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SUMMARY

The work reported in this thesis is concerned with the 
study, by a gravimetric method, of the reaction of carbon dioxide 
with a high-purity carbon derived from the polymer cellulose 
triacetate. Particular attention has been paid to the 
influence on reaction kinetics of hydrogen, both residual in 
the carbon and as a gaseous impurity. The factors which affect 
the rate of reaction of carbons with oxidising gases are 
discussed and an account of the accepted theory of kinetics and 
mechanisms of the carbon-carbon dioxide reaction is given, 
together with some features of the reaction not accounted for by 
this theory. Heat treatment of cellulose triacetate carbons in 
the range 1273K-1773K was found to produce a maximum in the rate 
of reaction with carbon dioxide. The observed maximum has been 
accounted for in terms of two competing processes, elimination 
of hydrogen resulting in enhanced reactivity and the annealing of 
active sites resulting in a decrease in reactivity. A number of 
additional experiments have been performed in an attempt to 
separate the effects of different factors on the kinetics; these 
include a study of the effects of isothermal annealing of carbons 
and chemical pre-treatments with hydrogen and chlorine . A 
compensation effect, i.e. a linear relationship between all 
measured values of activation energy E and log A, the pre- 
exponential factor in the Arrhenius equation has been observed.
A review of the literature relevant to the compensation effect 
is given and some examples of its application, particularly to 
gas-carbon reactions, are discussed. A theoretical treatment



relating particularly to the carbon-carboh dioxide reaction has 
been developed and used as a basis for interpretation of the 
experimental results.
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Chapter 1

1.1. General Introduction

It is necessary from the outset to give a brief
description of the material that provides the subject matter of
this thesis. The word carbon is used not only to describe that
element, but also as a generic term for a whole range of
carbonaceous materials of both natural and artificial origin.
There exist two common forms of carbon with relatively perfect
crystal structures; diamond, with an extended lattice of carbon
atoms arranged tetrahedrally, and graphite, with a layer structure,
each layer comprising a sheet of carbon atoms arranged in a

1condensed hexagonal network. The vast majority of carbons,
however, exhibit neither of these structures but have instead
structures intermediate between that of graphite and an amorphous,

2random array of carbon atoms. Such ’mesomorphous’ carbons may 
be produced by a variety of methods including gas phase 
deposition and the carbonisation of natural or synthetic organic 
materials. X-ray diffraction studies of mesomorphous carbons 
show randomly-oriented microcrystalline graphitic regions in an 
essentially amorphous matrix.^ There is no ordered stacking 
sequence of graphitic planes within the crystallites, such a 
structure being termed ’turbostratic’ More recently high 
resolution electron microscopy has shown promise in refining this 
model of the structure, in spite of the problems of interpreting



the lattice fringe images ; these indicate that the amorphous 
regions consist of randomly-distorted graphitic layers 
continuous with the more nearly-perfect microcrystalline regions.^

Certain carbons respond to a heat-treatment process by 
developing, to a greater or lesser extent, a higher degree of 
graphitic character; these are graphitising carbons. Other 
carbons do not show this tendency and are classed as non- 
graphitising. A third class exhibits graphitic character 
immediately on formation and are referred to as graphitic carbons.^ 
This diversity of structure among carbons is directly attributable 
to the wide range of starting materials used for their production, 
and to the stages in the carbonisation of these materials. One 
is led to the observation that there exist as many forms of 
carbon as there are organic precursors.

For the work described in this thesis a mesomorphous 
carbon derived from the polymer cellulose triacetate was used.
The work involved a study of some of the factors affecting the 
reactivity of this carbon towards carbon dioxide. As an 
Introduction Chapter 1 presents a discussion of the factors 
affecting the oxidation reactions of carbons generally, and of 
the mechanisms of these reactions. Chapter 2 deals in more 
detail with a particular feature of heterogeneous reactions, 
the Compensation Effect. It has been shown that a number of 
gas-carbon reactions exhibit this effect. Chapter 2 concludes 
with a more detailed description of the aims of the present 
investigation.

— 2 —



1.2. The study of carbon gasification.

The present work is concerned particularly with the 
kinetics of the reaction of carbons with carbon dioxide at 
elevated temperatures. This, the 'Boudouard' reaction, may 
be written

C + CO^ #  2C0 Eq.1.1.

Study of the gasification (i.e. conversion to the gas phase) of 
carbons by carbon dioxide, and by other oxidising gases such as 
oxygen or water vapour is an immense field of both technological 
and fundamental interest. The gas reactions of carbon are of 
great importance in fuel gas production, metallurgical operations, 
conventional and nuclear power generation (where in the latter 
case interaction between graphite components and carbon dioxide 
coolant may be accelerated in radiolytic reactions), and in the 
production of activated carbons. This latter field must surely 
grow in importance in anti-pollution measures, as porous, highly 
adsorptive materials may be produced by controlled oxidation in 
steam or carbon dioxide atmospheres, which are then used as

7selective purification filters in both the liquid and gas phases.
A recent unusual application employs activated carbons in an 
artificial kidney dialysis unit,^

The reasons for great interest in the fundamentals of 
carbon-gas reactions stem from the great complexities of these 
reactions. Although among the most widely studied of reactions 
there is still dispute concerning the mechanisms of reaction and 
disagreement on kinetics data throughout the literature, serving 
to provide a persistent challenge and maintain considerable
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interest. It is not intended to attempt an extended account
of the literature as a number of comprehensive reviews are

9 10 11 12 13.already available. ’ * » ’ * Instead, some of the factors
underlying the wide scatter and occurrence of conflicting data 
which appear in the literature will be discussed, with a brief 
account of the kinetics and mechanisms that have been generally 
accepted.

1.3# Factors affecting the rate of reaction.

The gas reactions of carbon are inherently complex.
The reactions are heterogeneous, since two phases peirticipate 
in the interaction. The reaction can only take place at the gas- 
solid interface, and it has been shown many times that the carbon 
surface forming this interface is energetically heterogeneous.
In addition, as the reaction proceeds, the surface is continually 
changing as carbon atoms are removed into the gas phase. 
Heterogeneous reactions occur by way of a series of steps, 

commonly described as follows,

1• Diffusion of reactants from a fluid stream to the solid 
surface.

2. Adsorption, physical aind/or chemical, of reactants on the 
solid.

3* Surface chemical reaction, which may be preceded by reactant 
dissociation.

4. Release of surface reaction products.
5. Diffusion of products to the bulk fluid stream.

Thus the overall heterogeneous reaction mechanism comprises a

- 4 -



diffusional part, governed by physical factors, and a number
of chemical steps which govern the intrinsic chemical rate.
Any study of gas-carbon reaction kinetics must consider both
diffusional and chemical effects. It is only possible to
observe the true chemical reaction rate when the retarding
effects of reactant and product diffusion have been eliminated
i.e. when the reaction is under chemical control. These
considerations have been neatly summarised for the case of

14porous carbon solids by Wicke in terms of zones in a
schematic Arrhenius plot of log (rate) vs. reciprocal temperature.
In zone I, the low temperature zone, the reaction rate is slow
and is controlled by the chemical reactivity of the solid only.
Diffusion of reactants is sufficiently rapid that no concentration
gradient exists from the bulk gas stream through to the porous
carbon interior. The measured temperature coefficient is
practically identical with the * true' activation energy for the
overall reaction. When the temperature increases a transition
from zone I to zone II occurs, characterised by a decrease in
reactant concentration with distance through the particle,
tending towards zero concentration at the centre of the particle.
Reaction rate in zone II is therefore governed by diffusion of

15reactants through the pores of the carbon. Both in theory 
and from observation , the apparent activation energy in 
zone II is found to be one half of the true value for zone I.
In zone III the reactant concentration decreases practically to 
zero at the exterior surface of the carbon. The reaction rate is 
substantially controlled by mass transport from the bulk stream 
and has a very low observed activation energy characteristic of 
such processes.

- 5 -



Thus, it has been widely accepted that a change in 
slope of an Arrhenius plot with increasing temperature 
signifies the onset of a diffusional influence in the rate.
However, such a conclusion cannot be regarded as inevitable, 
as other factors may exert an influence (see below). In 
addition to the general considerations of whether the reaction 
is under genuine chemical control, or retarded by a diffusional 
element, there are a number of other factors which are known 
to affect the rate of gas-carbon reactions. These may be 
divided into effects due to variations in the carbon samples 
and effects due to variations in experimental conditions.

1.3 .1. Variation in carbon samples.

The diversity of structure possible in carbons has 
already been described. By means of X-ray diffraction techniques, 
carbon may be characterised in terms of crystallographic

17 18.parameters, the average size and number of graphitic crystallites *
The reactivity of a given carbon is structure-dependent by virtue 
of the fact that attack by an oxidising gas occurs primarily at 
carbon atoms situated at the edges of graphitic planes, and in 
the so-called amorphous regions; attack on the basal planes is

19 20very slow ’ • The preferential attack of amorphous or
disorganised parts of the structure has been shown by Arne11 

21and Barss and is apparent in the opening of pore entrances in
the early stages of gasification as restrictions and blockages

22are selectively removed . Thus, all other factors being equal, 
a large crystallite size, highly graphitic material will exhibit 
a lower reactivity than a relatively amorphous carbon. Additional 
active centres for oxidation are provided by grain boundaries,
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dislocations, vacancies, and other imperfections in the 
graphite lattice, again favouring the tendency for lower 
reactivity in more structurally perfect carbons by reducing 
the number of such sites. Localised attack resulting in the

23formation of etch pits visible under the optical microscope
pkhas been attributed to the presence of such defects. Hehnig 

has developed a decoration technique which can render individual 
lattice vacancies and screw dislocations in graphite visible in 
the electron microscope, after etching them in an oxidising gas, 
the attack being limited to such structural defects.

The concept of active sites is central to any 
discussion of the reactivities of carbons. Active sites exist 
by virtue of lattice structural imperfections, and are usually 
considered to be areas in which there is an excess or deficiency
of electrons. The presence of such unpaired electrons, which

25may be detected by electron spin resonance techniques , allows 
the formation of chemical bonds between the reacting gas 
molecules and the carbon atoms constituting the active site.
This is the chemisorption step in the heterogeneous reaction 
scheme. The chemical bond formed by this process must be stronger 
than the carbon-carbon bonds in the lattice so that carbon atoms 
can be liberated as product gas molecules. The chemisorption 
step involves rearrangement of the chemisorbed species, resulting 
in the formation of a 'surface complex', the constitution of 
which will depend upon the nature of the oxidising gas.

That chemisorption does occur primarily at certain 
sites on the carbon surface has been shown by many workers, for

- 7 -



27example Loebenstein and Deitz found oxygen to chemisorb on 
less than of the total surface of four amorphous carbons.
In addition it is found that the chemisorbed oxygen species can 
never be removed from the surface as such; when the surface is
’degassed* by heating under vacuum, the oxygen is removed as

23oxides of carbon , showing chemical rearrangement to have 
taken place. The reaction rate during high temperature oxidation 
will depend on the formation and removal rates of the surface 
complexes, and upon the number and extent of coverage of active 
sites (not all those available may be participating in the 
reaction at any one time). Thus the number of active sites per 
unit area of a carbon surface will be a major factor in
determining the reactivity of that carbon.

However, it is not sufficient merely to consider the 
number of active sites per unit area; the total surface area per 
gram of carbon, and hence the total number of active sites per
gram must be considered. The surface area of carbons is subject
to wide variation, with approximate limits of less than ten 
square metres per gram up to several hundred square metres per 
gram. Such very high areas are possible because of the highly 
porous nature of some carbons, or the very fine subdivision of 
particle size on others. The pore structure originates during 
the formation of carbons by pyrolysis of organic materials.
The thermal decomposition involves the evolution of large 
quantities of gaseous products, the generation and escape of 
which causes pores to form, and remain in the carbon residue. 
Carbons formed by deposition from flames, termed carbon blacks, 
occur as extremely fine discrete particles, giving rise to quite

- 8 -



high total surface areas.

