total ■ pressure. Forcing the data

to be represented by the simple form would be anticipated to produce an 

approximately horizontal displacement in Fig. 6.5 increasing with 

decrease in CO concentration. This is observed. The increase in 

activation energy with increase in 00, for e.g. 50 %C0, causing 

approximately vertical displacement,represents the influence of deposition 

at the lower temperatures available to study,as discussed in Section 5.2.7
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The distinction between data at 0.25 MPa and other pressures is 

demonstrated in Fig. 6.7 showing the compensation data from Fig. 6.5 

together with confidence regions, for data at 5.6 %C0. The 0.25 MPa 

ellipse is well separated from other points. In this plot data 

should not be influenced by the approach to equilibrium. The plot 

further demonstrates the considerable area of overlap in parameter 

estimates between 4.1 MPa 5,6 %C0 and other pressures. Thus any 

difference in estimated rate constants at pressures other than 0.25 MPa 

should be small, as is observed. The similarity of the 4.1 MPa ellipse 

to those at other pressures casts doubt on the significance of the 

decrease of estimated mean rates found at 4.1 MPa.

In summary, it has been demonstrated that the compensation 

observed in a conventional plot ((f) = 918^0) is merely a statistical 

compensation arising from correlation of errors. Transforming the 

data about the overall harmonic mean temperature (915°C) to minimise 

the correlation demonstrates this fact for the data considered as a 

whole. The competition implicit in an approach to equilibrium of the 

overall reaction produces an increase in activation energy. In the 

particular case of the 1.1 MPa data this gives a true chemical linear 

compensation effect. The isokinetic temperature from this ('v 980°C) 

is in agreement with previous analysis of the data. Thus rather than 

placing an additional restriction upon interpretation of the results, 

the overall distribution of points within the transformed compensation 

plot can be explained in terms of the existing chemical theory and 

distribution of experimental errors.
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6.3 Consideration of the Observed Kinetics

6.3.1. Approach to the Boudouard Equilibrium

From Chapter 5 the observed inhibiting influence of CO on the 

oxidation kinetics, at high concentrations of CO is greater than found 

in any previous study. For the first time oxidations have been conducted 

under conditions for which the approach to equilibrium could be 

important. The observed compensation behaviour is compatible with such 

an influence. This approach to equilibrium, the value of the equilibrium 

constant and alternative effects which could influence the kinetics at 

high partial pressures of CO are therefore considered in detail.

6.3.1.1. Estimation of the Equilibrium Constant

In Section 5.2.5 it was demonstrated that data at 1.1 MPa could 

be rationalised using eqn. (6.2) if the equilibrium constant was treated 

merely as a correction factor.

The observed oxidation rates at pressures other than 1.1 MPa can be 

used to extend the number of points used in estimating K^, if the kinetic 

scheme is given by eqn. (6.2) close to the temperatures of interest. Thus 

the 0.25 MPa data have been excluded, together with the results from

0.55 MPa, 5.6 %C0. In addition, the data at 4.1 MPa, 22.5 %C0 have been 

excluded due to their very wide scatter. Of the remaining data, those at

4.1 MPa, 5.6 %C0 and 0.55 MPa, 22.5 %C0 show evidence of deviation from 

simple behaviour at higher temperatures than those of interest and have 

been included within the analysis.

Using the extra data, best estimates of Kp are 14.2 at 900°C and 10.1 

at 880°C with the order plot described in Section 5.2.5 giving an order 

of unity at the 95% confidence level for values of less than 40 and 21 

respectively. In addition, it is possible to obtain an estimate of Kp 

at 850°C without extrapolating rates, although the only conditions with 

rate data close to 850°C are those for which equilibrium restrictions
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are small. The best estimate of is 8.0 although eqn. (6.2) can 

be satisfied at the 95% confidence level by a wide range of values 

of Kp, including no correction for the approach to equilibrium.

The values of the derived equilibrium constants show a systematic 

variation from that predicted by standard thermodynamic data. From 

Appendix A the standard values of the equilibrium constants are 36.1, 

26.7 and 16.6 at 900°C, 880°C and 850°C respectively. Possible 

explanations for this discrepancy, in terms of the thermodynamics of 

the materials under study, are considered in Section 6.3.1.3. In view 

of the deviation other possible explanations of the relatively high 

order with respect to CO should also be considered.

6.3.1.2. Other Possible Explanations of the Observed Kinetics

From the review of the literature it is apparent that at least 

two separate effects could increase the influence of CO on the kinetics

i.e. surface heterogeneity and CO chemisorption.

Previous studies suggest that,at low temperatures and high CO 

concentrations, coverage will be low (11) and that the desorption energy 

of surface oxide will increase at low coverage (47). This would tend 

to depress oxidation rates, as observed. Such an explanation would 

still have to include equilibrium considerations. It is observed that 

the high activation energies for oxidation are found at higher 

temperatures as the pressure is increased. Thus the particular site 

heterogeneity would have to predict lower coverage at any temperature 

at 22.5 %C0, 2.1 MPa than at 22.5 %C0, 1.1 MPa. This would only seem 

to be possible if either (i) a higher order is predicted for the reverse 

of the adsorption step than for the forward step or (ii) blocking of 

sites is predicted. Blocking of sites implies chemisorption by CO and 

is dealt with below. Although a higher order for removal of surface
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oxide by CO is possible,there is no evidence elsewhere for such a 

mechanism.

The compensation effect has previously been explained in terms 

of surface heterogeneity (114), (126). However, in this work the 

effect can be seen as largely a combination of the correlation of 

errors and the approach to equilibrium, and is thus not necessarily 

evidence for heterogeneity.

It has been assumed so far that the predominant mechanism for 

inhibition by CO is the oxygen exchange reaction. Assuming mechanism 

A,i.e. CO chemisorption,to apply could give similar kinetics to those 

observed, in extreme form eqn.(6.1). Only by assuming that the two 

mechanisms occur together can a higher order with respect to CO be 

predicted. For a Langmuirian surface well away from equilibrium,we 

then obtain

. . .  .  , .   , -  . . . . . . . . .

^2^3^ ^^2^3 ^1^2^ ^CO ^2^1^00 ^1^2"C02

as given by Rief (127) . There is no evidence that a higher order 

with respect to CO as predicted by eqn. (6.21) has been observed. As 

equilibrium is approached mechanism A must include the reversibility of 

all steps and so by definition include oxygen exchange. From eqns. (2.3) 

(2.6) andC2.27) Langmuir-Hinshelwood kinetics can now be written as

'c. ' )
iJoJ. CO•I-* 2-̂ 3 y 2 Kp

Rate =     ...(6.22)
^2^3 (̂ 1̂ 2 ^3^2 3̂̂ 2̂  ^CO ^2^1^00 ^1^2^00^
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The observed kinetics do not fit the most extreme form derivable
2from this expression i.e. when the denominator reduces to . It

is found that such an equation considerably overestimates the overall

influence of CO, However, since there are a number of constants

within eqn. (6.22) it could undoubtedly be made to fit the limited

data influenced by equilibrium in this work. Thus, although there

is no evidence for CO chemisorption well away from equilibrium, a

small influence of chemisorption as equilibrium is approached cannot

be dismissed simply from observation of the kinetics.

To defend the use of mechanism A would require (i) evidence for

CO chemisorption elsewhere within the literature and (ii) that

chemisorbed CO can be distinguished from surface oxide i.e. that
i-TC + CO ^  C(CO) .......  (1.Î )
h

can be distinguished from

3̂CO --4 C(0)   (2.27)
^3

Although Rief’s classic study (4) is often quoted as evidence for 

CO chemisorption, within the study no evidence is given to distinguish 

between the above two cases. Rief concludes (4) only that the reaction 

of CO with outgassed graphite is too slow to account for the observed 

inhibition of gasification by CO. The conditions of the oxidation 

experiments were far removed from equilibrium. Oming and Sterling (128) 

found no evidence for CO chemisorption below gasification temperatures. 

Similarly,Phillips et al (129) saw no chemisorption in carbon exchange 

experiments between 800°C and 950°C.
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However, this does not imply that there is no interaction between

carbon from the gas phase and the surface e.g. Bonner and Turkevich

(130) and Brown (131) found transfer of activity to carbon surfaces

when using ^^002 in gasification studies. More detailed information

on the interaction of CO with Graphon has been provided by Phillips et
13al (129) , who used CO to study exchange with the surface. 13Pa of 

CO was used, conditions under which the equilibrium concentration of 

CO2 would have been immeasurably low. They found rapid exchange such 

that at temperatures of above 800°C the reaction achieved equilibrium.

The fraction of surface active in exchange was of the order of 1% of BET 

area, but was very dependent upon previous history. At 800°C and 

850°C the number of active sites was apparently constant and an 

activation energy for the exchange of 230 kJ/mol was calculated. At 

higher temperatures the number of active sites apparently increased.

Removal of deposited carbon was only possible after considerable oxidation, 

with the greatest difficulty of removal being associated with the 

highest temperatures for exchange.

From these studies there is no evidence for simple chemisorption 

of CO but considerable evidence for the reversible formation of a 

surface oxide. Considering both the internal and external evidence it 

would therefore seem most probable that the two mechanistic steps 

leading to the kinetic equation (6.2) are: reversible oxygen exchange 

followed by reversible desorption of surface oxide.

6.3.1.3 Deviations from Standard Thermodynamic Data

The best estimate of the equilibrium constant for the Boudouard 

reaction, derived from the kinetic studies, deviates from that given 

by standard thermodynamic data. The deviations are given in Table 6.2
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TABLE 6.2 Comparison of the observed values of the Equilibrium

Constant (Kp) with those predicted from Standard Thermodynamic

Data.

Temp
(°C)

Kp obs. 
atm

actual react. 
J / mo 1

Kp predicted 
atm

AG°  ̂ , predicted
J/mol

Diff. 
J/mol

900 14.2 -25,880 36.103 -34,977 +9097

880 10.1 -22,172 26.709 -31,491 +9319

850 8.0 -19,416 16.646 -26,257 +6841

^*^difference Actual Reaction Thermodynamic data.
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for results at 850°C, 880^C and 900°C. These variations can be 

converted into free energy differences also given in the Table.

In this work the free energy differences are given with respect to 

the standard thermodynamic data as the initial state, i.e.

^difference Actual Reaction Thermodynamic data.

=-RT2nKp^^^g^^^^^ + RTAnKp^ Thermodynamic data.

Given the errors in the calculations there is no evidence for a 

temperature dependence within the free energy difference. This result 

is used in Section 6.3.2. for estimation of the influence of the 

approach to equilibrium at other temperatures. For these purposes a 

free energy difference of + 9 kJ/mol is used.

The equilibrium constant has been obtained electrochemically by 

Das and Hucke (132) between 850°C and 95û°C. For Union Carbide AGSR 

graphite calculated values of Kp are 0.067, 6.2 and 136.8 at 600°C,

800°C and lOOO^C respectively. Compared with standard free energies 

these correspond to differences of +1.85 kJ/mol, + 1.30 kj/raol and 

+0.30 kj/mol. Thus the differences are of the same sign but smaller 

magnitude than those within this thesis.