The pore structure of carbons has been extensively
29studied by Dubinin . Pore sizes are found to range from a 

width of only fractions of a nanometre to a size visible with the 
naked eye. Examination of pore size distributions in a variety 
of carbons has revealed a polymode rather than a continuous 
distribution, with pores falling into three discrete size ranges. 
These have been termed macropores, for those visible in the 
optical microscope (i.e. of greater than 200 nm diameter), 
micropores, having a diameter of less than 3 nm and often of 
dimensions similar to those of gas molecules, and an intermediate 
size range of transitional pores or mesopores with dimensions of 
3-200 nm. Of these three pore types the micropores are of the 
greater importance in contributing to the total surface area, 
with only a small fraction of the area due to meso- and macro
pores together.

The pore structure of a carbon is very much dependent 
upon the organic precursor from which it was formed, the 
conditions prevailing during carbonisation, and the stages in 
the decomposition process For example, carbons may be
subdivided into two classes depending on whether or not fusion 
occurs during decomposition; those carbons which undergo fusion 
are termed 'cokes' and those which do not 'chars'. In general 
the structure of chars is found to be more sensitive to conditions 
than the structure of cokes, e.g. rate of heating, initial state 
of the precursor. Carbons showing a high degree of graphitic 
character can only be formed if a fusion stage occurs during

- 9 -



33their formation . The detailed processes occurring during the 
fusion stage have been reviewed by Brooks and Taylor The
vital process is that of the formation of the mesophase, which 
consists of spherical, anisotropic droplets which separate from 
the isotropic fluid mass. The mesophase droplets contain lamellar- 
oriented polynuclear aromatic molecules. From these, as the 
temperature is increased to ca.2775K, the full three-dimensional 
graphite structure is able to develop. Graphitic carbons 
generally exhibit a much lower microporosity than do the less 
well-ordered carbons derived from chars and in which extensive 
amorphous regions give rise to high micropore volumes. The 
reduced sensitivity of cokes to experimental conditions recommends 
them for the production of carbons with consistently reproducible 
properties.

It is possible subsequently to modify and develop the
pore structure by heat treatment and by reaction with an
oxidising gas , again very much dependent on the nature of
the carbon. For non-graphitising carbons, heating to between
15OOK and 280OK produces a reduction in open pore volume by

37elimination of pores and closure of open pores . Graphitising 
carbons tend to develop a higher degree of graphitic character.
On reaction with oxidising gases, non-graphitic carbons develop 
a greater porosity than do graphitic carbons; porosity is 
developed by making available previously inaccessible porosity. 
Preferential oxidation of 'amorphous* regions more prevalent in 
non-graphitic carbons removes blockages and restrictions in the 
pore system.

Thus, factors which affect the porosity of carbons may

— 10 —



influence the reactivity of those carbons by affecting the total 
surface area. Heat treatment may also influence reactivity by 
affecting the number of active sites at the surface; the
relation between heat-treatment and reactivity has been

an
39

investigated by Gregg and Tyson and by Dovaston and
McEnaney and Dovaston

The presence of heteroelements or impurities in the
carbon can exert a most important influence upon the reactivity

40of the carbon . In particular it is found that almost any 
inorganic impurity, whether added deliberately or occurring 
incidentally, can affect the rate of oxidation; the rate may be 
accelerated or retarded. Studies in which this catalysis of the 
oxidation reactions has been investigated have produced a number 
of qualitative results, quantitatively difficult to understand. 
Catalysts are generally added as the metal or salt of a metal; 
boron and titanium inhibit oxidation, treinsition metals in 
general accelerate the reaction. It is found that the magnitude 
of the effect depends not only upon the substance added, but 
also on the form in which it is added, e.g. lead acetate is a 
more effective catalyst in the carbon oxygen reaction than is 
lead sulphate. The chemical state of the catalyst, not only 
before addition but at the conditions prevailing during 
gasification, is of vital importance; metallic salts may to 
some extent be reduced to the metal. The physical state of the 
catalyst is also important, since the effects on reactivity are 
functions of the location of the impurity in the carbon matrix 
and the extent of interaction of the impurity with the matrix. 
Thus adding discrete particles of impurity would be expected 
to exert a different influence on reactivity than would

- 11 -



solution impregnation or even addition before carbonisation.

The catalytic effect of certain compounds has been
shown to vary with the oxidising gas. For instance, cobalt
compounds catalysed the carbon-oxygen reaction to a marked degree,
but were considerably less effective in the carbon-carbon dioxide
reaction, possibly a reflection of the different reaction
mechanisms prevailing. A.further complication, rarely taken
into account, is that the amount of impurities originally present
on the reacting surface increases significantly with the amount

41of carbon burnoff , resulting in inconsistencies in quantitative 
data.

Perhaps the single most important finding, and one 
only fully appreciated in recent years, is that of the relatively 
considerable effect of very low levels of impurity. Almost any 
inorganic impurity in a trace amount (less than a few parts per 
million) is capable of affecting gasification rates; thus even 
rigorously purified carbons may exhibit reaction kinetics more 
representative of a catalysed reaction.

In general two types of theory have been proposed to
account for the phenomena of catalysed gasification; these have

4obeen reviewed by Walker et al. . In the oxygen transfer theory 
the catalyst is assumed to act as an 'active' chemisorption 
centre, the oxidising gas forming intermediate compounds with 
the catalyst. Decomposition of the catalyst-oxygen entity 
results in migration of the oxygen to the carbon surface and 
subsequent gasification. Thus oxygen transfer from the gas 
phase to the carbon surface takes place as part of an oxidation-

- 12 -



reduction cycle. This chemical mechanism therefore involves 
catalyst-oxygen interaction but no catalyst-carbon interaction.
The catalysed gas reaction can only take place immediately 
adjacent to the catalyst particle. This has often been observed 
experimentally, providing strong evidence in favour of this type 
of theory

Ah electron transfer mechanism forms the basis of the 
second type of theory. In this case strong catalyst-carbon 
interaction does occur. Mobile tt electrons are transferred from 
the carbon planes to the catalyst acting as an acceptor. This 
causes weakening of the carbon-carbon bonds adjacent to adsorbed 
oxygen atoms and strengthening of the carbon-oxygen bond, 
enhancing gasification. Because the tt electrons are mobile the 
effect of the catalyst is not localised, contrary to much 
experimental evidence, but the theory does account for the 
marked catalytic effect of traces of impurity.

In contrast to the extensive literature on the catalytic 
effects of metallic additions and impurities, very limited data 
are available on the effects of residual oxygen and hydrogen on 
carbon reactivity. Both are present because carbons are 
derived from pyrolysed organic compounds, the amounts depending 
directly upon the maximum temperature 'seen' by the carbon. The 
total oxygen content is evolved as oxides of carbon and water 
generally well below 1500K, but hydrogen is considerably more 
difficult to remove. Hydrogen evolution only commences above 
9OOK, and Puri and Bansal estimate that of the
combined hydrogen is still retained in carbon blacks at a heat- 
treatment temperature of 14?0K. Significant amounts (ca. 40 ppm)

- 13 -



can still be measured in cokes and graphites treated to near
IfZf32OOK • The effect of this chemically combined oxygen and

hydrogen on carbon reactivity is unclear. Early work by Lowry
Zf 5and Morgan reported that the rate of oxidation of charcoal

was approximately proportional to the amount of combined hydrogen
46and the extent of surface. Walker and Rusinko attempted to 

relate the gasification rates of six carbons in carbon dioxide 
to ash analyses, density, porosity and hydrogen and oxygen 
contents, but found no direct simple relationship in any case.

47Snow et al. varied the hydrogen content of carbon blacks by
heat-treatment and reported a direct relationship between 
reactivity and hydrogen content for some materials but no

48relationship for others. Blyholder, Binford and Eyring
suggested that combined hydrogen (or 'hydrocarbon material')
may influence the oxidation reaction by acting as one type of
active site. A similar suggestion has been made by Barker et al.
Other authors consider that combined hydrogen may retard oxidation
reactions. Lang and Magnier have suggested that hydrogen
trapped in pores and hydrogen indigenous to the structure may

11act as an inhibitor. Ergun and Mentser mention that residual 
hydrogen in a coke could have a similar inhibiting effect to 
gaseous hydrogen in the steam-carbon reaction. In the present 
work the influence of residual hydrogen in cellulose triacetate 
carbons on their reaction with carbon dioxide was investigated 
as a point of major interest.

1.3*2 . Variation in experimental conditions

A wide variety of methods have been employed in the 
study of carbon gasification kinetics. Methods fall into two

- 14 -
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broad categories; flow systems in which the oxidising gas is 
passed over the heated carbon sample, and static systems in 
which the carbon is heated in contact with a fixed volume of gas 
in a closed system, usually at low pressures to avoid diffusion 
effects. Kinetic data are extracted in either case by one or 
more of a number of methods, e.g. gravimetrically, by following 
changes in weight of the sample as burnoff proceeds, analytically 
by determining the product/reactant composition of the gas during 
or after reaction, or barometrically by following changes in 
pressure due to changes in gas composition as the reaction 
proceeds (static systems only). It is also possible to follow 
the reaction by optical or electron microscopy of the carbon, 
although these techniques are limited to the study of single 
crystals of graphite.

The rate data obtained from any experimental system 
will depend upon the intrinsic reactivity of the carbon, 
discussed above, and the physical factors of mass and heat 
transfer. Attempts are generally made to evaluate separately 
or eliminate completely the physical factors; kinetic data 
reported in the literature are subject to wide variation and 
this is due in large measure to differences in experimental 
systems and to difficulties in making an accurate evaluation of 
the attendant physical factors.

The Wicke classification of reaction zones described 
above is often used to ensure that oxidation is proceeding in 
zone I, under chemical control. Curvature of the Arrhenius plot 
at higher temperatures is taken to indicate the onset of a 
diffusion effect; highly porous carbonaceous materials are
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particularly susceptible to diffusion effects as gas molecules
must diffuse through the pore structure to the reacting surface.
Ground rules have been evolved for rate measurements such that
small samples of fine particle size and relatively fast gas flows
are employed, and the resistances to reaction rates brought about
by lack of pore diffusion (zone II) or of gas-film diffusion (zone
III) are eliminated to a large extent. Alternatively use of very
low pressures may be employed to avoid diffusion effects. High
gas flow rates also tend to remove product gases from the reaction
zone, preventing back reactions and/or secondary reactions.

51Turkdogan and Vinters have paid particular attention to these 
considerations. Unfortunately much early work was carried out 
using packed beds of large carbon granules and slow flow rates. 
Product gas concentrations are prone to build up to relatively 
high levels through such beds, and for the endothermie carbon- 
carbon dioxide and carbon-steam reactions practical difficulties 
of temperature control are encountered. Much early data are thus 
rendered suspect in the light of current awareness.

It has been found that the simple Wicke model may be
an oversimplification; other valid reasons for a change in slope

11of an Arrhenius plot are possible. If the rate-controlling 
step of a reaction changes with increasing temperature the slope 
of the curve will be a function of the new rate-controlling step 
at the higher temperature and will change with the change in 
reaction mechanism. Other temperature-sensitive factors cam 
alter the rate and hence the overall activation energy for the 
reaction e.g. the number of effective gas collisions with the 
surface, the fraction of the total surface containing active 
sites (which will depend upon thermal annealing). Thus an
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interpretation of the significance of a change in activation 
energy depends upon a careful analysis of the individual system^^’̂ ^*

Carbon samples which have been exposed to the 
atmosphere for any length of time tend to chemisorb gases, 
principally oxygen, and to physically adsorb water. Carbon 
specimens are therefore usually 'degassed' before any experiment, 
usually 'in situ'. This is done by heating to a high temperature 
under vacuum to drive off adsorbed species. Recent studies 
have indicated that this initial 'clean-up' of the surface may be
of greater importance than has been traditionally accepted. Barker

53et al. found a marked decrease in reaction rate of several
carbons in carbon dioxide when degassing was omitted. Bregazzi

54et al. found that the activation energy obtained for the 
reactions of polyvinyl chloride (P.V.C.) and polyvinylidene 
chloride (P.V.D.C.) carbons with carbon dioxide depended upon the 
conditions adopted for degassing. For poorly degassed samples

_ 'I
the observed activation energy was 295 kJ mol , a value of 
355 kJ mol  ̂ being obtained for the same carbons degassed more 
rigorously. Almost all workers employ different conditions of 
time, temperature and pressure during outgassing. If, as seems 
the case, the kinetics of gasification are sensitive to the 
degree of degassing and hence to surface cleanliness, the range 
of degassing conditions employed in past studies must have con
tributed at least in part to the wide variation in published rate 
dàta.

It has been known for many years that product gases
strongly retard the gasification rates, e.g. carbon monoxide

55retards the carbon-carbon dioxide reaction , hydrogen retards
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the carbon-steam reaction However, it is found that other
gaseous impurities in the oxidising gas can have a marked effect
on the rate of reaction. The gases used in oxidation experiments
are generally purified before use; this purification will
obviously be more stringent in some cases than in others.
Restricting the discussion to the carbon-carbon dioxide system,
gaseous impurities commonly found in carbon dioxide are water,
oxygen, inert gases and some hydrogen. In most studies the
carbon dioxide is dried and oxygen removed by chemical means-
The effect of oxygen may be readily understood from a consideration
of the relative rates of the carbon-oxygen and carbon-carbon
dioxide reactions; the former is some 10^ times faster than the
latter It is the presence of hydrogen-containing impurities

57which are of greater interest. Gadsby et al. showed that 
hydrogen added to the carbon dioxide stream strongly retarded 
the gELsification of charcoal. Water reacts with carbon at high 
temperatures to produce carbon monoxide and hydrogen, which 
both retard the carbon-carbon dioxide reaction;

C + H^O CO + H^ Eq.1.2

More recent studies however show that in high purity systems even 
trace amounts of hydrogen can seriously retard the reaction of

t" Q
graphite with carbon dioxide. Biederman found that the 
addition of a partial pressure of less than 10” Torr (0.133 Nm” ) 
of hydrogen to carbon dioxide at ca. 5 x 10 Torr (6.65 Nm” ) 
caused the rate to fall immediately by approximately a factor of 
ten. The reduction in rate was found to be due to the absolute, 
rather than the relative amount, of hydrogen present. Furthermore, 
similar sharp decreases in rate were observed for the addition 
of methane and ethylene dichloride ; it was suggested that these
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compounds decompose at the reaction temperature, with hydrogen 
as one of the products.

59Shelef and Walker adopted stringent purification 
measures to reduce the hydrogen level of their carbon dioxide 
to below a claimed 10 ^ vpra. and to produce a spectroscopically 
pure carbon. Under these con^ditions, the gasification of their 
well-outgassed graphite was found to proceed temporarily at 
rates exceeding by more than an order of magnitude the normally 
observed rate. Hydrogen admitted during such a temporary period 
of high reaction rate (known as a transient) to a concentration 
of ca. 0 .19̂ caused an immediate decay of the rate to that 
regarded as usual. (A similar but much less dramatic effect was 
observed for carbon monoxide additions, levels of ca. 10% being 
required). Blakely and Overholser have demonstrated strong 
retardation of the carbon dioxide-graphite reaction by hydrogen; 
in addition their results indicate that the hydrogen as such 
inhibits the reaction rather than some secondary effect arising 
from the reaction

COg 4- Eg HgO + CO Eq. 1.3.
The results of Shelef and Walker, showing hydrogen to be far 
more effective in retarding the transient rate than carbon 
monoxide, supports this conclusion.

Deliberate additions of chlorine and chlorine- 
containing molecules have often been made to the oxidising gas. 
Arthur  ̂̂ and Bridger showed that phosphorous oxychloride 
and chlorine are capable of inhibiting the gas-phase oxidation 
of carbon monoxide to carbon dioxide, an importajit secondary
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reaction in the carbon-oxygen system. Such additives were 
therefore used in studies of carbon oxidation. As well as 
retarding the carbon monoxide combustion, the additives were 
found to retard the rate of the carbon-oxygen reaction 
The effects of these additives on the rate of the carbon-carbon 
dioxide reaction is less clear. Phosphorous oxychloride acts 
as an inhibitor, while chlorine is reported to accelerate the 
reaction, these effects both following an initial sharp increase 
in the rate, to a peak (Hedden . According to Hedden and 
Wicke POCl^ can show both reversible and irreversible 
inhibiting effects, depending upon the type of graphite used.
The work of Yamauchi et al.^^ shows the effect of chlorine 
additions to depend upon the amount. The reaction rate reached 
a maximum at 0.1 Torr (13*3 Nm" ) partial pressure of chlorine, 
while the effect of chlorine at partial pressures greater than 
3.3 Torr (466 Nm was inhibiting.

These observations serve to emphasise the importance of 
trace impurities in kinetics studies. They again have implications 
with regard to many previous studies, where impurity levels, 
particularly of water and hydrogen, vary considerably and in 
many cases are not reported at all. Also of significance is

C“ Q
the finding by Biederman of retardation by hydrocarbons; 
hydrocarbon contamination is virtually unavoidable in glass 
systems employing greased joints, very much the rule in the past. 
Oil diffusion and rotary pumps can also cause contamination 
unless effectively trapped.

The above discussion serves to outline at least the 
more important factors, chemical, physical and experimental
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which can exert actual or apparent effects on the kinetics of 
carbon gasification. The inherent complexity of the reactions, 
together with a multiplicity of other factors, has led to the 
accumulation of a vast amount of data. Much of this data shows 
general trends of agreement; there is much conflicting data.
There is certainly a great deal of scatter. It appears that 
most of the work done on gas-carbon reactions has been carried 
out using more or less impure carbons, structurally ill-defined 
and with indeterminate degrees of inhibition by gas-phase 
contamination and by in-pore diffusion. However, in spite of 
these inconsistencies, standard rate expressions and reaction 
mechanisms have been proposed and almost universally accepted; 
these are considered in the next section.

1.4. Kinetics and Mechanism of the carbon-carbon dioxide reaction.

57Gadsby et al. were among the first to express the 
kinetics of carbon gasification in CO^ by an empirical 
equation of the form

^1
Rate =   Eq. 1.4.

1 + kg pCO + k^ pCOg
where p refers to the partial pressures of the gases, and k^, kg 
and k^ are related to specific rate constants in a postulated 
reaction mechanism.

At very low pressures of carbon dioxide, if kg pCO and 
k^ pCOg are both very much less than one, the rate expression 
reduces to a first order rate law i.e.

Rate = k^ pCQg Eq. 1.5.
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When the pressure of carbon dioxide is high enough for
pCOg to be much greater than 1 + kg pCO, the rate of reaction

is given by the zero order expression

k 
k
'IRate = —  Eq. 1.6.
3

If conditions are such that none of the terms in the denominator 
can be neglected, the order of reaction will be fractional; 
studies in the literature show that the order of the carbon- 
carbon dioxide reaction varies between zero and first, depending 
upon the experimental conditions ^7,68,69,70.

The most widely accepted reaction mechanism which 
satisfies the general rate equation proceeds in two steps, the 
reversible oxygen exchange surface reaction, followed by the 
unidirectional desorption or gasification step ;

1 + COgg #  0(0) + COg Eq. 1.7.
2 0(0) OOg + nO^ Eq. 1.8.

0^ represents an unoccupied active site, 0(0)a carbon-oxygen
surface complex and OOgg and OOg are molecules in the gas phase.

71 72The mechanism has been fully discussed by Ergun ’

The gasification originates from the sites occupied by 
carbon-oxygen surface complex, leaving a new, unoccupied active 
site. Under steady state conditions n = 1 ; larger or smaller 
values of n will result in an increase or decrease in numbers of 
active sites and hence in a similar trend in reaction rate, as 
the reaction proceeds.

The retarding effect of carbon monoxide is accounted
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for by the reverse of step 1. Carbon monoxide from the gas 
stream reacts with carbon-oxygen surface complex, retarding the 
reaction by reducing the amount of complex on the surface. The 
removal of surface oxides by carbon monoxide has been shown a 
number of times 73»74^

The rate-determining step in the mechanism is step 2,
the desorption or gasification step. The oxygen exchange reaction

75is much faster, as has been shown by Bonner and Turkevitch and
72 l4Mentser and Ergun in studies employing COg as a tracer;

these studies also confirm the reversible nature of this
reaction. Under steady-state reaction conditions, the oxygen
exchange reaction is assumed to be at virtual equilibrium.

1.5» Limitations of accepted theory.

The reaction kinetics and mechanism described above 
bring together a large amount of experimental data collected 
over many years. There are, however, a number of features of 
the carbon-carbon dioxide reaction which are not accounted for 
in this accepted scheme of things.

The transient rate phenomena observed by Shelef 
59and Walker for the carbon-carbon dioxide reaction carried 

out essentially in the complete absence of hydrogen is an 
important case. The phenomena are explained by assuming two 
types of surface oxygen complex differing widely in their 
reactivity, and the possibility of transformation of the more 
reactive oxide into the less reactive form. Two types of
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surface oxide are possible by virtue of the existence of at 
least two types of active sites on a thoroughly outgassed 
graphite, each accommodating a surface oxide of a different 
reactivity. The oxide complex of low reactivity, designated 
C(0)j is that which participates in the more normally observed 
steady state carbon gasification described by the conventional 
mechanism above. During the fast transient rate the contribution 
to the reactions by the Ergun mechanism may be neglected; a more 
complicated mechanism in which the more reactive complex 
participates must be considered. Designating the reactive

II ^ reaction mechanism is suggested as follows

1 COgg + Cj #  C(O)^.^ + COg Eq. 1.9.
2 —> COg + Eq. 1.10.
3 C(0)jl —  ̂ C(0)j Eq. 1.11.

The asterisk indicates that this site is different from the one
*on which the more stable complex is formed. Free C sites are 

regenerated at step 2 allowing the reaction to continue beyond 
the removal of one layer of carbon atoms. Step 3 shows the 
transformation, in time, of the more reactive to the more stable 
type of complex; the decay of the transient is associated with 
this transformation. The effect of hydrogen in causing an 
immediate quenching of the transient was shown to be due to 
chemisorption of hydrogen on a large fraction of sites normally 
occupied by a surface oxygen complex.

The results of Turkdogan and Vinters have been 
accounted for in terms of a rate equation and mechanism of a 
completely different form to that of the accepted scheme. In a 
thorough study the effects of temperature, pressure, particle
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size and type of carbon on the extent of internal burning 
were investigated. Particular attention was paid to ensure 
complete gas diffusion in the pores; it was shown that with 
increase in temperature or pressure the particle size must be 
decreased. Under these conditions and essentially in the 
complete absence of carbon monoxide it was found that the 
rate was proportional to the square root of the carbon dioxide 
pressure, over a wide range of pressures;

Rate = k(pCOg)^ Eq. 1.12.
A reaction model to account for these observations has been 
proposed. It is assumed that a chemisorption equilibrium is 
readily established between the gas phase and continuously 
renewed pore surface of the carbon throughout the particle, 
involving two identical chemisorbed species occupying single 
sites, which may be written;

COgg #  C + 2C(0) Eq. I.15.
This equilibrium gives rise to a square root relationship for 
the reaction rate. The rate of oxidation is assumed to be 
controlled by the reaction of chemisorbed oxygen C(0) with 
carbon forming an activated complex C(0)̂  for which the 
equilibrium is represented by

C(0) #  C(0) Eq. 1.l4.
The subsequent reactions

C(of C(0) ^  COg Eq. 1.15.
leading to carbon monoxide evolution are assumed to be rapid.
The authors attribute the apparent inconsistencies in the 
pressure dependence of the rate of oxidation of carbons in 
carbon dioxide observed by other investigators to incomplete 
diffusion in the pores of the particles; the square root relation-
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ship is obtained only when there is complete internal burning 
i.e. the rate is controlled primarily by a gas-carbon reaction 
on the pore surface.

Perhaps the most important new approach to the kinetics
76and mechanism of the Boudouard reaction is that of Grabke .