The equilibrium over Ni catalysts has been studied by Rostrup- 

Nielson (133) in the range 450^0 to 700°C. Once more the observed 

values of Kp differed from standard values. However, the difference 

is of opposite sign to that given above. Deviations were reduced 

with increase in temperature and varied with the catalyst used. Compared 

with free energies calculable from Appendix A the range of excess free 

energies was -7.1 to -16.2 kJ/mol at 500^C and -4.6 to-11.8 kJ/mol at 

600°C.
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In the above experiment carbon was deposited as filaments 

whose radii varied with the catalyst used. It was possible to 

divide the excess free energy into two components,(i) due to the 

radius of curvature of the filament and (ii) due to the deposition of 

disordered carbon. Both of the above influences contribute to the 

sign of the free energy difference. However, in the present study the 

deviation is of opposite sign so that an explanation in terms of 

deposition of a disordered carbon is not tenable here.

The differences found can arise from either deviations from 

ideality in the gas phase or within the solid. For the conditions of 

interest, lUPAC tables (134) show that the fugacity coefficient (f/P) 

of CO2 is very close to unity, e.g. at 4.OMPa, HOOK the coefficient is 

1.008. The highest temperature within the tables, HOOK, was limited 

by the formation of graphite in the apparatus. However, a large change 

in the fugacity coefficient would not be anticipated for the small 

extrapolation necessary in temperature. There is less information on 

CO at high pressures and temperatures. From the principle of correspond

ing states (135) the fugacity coefficient should be between 1.00 and 1.01. 

The behaviour of CO2/CO mixtures has not apparently been studied. If 

the Lewis and Randall rule (e.g. 136) holds i.e. that the fugacity of 

each constituent is given by its mole fraction multiplied by the fugacity 

it would exhibit as a pure gas at the same total pressure, then deviation 

from ideality would be neglibily small. Deviations from the Lewis and 

Randall rule have been observed due to interactions with ^-bonded molecules. 

Such errors are associated with large deviations from ideality in the 

individual gases, and should not be applicable in this case. Thus, 

although there are no direct measurements under the experimental conditions, 

It is unlikely that deviations from ideality can account for the observed 

values of K^
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For the solid, observed differences between enthalpies of 

different carbons are very small, both in standard enthalpies (137) 

and in the variation of enthalpy with temperature (138) . For 

standard heats of combustion a difference of only -60 J/mol was found 

between nuclear graphite (PGA) and spectroscopic graphite.

Similarly, the difference in ^298K electrographite

and natural graphite was only 240 J/mol. In the latter work enthalpy 

differences for non-graphitising PVÜC carbon were almost identical 

to those for graphites. Such differences in enthalpy are per se much 

too small to account for the observed effects.

The above determinations of enthalpy are by calorimetric methods 

and are thus relevant to bulk material. Within a kinetic study only 

the properties of the surface of the material are being measured. 

Furthermore, since the reactions in graphite occur only at edge sites 

within the surface, the kinetic measurements refer to an equilibrium 

constant relevant only to those edge sites.

Abrahamson (62) has shown that, expressed in terms of moles of edge 

sites, the enthalpy of formation of edge sites is large and endothermie 

(+ 240 KJ/mol). The excess surface enthalpy associated with the basal 

planes is much smaller ('V 0.3 kJ/mol). Entropies are not as well defined 

but are estimated at 2 J/mol K for edges and 0.14 J/mol K for basal 

planes. The overall contributions to the bulk thermodynamic properties 

are only small because the total surface is generally relatively low.

It should be noted that Hawtin et al (137) were able to observe a change 

in heat of combustion with increase in graphite surface area.

Within the oxidation study, if every edge site removed produced an 

identical site, the free energy change would be that measured for bulk 

material. However, if removal of an edge site changed the nature of
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the surface in any way, the observed free energy change would be 

modified by an amount corresponding to the free energy requirement of 

the change in surface nature.

The direction of the observed deviation from ideal behaviour is 

such that, if the above explanation is applicable, oxidation is increas

ing the number of edge sites. By the principle of microscopic 

reversibility deposition must be reducing the number. This is 

supported by previous studies (103) which showed that the reactivity 

per unit surface area for EYC9106 graphite was increasing at 10% 

weight loss.

If the values of surface energies found by Abrahamson are applied 

uniformly to all edge sites, then the observed difference of 9 kJ/mol 

corresponds to the production of approximately 1.04 moles of edge 

sites for every mole of edge site oxidised. The required increase is 

not large. If there are a range of site energies then the extra 

number of sites necessary to account for the difference may vary.

An increase in edge sites could occur if, for example, oxidation was 

occuring primarily at expanding etch pits or screw dislocations.

From the above mechanism the observed value of depends upon 

the number of edge sites formed upon reaction. This will probably vary 

between graphites and will also vary for a particular graphite sample 

with weight loss as the reactivity per unit surface area varies. 

Typically, at low weight losses the reactivity is increasing and so 

deposition will be relatively favoured, whilst at high weight losses 

reactivity often decreases favouring oxidation. This change in 

properties should be amenable to experimental study. It should be noted 

that the observed 9 kJ/mol difference corresponds to "average"
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behaviour of results normalised to 10% weight loss. At least some of 

the scatter in the influence of CO as equilibrium is approached is 

probably, in retrospect, due to differences in for different 

experimental determinations.

In summary, the deviation from ideal behaviour of the equilibrium 

constant inferred from kinetic measurements is explicable in terms 

of the excess energy associated with the surfaces under study. The

measured numerical value merely reflected the average state of the

surfaces at the time of measurement.

6.3.2 Application of Simple Kinetic Equations

Having established the equilibrium constant it should be possible 

to improve the estimation of the rate constant k in eqn.(6.1) under 

conditions where the simplified kinetic equation applies. If the 

equilibrium constant, is extrapolated assuming a constant free energy 

difference (between the experimental value and that from standard 

thermodynamic data), then those points for which equilibrium influence 

was significant can be eliminated. An estimated reduction in rate by 

5% has been used as the measure of significance. Thus, none of the data

at 1.1 MPa, 50 %C0 and 4.1 MPa, 22.5 %C0 have been used. Also at 1.1 MPa,

39.4 %C0 only a single point can be included and at 0.55 MPa, 50% only 

two points are not significantly influenced. The estimated rate constants 

according to eqn. (6.1) for those points not considered to be influenced 

by equilibrium- are shown in Table 5.5 in italic type. 0.25 MPa data 

have not been considered.

Applicability of the simplified kinetic equation has been assessed 

by initially assuming the equation to apply, estimating the rate constant 

for each observed oxidation rate and then testing the applicability of
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a single Arrhenius plot to these groups of data using an analysis of 

variance. The data at 2.1 MPa, 5.6 %C0 have been excluded since 

the large standard error of this group prevents the analysis of 

variance procedure being applied (the groups of data fail Bartlett’s 

test). Similarly the single point at 1.1 MPa, 39.4 %C0 and the two 

points at 0.55 MPa, 50 %C0 have not been included.

From the analyses it can be shown that, with inclusion of the 

data at 0.55 MPa, 22.5 %C0 and 5.6 %C0 and 4.1 MPa, 5.6 %C0, the data 

as a whole cannot be represented as a single straight line. Table 

C.23 shows the analysis with 0.55 MPa, 22.5 %C0 data. If these data 

are excluded the remaining 50 data points can be represented by a 

single straight line (Table C.23). The data are now predominantly 

those obtained at 1.1 MPa. The inclusion of the three extra data 

points from above in the overall estimation of Arrhenius parameters 

has an insignificant effect, for example, it changes the activation 

energy from 474.2 to 474.3 kJ/mol. The temperature dependence of the 

constant k and estimates of its value at different temperatures are 

given in Table 6.3. The 95% confidence limits for k are much narrower 

than those for the individual groups of data given in Chapter 5, 

representing a spread of only ±3% about the mean at 900°C.

Thus the simplified equation has wide validity within the kinetic 

experiments. It will be shown in Section 6.5 that the equation is also 

valid for conditions beyond the experimental chemical control boundary 

and thus has more general applicability. Compliance with the equation" 

does not per se imply agreement with any particular mechanistic pathway 

or group of assumptions e.g. both Langmuir-Hinshelwood mechanisms A and 

B could give eqn. (6.1). However, from the review of previous work
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TABLE 6.3 Summary of Regression Parameters from determination 

of the Overall Rate constant (k).

(a) Parameters for Arrhenius Plot 

Number of points 

Critical Value of t^

Intercept (2nAg)

Gradient ^A/R

Giving,activation energy

with 95% confidence limits

53

2.01

47.244 (Std error 0.356) 

57,047 (Std error 426) (K)

474.3 kJ/mol 

481.4, 467.2 kJ/mol.

(b) Estimation of Rate Constant at different temperatures.

Temp
°c

%n(k) Std error 
in k, sg

+95% 
conf. limit

— *1 — 1 k/lO ^gg \ -95% 
conf. limit

800
850
900
950
1000

-5.9142
-3.5477
-1.3830
0.5991
2.4365

0.04334
0.02410
0.01668
0.01722
0.02654

0.00295
0.0303
0.259
1.885

12.06

0.00270
0.0288
0.251
1.820

11.43

0.00248
0.0274
0.243
1.759

10.84
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and from the discussion within Section 6.3.1.2. the general features 

of mechanism B would appear to be the more probable. This equation would 

only apply for a Langmuirian surface under limiting conditions. One 

of the necessary conditions is that the oxygen exchange reaction is at 

equilibrium., the same assumption used by Grabke in deriving eqn. (6.1) 

as a limiting form. In keeping with these conclusions, the observation 

of the simple kinetic equation is assumed to imply oxygen exchange 

equilibrium without any reference, at this stage, to the nature of the 

surface.

A modification of. the basic kinetic scheme above is inevitable as 

equilibrium is approached, in this instance all mechanistic steps must 

be considered reversible. It has been assumed that the data used to 

establish the equilibrium constant comply with eqn. (6.2) close to 

equilibrium, although no restriction was placed on the data above 900°C 

and no attempt was made to determine accurately the constant k.

Equation (6.2) is due to Grabke, but can again be derived as an extreme 

form of Langmuir-Hinshelwood kinetics using equation (2.28) due to 

Temkin (60). If mechanism B approximates to eqn.(6.D well away from 

equilibrium, then eqn.(2.28)will approximate to eqn.(6.2)close to 

equilibrium. Importantly, this scheme will once more apply under 

limiting circumstances without any reference to the exact nature of the 

surface; the only extra mechanistic step is the required overall 

reversibility.

Having established k and the applicability of the two constants 

and eqn. 6.2 can be tested, particularly for groups of data not 

included within parameter estimation. However, since the use of the two 

constants effectively removes the curvature which was not treated in 

the simple temperature extrapolation of individual groups of data, some
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error may be expected. Thus at 1.1 MPa, 50 %C0, 1000 C the rate 

predicted from mean values of k and lies outside the 95% confidence

limits for the simple extrapolation (Table C.17). This is due to 

overestimation of the rate at high temperatures in the original 

extrapolation. At 950°C and 900°C i.e. towards the centre of the 

experimental range, new and old estimations of rate are in agreement, 

but at 850°C simple extrapolation beyond experimental limits over

estimates the rate. The disagreement is not due to a failure of the 

kinetic model but a failure of the initial method of temperature 

extrapolation. Fig. 6.8 illustrates this effect for data at 1.1 MPa,

39.4 %C0. The figure compares (i) experimental data, (ii) a simple 

linear Arrhenius equation and (iii) the predictions from eqn. (6.2)

The improved fit at high temperatures and the curvature in the Arrhenius 

plot, due to the approach to equilibrium as given by eqn. (6.2), are 

clearly visible.

For all other 1.1 MPa data and all 2.1 MPa data the mean constants 

above give agreement with individual estimates of rate. At 0.55 MPa 

the data for 50 %C0 are in good agreement, that at 22.5 %C0 differs 

only outside the experimental temperature range, but at 5.6 %C0 the 

differences in rate are significant above 880°C. All 0.25 MPa data are 

lower than those predicted. For 5.6 %C0 and 22.5 %C0 this is not 

surprising, but for 50 %C0 data it demonstrates that the apparent 

agreement between low and high pressure studies at low temperatures 

was due to the differences in approach to equilibrium.

The results obtained at 4.1 MPa are more confused. For 5.6 %C0 

the mean predicted rates at 'v900°C and above are significantly higher 

than those observed,whilst for 22.5 %C0 the predicted rates at 950°C
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and 900°C are significantly lower than observed i.e. there is no 

obvious systematic trend.

Thus, once the influence of the approach to equilibrium has

been isolated, it is possible to combine much of the data to give

an improved estimate of the gasification constant k. This procedure 

considerably reduces the estimated error in k compared with individual 

estimates in Chapter 5. Using the mean values of k and values of 

Kp extrapolated as given in Section 6.3.1, it has been shown that all

the data at 1.1 MPa and 2.1 MPa together with that at 0.55 MPa, 50 %C0

can be described by eqn. (6,2 ). Important deviations from this equation 

are found at 0.25 MPa and also at 4.1 MPa. These deviations are 

considered in the following sections.

6.3.3. Oxidation at 4.1 MPa Total Pressure

Statistical analysis of results at 4.1 MPa suggested that there 

may be differences in rates compared with mean rates, based largely upon

1.1 MPa studies. However, the lack of a consistent trend within the 

data, i.e. an apparent increase in rate at 22.5 %C0 and a decrease in 

rate at 5.6 %C0 relative to the lower pressure results, suggests that the 

differences may not be real. The similarity of the Arrhenips equations 

at 5.6 %C0 for all pressures, except 0.25 MPa, has been demonstrated in 

the compensation plots given in Section 6.2. Two other aspects 

should be noted, (i) the rates at 4.1 MPa are not independent of those 

at 2.1 MPa, only independent of the mean behaviour as given by eqn. (6.2) 

and (li) the deviations of the 4.1 MPa data from mean behaviour are less 

than 30% over the entire experimental range.
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The statistical analyses assume that all errors are normally 

distributed. The presence of non-normal errors e.g. a systematic 

error, could invalidate the analysis. It is considered that the 

observed standard errors did not reflect the much greater difficulty 

associated with experiments at 4.1 MPa. Thus, although both rapid 

noise due to convection and long term drift within the microbalance 

increased dramatically compared with 1.1 MPa studies, the standard 

error for oxidations in 5.6 %C0 was 0.092 at 1.1 MPa and 0.085 at

4.1 MPa.

From the above there is some doubt about the reality of the 

deviations of oxidations at 4.1 MPa from the mean behaviour. Such 

dcubts would be best answered by improved experimentation.

A small reduction in rate at high pressures and low CO concentrations 

has been found by Board and Billinghurst (65) but was not observed by 

Blackwood (66) at similar pressures and gas compositions but at higher 

temperatures and with a much smaller sample size.

That the reduction in rate occurred only at low temperatures 

suggests that the effect could be due to the approach to equilibrium in 

Board and Billinghursts’s studies. Under these conditions and thus 

the CO concentration at equilibrium are much smaller than at high 

temperatures. In separate experiments, at 800°C and for CO concentrations 

greater than 0.7%, Board found that the oxidation rate was inversely 

proportional to CO concentration, i.e. away from equilibrium eqn (6.1) 

can be applied. If, as found in the present work, eqn. (6.2) can be 

applied as equilibrium is approached, then the above hypothesis can be 

tested.

At 715°C Kp is 1.37 so that for 2.9 MPa, 2 %C0 the reduction in 

rate using eqn. (6.2) would be only 0.8% compared with eqn. (6.1). It 

has been found Chat the value of Kp from standard thermodynamic data 

need not apply. Using the free energy difference found in Section 6.3
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gives an effective equilibrium constant of 0.46. This implies a 

reduction in rate of 2.5%, which would not be detectable. However, if 

CO accumulated due to diffusional limitations, the influence of 

equilibrium would quickly become significant, e.g. for 4% CO the 

reduction in rate using eqn. (6.2) would be 11% compared with eqn. (6.1) 

Under these conditions the effectiveness factors for internal mass 

transport would be lower than predicted by the simple kinetic equation.

The exact sample size and diffusivity are not given by Board and 

Billinghurst so the influence of diffusion can only be estimated using 

typical values. Assuming simplified kinetics, eqn. (6.1), a diffusivity 

ratio of 0.01 and a sample characteristic dimension of 5mm, the 

effectiveness factor for oxidation at 715°C, 2%C0, 2.2 MPa would be 

0.3. Thus some accumulation of CO is postulated. When combined with 

the approach to equilibrium the effectiveness factor would be further 

reduced causing a reduction in observed rate.

Whilst the calculations above are obviously speculative, they 

demonstrate that the approach to equilibrium is capable of causing a 

rapid reduction in reaction rate at high pressures, particularly when 

combined with accumulation of CO in the porosity.

6.3.4 Deviation from the Simple Kinetic Equations

At low pressures it is found that the simplified kinetic scheme is 

no longer applicable. The deviation is greatest for low CO concentrations 

Qualitatively this is explicable in terms of the oxygen exchange mech

anism. As the pressure is reduced the rates of the oxygen exchange 

steps fall so that eventually they are not apb&ciably faster than the 

desorption step. Thus oxygen exchange equilibrium is not established 

and the oxidation rate depends upon the concentration of a steady-state 

surface oxide. Quantitatively the results can be compared with those 

obtained by other workers, generally at lower pressures and with 

different graphites.
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The results from this study do not fit a Langmuir-Hinshelwood

description of the kinetics. This is illustrated in Fig. 6.9 which
1 1  Pplots /Rate against for constant CO/P^^ (=0.059) as given

by eqn. (2.21). However, since the kinetics can be reduced to eqn.(6.1) 

under most experimental conditions within this study, application of 

such a plot is difficult.

Similarly, the results can be compared with kinetic schemes which 

can be considered to be simplified Langmuir-Hinshelwood kinetics.

Thus,Rao and Jalan (21) considered the equation,

k ^co^/p
Rate =      (6.23)

1 + X 'co,/Pco

kwhere from Langmuir-Hinshelwood kinetics, y is 3/k^.

This expression has been used by Ergun and Menster (26) to describe 

oxidation of a Langmuirian surface for which oxygen exchange is at 

equilibrium and by Grabke as an empirical approximation for isobaric 

experiments when oxygen exchange is not at equilibrium. If we use 

values of k from higher pressure studies, when the kinetics simplify 

to eqn. (6.1), then values of x can be obtained. These should depend 

only on temperature, and for Grabke’s study total pressure. For 

studies at 0.25 MPa,900*^0,x is 0.104, 0.179 and 0.569 for 5.6 %C0,

22.5 %C0 and 50 %C0 respectively. The values are independent at the 

95% confidence level. Similar differences are found for other 

temperatures. The values of x found are an order of magnitude greater 

than those given by Grabke, but in better agreement with those found 

by Ergun and Menster or calculable from Strange (11). (e.g. Strange’s 

data gives x = 0.09 at 900°C). Thus, although the kinetic scheme is 

not applicable, the magnitude of the effects are comparable with some 

published work.
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The reaction scheme has also been written as:

?C02
Rate = r— =—    (6.24)

2 CO

Blackwood (66) described his high pressure results (for less than 

1.2%C0) in this manner. The results from this study do not fit eqn. 

(6.24) well. This can be demonstrated by rearranging eqn. (6.24) as

Rate k^

Plotting ^CO^/Rate against for 900°C data does not give a straight 

line. The data at 0.25 MPa fall well away from the remaining data, 

which are apparently well represented as eqn. (6.1). The fall in rate 

as pressure is reduced is too great to be described by eqn. (6.24).

The most detailed non-Langmuirian description of the observed 

kinetics is that due to Grabke (32) . He considered the oxygen exchange 

reaction rate constants to be functions of the oxygen activity (â ) 

and found them to be representable experimentally as powers of the 

oxygen activity. Thus, by comparison with the Langmuir-Hinshelwood 

description,
m

i^(l- e) E k^a^ ......  (6.25)

e 5 k^a^’- “ ......  (6.26)

For the overall steady-state rate, away from either oxygen exchange

equilibrium or the Boudouard equilibrium, this gave

m 1+m
*̂1 %  ?C02 ■ h  %  ?C0 - 2̂ = 0   (6.27)

This equation can then be solved to obtain a^ under reaction conditions 

and hence the overall rate (k^ a^). Conversely, in our case, a^ can

\
1 ^ 0  ' S i  b V  e  ( " e x t e  C o cî> r  C o c f  r
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be calculated from the known rate and the constant k^ obtained from 

higher pressure studies. Thus from two different gas compositions 

m and k^ can be determined. It should be noted that a value of m of 

zero gives eqn. (6.24) and eqn. (6.23) has been used empirically 

for isobaric experiments when m was close to -0.5. Therefore values of 

m close to the above would not be anticipated to be solutions to eqn. 

(6.27).

Using data at 0.25 MPa, 5.6 %C0 and 22.5 %C0 it is possible to 

estimate m and k^ and use these estimates to predict the rates of 

reaction at 0.25 MPa, 50 %C0 and 0.55 MPa, 5.6 %C0, where the kinetics 

vary significantly from the simple kinetic equations. Under some 

conditions, most notably for 50 %C0, the approach to the Boudouard 

equilibrium must be considered. Eqn. (6.27) then becomes

^1 ^o “ ’“̂l ^0 ^CO "*2 ^*0 " " 0   (6.28)

The predicted values of a^ and rate at 850°C, 900°C and 930°C are 

given in Table 6.4 and compared with those observed. Table 6.4 also 

gives the values of m and k^ obtained. 930°C is close to the maximum 

temperature used experimentally for 5.6 %C0. No comparison is made 

for data at 0.55 MPa, 5.6 %C0, 850°C, since under these conditions 

the results are not significantly different to those predicted by the 

simplified kinetic equation.

The rates predicted for0.23 MPa, 50 %C0 are in very good agreement 

with experiment, although there is a trend for the predicted values 

to move from higher to lower than the observed value with increase in 

temperature. The equations obtained are thus useful,at least for 

interpolating within gas compositions, at 0.25 MPa.

The predictions for 0.55 MPa studies are not in good agreement 

with results. Although a deviation from simplified kinetics is
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correctly predicted, the magnitude is overestimated. The observed 

reactivities correspond to a higher oxygen activity and would be 

better described by a larger value of m.