The oxidation of carbons in carbon dioxide - carbon monoxide 
gas mixtures is discussed in terms of a reaction sequence of the 
oxygen transfer reaction 1 and the gasification step 2 ;

1 COgg ^  COg + O(adsorbed) Eq. I.16.
2 0(adsorbed) + C COg Eq. 1.17.

While proceeding by similar reaction steps to those discussed 
71 72by Ergun ’ , the detailed mechanism in this case differs in

several important respects. The oxygen transfer reaction was
l4 i4studied by measuring the formation of CO from COg, the 

gasification rate being measured simultaneously from changes 
in gas composition in the flow system. It was shown that a 
uniform oxygen activity a^ is established at the carbon surface, 
dependent upon the COg/CO ratio in the coexisting gas phase. 
Because each partial reaction could be followed independently, 
each was shown to have a different dependence upon the oxygen 
activity and to exhibit changes in rate independent of one 
another. From this it can be seen that the partial reactions do 
not take place only at the same sites (as assumed by Ergun). 
However, the kinetics of both reactions are correlated, as fast 
oxygen surface diffusion is assumed to occur. Thus a uniform 
oxygen activity is established by the interplay of this surface 
diffusion and the two partial reactions, even though the oxygen 
coverage during reaction is not uniform; the gasification step 
is more likely to occur from graphitic steps or edges while
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oxygen exchange may also occur on basal planes.

The results for the kinetics of the two partial 
reactions also show that under conditions which give a high 
oxygen activity (high temperatures, high COg/CO ratio, low total 
pressure) the rate of gasification becomes comparable to the 
rate of oxygen transfer. The assumption of Ergun that the 
gasification step is always rate-determining is therefore not 
valid under these conditions.

The overall reaction rate is determined by the rate 
of the gasification step, which is proportional to the oxygen 
activity on the surface, a^. Under conditions when reaction 1 
is much faster than 2 and at equilibrium, the equilibrium
value of a^ is given by

%  = PCO2/PCO

When the rate of 2 becomes comparable with the rate of 1, almost 
all oxygen transferred by the forward reaction 1 is consumed by 
the gasification step. Reaction 1 is then far from equilibrium 
and a steady state condition for oxygen adsorption becomes 
established. The new oxygen activity must now be calculated 
and introduced into the rate equation

V = k_a Eq. 1.19n 2 o
to obtain the overall reaction rate V^. (kg is the rate 
constant for reaction 2). Unfortunately a general rate law 
cannot be derived by this procedure. The dependence of the 
oxygen activity can be described by power functions, and not 
necessarily only by a Langmuir expression as has been proposed 
by Ergun; the value of the exponent in these functions is found
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to depend upon the strength of the adsorption of oxygen on
the surface, and hence upon the nature of the carbon. In
addition to accounting fully for his results on a variety of
carbons Grabke was able to interpret the half power rate law

51found by Turkdogan and Vinters in terms of his analysis as 
a special case, and to simplify their proposed reaction mechanism,
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Chapter 2 

The Compensation Effect

2 .1. Introduction

In the study of catalysts and catalysis generally a 
frequently observed phenomenon is that of the Compensation 
Effect. In this chapter a description of the effect is given, 
together with examples where the effect is operative. Particular 
attention has been paid to examples from the field of the 
catalysed oxidation of carbons Eind graphites. This is followed 
by a survey of interpretations of the compensation effect that 
have appeared in the literature. The effect is of importance 
both as a means of expressing experimental data and, in many 
cases, as a basis for the discussion of the results. The final 
section covers the detailed aims of the present work.

2.2. Description of the Phenomenon.

A compensation effect is said to be operative when, 
for a given reaction over a series of related catalysts, a 
direct relationship between the activation energy E and the 
pre-exponential factor A in the Arrhenius equation is observed. 
The relationship is usually of the form

log A = mE + c Eq. 2.1.
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where m is the slope of the line and c the intercept. The 
term * compensation effect' is used because simultaneous 
increases in E and log A tend to compensate for one another with 
respect to the rate, given by

Rate = A exp (-E/RT) Eq. 2.2.

where R is the Gas Constant and T the absolute temperature. Thus, 
when a compensation effect operates, it is possible for large 
variations in E and log A through a catalyst series to yield 
only small changes in the rate.

A typical 'compensation effect plot' of log A vs. E
is shown in Fig 2.1; the series of Arrhenius plots from which
such a plot may be derived is shown in Fig 2.2. It may be seen
that the lines of the Arrhenius plots intersect at a point ^/t^ î

the temperature T^ corresponding to this point is known as the
isokinetic temperature, as the rates of all the reactions are the
same (given by log k') at this temperature. The value of T^ may

77be readily estimated from the experimental results; Bond has 
shown that T^ is given by

ra = (2.303 RT^)”  ̂ Eq. 2.3.

where m = slope of the compensation effect plot. The value of 
T^ appears to be characteristic of a given system, although it 
is difficult to attribute a physical significance to it.

78A compensation effect was first reported by Constable '
for the dehydrogenation of ethanol over a series of copper

79catalysts prepared at different temperatures. Cremer gives 
a large number of examples of reactions exhibiting a compensation 
effect for cases where the composition of the catalyst was
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varied, and where a range of pretreatment temperatures was used* 
Examples where no compensation effect occurred are also given; 
the effect is thus seen as a widely encountered although not 
universal phenomenon of catalytic reactions.

It is also apparent that the compensation effect is a
feature of the catalysed gas-carbon reactions. The rate data of
Heintz and Parker and Rakszawski and Parker for a range of
transition and main group elements as catalysts in the reaction
of graphite with oxygen both given linear plots of log A vs. E.

A1Heuchamps and Duval find a compensation effect in the 
oxidation of graphites in air, catalysed both by impurities and 
varying amounts of deliberately introduced sodium and potassium

82oxides. More recent work by Allardice and Walker has shown 
a compensation effect brought about by varying amounts of boron 
introduced as substitutional atoms to the carbon lattice.
Similarly for the carbon-carbon dioxide reaction the data of

O ?
Kawana for cokes with different metallic additions and of
Semechkova and Frank-Kamenetsky for sugar carbons contaminated 
with iron both yield linear compensation effect plots.
Biederman has compiled data from the literature which show 
a similar effect, although the exact nature of the catalysts is 
not known.

The compensation effect examples cited are consistent 
with many reported in other fields of catalysis, with systematic 
variation in E and log A values brought about by changing the 
amount or nature of the catalyst. It is also possible to 
calculate values for isokinetic temperatures,and for gas-carbon 
reactions these are found to fall within the range of
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temperature of technological and experimental interest (for 
example, from Kawana Tg = 1250K, from Heintz and Parker 
Tg = 840K)^^. Unfortunately there is some conflicting evidence, 
as cases where no compensation effect operates may be found.

85For example, Businko and Walker produced natural graphites of 
widely different purities, and hence very different reactivities, 
by heat treatment, but reported no parallel change in activation 
energy.

2 .3. Interpretations of the Compensation Effect.

There are a number of possible interpretations of the 
compensation effect, none of which finds universal application.
The various suggested interpretations have been reviewed by

77 79Bond and by Cremer, Of these the most important and the
78one of greatest relevance here is that due to Constable ,

79later developed by Cremer. In this model the catalyst surface 
is assumed to be heterogeneous, the reaction taking place at 
active sites of different energies. A term is therefore included 
in an Arrhenius type equation for the rate to allow for this 
* site energy distribution*. Thus if the number of sites 
associated with an activation energy E^ is n^, the total rate 
is given by

Rate = k X] exp(-E./RT) Eq. 2.4.
i  ̂ ^

It was shown by Constable that the site energy distribution 
could be described by a Boltzmann function, that is that the 
relative numbers of sites decrease exponentially with decrease 
in the activation energy associated with each site

Thus = a exp (E^/b) Eq. 2.5.
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where a and b are constants.
The expression for the total rate then takes the form

Rate = ka ^  exp (gE) Eq. 2.6
i

where

If it is assumed that the distribution of site energy is 
continuous the rate expression may be integrated between the 
limits and E^, giving

Rate = ka/g [exp(-gE^) - exp(-gE^)] Eq. 2.7.

It was shown from experimental results that the second 
exponential term could be neglected, hence

Rate = ka/g exp(-gE^)

= ka exp (E^/b)
g exp (-E^/RT) Eq. 2.8.

This result shows that reaction takes place at the catalytic 
surface as if it contained active sites with activation energies 
equal to the lowest value in the exponential distribution, as 
would be expected. The final expression also incorporates the 
compensation effect; if in changing the catalyst the activation 
energy is increased, the value of the 'pre-exponential* factor 
in the final expression will also be increased as E appears in 
this term, resulting in a partial compensation. Thus if the 
preparation or formation of a series of catalysts causes a 
variation in the site energy distribution through the series, 
this would be expected to give rise to a compensation effect.

79Cremer has shown that the above treatment is a 
general case for a model involving only two types of active site,
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each associated with a different activation energy; reaction is 
assumed to take place simultaneously and independently at both 
types of site. The overall rate constant is then expressed by

k = exp (-E^/RT) + A^ exp (-E^/RT) Eq. 2.9.

A compensation effect arises if it is assumed that treatment of 
the catalyst changes, for instance, the value of A^, with A^, E^ 
and E^ remaining constant. It is suggested that this change 
might be caused by a thermal treatment sintering active sites of 
type 2 , or by a change in the concentration of surface impurities. 
Calculation of an Arrhenius plot for each value of A2 gives a 
series of lines, intersecting at a common point, resulting in a 
diagram of the type shown in Fig 2.2.

86A model of this type has been employed by Sosnovsky 
to account for his results for the decomposition of formic acid 
over single crystal silver catalysts. A linear relationship 
between log A and E values measured for the reaction over a 
series of crystals was observed. The crystals were prepared 
by ion bombardment at different energies. It was postulated 
that the sites of emergence of dislocations at the surface 
constituted the active sites in the reaction. These were of two 
types, existing, isolated dislocations with a low activation 
energy and new dislocations introduced by the ion bombardment 
and having a higher activation energy. The second type are 
known to form separate stable arrays. In a crystal containing 
only isolated dislocations the measured values of A and E will 
be representative of these low energy sites. When very large 
numbers of new sites have been introduced by ion bombardment, 
reaction on these sites predominates to such an extent that the
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measured values of A and E are representative of these higher 
energy sites only. When the contribution to the rate of both 
types becomes comparable, the observed A and E values will be 
composite and fall between the two limiting cases.

A similar approach has been applied to the catalysed
4lgas reactions of carbon. Heuchamps and Duval have explained 

their results by the coexistence of two independent reactions, 
catalyzed and uncatalyzed, occurring on the contaminated and 
clean fractions of the graphite surface respectively. The total 
rate of reaction is then given by the equation

Rate = exp (-E^/RT) + (1 - 0 ) A^ exp (-E^/RT) Eq. 2.10.

where A and E refer to the uncatalysed reaction, A and E to u u c c
the catalysed reaction, 6 and (1- 0 ) correspond to the fractions 
of the rate due to uncatalysed and catalysed reactions respectively 
It was shown that as burn-off of the graphite proceeded, impurities 
present in the graphite accumulated on the surface ; this was 
accompanied by a steady fall in the observed activation energy, 
and a parallel change in the observed pre-exponential factor.
Curves calculated on the basis of the theory showed excellent 
agreement with the experimental plots of the changes with burn- 
off and the compensation effect.

Evidence that the catalysed and uncatalysed reactions 
occur independently on the surface was taken from the results 
of electron microscope studies. Direct observation showed that 
points of preferential attack of a graphite surface corresponded 
to the location of the impurities, and that catalyst particles 
exerted their accelerating effect only at points of contact
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with the graphite, leaving the remainder of the surface to 
react free from catalyst influence.

The treatment of Heuchamps and Duval has been developed 
84by Feates et al. Families of theoretical Arrhenius plots 

showing the effects of different fractions of catalysed attack 
are given with the corresponding compensation effect plots.
The results of a number of studies of the catalysed gasification 
of carbons exhibiting the compensation effect are shown to be 
consistent with the theoretical plots, supporting the two-site 
model as a valid interpretation of these results. Further 
experimental work is also presented as evidence for the localised 
nature of catalyst attack. Using the technique of controlled- 
atmosphere electron microscopy, both catalysed and uncatalysed 
reactions could be followed simultaneously on the same graphite 
crystal, during oxidation. It was observed that catalyst particles 
operate by cutting channels or pits in the graphite surface, as a 
result of the enhanced reactivity at the points of contact of the 
particles. Subsequently further uncatalysed attack may take 
place at the channel or pit sides (newly exposed basal plane 
edges). This places a limitation on the range of values of 6 
and (1- 0 ) in equation 2.10. While on an essentially pure 
graphite the fraction of catalysed attack (1- 0 ) will tend to 
zero, it is unlikely that 0 , the fraction of uncatalysed attack, 
would become negligible with new surface for this reaction 
continuously generated by channelling particles on an impure 
graphite.

87The results of Montet and Myers have also been 
explained in terms of the Heuchamps and Duval model. Their work
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differs from that discussed above in that a spectroscopically 
pure graphite was used throughout; the reaction of this graphite 
with water vapour was studied. This reaction is inhibited by 
hydrogen, one of the products, but further strong inhibition was 
observed when additional hydrogen was added to the water vapour.
It was found that the measured activation energy and pre
exponential factor both increased as the queintity of added 
hydrogen was increased, the inhibition therefore showing a 
compensation effect. This was confirmed by an accurately linear 
plot of log A vs. E. The inhibition was shown to result from 
the dissociative adsorption of hydrogen on active sites 
participating in the graphite-steam reaction, thus effectively 
blocking these sites. The compensation effect is explained by 
identifying the hydrogen-contaminated sites with those con
taminated by impurities in the catalysed reaction, with an 
increase in hydrogen partial pressure resulting in an increase in 
the fraction of contaminated sites.

There remain, however, the results of a small number of 
studies which are not easily accounted for by the simple two- 
site model. Gregg and Tyson observed a compensation effect 
in the reaction of a carbon heat-treated to a series of 
temperatures between 1270K and 3270K with oxygen. Below 185OK, 
the measured E and A values increased with increasing heat-treatment 
temperature; this was attributed to a decrease in the influence of 
diffusion on the kinetics, as the porosity of the carbon steadily 
decreased. The diffusional influence continued to fall above a 
heat-treatment temperature of 185OK, but the observed E and A 
values now decreased, as a result of the increase in the degree
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of graphitisation of the carbon at the higher treatment 
temperature. The experimental activation energy and pre
exponential factor therefore pass through a maximum at ca. 185OK. 
Although the processes discussed by Gregg and Tyson lead to a 
satisfactory explanation of their results, the changes which occur 
during heat treatment are complex and other factors may be 
important. For example, the purity of the carbon used is not 
mentioned, nor the possible catalytic influences on the reaction 
of any impurity ; heat-treatment over a wide range of temperature 
is likely to affect both the quantity and distribution of any 
impurity•

In the work of Dovaston the effect of heat treatment
on the development of porosity in a cellulose triacetate carbon
by reaction with carbon dioxide was studied. Carbon of
spectroscopic purity was produced by carbonisation of cellulose
triacetate polymer, and subjected to a range of heat-treatment
temperatures from 1230K - 2270K. The kinetics of the reaction
of these carbons with carbon dioxide showed a compensation effect
to be operating; the measured activation energy increased with

— 1increase in heat-treatment temperature, rising from 285 kJ mol" 
to a maximum of 424 kJ mol"^ at 1673K and decreasing thereafter, 
with a parallel trend in pre-exponential factor. Although 
similar to the results of Gregg and Tyson, their reasoning 
cannot be applied in this case. The pore volume of the cellulose 
triacetate carbon decreases with increased temperature of heat 
treatment, but it was shown that diffusional influences on the 
reaction rate were negligible at the temperatures and pressure 
of CO2 employed. In addition, if the measured values of
activation energy had referred to reaction under diffusion
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control, the deduced values for true activation energies would 
have been unrealistically high. The increase in E up to the 
maximum at low heat treatment temperature cannot therefore be 
attributed to a fall in diffusional influence. To account for 
the decrease in activation energies beyond the maximum, Gregg 
and Tyson suggested that the increase in graphitic character of 
their carbon was responsible; in the case of cellulose triacetate
carbons this explanation cannot apply, as such carbons are non-

88graphitising and undergo no marked changes in graphitic 
character when heat-treated to 2270K.

It is also unlikely that catalytic impurities have a 
significant influence on the kinetics of the gasification. The 
carbons were carefully prepared and found to be of spectroscopic 
purity; in addition there was no systematic change in purity 
levels with heat treatment.

In the light of the above considerations, it was 
postulated that the observed trends in reactivity were due to the 
effects of two competing processes. Hydrogen, incorporated in 
the structure of the carbon, or trapped in closed pores, may have 
a similar strong inhibiting effect on the reaction to hydrogen 
present in the gas phase. Therefore, the reactivity of a low 
heat-treatment temperature carbon is expected to be retarded.
As the temperature of heat treatment is increased, hydrogen will 
be eliminated, and the inhibition reduced. In addition it is 
possible that such elimination of hydrogen (and other hetero
elements) will produce labile carbon atoms, which can then act 
as active sites. An increase in reactivity is therefore likely. 
At higher heat treatment temperatures however, thermal annealing
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of active sites will become increasingly important, resulting 
in a more energetically homogeneous and less reactive surface.
The overall effect of these two processes is therefore a maximum 
in the reaction kinetics at an intermediate heat-treatment 
temperature, as is observed experimentally.

2.4. Aims of the present investigation.

It was proposed for the present work to investigate
further the interesting and unusual features of the reaction of
cellulose triacetate carbons with carbon dioxide described by 

35Dovaston . This involved the synthesis sind carbonisation of 
cellulose triacetate, and the design and construction of a 
microgravimetric apparatus in which to carry out and monitor 
the oxidation reaction. In an initial series of experiments the 
effect of heat treatment temperature on the reactivity of the 
carbon was investigated, in an attempt to confirm the operation 
of a compensation effect. This was a repeat of some of the work 
of Dovaston, with the difference that smaller increments of heat- 
treatment temperature (of 100K compared with 200K) were used, 
and that the pressure of carbon dioxide used was reduced by a 
factor of ca. 10. By operating at a lower pressure it was 
hoped that all diffusion effects would be eliminated.

Following this it was proposed that, if possible, 
the factors thought to be responsible for the experimental 
observations should be examined separately. This involved firstly 
a series of isothermal annealing experiments at a chosen heat- 
treatment temperature, intended to separate the effects of rapid 
and of time-dependent processes. Secondly the effects of
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hydrogen on the reaction were investigated by additions of 
hydrogen to the reacting system. In addition carbons were 
treated in chlorine atmospheres in an attempt to vary the 
residual hydrogen content of the material without recourse to 
heat-treatment. In all experimental series measurements of the 
hydrogen contents of the carbons were made.

The processes postulated by Dovaston to account for 
his results (inhibition by residual hydrogen, generation of 
labile carbon atoms, and annealing of active sites) all result 
in changes in the site energy distribution of the reacting 
surface. A similar approach in the present work may allow 
experimental results to be interpreted in terms of a model of 
the type proposed originally by Constable

The apparatus and methods employed to prepare, treat, 
and measure the kinetics of oxidation of the carbons are 
described in the following chapter.
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Chapter 3 

Experimental Apparatus and Methods

3.1. Choice of experimental materials

For the present work, a carbon produced by the 
carbonisation of the polymer cellulose triacetate has been chosen, 
A number of factors recommend cellulose triacetate carbons for 
use in activation studies. They have been well characterised in 
terms of purity, reactivity and pore structure in previous work 
by Dovaston and by Rowan particular features of Dovaston*s 
results provide the subject for more detailed investigation in 
the present work. (As discussed in chapters 1 and 2).

A major problem in producing carbons from organic 
materials is their sensitivity to conditions during the 
carbonisation process, particularly in the case of chars, which 
do not undergo a fusion stage and the structures of which depend 
directly upon those of the precursors. Cokes, which do fuse, 
are very often graphitising and thus change structure on heat

O q
treatment. In contrast cellulose triacetate carbons do fuse
but are not graphitising, reducing sensitivity to carbonisation 

90conditions and avoiding marked changes in graphitic character
88on heat treatment. In addition polymer carbons generally

can be produced from very pure starting materials, giving 
spectroscopically pure carbon residues. Together these 
properties result in a consistent and reproducible product.
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Cellulose triacetate carbons also have the advantage of a 
relatively high reactivity in carbon dioxide by virtue of a high 
porosity and surface area; they are also harder and less friable 
than many cellulose carbons. Disadvantages in their use include 
the need to synthesise cellulose triacetate, a relatively low 
yield of carbon from the polymer, and appreciable losses on grind
ing and sieving the fused mass.

A limited number of experiments have been performed 
using a hot-pressed pyrolytic graphite manufactured by Union 
Carbide Inc. This is produced by vapour phase deposition from 
methane followed by hot pressing and heat treatment to 3275K.
This yields a highly graphitic, spectroscopically pure material 
of low reactivity.

3.2. Preparation of cellulose triacetate carbons

913.2,1. Synthesis of cellulose triacetate

A mixture of 3Cg of chromatographic grade cellulose 
powder and 225g of glacial acetic acid was prepared in a 1 litre 
beaker, covered, amd maintained at 33C (328K) in a water bath.
The contents of the beaker were stirred frequently over a period 
of 30 min (l800s).

The beaker was then removed from the bath and the 
temperature allowed to fall to 30C (303K) before the addition of 
an acetylating mixture of 13O ml of acetic anhydride and 3 ml 
of concentrated sulphuric acid. An ine-bath was used to cool the 
reaction mixture, keeping the temperature below 6OC (333%) and

- 44 -



thus minimising the degradation of the cellulose* When the 
initial reaction had subsided the beaker was transferred to a 
water bath at 350 for 90 min (328K for 3400s). The mix was 
stirred frequently until a clear solution was obtained.

Cellulose triacetate was precipitated from the 
solution by the careful addition of distilled water, with stirring, 
to the point of precipitation. The resulting solution was poured 
rapidly into a large volume of iced water and stirred vigorously. 
This procedure ensured a readily filtered granular product, while 
the low temperature prevented hydrolysis of the ester before 
stabilisation.

The polymer was filtered and washed, then stabilised 
by boiling in 1 litre of distilled water acidified with 2 ml of 
concentrated sulphuric acid. The contents of the beaker were 
filtered directly into a cellulose thimble, washed with distilled 
water for several hours using a Soxhlet apparatus, and finally 
dried in a vacuum oven at 3OC (323%).

The cellulose powder used was Whatmans Chromedia C.F.Ü. 
(Max. ash content 0.013%). * MALAR* grade reagents were used 
throughout.

3.2 .2 . Carbonisation of cellulose triacetate.

The polymer was carbonised under conditions essentially
35similar to those employed by Dovaston , but using a simpler 

apparatus. A standard amount of cellulose triacetate was 
heated in a metered stream of oxygen-free nitrogen at a linear 
rate to 1273%, held at this temperature for 30 min (l800s), and
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cooled under nitrogen.

Procedure.

The apparatus is shown diagramatically in Fig 3*1• 
Cellulose triacetate was weighed into a silica boat and loaded 
into the tube furnace. This was facilitated by demountable 
Pyrex caps and matching Pyrex cones sealed to each end of the 
mullite work tube. Oxygen-free nitrogen was passed from a 
cylinder and two-stage regulator to a needle valve and a float- 
type flowmeter. The metered flow of gas at 13 ml s”"' was dried 
via a column of silica gel and passed into the furnace. Tars 
produced during the decomposition of the polymer were removed 
from the exit gas by a trap, which also prevented back diffusion 
of air, and the gas vented to atmosphere.

The system was flushed with nitrogen for 30 min 
(l800s) before starting the heating cycle. A linear heating 
rate of 0.04k s was obtained by using a West temperature 
programmer, giving a stepless power supply via a saturable 
reactor and controlled by a Pt/PtRh thermocouple adjacent to 
the furnace windings.

A reproducible yield of 13- 0.3% of carbon from a 
starting weight of 1 g of polymer was obtained. Because of 
frothing during the fusion stage of carbonisation, the silica 
boat could only be partly filled, and its size was limited by 
that of the furnace tube in use. Therefore a duplicate furnace 
system was built to increase the rate of carbon production, 
powered by the same temperature programmer during the cooling
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cycle of the first furnace.