The amount of data that could be obtained under conditions 

at 0.55 MPa for which eqn. (6.1) did not apply was very limited 

experimentally. It is thus difficult to determine whether the differ

ences between results and prediction represent a real failure in the 

model, or are attributable to an experimental error for the particular 

sample oxidised at 0.55 MPa, 5.6 %C0. However, it should be noted 

that the model would also slightly underestimate rates at 1.1 MPa,

5.6 %C0 but would correctly predict the rate at 2.1 MPa, 5.6 %C0.

Whilst the above approach cannot be considered to be a complete 

description of the overall kinetics, since it fails to extrapolate 

correctly in total pressure, it demonstrates a significant difference 

between this work and other studies. In this case, the "rate 

coefficient” for the forward step in oxygen exchange increases with 

increase in oxygen activity, i.e. the chemisorption of oxygen is 

enhanced by the presence of chemisorbed oxygen. This contrasts with 

Grabke's findings in which increasing oxygen activity generally 

inhibited exchange and also differs from the Langmuirian description 

in which increasing oxygen coverage inhibits the forward rate by 

reducing site availability. Thus the graphite surface used does not 

meet the Langmuir criterion that there is no interaction between sites,

The observation, from experiments interpreted using Langmuir- 

Hinshelwood kinetics, that the oxygen coverage at a given gas 

composition increases with increase in temperature could however, 

explain the increase in the exponent m with temperature. If oxygen 

exchange at any temperature is enhanced by an increase in chemisorbed 

oxygen due to a gas composition change, then the enhancement should 

be greater as the amount of chemisorbed oxygen increases with
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temperature. Within the oxygen activity model used by Grabke, the
puse of a standard state for a^ of 1 when is 1 removes any

consideration of the actual concentration of oxygen on the surface, 

preventing conclusions^ as that above. The increase in m appears 

merely as an empirical function and can be seen, in this context, 

as a weakness of the model.

The observed dependence of rate on gas composition in the 

0.25 MPa studies gives an insight into the rapid departure of the 

kinetics from those found at higher pressures i.e. when oxygen 

exchange is at equilibrium. Once the gasification step begins to 

compete with oxygen exchange, as the pressure is reduced, the overall 

oxygen activity drops. However, from the above constants the oxygen 

exchange rate will then fall, reducing oxygen activity,and thus 

oxidation rate,still further.

The differences between this and other studies could arise for 

a wide variety of reasons. Other studies have been for different 

graphites at generally much lower pressures. As has been noted 

previously, many studies may not have been free from mass transport 

influence. In addition, many studies have assumed Langmuir-Hinshelwood 

kinetics and analysed the results accordingly, so that effects such 

as those described above may not have been detected.
pGrabke worked at lower CO^/P^g ratios and thus at much lower

o Poxygen activities than the present work. At 800 C his range for

was 0.4 to 2 and at 900°C was 0.2 to 6, whereas in this study we have

considered values of 3.4 and 16.9 primarily at 900°C. Thus the two

studies are different experimentally.

An increase in oxygen exchange with increase in oxygen activity 

has been observed but not explained in Fe-doped graphite at 785^0 (32).
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In the experiment, reactivity was found to be independent of oxygen 

activity and exchange inhibited by increasing oxygen activity, whilst 

Fe was the catalytic state. As ^CO^/p ^q was increased FeO became the 

stable species and gasification dropped dramatically. At this stage 

exchange began to rise as ^COg/p^Q increased. The increase was 

compatible with m equal to 0.3. This effect cannot be attributed to 

the presence of FeO since, in separate experiments (139), exchange 

on FeO was found to be inhibited by increasing oxygen activity. FeO 

has been observed by other workers to have little or no overall 

catalytic activity (7). Further explanation of the increase should 

therefore be sought.

On the molecular level at least two possible, but not necessarily 

exclusive, mechanisms for the increase in oxygen exchange can be 

postulated.

Due to its electro-negativity, oxygen chemisorbed on the surface 

would be expected to be electron withdrawing such that the remaining 

surface sites would tend to be relatively positively charged and 

therefore more reactive towards the relatively negatively charged 

oxygen atoms of CO^.

The coverage of active sites would be anticipated to be high 

within these studies. For example at 0.25 MPa 900°C the data of 

Strange would predict 9 = 0.23 at 22.5 %C0 and 9 = 0.59 at 5.6 %C0.

In addition for electrode graphite the active surface (edge sites) 

represents a significant fraction of the overall surface. If the 

oxygen atom is chemisorbed as a carbonyl structure, then considerable 

modification of the electronic structure of graphite close to its 

surface could be anticipated. At high coverage the effect of such 

a change would be to reduce the degree of delocalisation of the
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graphite structure and hence increase the reactivity of the remaining 

sites. However, a detailed description of both the surface sites, 

possibly extending the models due to Coulson, and the state of 

chemisorbed oxygen is required before more detailed discussion of the 

influence of chemisorbed oxygen on the kinetics is possible.

Although the general features of the deviations from the simple 

kinetic scheme have been identified this has not produced a simple 

rate equation for oxidation under all conditions. Thus,it is apparent 

that oxygen exchange may not show a strictly fnvztional order depend

ence upon oxygen activity. The dependence upon gas composition is 

obviously a complex function of, at least, temperature and overall 

pressure. The comparatively limited number of results departing from 

the simple kinetic equation do not permit resolution of a complex 

kinetic system.

From Chapter 2 it is apparent that, experimentally, there are a 

number of different sites for both chemisorption and gasification and 

that the sites are not energetically independent. The energies of 

desorption are a function of coverage and previous sample history.

The observation of transients within this study is a further demonstration 

that oxidation can be very dependent upon sample history. Surface 

oxygen mobility has been shown to be important. In addition, from CO 

exchange studies (Section 6.3.1.2.) it was noted that the number of 

sites is not constant, being at least a function of temperature. The 

above effects are not a complete list and are not necessarily independent. 

They merely represent some of the previously identified complexities 

of a system commonly described by one type of independent mono-energetic 

site. i.e. by Langmuir-Hinshelwood kinetics. It should also be 

remembered that reactivity often varies with weight loss and therefore 

the relative importance of aspects of the above effects may also vary.
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Once the instantaneous reaction system is not represented by 

Langmuir-Hinshelwood kinetics it is much less apparent that changes 

in reactivity with weight loss can be treated simply as an incremental 

series of steady-state reactivities. Thus,variations analogous to 

the changes in activation energy and CO/CO2 product ratio with weight 

loss, observed for the C/O^ reaction, may be anticipated (140), (141).

Given the complexity of the interaction with the surface and the 

probable complex nature and variability of the surface of polycryst

alline graphite, a general, simple description applicable to all 

graphites under all oxidation conditions does not appear possible.

The variation in results between different studies under different 

conditions can be seen, at least in part, to be a manifestation of 

real differences in kinetic behaviour of different graphite surfaces. 

However, under limiting conditions, simplification may enable kinetic 

schemes of restricted application to be derived. One obvious 

simplification is the occurrence of the oxygen exchange reaction 

equilibrium, since only one mechanistic step controls the surface state.

Thus, within Section 6.3.2. using the above simplifying assumption, 

eqns. (6.1) and (6.2) were considered to apply without any reference to 

the nature of the surface. In this section the nature of the surface 

has been defined. The rate constants from eqns. (6.1) and (6.2) have 

been used to help establish a kinetic scheme when the simple kinetic 

equations are no longer applicable. The results obtained are 

explicable in terms of competition between exchange and gasification 

to determine the state of the surface oxygen. The oxygen exchange rate 

coefficients are found, for the first-time, to increase with increase 

in chemisorbed oxygen. The surface behaviour and form of the rate
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equations are considered to apply, primarily, to the particular 

graphite and the particular conditions of the oxidations.

6.4 Transient Oxidation

6.4.1. Comparison with Previous Results

From comparison with transients observed by other workers, 

the applicability of previous models to the present work can be 

assessed. Shelef (13) has reviewed this topic in some detail. Thus, 

the features of other work will only be discussed briefly.

Transient oxidation rates have been observed in the C/O^ reaction 

by Bonnetain et al (142), Hennig (143) and by Lang et al (144) and in 

the C/COg reaction by Tonge (145), Sykes and Thomas (146), Shelef (13), 

(16) and Rellick et al (17) . The most detailed experimental study 

is that due to Shelef.

One common feature of these studies is that transients are only 

observed under conditions free from contamination. Thus, severe out- 

gassing has been used to remove all contamination and original surface 

oxide, before admission of well purified reactant. The absence of a 

transient in this study in the presence of a high concentration of 

is in agreement with this effect.

Shelef showed that, although his transients were rapdily quenched 

by 6Pa H2, 0.3 Pa was insufficient for that purpose. In addition,

CO could prevent the occurrence, but not the decay of a transient. In 

the present work IPa hydrogen was probably insufficient to prevent 

the transient. The ability of minor contaminants to influence the 

transient emphasises the difficulty of constructing a detailed model 

of their formation from the very limited experimental observations.

For example, it is not possible to state whether hydrogen was more 

efficient at quenching transients at 880°C,thus preventing observation, 

or whether transient formation at 880^C was fundamentally not possible
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for the particular graphite and gas composition, as given by the 

major gases.

In contrast with Shelef’s results, CO did not prevent transient 

formation, but a high concentration (50 %C0) was necessary for their 

occurrence. An increase in CO concentration is analogous to out- 

gassing, in that it removes surface oxide, presumably leaving active 

sites. Assuming, for illustrative purposes, a Langmuir-Hinshelwood 

model and oxygen exchange equilibrium the conditions of 50 %C0 and 

temperatures of 850°C and below give the lowest coverage of any 

experiments in this work. Using data from ref. (11) gives a fractional 

coverage (8) of 0.1193 at 950°C, 50 %C0 and 0.0514 at 850^0, a change 

in coverage (40) of 0.0679. Tonge has induced enhanced oxidation

rates at 850°C in CO2 by removing surface oxide by pretreatment wi th

CO at 300°C.

The transients in this study persisted for a carbon weight loss 

equivalent to 10 BET surface areas, even if it is pessimistically 

assumed that all the area were basal area. This is comparable with the 

results of Shelef, Lang et al and most probably Rellick et al, but 

differs from those of Bonnetain and Hennig, whose excess reactivity 

lasted for less than one monolayer removed.

However, the magnitude of the transient is much greater than
3observed previously. The maximum rates were 3 x 10 higher than the 

predicted steady state rates. This compares with maximum increases 

of 20-50 elsewhere and only 2 found by Lang et al and Tonge. Shelef 

reports that the activation energy for transient oxidation is less 

than for the steady state, but this difference would give transient 

rates (if they could be observed at 850°C under his conditions) 10^ 

higher than his steady-state rate.
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The temperature for formation of transients, 850°C, is lower 

than that used by Shelef and Rellick et al but identical to that of 

Tonge. Whilst the temperature is important for transient formation 

in a particular study the optimum conditions for observation of 

transients are apparently dependent upon the method used to produce 

the active surface. Thus it is considered possible that removal 

surface oxide by CO in Shelef's case could have produced transients 

at different temperatures. In summary, the transients observed in 

the present work have many features in common with those found 

previously, but significant differences are the magnitude and the 

apparent ease of formation in this case.

6.4.2. Possible Explanations of Transient Oxidation Rates.

6.4.2.1. Catalysis

For catalysis to be important would require that some substance 

became catalytic only on reducing the temperature to 850°C in 50 %C0 

and should therefore be associated with a change in properties e.g. 

change in oxidation state of a metal. Since there are a large number 

of materials which can act as catalysts in different chemical states 

and which may be important at very low concentrations, it is difficult 

to reject totally any mechanism based upon catalysis. However, the 

possible influence of some well known catalysts can be excluded.

For the metal oxides an Ellingham diagram e.g. (147) shows that 

of the common catalysts there are no oxidation state transitions close 

to 850°C, 50 %C0. Thus nickel is always reduced and would, if present, 

catalyse the reaction at temperatures other than 850°C. For iron to 

be a catalyst the gas composition within the sample must change some

what. Walker, Shelef and Anderson (7) have studied the catalysis in 

detail. Of the possible species of interest, Fe is a very good catalyst,
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FeO has some catalytic activity and Fe^O^ is not catalytic. From

thermodynamic data(148) FeO is the stable entity at 850°C, 50 %C0.

For Fe to be formed at 850^0 the CO concentration would have to rise

to 67% and for Fe-0, to be formed would have to fall to 20 %C0.5 4
It should be noted that there is no obvious change in behaviour for

samples oxidised in low CO i.e. where FeO should be converted to Fe^O^

so FeO is either not sufficiently catalytic or not present in sufficient

quantities within the graphite.

Gas compositon changes could occur within the graphite as the

coverage changes. The excess surface oxide present at high temperatures

can either desorb as CO or exchange with CO at the lower temperature.

From Strange (11) the exchange reaction at 0.25 MPa, 50 %C0, 850°C
2would be a factor of 4 x 10 more rapid than desorption. Grabke's data

2shows that exchange would be a factor of 10 more rapid than desorption

at lOOO^C and that this difference would increase as temperature was

reduced. Since exchange is predominant the gas composition will tend 

to lower CO concentrations. Therefore, it does not seem possible to 

form catalytic Fe during the decrease in temperature.

6.4.2.2. Changes in the Coverage of Surface Oxide

Since a reduction in temperature will result in a reduction in 

coverage the influence of this on the transient should be considered.
o  oFrom Strange (11)/̂ change in fractional coverage between 950 C and 850 C

2is 0.0694 (Section 6.4.1.). Even if all the BET surface area (1 m /g at

10% weight loss, 103) is assumed to edge area the maximum weight loss
-2due to desorption as CO would be 5 x 10 “mg, much less than the observed 

excess weight loss. Since the exchange reaction will predominate and 

not all the BET surface area will be active, the actual weight change 

should be much less. Thus the change in coverage does not account 

for the observed transient.
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The time taken to change the coverage and to change the gas 

composition will depend upon the rates of oxygen exchange and of 

diffusion with the sample. The extreme cases of diffusion of gases 

into the sample following an instantaneous change of gas composition 

due to the change in coverage, or the time to change coverage at 

constant gas composition can be easily treated.

If all of the BET area at 10% weight loss is active edge area 

then the maximum concentration of surface oxide is 1.5 x 10  ̂moles/cm^ 

where the volume is that of the porosity. From the fractional cover

ages given in Section 6.4.1. the gas composition at 0.25 MPa would 

change from 50 %C0 at 950°C to 35.8%CO at 850°C if the change were 

instantaneous. The fractional coverage changes relatively little 

(9 = 0.0922) on this basis, as the change in coverage and gas 

composition within pores come rapidly to equilibrium. The time for 

diffusion from the exterior to bring the gas composition back to that 

of the bulk can be estimated from solutions given by Crank (149) .

It is assumed that the sample can be represented as an equivalent 

sphere (radius 0.5 cm). Crank gives solutions for diffusion within

a sphere in terms of two groups C - C-| and Dt where C is the
Co - C, ^2

concentration at centre at time t, Cq , C^ are surface and initial

concentrations, D is the effective diffusivity, a is the radius and

t the time. From the graphical solutions given, C - C^/C^-C^ is 0.96 
2when Dt/a is 0.4. Using gas composition data from above and diffusion 

data from Chapter 4 the solution implies that the gas composition 

at the centre of the sample will rise to 49.4 %C0 in 9s.

An estimate of the time taken to change coverage (9)at constant 

gas composition, can be found simply from eqn. 2.6, since exchange has 

been shown to be dominant. Under these conditions
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(6.29)

which gives

t = 1 iln
^^1^C02 (ilPcO; ' ji?Co) " -ilPcOz

... (6.30)

where 9^, 9 are coverages at time 0 and t respectively. From 

Strange’s data, the time taken to reduce coverage to 9 = 0.0520 is 

13 s.

The interaction between diffusion and change of coverage will 

be more complex than the above extremes; a consequence of the 

comparable time scales. However, the period over which the reaction 

system should adopt the steady-state 850°C conditions will be of the 

order of tens of seconds. This is faster than the time for temperature 

change within the rig and can thus be ignored in terms of total 

transient time (more than 5 x 10^ s). Although the above discussion 

considers only changes in coverage due to a change in temperature, 

the conclusions apply equally well to the transient observed on change 

of gas composition at 850°C, In this case, (22.5 %C0 initially) the 

starting coverage using Strange’s data would be 9 = 0.157.

Thus any explanation of the transient cannot simply invoke rig 

and sample gas composition changes on the basis of Langmuir-Hinshelwood 

kinetics. A kinetic transient of the type observed cannot be explained 

in terms ofaLangmuirian surface, since it must imply at least a 

change in site energy or in number of sites. The occurrence of the 

transients is, therefore, further evidence for the heterogenous nature 

of the surface.
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6.4.2.3. The Model due to Shelef.

The explanation of transient behaviour given by Shelef was 

that, on admission of CO2 following severe outgassing, two different 

surface oxides could be formed, either a reactive oxide responsible 

for transient oxidation or a more stable oxide which contributed 

only to the much lower steady-state oxidation. The reactive 

oxide was assumed either to gasify to free a site which would form 

more reactive surface oxide or to be transformed to a _ stable 

oxide. Competition between the alternatives determined the shape 

of the transient. In addition, to explain other results, it was 

necessary to postulate that during the steady-state oxidation much 

of the surface oxide present was stable and did not participate in 

the oxidation.

For such a scheme to apply in this case, the sites which form 

highly reactive oxide must be those which would form either (i) a 

stable oxide or (ii) that oxide responsible for steady-state oxidation, 

at marginally higher temperatures or slightly different gas compositions 

than used for transient formation. This contrasts with the active 

sites, presumably those with the most stable oxide, which could only 

be activated by severe outgassing in Shelef’s and other studies.

The apparent ease of formation of the reactive oxide, associated 

with "normal" oxide under slightly different conditions, supports 

Shelef’s supposition that all the oxides are qualitatively the same 

(e.g. carbonyls). However, it is difficult to see why the transition 

between oxide types should be so simple yet be observed so infrequently 

and why the reactive sites are so persistent. It would therefore seem 

necessary to postulate,in addition, a redistribution of site energies 

associated with the predicted low coverages and rapid creation
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of a relatively large number of vacant active sites . The persistence 

of the reactive sites is still difficult to explain.

6.4.2.4 Enhancement of Oxygen Exchange

From the present work another qualitative mechanism may be 

tentatively postulated. In Section 6.3.4. it was shown that the 

oxygen exchange rate was increased in the presence of chemisorbed 

oxygen. Thus the excess surface oxide, initially present when the 

temperature falls, could enhance the oxygen transfer at lower temperatures 

tending to maintain high oxygen concentrations and reaction rates. Since 

the reaction system is not at a steady state at the time of temperature 

change the equations given in Section 6.3.4. need not apply in detail.

Once more, Co account for the length of the transient, it would seem 

necessary to postulate some surface rearrangement to stabilize the 

surface oxide so that the higher surface oxide state is effectively 

frozen. This surface rearrangement would occur only in the absence of 

competing reactions with minor contaminants e.g. hydrogen.

Decay of the transient is considered to be by removal of basal 

planes whose reactivity has been enhanced by excess surface oxide.

Since basal planes other than those on the initial BET surface area 

could have exposed edge atoms, the amount of material removed during the 

transient is qualitatively explicable.

However, as in Section 6,3.4 , any discussion of the surface changes 

is inevitably speculative in the absence of detailed knowledge of the 

nature of the surface oxide.
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6.5 The Influence of Diffusion

The above sections have considered the kinetics of the graphite/C02 

reaction occurring within the chemically controlled regime in some 

detail. The discussion has formulated limiting kinetic schemes and 

considered their range of application. Some results, i.e. those for 

samples giving density profiles, have been obtained in a regime showing 

diffusion influence. The samples were initially used as an aid to 

experiment, demonstrating that the theoretical models for determining 

the chemical control boundary were applicable in many cases. However, 

for low pressure and very high temperatures, deviation from predicted 

behaviour was observed. From the increased knowledge of the kinetics 

it should be possible to explain all of the observed density profiles 

and also use the profiles to extend the range of validity of the 

kinetic equations. These aspects are considered below.

In addition, the observed kinetics can be used to judge the 

importance of CO accumulation compared with that in the models produced 

in Chapter 3 and thus consider the application of these models to other 

graphites and experimental conditions. The use of the models, particu

larly for experiments designed to determine the kinetics of graphite 

oxidation, is treated separately below.

6.5.1. Use of Density Profiles

The initial use for the density profile samples was to demonstrate 

the validity of the model for inhibition of reaction by accumulation 

of CO within the porosity, assuming that the reaction kinetics were 

given by

Rate = k  ...    (6.1)
CO
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and that diffusion was in the bulk regime, so that experiments could 

be demonstrably performed within the chemical control regime.

Although (i) reservations were expressed within Chapter 2 on the 

applicability of the steady-state effective diffusivity and (ii) 

interpretation of the profiles was complicated by the presence of 

excess surface reactivity, the boundary for departure from chemical 

control was correctly predicted for 1.1 MPa studies.

Considering the 1.1 MPa studies in more detail, it was shown that 

the sample oxidised at 1000°C, 22.5 %C0 was very close to the 

diffusional influence boundary (an effectiveness factor of 0.96) in 

complete agreement with the diffusion model. Additionally samples 

oxidised at 953 and 1005°C, 5 %C0 showed very good agreement with 

prodiction. This agreement can be used to extend the range of validity 

of the simplified kinetic equation at 1.1 MPa, 5 %C0 to close to 1000°C 

from the earlier experimental limit of 930^C. Importantly, the 

observation that the simplified kinetic scheme applies under these 

conditions is justification for the extrapolation made in Section 5.2.5. 

and given in Fig. 5.15.

However, such a conclusion cannot be drawn at 1050°C, 5.6 %C0 

Under these conditions the model based upon the simplified kinetic 

equation apparently overestimates the influence of CO accumulation.