The carbon was ground and sieved to between 10 and 
40 B.S.S. mesh using nylon mesh sieves, and stored over silica 
gel in a desiccator.

3.3* Heat-treatment of cellulose triacetate carbons 

3«3«1* The Radio-Frequency Induction furnace.

The great majority of heat-treatment was carried out 
using a Radio-Frequency Induction heating rig, shown in Fig 3*2., 
this being capable of very rapid heating and cooling rates. A 
furnace tube of clear silica enclosed a thick-walled graphite tube, 
which in turn contained the sample to be heat-treated. The 
graphite tube acted both as a sample boat and as the R.F. 
susceptor, and rested directly on the silica wall. The silica 
tube was supported at one end only, at a distance from the hot 
zone. This end was closed with a rubber bung, to allow loading 
of the graphite boat, the other being sealed with a silica optical 
flat. A metered stream of dry argon (at 15 mis was fed through 
the bung, over the boat and sample, and led away via a silica 
side-tube to a wash bottle. The water-cooled work coil of 
an R.F. generating set ('Radyne* C240B rated at l8 kW) was 
positioned round the silica tube concentric with the graphite 
boat. The gap between the coil and the tube wall was kept to a 
minimum to ensure efficient R.F. coupling.

Procedure.
The graphite boat containing up to 1.2 g of cellulose
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triacetate carbon (sufficient for three microgravimetric runs) 
was placed inside the silica tube, within the limits of the 
work coil. The sealing bung was inserted, and a check made to 
ensure that there was no contact between the copper coil and the 
silica tube. The system was then flushed with dry argon at 
15 ml s  ̂ for l800s before switching on the R.F. power. This was 
controlled to give an approximately linear heating rate of 
1.5K s . The sample, in its open-ended graphite boat, was 
visible through the optical window; the temperature of the sample 
was continuously monitored during heating by means of a dis
appearing- filament optical pyrometer (Foster-Cambridge Ltd, N.P.L. 
calibrated)• Once the required temperature had been reached 
the power was maintained for the period of heat-treatment; 
power output was found to be very stable and the temperature 
constant to within the - 10K accuracy of the pyrometer.

The Platinum-wire resistance furnace.

A small number of heat-treatments were carried out 
using a conventional platinum-wire resistance furnace, shown 
in Fig 3•3* An aluminous porcelain furnace tube was fitted 
with copper cooling coils to protect a rubber sealing bung at 
one end, and an epoxy resin joint at the other. The resin 
served to seal an optical window and side-tube to the furnace 
tube, thus permitting the use of the optical pyrometer. The 
sample was loaded into the hot-zone of the furnace contained in 
the same graphite boat as before. A conventional temperature 
controller was used to operate the furnace, the temperature of 
the sample again being measured directly with the pyrometer.
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Procedure

Following the loading of the sample, the system was 
flushed with a metered flow of dry argon at 15 ml s”  ̂ for l800s 
before switching on the power. The heating rate of this furnace 
was very limited, taking 6 hours to reach a temperature of 1573K. 
Once reached, the required temperature was held for the period 
of heat treatment and the furnace switched off. It was allowed 
to cool to room temperature overnight, while continuing the 
flow of argon. Only limited use was made of this apparatus, 
because of both the prolonged heating and cooling cycle and an 
upper temperature limit of approximately l6?5K.

3.4. Gas treatment apparatus.

In addition to a range of heat treatments, a number 
of carbons were prepared by treatment with gaseous hydrogen and 
chlorine at temperatures upto 1228k. The furnace arrangement is 
shown in Fig 3*4. The furnace tube was of translucent silica, 
this material being resistsint to chemical attack at elevated 
temperatures. Silica B.34 cones were fused to the ends of the 
tube, which were closed by Pyrex B.34 sockets drawn down to 
provide nozzles for the gas inlet and outlet tubes. The furnace 
was a simple wire resistance furnace, powered by an Ether 
Transitrol control unit. The thermocouple for this unit was of 
the chromel/alumel type amd was placed between the furnace 
windings and the silica tube; the temperature setting scale of 
the unit was checked against actual temperature by an internal 
calibration thermocouple placed in the centre of the hot zone 
adjacent to the sample boat. The calibration thermocouple was
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removed during gas treatments proper to prevent the possibility 
of chemical attack and metallic contamination of the sample.
The sample boat was of Purox grade alumina.

The treatment gases were passed into the furnace via a 
simple glass manifold. Hydrogen and oxygen-free nitrogen (as a 
flushing gas) were metered from standard cylinders by means of 
2-stage regulators and needle valves and dried by passage 
through silica gel columns; chlorine was obtained from a 'lecture 
bottle' supplied by B.D.H. Chemicals Ltd, fitted with a stainless 
steel needle valve. On exit from the furnace the gases were 
passed through a water-filled wash bottle which prevented back 
diffusion of oxygen and served as an indication of flow rate; 
chlorine and nitrogen were led directly to the fume-cupboard 
extractor, while hydrogen was burnt off at a silica jet.

Procedure.

3.4.1. Hydrogen treatment

The carbon was weighed into the alumina boat and 
positioned in the furnace hot zone. After a 30 min (l800s) 
period of flushing with nitrogen, the furnace was switched on and 
allowed to come to the set temperature of 1228K. A flow of 
hydrogen then replaced that of nitrogen, and the jet ignited ; 
the flow rate was adjusted to give a stable flame. The temperature 
was maintained for the required period before flushing away the 
hydrogen with nitrogen, and switching off the furnace.
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3*4.2. Chlorine treatment

An exactly similar procedure to that described in 
3*4.1. was employed, differing only in that chlorine replaced 
hydrogen as the treatment gas, and that a range of temperatures 
from room temperature to 1228K was employed.

3*4.3* Combined chlorine and hydrogen treatment.

The alumina boat with sample was loaded into the 
furnace and the system flushed with nitrogen in the usual way.
The furnace was then heated to 1228K in order to degas the 
sample. The furnace was then cooled to the selected temperature 
for treatment (except for treatments at 1228k, when the 
temperature was maintained) and chlorine admitted in place of 
the nitrogen. After the period of treatment, the chlorine flow 
was interrupted and all trace of the gas removed by flushing the 
system with nitrogen for l800s. The furnace temperature was then 
reset to 1228K, and at this temperature a flow of hydrogen 
introduced, the exit gas being diverted to the jet and burnt off. 
Cooling to room temperature following the hydrogen treatment was 
carried out under a flow of nitrogen.

3.3* The Microgravimetric apparatus.

Rate data for the oxidation of the carbons by carbon 
dioxide were obtained as curves of weight loss vs* time from a 
recording microbalance. This was incorporated into a vacuum 
system with associated gas supply and control systems, and 
including a small mass spectrometer. Certain design considerations
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were adhered to throughout the design and construction of the 
apparatus, and these are discussed below. The apparatus is 
shown in Fig 3*3-

3 .3 .1. Overall design features.

In view of the data available concerning the major 
inhibiting effects of hydrogen, water and the decomposition

C O
products of hydrocarbon vapours, the system was constructed 
throughout as a 'clean' system. Glass was chosen as the 
constructional material, being impervious and inert, and capable 
of relative ease of modification. Greased joints were avoided, 
to prevent hydrocarbon contamination and because of the 
appreciable solubility of gases in vacuum greases, resulting in 
outgassing under vacuum. This made it necessary to use P.T.F.E.- 
sealed taps and "Viton" 0-rings exclusively, both having a very 
low outgassing rate. Where possible components were either fused 
directly to the system, or joined by "Kovar" glass-to-metal seals. 
Joints in metal components (the microbalance chamber and mass 
spectrometer head) were sealed using either O.F.H.G. copper or 
pure gold wire gaskets compressed between knife edges. A high 
conductance liquid nitrogen trap was built-in above the diffusion 
pump in order to prevent backstreaming of purap-oil vapour; 
molecular-sieve type foreline traps were used above each rotary 
pump for the same reason. As an added precaution devices 
containing free mercury surfaces have been excluded from the 
system against the possibility of mercury vapour contamination.

The carbon was oxidised in a flow of carbon dioxide.
A flow system was chosen for a number of reasons. It enabled
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the carbon monoxide concentration to be kept low and thus 
prevented any back reaction or secondary reaction in the gas 
phase. The onset of diffusion control was avoided, allowing 
the use of higher temperatures and hence higher reaction rates 
and a greater percentage burnoff of the sample than would be 
possible in a closed static system. The problem of diffusion 
effects also influenced the choice of gasification pressure.
A pressure of 10 Torr (1.33 x 10 Nm” ) of carbon dioxide was 
chosen; diffusion effects are most unlikely to have a significant 
influence at this pressure, while reaction rates remain readily 
measurable. In addition, a pressure of 10 Torr was well within 
the operating range of the Pirani gauge used to monitor the 
pressure, and the microbalance could be expected to be free of
the noise caused by convection currents generated in temperature

92gradients above about 100 Torr, and by the phenomenon of
93thermomolecular flow , which may occur below approximately

10“^ Torr.

3 »3 #2 . Constructional details.

The microbalance was a servo-operated continuously 
recording type supplied by C.l. Electronics Ltd. Weight changes 
were indicated by a meter on the control unit, and simultaneously 
monitored and recorded more accurately by means of a potentiometrie 
pen-recorder. The balance had a claimed sensitivity of 10"^ g 
on the most sensitive range; five ranges were provided, from 
0-25 g on range 1 to 0-100 mg on range 5» although only the less 
sensitive ranges were employed for the present studies. The 
balance had a capacity of 1 gram and an electrical tare facility.
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The microbalance head was mounted in a stainless-steel 
vessel. This in turn was fixed to a steel bracket firmly bolted 
to a load-bearing wall of the laboratory, to minimise the 
effects of building vibrations. The stainless steel vessel 
conferred a number of advantages. Its high thermal capacity 
ensured temperature stable conditions for the balance head. All 
light was excluded, again increasing the stability of the balance, 
the servo system of which was controlled by a light source and 
photoelectric cell. Access ports were provided, and electrical 
connections made via a vacuum-tight insulated feedthrough.

The carbon sample was contained in a silica sample 
bucket and suspended in the hot zone of the furnace from the 
balance arm. The upper part of the suspension was of thin 
platinum wire, giving way to a silica fibre in the furnace region, 
pure platinum being prone to creep at high temperatures. The 
joint between the two also facilitated changing samples. Both 
silica components were coated with platinum to allow the discharge 
of static electricity, the build-up of which may give rise to 
spurious weight changes. The combined weight of the bucket plus 
suspension was 0.3 g; samples of 0.4 g of carbon were used, and 
the balance set up to record a weight loss of 0.1 g over f.s.d. 
or approximately 23% burnoff of the sample. This, plotted on 
the chart recorder, gave a sensitivity of 10*"̂  g. per division.

The furnace was of simple wire-resistance type, 
powered by an Ether Transitrol temperature controller. The 
chrome1/alumel control thermocouple was located between the 
furnace windings and the reaction tube. The sample temperature 
was measured by means of a similar thermocouple running inside

- 39 -



the reaction tube, the tip located exactly adjacent to the 
sample bucket and approximately 3 mm from it. This second 
thermocouple was connected, via tungsten pins sealed into the 
upper part of the reaction tube, to a portable potentiometer, 
allowing temperature measurement to - 1K.

The reaction tube was constructed of translucent silica 
and was joined to the Pyrex glass system by means of a graded 
seal. The tube was free hanging to avoid stresses due to 
differential thermal expansion and could be demounted from the 
system at an 0-ring sealed ball-and-socket joint to facilitate 
changes of sample. An inner down-tube was also incorporated, 
connected to the carbon dioxide inlet system, and the base of 
the tube closed with a clear silica window.