Kinetic studies at 0.55 MPa, 5.6 %C0 showed significant deviations 

from eqn. (6.1) above 880°C and results at 0.25 MPa, 5.6 %C0 showed 

significant deviations at all temperatures; the deviation increasing 

with increase in temperature. Therefore, the results at 1.1 MPa, 5.6 %C0 

might be expected to depart from eqn.(6.1)as temperature increases.

Also, from the comparison with lower pressure and lower temperature results, 

the departure from eqn.(6.1)could be a strong function of temperature.
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In Section 6.3.4 it was shown that, under these conditions, the 

kinetics could be approximated to:

k ^CO /P
Rate =      (6.23)

1 + X "cOz/Pco

as used empirically by Grabke (61) and shown to be a simplified
iCLangmuir-Hinshelwood equation by Rao and Jalan (21) (x = *

Although this equation has been shown not to be completely applicable, 

it demonstrates the essential feature that the influence of CO 

accumulation on the observed rate will be considerably reduced, as 

found experimentally.

If equation(6.23)is assumed to apply then, using the models in 

Chapter 3, the observed reactivity and the measured effectiveness 

factors from density profiles, it is possible to calculate the "constant" 

X . Under such conditions the constant K in Section 3.2.2 reduces to

K = 9 (x - 1)   (6.31)

where 0 is the mole fraction of CO^ in bulk gas. The values of K 

predicted from density profiles are obtained, by interpolation, from 

Fig. 3.2 which gives the effectiveness factor as a function of the 

Modulus assuming spherical geometry, bulk diffusion and Langmuir- 

Hinshelwood kinetics. The results obtained are summarised in Table 6.5 

Also given in the Table are values of x extrapolated from Strange (11).

It was shown in Section 6.3.4 that, for 0.25 MPa, 5.6 %C0 at a 

temperature of 900°C, the value of x calculable from the present study 

was of the same magnitude as given by Strange. Table 6.5 shows that 

for 1.1 MPa, 5.6 %C0, 1053°C the values of x obtained by Strange and 

in this work are again comparable. Once more, the magnitude of
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inhibition by CO, well away from conditions where the simplified 

kinetic equation applies, is comparable with that obtained by other 

workers.

It should be noted that Strange's data imply that K is -0.74 at 

1005^0 which gives an n of 0.91. This does not agree with experiment. 

Thus, as was found at 0.25 MPa, departure from the simple kinetic 

equation is more rapid than given by Langmuir-Hinshelwood kinetics.

This suggests that the kinetics at high temperatures at 1.1 MPa are 

similar to those observed directly at lower pressures and lower 

temperatures and is evidence that chemisorbed oxygen enhances the 

oxygen exchange rate under high temperature, high pressure conditions.

In Chapter 3 it was suggested that, at 1.1 MPa, 1053°C, 5.6 %C0, 

the experimental system was close to the boundary for some external 

mass transport influence. The position of this boundary was dependent 

upon the applicability of the simplified kinetic equation. Since this 

does not hold,CO accumulation will have less influence on the observed 

rate and experiments could be performed to higher temperatures in the 

absence of external mass transport limitations.

For 0.25 MPa studies it has been shown that the lower rates 

observed in kinetic experiments were a result of the non-applicability 

of the simplified kinetic equation. Thus, the samples oxidised at high 

temperatures were not as sensitive to CO accumulation as given by 

the diffusion model applied in Chapter 5. The density profiles would 

be expected to be less severe than predicted, in agreement with 

observation. With the benefit of hindsight, it would have been possible 

to oxidise samples at 0.25 MPa, within the chemically controlled regime, 

to slightly higher temperatures.
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The values of the constant x for density profiles at 0.25 MPa 

are also given in Table 6.5. The values obtained confirm the lower 

influence of CO accumulation at 0.25 MPa, compared with eqn. (6.1).

The results obtained are compatible with the observations at low 

pressure and lower temperatures.

The value of x of 0.26 at 1005°C is similar to that of Strange 

once more demonstrating that, away from oxygen exchange equilibrium, 

the magnitude of inhibition is similar to that predicted elsewhere.

At 1053°C the deviation from the simplified kinetic equation 

is greater than predicted by Strange, i.e. there is less influence 

of diffusion in the density profile than the Langmuir-Hinshelwood 

scheme would imply. This would be predicted by the enhancement of 

oxygen exchange by chemisorbed oxygen, observed previously in this 

study. In this instance, the increase in temperature produces a 

reduction in steady-state oxygen activity as the desorption rate 

becomes comparable with the exchange rate. This depresses the exchange 

rate further, reducing the influence of CO on the overall kinetics.

In addition, at 1053°C, x is greater at 0.25 MPa than at 1.1 MPa.

This would also be predicted; the exchange rate is reduced by a 

reduction in pressure, this reduces the oxygen activity, the oxid

ation rate and the dependence upon CO.

However, care must be taken in comparing results at different 

pressures. Eqn. (6.23) is not a strict representation of the kinetics, 

it is only used for illustrative purposes. In addition, the methods 

used for determination of x do not restrain the constant k in the 

denominator of eqn. (6.23) to be identical at different pressures as 

would be required for a strict comparison.
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In summary, the observed density profiles are explicable using 

the overall kinetic concepts outlined in the previous sections.

The density profiles extend the range of validity of the simplified 

kinetic equation and confirm the rapid departure from that scheme as 

a function of temperature and pressure.

6.5.2 The Importance of CO Accumulation

In Chapter 3 new theoretical models were produced showing the 

potentially large influence of CO accumulation on observed reaction 

rate, due to both external and internal mass transport limitations.

The importance of CO accumulation is obviously greatest when the gas

ification reaction is strongly inhibited by CO and the initial CO 

concentration is low. It was shown that, in an experiment measuring 

kinetic parameters, complex kinetic schemes cannot be assumed initially 

in order to determine the chemical control boundary, since only one 

of the kinetic parameters could be corrected for diffusional influence. 

Thus for experiments it was necessary to assume a single rate constant 

and a pessimistic reaction scheme in terms of the influence of CO 

accumulation. This method of study has been used within this work. Now 

that the kinetics have been studied in greater detail, it is possible 

to review the general applicability of the diffusion models.

The kinetic scheme assumed for cases 3 and 4 in Chapter 3 was eqn. 

(6,1). This equation has now been shown to be applicable for a wide 

range of conditions, particularly at high pressures, by both direct 

experimental observation within the chemical controlled regime and, 

by inference, from agreement between the models and observed diffusional 

influence beyond the chemical control boundary. These observations 

justify use of the new models for calculating the influence of CO 

accumulation both within this study and for other studies of the kinetics
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of the Graphite/C02 reaction.

The approach to overall equilibrium modifies the simple kinetic 

scheme increasing the influence of CO accumulation still further.

Under these circumstances the new models proposed are not necessarily 

pessimistic. However, the conditions for which the approach to the 

Boudouard equilibrium is important are not often those for which 

diffusional influence is significant.

From eqn. (6.2) the Boudouard equilibrium will be important when 

the equilibrium constant is small, i.e. at low temperatures and when 

the CO partial pressure is high. Conversely, the influence of diffusional 

limitations will be most important at high reactivities, i.e. generally 

at high temperatures, and at low fractional concentrations of CO. Thus 

the conditions which are not adequately covered by the new diffusion 

models are large samples of intrinsically reactive graphite exposed at 

very high total pressures and low temperatures. The oxidation experiments 

of Board and Billinghurst (65) at 2.9 MPa and 715°C have already been 

discussed briefly in this context. Further calculations based upon 

the kinetics as given by eqn. (6.2) are obviously required to give 

a complete description of the possible influence of CO accumulation.

It should be noted that, since the equilibrium constant is known, 

with allowance for any variation from the bulk graphite value, the 

relative importance of the influence of the approach to overall equilibrium 

can be judged. Those conditions for which the current models of diffusion 

influence may be optimistic can therefore be easily identified.

The conditions for which the simple kinetic equation is not 

applicable, i.e. low pressure, high temperatures are generally predictable 

from previous studies. However, the points of departure and the degree 

of change from the model scheme are not predictable in detail.
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Particular aspects of the observed kinetics make this more difficult. 

Since the rate of oxygen exchange is enhanced by increase in oxygen 

activity, the gas composition range of the simple kinetic equation 

at constant temperature and pressure is extended relative to other 

kinetic schemes. In addition the deviation from eqn. (6.1) will be 

less rapid, as the gas composition is changed, than previous studies 

would imply. Thus the importance of CO accumulation on the diffusional 

influence of rate will tend to remain greater than suggested by those 

studies.

The departure from the simplified kinetic scheme as pressure is 

changed, at a given gas composition, is more rapid than previously observed 

Thus, if an experiment performed at low pressure indicates no diffusion 

influence, by e.g. density profile, and a lesser order with resoect 

to CO than given by the simplified equation, the full experimental 

range cannot be assumed to apply at higher pressures. Although there 

will be some conditions for which CO accumulation is not as important 

as the theoretical model assumes, the prediction of these conditions 

is unlikely to be possible in advance of kinetic experiments. The simple 

theoretical models assuming a large influence of CO accumulation should 

therefore be used intially to determine the chemical control boundary. 

Deviation from eqn. (6.1) as a function of temperature is more comp

licated. Assuming, as is generally observed, that the gasification rate 

changes more rapidly with temperature than does the exchange rate, then, 

for a constant exponent m, the change in mechanism would be more rapid 

than previously predicted, as for change in total pressure. However, 

m is observed to increase with increase in temperature, thus tending to 

maintain rapid oxygen exchange. The overall influence will depend upon 

the relative magnitude of the two effects. Once more it will be 

difficult to predict such changes in advance of kinetic studies.
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In conclusion, the theoretical models for the influence of CO 

accumulation based upon the simplified kinetic equation have been 

demonstrated by experiment to be applicable for a wide range of 

conditions. Those conditions for which the eqn. (6.1) underestimates 

the influence of CO are limited in application and are identifiable. 

Those conditions for which eqn. (6.1) overestimates the influence of 

CO are not easily predicted and thus the models assuming the simplified 

kinetic equation should be applied pessimistically.
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7. SUGGESTIONS FOR FURTHER WORK

The many areas, evident from previous Chapters, where further 

work could improve the understanding of the carbon/C02 reaction 

can be conveniently divided into four groups: (i) improvement and 

extension of experimental method, (ii) better understanding of the 

structure of graphite, (iii) further modelling of the influence of 

diffusion and (iv) additional information required for kinetic 

modelling.

7.1 Improvement of Experimental Method

It has been noted in Chapter 4 that the microbalance should be 

capable of operating at 1200°C. In addition, modification of the 

gas mixing system would enable gas composition control down Co less 

than 0.5 %C0. Further thermal baffles within Che microbalance should 

reduce Che rapid noise due to convection, thus increasing sensitivity. 

These improvements would widen the conditions of study and thus provide 

Che extra data required to aid resolution of both the influence of 

gas composition at 4.1 MPa and the exact kinetic scheme when the 

simplified equations do not apply.