The system could be evacuated, via large bore tubing 
and a high-conductance greaseless tap, by a 2-inch oil diffusion 
pump and its associated rotary pump. A liquid nitrogen trap was 
built-in above the diffusion pump and automatically topped-up 
from a storage Dewar vessel by means of a mercury cut-off valve. 
Total system pressure was measured at a distance above the trap 
by an Edwards 5M ionisation gauge, the glass head being directly 
sealed to the system. Also incorporated into the high vacuum 
side was an A.E.I. MS10 180° magnetic-deflection type mass 
spectrometer. This was connected to the system by large bore 
tubing and a glass-to-metal seal and could be used to analyse the 
gases residual in the system after evacuation. This was of great 
use in solving vacuum problems, searching for contamination by 
pump oil vapours and, by means of a search gas, locating and 
curing leaks in the system. A residual gas spectrum indicated
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complete freedom from pump oil contamination.

The carbon dioxide used in all experiments was 
commercial grade cylinder CO^ supplied by Distillers Co. Gas 
was taken from the cylinder through a 2-stage regulator connected 
via a length of copper tubing and a glass-to-metal seal to an 
all glass flow-meter. The gas was then passed through a 730 mm.

column of Linde 13X molecular sieve capable of reducing the 
moisture content to below 123 ppm. The pressure of the gas was 
then reduced, and flow rate controlled, by means of an Edwards 
LB2B needle valve. The gas was then passed into the system and 
taken to the bottom of the reaction tube, flowing up past the 
sample before being pumped away by a rotary pump. A P.T.F.E.- 
sealed greaseless tap with a tapered bore was placed in the exit 
side above the pump and used to control the system pressure.
System pressure was measured by means of a glass Pirani gauge 
head directly sealed on, supplied by L.K.B. Ltd. of Sweden. 
Calibration charts for gases other than air were employed.

20A flow rate of 10 molecules per second was used 
(approximately 3*33 mis S.T.P. per second). The flowmeter was 
calibrated under experimental conditions by collecting the 
exhaust gas from the rotary pump over water over a measured 
period of time. The volume collected was corrected for temperature, 
pressure and vapour pressure of the water, and related to the 
linear scale of the flowmeter.

Two sets of apparatus were designed to allow the 
injection of known amounts of hydrogen into the system, at 
different points. In the first of these, shown in Fig 3*6,
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Grade X hydrogen from a 1 litre break-seal flask was admitted 
to a dosing bulb of known volume via a greaseless tap. A Pirani 
gauge head was sealed to the bulb to monitor the hydrogen 
pressure. The dose of hydrogen was then leaked into the main 
evacuated system through a second greaseless tap. This 'hydrogen 
dosing' was carried out after degassing the carbon at temperature, 
but before admitting the carbon dioxide for activation.

The second apparatus was designed to add a continuous, 
accurately metered flow of hydrogen to the carbon dioxide stream 
during activation. The hydrogen was produced by the electrolysis 
of 5% sulphuric acid solution at platinum electrodes in the cell 
shown in Fig The anodic and cathodic sides of the cell
were separated by a large porous glass sinter fused into place; 
this prevented the diffusion of dissolved oxygen into the 
hydrogen side of the cell and 'damped out' any surges of liquid. 
The electrodes were also located just below the liquid surface 
to preserve a stagnant layer either side of the sinter, again 
to minimise mixing of oxygen-saturated solution with that on 
the hydrogen side. The gaseous hydrogeu was dried in a U-tube 
of silica gel and added to the carbon dioxide after the flowmeter 
but before the molecular sieve drying column. The oxygen was 
vented to atmosphere via a mercury blow-off, the height of which 
was adjusted to match the pressure of the carbon dioxide inlet 
system and thus maintain the levels of electrolyte in the cell.

The amount of hydrogen produced was measured by 
monitoring the cell current using a milliarameter in series. The 
cell was found capable of carrying a range of currents from 
0.005 to 0.5A; the corresponding output of hydrogen and the
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final hydrogen concentration in the carbon dioxide stream are 
given in Table 4.4.3. The cell was driven using a stabilised 
power supply in the constant current mode, controlling the 
voltage across an external resistance in series with the cell, 
and thus maintaining a constant current through both cell and 
resistance; this arrangement gave constant cell currents (and 
thus hydrogen outputs) over periods of more than 24 hours.

3.^.3» Operating procedures.

The required weight of carbon was placed in the sample 
bucket, and the bucket attached to the microbalance suspension. 
The reaction tube was fixed into position and the system roughed 
out via tap B (Fig 3»5«) using the two-stage rotary pump. Tap B 
was then closed and tap A opened; the diffusion pump was left 
running continuously for more rapid cycling. The sample rapidly 
lost weight due to physical desorption, and pumping was continued 
until a pressure of the order of 10"*̂  Torr (1.33 x 10”^ Nm”^) 
was reached, usually by pumping overnight. The sample was then 
heated to the desired reaction temperature, further weight loss 
occurring due to loss of surface oxides. If required, a dose of 
hydrogen could be admitted from the dosing volume, once system 
pressure and sample weight had stabilised; tap A was closed 
during this procedure to prevent the gas being immediately 
pumped away. Excess hydrogen was pumped away after the dosing 
period, and the system again isolated from the high vacuum pumps. 
Carbon dioxide was then admitted, the inlet needle valve being 
opened to give the standard flow rate of 3-33 mis S.T.P. per 
second; the system pressure rapidly rose and was maintained at 
10 Torr by adjusting the exit control tap C, Fig 3*3. On
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introducing the carbon dioxide the sample suffered an apparent 
weight loss of ca. 12 mg; this was due to the combined effects 
of the gas flow up over the sample (the piston effect) and the

bouyancy effect of the denser medium. The apparent weight loss 
could just be counterbalanced by the electrical tare facility of 
the raicrobalance#

At any point during activation, hydrogen could be 
introduced into the carbon dioxide stream by switching on the 
power supply and opening the tap between the electrolytic cell 
and the carbon dioxide inlet system. The flow of hydrogen could 
be immediately cut off by closing this same tap.

After the required amount of carbon had been burned off 
activation was discontinued by isolating the gas supply and the 
two-stage rotary pump, and evacuating the system with the high 
vacuum pumps. The sample was allowed to cool under vacuum 
before admitting air and removing the now active carbon.
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CHAPTER k 

Experimental Results

4.1. Introduction

The results are presented in four sections, correspond
ing to the four series of experiments performed. These were (i) 
a Heat Treatment series, to investigate and confirm the effect 
of maximum temperature of heat-treatment on the reactivity of 
the carbon towards carbon dioxide; (ii) an Isothermal Annealing 
series in which carbons were heat treated at a chosen temperature 
for differing periods of time, and their subsequent reactivities 
measured; (iii) a series in which the effects of hydrogen 
additions to the reaction system were measured, and (iv) two 
Chemical Treatment series in which carbons were subjected to 
chlorine or chlorine-hydrogen treatments at a range of temperatures 
prior to oxidation. In each case rate data are presented for 
the reaction with carbon dioxide, together with related analytical 
data for the carbons where appropriate.

4.2. The Heat Treatment series

Typical experimental weight loss curves for heat- 
treated cellulose triacetate carbons are shown in Fig. 4.2.1. 
Each curve is labelled with the heat-treatment temperature (HTT) 
of the carbon. The shapes of the curves change through the 
series, from convex with respect to the time (x) axis at low 
HTT to concave with respect to the time axis at higher HTT.
The curves shown are those obtained at the highest reaction
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temperature employed. Curves for lower reaction temperatures 
were of similar shape but shallower slope. In all cases the 
curves tend to linearity after ca. burn-off. Measured 
reaction rates were taJten from the slopes of the linear sections 
of the weight loss curves, and specific reaction rates expressed 
in terms of the original weight of carbon in units of gs""^g""\
The complete experimental results for this series are shown in 
Table 4.2.1., and plotted graphically as specific reaction rate 
vs. heat-treatment temperature for the three reaction temperatures 
in Fig. 4.2.2. In each case the reactivity increases with 
increasing heat-treatment temperature to a maximum at HTT 1573K, 
decreasing thereafter.

The data are given in the form of a series of Arrhenius 
plots in Figs. 4.2.3. and 4.2.4., each plot corresponding to a 
particular heat-treatment temperature as indicated. The straight 
lines are those obtained from a least squares analysis of the 
data (with the exception of that for HTT l673K which is based on 
only two experimental Points). The derived Arrhenius parameters, 
activation energy E and pre-exponential factor A are presented in 
Table 4.2.2., from which it may be seen that high values of E are 
associated with high values of A, the highest values corresponding 
to a heat-treatment temperature of 1573K. The plot of Fig 4.2.3. 
(a compensation effect plot) shows a linear relationship between 
E and log A.

The results of analyses for the hydrogen and oxygen
contents of heat-treated carbons are shown in Tables 4.2.3. and
4.2.4. respectively. For unactivated carbons heat treatment of 
the as-carbonised 1273% carbon to 1673% results in a fall of
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hydrogen content from 0.3 to 0.1 weight %» The process of 
activation of a 1275% carbon also reduces the hydrogen content, 
from 0.3 to 0.3 weight the value of 0.1 weight % hydrogen for 
a 1673% carbon remains unchanged on activation. The hydrogen 
analyses are plotted as a function of heat-treatment temperature 
in Fig 4.2.6., and show the hydrogen contents of the carbons 
falling with increase in HTT towards a limiting value. The oxygen 
analyses are similarly plotted in Fig 4.2.7. and show a rapid and 
continuing decrease in oxygen content with increase in heat- 
treatment temperature.

In order to give a more realistic expression of hydrogen 
and oxygen contents, the levels have been calculated in terms of 
C/H and C/O atomic ratios. These are given in Tables 4.2.3. and
4.2.4. and again reflect the changes with heat treatment. In 
addition the figures show hydrogen to be present in considerable 
quantity, in terms of the numbers of atoms, and to be far in 
excess of the amounts of oxygen.

Table 4.2.3. presents the results of spectrographic 
analyses for a number of inorganic impurities in three of the 
carbons. The results show the very low levels of such impurities 
present in the experimental carbons. In addition it may be seen 
that there are no significant changes in impurity levels on heat- 
treatment to 1673%, or on activation of the carbon. The results 
are presented in Table 4.2.6. in terms of C/Impurity atomic ratio, 
and again emphasise the low levels of impurity present.

— 69 —



I  W t.loss, mg
100 -1473K 1373K

1273K

25 5 0 10 07*5

I Wt. loss, mg 1673 K
1573K -1773K100

10 025 50 75

Fig 4.2.1. Activation of ce llu lose triacetate carbons in COp at 

1242K ; heat-treatm ent series 1273K- 1773K.



Table 4.2.1. Linear rates of reaction for cellulose triacetate
carbons with carbon dioxide at 10 Torr
(1.33 X 10^

Heat-treatment 
temperature,

K
Reaction temperature, 

K
Specific reaction 
rate, ,

X 10&

1273 1194 2.56

1204 3.27

1223 4.75

1243 6.89

1373 1194 3.40

1221 3.56
1240 7.33

1472 1194 3.33

1222 6.12

1242 8.68

1573 1193 4.43

1222 7.34

1242 12.07

1673 1194 3.04

1243 6.00

1773 1194 2.14

1223 4.19
1243 3.16
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Table 4.2.2. Experimental Arrhenius parameters for the reaction 
of cellulose triacetate carbons with carbon 
dioxide at 10 Torr (1.53 x 10^ Nm~^)

Heat-treatment
temperature,

K

Activation energy, E, 

kJ mol ^

Pre-exponential factor,A,

— 1 — 1gs g

1275 247 - 7 1.7 X 10^

1373 207 - 10 3.8 X 10^

1473 232 i 3 6.9 X 10^

1573 261 - 24 1.1 X 10^

1673 171 7.9 X 10^ ♦

1773 228 i 4o L2.0 X 10

Based on only two points
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Table 4.2.3. Elementary analyses for cellulose triacetate
carbons heat-treated in the ran^e 1273-1773K

Carbon Sample Weight % hydrogen C/H atomic ratio

Unactivated 
HTT 1273K

0.3 - 0.1 16

Activated 
HTT 1273K

0.3 - 0.1 27

Activated 
HTT I373K

0.2 t 0.1 4l

Activated 
HTT 1473K

0.1 ± 0.1 83

Activated 
HTT I373K

0.2 t 0.1 4l

Unactivated 
HTT 1673K

0.1 - 0.1 83

Activated 
HTT 1673K

0.1 - 0.1 83

Activated 
HTT 1773K

0.1 - 0.1 83
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Table 4.2.4. Elementary Analyses for cellulose triacetate
carbons heat-treated in the range 1273-1773K

Carbon Sample Weight % oxygen C/O atomic ratio

Unactivated 
HTT 1273K

0.9 - 0.15 146

Activated 
HTT 1273%

1.0 - 0.13 131

Activated 
HTT 1373%

0.8 - 0.13 163

Activated 
HTT 1473K

0.3 - 0.13 264

Activated 
HTT 1373%

0.3 - 0.13 264

Activated 
HTT 1673%

< 0.1 - 0.13 >1330

Activated 
HTT 1773%

< 0.1 i 0.13 >1330
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Table 4.2.5. Spectrop;raphic analyses of cellulose triacetate
carbons

Carbon sample McLximum impurities, ppm, (wt/wt).
Mg Si Fe Cu Ca A1

HTT 1273K 
Unactivated 0.03 0.2 ND ND ND ND

HTT 1673K 
Unactivated 0.01 0.2 ND ND ND ND

HTT I673K 
Activated 0.01 0.2 ND ND 0.2 ND

(ND = Not Detected)

Table 4.2.6. Carbon/Impurity atomic ratios

Carbon sample C/Impurity atomic ratio 
Mg Si Fe Cu Ca A1

HTT 1273K 
Unactivated

HTT 1673K 
Unactivated

HTT 1673K 
Activated

7x10? 1x10?