7.2 Graphite Structure

Within Chapters 2 and 4 the general arguments concerning the use 

of steady-state and non-steady-state methods of estimating the effective 

diffusivity were briefly discussed. The graphite type was, in part, 

chosen Co minimise possible errors in use of a steady-state diffusivity, 

which will not always be possible. Consideration should, therefore, 

be given to the pore structure of graphite and Che determination of 

effective diffusivities relevant to chemical reaction within that 

porosity. Since, in polycrystalline graphite there are conceptually
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at least two types of pores, those between the filler grains and 

those within grains, one possibility for many graphites would be to 

use the models due to Dogu et al (150),(151) based upon a bimodal 

pore size distribution. In addition, the influence of sample 

preparation upon the surface should be studied further. The excess 

surface reactivity and observed higher surface areas need to be 

considered so that size effects due to e.g. diffusion, can be correctly 

and easily identified.

7.3 Diffusion Modelling

The modelling of diffusion influence should be improved to 

include the additional influence of the approach to overall equilibrium 

as CO accumulates within the porosity. This effect will be most 

serious for large samples of highly reactive graphite at low temperatures 

and high pressures. Compared with the models given in Chapter 3, one 

extra dimensionless parameter will be required. Thus, if the rate 

is represented by,

P
Rate = k 1 ^  ■ ic^ I   (7.1)

then, for bulk diffusion within the graphite, this can be written as

Kate = k (1-fl)^   (7.2)

where 9 is the mole fraction of CO2 in the bulk gas and Bp is the 

total pressure. Unique solutions for the effectiveness factor (n) as 

a function of either the Thiele modulus ((J>) or the Weisz and Prater 

modulus $ will then be obtainable for 0, combinations. The use
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pof the dimensionless parameter T/K^ will allow not only for total • 

pressure and temperature changes but also for deviations in the 

equilibrium constant from its bulk value of the sort considered in 

Section 6.3.1.3.

7.4 Nature of the Graphite Surface

Understanding of the oxidation kinetics will be improved by 

extending experimental range and accuracy as outlined above. However, 

at a more fundamental level greater knowledge is required of the 

nature of chemisorbed oxygen and graphite sites. Evidence for site 

types and energies has generally been obtained indirectly by e.g. 

monitoring outgassing reactions. There is a need for direct spectro

scopic study by e.g. ESCA or FTIR to measure the distribution of 

energies for adsorbed oxygen as a function of pressure, gas composition 

and temperature. Evidence of this type is necessary before understanding 

of the observed kinetics of oxidation can be advanced.
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8. SUMMARISING REMARKS AND CONCLUSIONS

The influence of mass transport upon the graphite/CO^ reaction 

has been considered in detail. Most importantly, since the graphite/C02 

reaction is strongly inhibited by the reaction product CO, the 

observed oxidation is very sensitive to accumulation of CO within the 

porosity. It has been shown that, for an experiment measuring the 

oxidation kinetics, the model used for determining diffusional influence 

should, (i) not contain any assumed rate constants, (ii) not use the 

rate constants measured in the experiment and (iii) be more sensitive 

to CO accumulation than the kinetics under study. The reaction 

scheme used for such testing has been the simplified kinetic equation:

^C02
Rate = k  ...   8.1

"CO

Most studies of the graphite/C02 reaction can be simplified to this 

form under limiting conditions. Solutions to the internal mass 

transport problem have been produced, for the first time, for bulk 

and Knudsen diffusion regimes and for slab and spherical geometry.

In addition the first general solutions for the combination of bulk 

diffusion and Langmuir-Hinshelwood kinetics are given.

The new diffusion models have highlighted deficiencies in both 

previous models and experiments. The principal difference in modelling 

compared with the more usual integer order reactions is that, for 

strong product inhibition, the departure from the chemical control 

zone begins at a much lower reaction rate and the transition between 

this zone and in-pore diffusion control covers a much wider temperature 

range.

The calculations show that there is slightly less diffusional 

influence for the Knudsen regime than for the bulk regime. However,
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the differences in inhibition between the diffusion regimes using 

the simplified kinetic equation are less than for first order, un

inhibited, reaction kinetics, and are never greater than 22%.

Inhibition by CO accumulation can also be important due to 

mass transport limitations external to the sample. New solutions 

have therefore been presented for the overall mass transport problem. 

These demonstrate that the usual concept of three reaction zones 

is unrealistically idealised for product inhibited reactions and 

that for these reactions the in-pore diffusion control zone is only 

observable, in isolation, under very limiting conditions.

The above models have been used to define the conditions for 

a microbalance study of the reaction between EYC9106 graphite and 

CO2/GO gas mixtures at pressures between 0.25 and 4.1 MPa. The 

experiments demonstrated that the simple rate equation (8.1) had a 

wide range of applicability and that the overall activation energy 

was comparable with that obtainable on extrapolation of previous 

studies. The use of high pressures and high CO concentrations enabled 

the kinetics of the reaction as the Boudouard equilibrium was 

approached to be studied, for the first time. At high pressures 

reaction kinetics were given by:

^CO Kp

where Kp is the equilibrium constant for the Boudouard reaction.

This equation follows directly from eqn. (8.1) as the equilibrium is 

approached. The value of Kp calculated from the kinetics differed 

from that predicted by standard thermodynamic functions. The deviation 

was explicable in terms of the excess surface energy associated with 

the graphite edge planes undergoing oxidation.
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At low pressures and high temperatures the two equations above 

no longer applied. The manner in which the rates changed could not 

be described by a Langmuir-Hinshelwood model. The results were 

explicable in terms of the usual oxygen exchange mechanism, but with 

the additional assumption that the oxygen exchange rate was enhanced 

by the presence of chemisorbed oxygen. This observation implied 

that the surface was heterogeneous, in agreement with previous 

studies of the nature of the graphite surface. Transient oxidation 

rates, sometimes observed on changing experimental conditions, were 

further evidence of a non-Langmuirian surface.

If the simplified kinetic scheme was assumed to apply to all 

data then the rate constant k showed a very good compensation effect 

when plotted in the conventional manner. However,it has been 

demonstrated that this was merely a statistical effect brought about 

by a strong correlation between the estimates of the Arrhenius 

parameters, which constrained the data to lie on a line with a gradient 

close to the harmonic mean temperature of the study. A transformation 

of the Arrhenius plot has been presented to minimise the correlation 

between regressors. Use of this transformation demonstrated the 

lack of an overall, chemically induced compensation effect. The 

distribution of points within the transformed plot was explained by 

the kinetic effects outlined above. The data at 1.1 MPa showed a 

limited compensation effect due to the approach to the Boudouard 

equilibrium. These data showed that a true compensation effect may 

be indicated in a conventional compensation plot when the isokinetic 

temperature of that plot is very different to the harmonic mean 

temperature of the data.
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The applicability of both the diffusion model and the simplified 

kinetic equation have been tested directly by oxidations within the 

diffusionally influenced regime. At high pressures good agreement 

has been obtained for the position of the diffusion influence boundary 

Deviations from the model predictions based upon the simplified 

kinetic equation, observed primarily at low pressures and very high 

temperatures, are in agreement with the changes in kinetics found 

at low pressures and lower temperatures.

In conclusion, new theoretical models of the influence of mass 

transport on the graphite/CO^ reaction have been produced. These 

demonstrate the importance of the accumulation of CO within the 

graphite on the observed oxidation rates. New experimental studies 

have sho';vn that the graphite/CO^ reaction is strongly inhibited by 

CO, particularly at high pressures,and have demonstrated the validity 

of the theoretical models. The study has illustrated the complex 

and variable nature of the graphite surface undergoing oxidation.
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APPENDIX A 

The Boudouard Equilibrium

A . 1 Introduceion

Although values for free energies and equilibrium constants of 

the Boudouard reaction have been given by other workers e.g. (2),(133) 

these have been obtained with outdated thermodynamic constants. In 

addition,.it is difficult to ascertain the detail with which the temp

erature variation of free energies has been considered.

This appendix gives details of the method of calculation of values 

of the equilibrium constant used within this thesis. The data used 

are those given by Kubaschewski and Alcock (148) which incorporates 

recommended values from the CODATA task group (152). Within ref. (148) 

energy units are cal/mol and the standard pressure is 1 atmosphere.

For consistency and to avoid rounding errors these units are used 

throughout the appendix.

A.2 Calculational Method

For reaction at temperature T(K) the standard free energy change

AG°p - AH°^ - TAS°p   (A.l)

Within texts enthalpies and entropies are normally presented at 

standard conditions of 298 K and 1 atmosphere pressure. Variations of 

AH° and AS° with temperature are calculable from the variation in 

specific heat (C ) with temperature i.e.

AG°T = + J  AC^ dT - TAS°,g - T / ̂  dT ....... (a.2)
298 298

The change in specific heat is commonly expressed as a power series 

in temperature i.e.

Cp = a + bT + cT“  ̂ + dT^ ......  (A.3)



The various numerical values from Ref. (148) for graphite, CO2 and 

CO are reproduced in Table A.I.

TABLE A.l Thermodynamic Constants for the Boudouard Equilibrium.

Graphite CO2 CO

"«°298 0 -94050 -26420

&S°298 1.372 51.07 47.22

a 0.026 / 10.55 6.79

b X  10^
-5

9.307 2.16 0.98

c X  10 -0.354 -2.04 -0.11

d X  10^ -4.155 0 0

Writing the reaction as 

CO 2 + CO -—  ̂ 2C0 

it follows that

AH^298 " 41210

AS 298 “ 41.998

(A.4) 

(A.5)

AC = 3.004 - 9.507 xlO^T + 2.174 x IO^t "^ + 4.155 x lo”^T^ ... (A.6) P
Substituting A.4 to A.6 into A.2 and evaluating the integrals gives 

AG°2 = 41429.4 - 25.7511T - 3.004T£nT + 4.7535 x 1 0 " V

-6.925 X  10 V  - 1.087 x  10^T~^ (A. 7)

If it assumed that CO2 and CO are perfect gases and that the graphite 

has unit activity, the equilibrium constant and equilibrium gas

composition can be calculated:

A 2



AG°2 = -RT&nKp (R= 1.987 cal/K)   (A. 8)

Pco'

In terms of %C0 the equilibrium gas composition is

/ - * ?  + + 4P K) &\
%C0 = — —  j  X  100   (A. 10)

where is the total pressure (atmospheres).

Thus for example at 900°C, AG°^ is -8360.0 cal/mol and is 36.103. 

This gives equilibrium gas compositions of 94.0 %C0 at 0.25 MPa total 

pressure and 59.9 %C0 at 4.1 MPa total pressure. The variation of the 

equilibrium gas composition with both temperature and total pressure is 

illustrated in Fig. A.l.
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APPENDIX B 

The "Dusty Gas” Model

The "Dusty Gas" concept has been developed by Mason, Malinauskas 

and Evans (98) . In this model the porous medium is visualised as an 

array of dust particles held stationary in space. Interactions between 

gas and pore surfaces can then be treated by considering the dust 

particles to be giant molecules in terms of the classical kinetic 

theory of the gases.

Using the nomenclature of Chapter 3 the dusty gas flux relationship 

for a multicomponent mixture in an isothermal system can be written as

X  N - X  N dx Xs r r_js   p  r ^ r B n
D

sfr rs RT d& RT 1 + È2.pD^ / d& (B.l)

nr = 1 ___

where is the permeability constant for the porous solid. For a 

binary mixture (A,B) the equations for A and B can be solved explicitly 

giving

B_p

l+(Æ-l)x^ +D^g(p)/Dj^ RT l+(Æ-l)x^ +D&g(p)/DA

where

The corresponding equation for can be determined by reversing the 

suffixes (including those in the definition of m). At constant 

pressure eqn. (B.2) and its partner satisfy Grahams relationship for 

isobaric diffusion.

  (B.3)

B 1



It follows from Grahams relationship that in any gas-solid 

reaction, other than a catalytic isomérisation, there must be change 

in pressure in order that the flux equation demanded by reaction 

stoichiometry i.e.

N_ = -nN, "   (B.4)B A

may be satisfied. For a catalytic isomérisation n is 1 and and Mg 

are equal. Using the Dusty Gas.model Hite and Jackson (153) show that 

the bounds of pressure for a gas-solid catalytic reaction (n=m) when 

bulk diffusion predominates are

p^ and p^ + &n /m . p    (B.5)
o

For a non-catalytic reaction (nfm) it can be shown that the bounds are:

p and p + £n —  . y   (B.6)Bo

It should be noted, that in the derivation of the Stefan-Maxwell 

equations, as used previously in this study, constant pressure is 

assumed. The Dusty Gas model demonstrates clearly that constant 

pressure is an approximation valid only for infinite permeability.

From equation (B.2), its partner for B and eqn. (B.4) it is 

possible to obtain a differential equation for x^ in terms of p and 

determine a relationship between the concentration of A and the total 

pressure. With this result the steady state equation for flow and 

reaction can be solved. Even for integer order reactions the math

ematical formulation and computation required are complicated (e.g. 

Kehoe and Aris, 154). To avoid these computations three simplified 

flux equations have been derived by different workers from the Dusty 

Gas model. These equations have been reviewed and analysed by Hite 

and Jackson (153) for catalytic reactions. The equations are:

B 2



Pi D._(p_)^*A/d&
Apecetche et al. (155): N. = — — —  --------------------- .... (B.7)[1+(Æ+I)xj+D^/D^

^ Y
Pi D^(Pi) A/dH

Kehoe and Aris (154): N = - -i — =2— i-----------  ---[lXm-l)xJ+D^/D^

Hite and Jackson (153): ^
[l+ (m-1 ) X J [ 1+ ( Æ-1 )

The simplifications used introduce different approximations by which the 

pressure variations can be eliminated. These also remove the require

ment to measure B^ experimentally. Even for first order reactions the 

model of Apecetche et al. fails to give the bulk diffusion limit and that 

of Hite and Jackson fails to extrapolate to the Knudsen limit. In the 

intermediate region eqn. (B.9) gives the most accurate description 

for first order kinetics but, for the reaction of interest in this 

work (n=2), differences between the complete solution, that of 

Hite and Jackson and that of Kehoe and Aris are not significant.

As eqn. (B.8) is the only equation satisfying both the Knudsen and bulk 

extremes for simple kinetics this equation will be used below to test 

the applicability of the simplified model to the more complex kinetics 

of the graphite/C02 reaction.

For mathematical simplicity, results will only be presented for 

slab geometry and, for ease of comparison, only the simplified kinetic 

equation (eqn. 3.1) will be used, since this requires the smallest 

number of variables.

For steady state we have

d ĉo
_  („a) - -k —    (B.IO)



In dimensionless units the flux relationship is

In this case n=2, . . (n-l)x^ = 0

For the rate equation we can write

Rate =........................................ (B.12)i-8q

In writing this equation it hap been assumed that p is constant, in

keeping with the approximations used in deriving the flux relationship.

We can substitute for the bulk diffusivity using the Bosanquet 

relationship.

i  = j ^  + i _
D ^AB “a

Da b “ D(a+1) ' ... (B.13)

The Thiele modulus for the intermediate region is now
è

  (B.14)

Substituting eqns. (B.ll), (B.12) and (B.13) into eqn. (B.IO) gives

2 2
d^q _ 0 \ ^I^ (l+g+0q)   (B.15)
jg2 l+a+0q yds j (a+1) (l-0q)

Boundary conditions are

s = 1 q = 1

s = 0 q = qo

The first integration gives
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(S) 2(f>ĵ (l+a+0) 
(1+a) (2+a)0 (l+a+0q \ / l-0q

rwTëï r ( ï=8T

The effectiveness factor n is

(B.16)

n = 1 (a+l) (1-0)
2 (l+a+0)0

(B.17)

and the modulus is given by

$$L = T Ï W
(B.18)

The results from these equations can be compared with those obtained 

for bulk and Knudsen diffusion in Chapter 3. One important criterion 

by which the accuracy of eqns. B.16 to B.18 can be assessed is that 

the equations should extrapolate to both the bulk and Knudsen limits. 

The simplest solutions to use for this comparison are the asymptotic 

solutions (q^, y^ = 0) . If we consider only the concentration gradient 

at the surface we have q^, y^ = 1. Also,it is possible to express 

Yg ^ in terms of the mole fraction of COg in the gas phase (0). 

Therefore, we can write for the concentration gradients for the 

simplified kinetic equation and slab geometry.

Knudsen: (s)
S = 1

-  1 (B.19)

Intermediate:

Bulk: (C-
2(f) (l+a+0) 
(1+a) (2+a)0

2 (1+9)
’ 0 Zn (1-0 )

(B.20)

(B.21)

P. S



It can be seen that as ot tends to zero, i.e. bulk diffusion pre

dominates, the intermediate region and bulk diffusion results are ' 

identical. Therefore the simplified Dusty Gas equation should give 

a good description close to the bulk diffusion limit.

It can be shown that as a becomes very large, i.e. Knudsen 

diffusion predominates, eqn. (B.20) for the intermediate region 

extrapolates to

Lt
a “ (if /  ‘ 2*2 [f  ( w )  -l] ......(B.22)

This is obviously different from eqn. (B.19) for Knudsen diffusion.

The simplifications used will not give satisfactory results in this

case. It should be noted that the extrapolated intermediate region

and Knudsen results are identical when is 1 i.e. for a simplen
isomérisation reaction. In this case there is no change in pressure 

on reaction (for perfect gases).‘ The disagreement between the models 

stems directly from the neglect of the increase in pressure. Since 

the pressure is not allowed to rise in the simplified Dusty Gas model 

the inhibiting carbon monoxide is not predicted to accumulate to 

the extent given by the true Knudsen limit. The magnitude of the 

error can be illustrated by comparison of the predictions of the 

proportionality constant between effectiveness factor and Thiele 

modulus for asymptotic solutions (i.e. n ot /̂(|>). For 0 = 0.99, 0.90 

and 0.50 eqn. (B.22) gives values of the constant of 0.0273, 0.196 

and 0.879, respectively, for the extrapolation of the intermediate 

region to the Knudsen limit. From Table 3.1, solutions for the 

Knudsen regime give values of 0.0229, 0.172 and 0.832, respectively. 

Thus,for a low CO concentration in the gas phase,the error in estimation
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of the Knudsen limit is large and is considerably greater than 

the difference between the Knudsen and bulk diffusion limits 

(c.f. Table 3.1).

It follows that, in contrast to first order reactions, the 

simplified Dusty Gas equations cannot be used close to the Knudsen 

limit for reactions with product inhibition. The full Dusty Gas 

model would give an accurate description of the complete range.

The computations involved would, however, be complex. It is shown 

in Chapter 3 that the differences between bulk and Knudsen 

diffusion are relatively small. Only when great precision is 

necessary would the more complicated calculations be required. It 

should also be noted that for most graphite/CÜ2 studies the accuracy 

of determination of the various physical parameters would not 

justify such a detailed model.



NOMENCLATURE

CHAPTER 3: INTERNAL MASS TRANSPORT ONLY.

a Radius of sphere, half thickness of slab or sample characteristic
dimension, as appropriate.

A Reactant,

B Product.

C Concentration of C02*

C^ Concentration of Component i.

C^ Total gas concentration (bulk diffusion).

Deff ^ Effective diffusivity for component A in Knudsen Regime.

^eff AB diffusivity in bulk regime.

f(C) General rate expression

jj Diffusive flux of component i.

k. Reaction rate constants.1
!

^2 Modified Reaction Rate Constant for Langmuir-HinsheIwood
kinetics.

k ' ®
^ = (9 + k^C'̂ ) diffusion)

h '

K Modified Constant for Langmuir-HinsheIwood Kinetics.

8C (k - k )
K = — r  (bulk diffusion)y + ^2 1

k_ C _ /—  k« C -
K = -------— — -------------    (Knudsen diffusion)n

M^ Molecular weight of component i.



m  A

n Stoichiometric coefficient A  > nB

Total flux of component i.

^ deminsionless concentration of CO.

1

^1 CO ^1 . . ^’ 2 (bulk diffusion)

distance from centre of slab or sphere.

f/
a : dimensionless distance from centre of slab or sphere.

X. Mole f raction of c o m p o n e n t  i.

y Dimensionless concentration of 00.^=*— =̂
1 ^l,C02

z Index of mass balance equation (eqn. 3.6)

= 0 : slab

= 1 : cylinder

= 2 : sphere

a Ratio of Effective diffusivity in bulk regime to that in
Knudsen regime.

n Effectiveness factor i.e.

'_______________ observed rate_______________________________
True chemical rate in absence of diffusion influence

9 Mole fraction of CO^ in gas phase. •

(p Thiele modulus. For cases 3 and 4 (|) = a

$ Dimensionless Modulus =------ %—  x observed rate/gross volume
eff^l



r
subscripts

0 Centre of slab or sphere.

1 surface of slab or sphere,

b bulk diffusion

K Knudsen diffusion

L Slab geometry

S Spherical geometry.

CHAPTER 3: ADDITIONAL NOTATION FOR EXTERNAL MASS TRANSPORT

D Free gas interdiffusivity

f^(0) General function of 0

F Mass transfer coefficient

L Length modulus =

Re Reynolds number =

Sc Schmidt number = —p̂D

Sh Sherwood number = ^

u Gas flow velocity

Mole fraction of CO 2  in bulk gas.

6 Effective boundary layer thickness

0 Mole fraction of CO 2  at surface.

X Diffusivity ratio i.e. ̂effy/^

-JL
<p Modified Thiele modulus = 0 (j)m

p Gas density.

\i Gas viscosity.



r
Subscripts

i internal mass transport

g external (gas phase) mass transport

T overall (internal and external) factor or modulus.

CHAPTER 6: THE COMPENSATION EFFECT

a General estimated intercept from least squares regression

a^ Oxygen activity of graphite surface

A^ Pre-exponential factor in Arrhenius equation

b General estimated slope from least squares regression

c Intercept of compensation plot

E^ Activation Energy in Arrhenius equation

F_ . . F - statistic for a probability P and i, j degrees of freedomP,i,J - > J &
»

k,k Oxidation rate constants

Kp Equilibrium constant for Boudouard reaction

n Number of points in regression

P Probability, level of significance

R Gas Constant

s^ ^ Estimate of standard error in intercept, or slope

s^ Estimate of standard error from regression

—1 1 -1T, Harmonic mean temperature i.e. (T, ) = —  I(T )nm nm n

X  General independent variable

y General dependent variable

a General true intercept

8 General true slope



Y Slope of transformed Arrhenius equation

(p Isokinetic temperature

9 - Mole fraction