8 72x10 1x10'

2x10^ 1x10? 2x10

- 80 -



4.3" The Isothermal Annealing Series

Typical experimental weight loss curves are shown in 
Fig 4.3,1. The samples were prepared by heating to 1373% and 
held at this temperature for various times; each curve is 
labelled with the heat-treatment time. The curves shown are 
those for the highest reaction temperature used, corresponding 
sets of curves being obtained at lower reaction temperatures.
All the curves showed an initial curvature concave with respect 
to the time (x) axis, followed by a linear portion. The slope 
of the linear portion was used to calculate the specific reaction 
rate in each case î the complete rate data for the series are 
given in Table 4.3.1. The specific reaction rates are plotted 
against log heat-treatment time for the three reaction temperatures 
employed, in Figs. 4.3.2. to 4,3.4. In each case reaction rate 
falls with increasing time of heat-treatment, tending towards a 
limiting value at extended heat-treatment times.

The results are given in the form of experimental 
Arrhenius plots in Figs. 4.3.5. to 4.3.7., each labelled with 
the heat-treatment time. The straight lines were calculated from 
a least squares analysis of the experimental data. The values of 
activation energy and pre-exponential factor derived from these 
Arrhenius plots are tabulated in Table 4.3.2., and plotted as a 
compensation effect plot in Fig. 4.3.8. Again a linear relation
ship between E and log A is obtained.

In Tables 4.3.3. and 4.3.4. results of analyses for 
residual hydrogen and oxygen contents for carbons heat-treated 
to 1573% for various periods are given, together with values of
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C/H and C/O atomic ratios. There is no significant change in 
hydrogen levels with increasing time of heat-treatment, the 
changes being of the same order as the experimental error. In 
contrast the oxygen content is reduced by a factor of 5 over the 
same period of heat-treatment.
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Fiq L3A. Activation of cellulose triacetate carbons (HTT1573K) 

in COp at 1242K; isothermal annealing series 300s- 

75 6 x10^s.



Table 4.3.1. Linear rates of reaction for cellulose triacetate
carbons with carbon dioxide at 10 Torr
(133 X 10 Nm*" ), Isothermal Annealing: series

Time held at 
HTT = 1573K,

seconds

Reaction temperature,

K

Specific reaction rate,
-1 -1 „.6gs g X 10

300 1193 4.43

1222 7.34

1242 12.07

900 1194 2.99

1223 3.46

1242 6.57

3.6 X 10^ 1194 3.04

1222 3.47

1245 8.12

10.8 X 10^ 1194 2.77

1221 4.33

1240 6.26

73.6 X 10^ ♦ 1194 3.34

1222 3.33

1239 6.39

* Heat treatment of this sample was carried out using 
the platinum resistance furnace
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Fig ^.3.6. Arrhenius plots for ttie C-COn reaction.

Heat-treatment times 3 6x10%#,10 8x10^sa; HTT 1573K.
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Table 4.3*2. Experimental Arrhenius parameters for the
reaction of cellulose triacetate carbons with 
carbon dioxide at 10 Torr (1.33 x 10 Nm" )

Time held at heat 
treatment temperature 
1573K, seconds

Activation 
energy, E 
kJ mol

Pre-exponential  ̂
factor, A, gs“"*g

300 261 i 40 1.09 X 10^

900 207 -  35 3.42 X 10^

3.6 X 10^ 239 - 13 8.61 X 10^

10.8 X 10^ 217 -  11 8.55 X 10^

75.6 X 10^ 165 i 5 3.97 X 10^
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Table 4.3.3. Elementary analyses for cellulose triacetate
carbons heat-treated to 1373K

Carbon sample Weight % hydrogen C/H atomic ratio

Activated 
HTt = 300s 0.2 t 0.1

Activated ^ 
HTt = 3 . 6 X W S 0.2 - 0.1 42

Activated 
HTt = 10.8x10^ 0.1 Î 0.1 83

Table 4.3.4. Elementary analyses for cellulose triacetate 
carbons heat-treated to 1573K

Carbon sample Weight % oxygen C/O atomic ratio

Activated 
HTt = 300s 0.3 - 0.13 264

Activated 
HTt = 3.6x10^5 0.2 - 0.13 664

Activated 
HTt = 10.8x10^ 0.1 i 0.13 1327
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4.4. Hydrogenation experiments

Table 4.4.1. presents the results of a small number 
of experiments in which 1273K cellulose triacetate carbon and 
hot-pressed pyrocarbon were exposed to pure hydrogen at the 
pressures and for the times indicated, following high temperature 
vacuum degassing and immediately prior to admitting carbon 
dioxide. Comparison with results for similar experiments in 
which no hydrogen dose was admitted shows no significant change 
in reactivity. Table 4.4.2. gives the result of an experiment 
in which a 1273K cellulose triacetate carbon was pre-treated with 
hydrogen under the conditions indicated. Comparison with a 
similar untreated carbon, allowing for the difference in 
reaction temperature, shows no significant change in reactivity.

Subsequent experiments involved adding small quantities 
of hydrogen to the carbon dioxide stream during an oxidation 
run. The hydrogen wsls generated using the electrolytic cell 
described in Chapter 3» The output of hydrogen was proportional 
to the cell current; the relationship between these quantities 
and the resultant proportion of hydrogen in the carbon dioxide 
is given in Table 4.4.3. Weight loss curves for experiments 
of this type on a 1273% cellulose triacetate carbon are shown 
in Fig. 4.4.1. Following an initial period of burn-off hydrogen 
was admitted at the point indicated by the small arrow. In each 
case admission of hydrogen resulted in an abrupt change of slope 
in the direction of a lower reaction rate, the weight loss curve 
being linear thereafter. The slopes of the linear portions were 
dependent on the amount of hydrogen, and each curve is labelled 
with the corresponding hydrogen concentration. The ’normal’
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burn-off curve obtained when no hydrogen was added is included 
for comparison. Specific reaction rates calculated from the 
linear burn-off curves are given in the first part of Table 4.4.4. 
The effect of discontinuing the hydrogen supply (at the point 
indicated) is shown for one experiment in Fig. 4.4.2. Again an 
abrupt change of slope occurred, the sample almost immediately 
showing a faster reaction rate. This effect was observed in all 
cases. Further experiments of this type were performed using 
1573% cellulose triacetate carbons. Because linear burn-off 
curves were obtained for the hydrogen-retarded reaction, the 
reaction temperature was varied during a given run at constant 
hydrogen concentration, to obtain a number of values of reaction 
rate. The weight loss curve for each run therefore consisted of 
a series of linear segments. The resulting rate data are given 
in Table 4.4.4. Arrhenius plots for this data are shown in 
Figs. 4.4.5. to 4.4.71 each plot corresponding to a different 
value of hydrogen concentration. The straight lines are those 
calculated from a least squares analysis of the data. The 
derived values of the Arrhenius parameters are given in Table 
4.4.5. and plotted as a compensation effect plot in Fig. 4.4.8. 
Again a linear relationship between E and log A is observed.

The relationship between reaction rate and hydrogen 
concentration for the 1273% carbon is shown in Fig. 4.4.9. as 
a plot of specific reaction rate vs. log hydrogen concentration. 
The rate for the uninhibited reaction at the same temperature is 
included for comparison, showing the very marked effect of 
hydrogen in inhibiting the reaction. The points plotted are 
experimental values. Such a direct plot could not be made of 
the data for the 1573% carbons, reaction temperatures not being
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directly comparable between different runs. Values of specific 
reaction rate for the same temperature were therefore derived 
from the least squares analyses of the Arrhenius plots, and are 
tabulated in Table 4.4.6. These results are plotted in Figs. 
4.4.10 to 4.4.15 as specific reaction rates vs. log hydrogen 
concentration for different reaction temperatures. The straight 
lines are those obtained by a least squares analysis of the data; 
an overall plot showing these lines on common axes is &iven in 
Fig. 4 .4 .16. From this it may be seen that at higher reaction 
temperatures(and hence higher reaction rates) an increase in the 
quantity of hydrogen added has a much greater effect than the 
same increase at the lower reaction temperatures.

- 94 -



Table 4.4.1. Linear rates of reaction of carbons with carbon
dioxide at 10 Torr (1.33 x 10 Nm ); carbons
exposed to hydrogen before reaction

Carbon
sample

Pressure of hydrogen 
dose and time of 
exposure

Reaction
temperature

K

Specific 
reaction rate
SS-''g-'' X 10^

Cellulose
None 1090 0.262

triacetate
carbon

None
p

1190 2.46

HTT=1273% 1.5Torr(l99.5Nm ),300s 1090 0.225
1.5Torr(199.3Nm ,500s 1190 2.57

Ho t— None 1190 0.162
pressed
Pyrocarbon. 1216 0.261
HTT
>3270K 5.0Torr(665Nm‘^), 1190 0.146

500s 1216 0.505

Table 4.4.2. Linear rates of reaction of carbons with carbon 
dioxide at 10 Torr (1.33 x 10^ Nm"^); effect of 
hydrogen pre-treatment

Carbon Hydrogen pre-treatment Reaction Specific
sample temperature

K
reaction rate

—1 —1 ._6 gs g X 10

None 1271 10.70

Cellulose Heated in contact with 1285 14.12
triacetate
carbon dry, flowing hydrogen at
HTT
1273% 1 atmosphere pressure,

1228k for 3600s, stored
under dry air before 
activation
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Table 4.4.3. Hydrogen output of electrolytic cell

Cell current 
Amperes

Molecules of hydrogen 
s-'

*Hydrogen concentration

0.5 3.12 X 10^̂ 3.33 X 10“^

0.16 9 .9 8 X 10 *̂̂ 1.16 X 10“^

0.05 3.12 X 10 *̂̂ 3.7 X 10“^

0.016 9 .9 8 X 10^̂ 1.2 X 10"^

0.005 3.12 X 10^^ 3.7 X 10"^

* Refers to a constant carbon dioxide flow rate of 
8.52 X 10^^ molecules s”^

- 96 -



I  Wt. loss, mg
100

5 0 10 025

Fig U.LA. Activation of cellu lose triacetate carbons (HTT 1273K) 
in COo at 1239K: effect of hydrogen additions.
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Fig 4^.2. Activation of cellulose triacetate carbon (H IT  1273K 
in CO? at 1239K;effect of interruption of hydrogen 

addition. [Hi = 3-53x10"^



Table 4.4.4. Linear reaction rates for the hydrogen-inhibited
reaction of cellulose triacetate carbons with
carbon dioxide at 10 Torr (1»33 x 10^

Heat 
treatment 
temperature,K

Hydrogen
concentration

Reaction 
temperature,K

Specific reaction
-1gs g X 10

1273 3.53 X 10"^ 1240 1.64

3.7 X 10"^ 1239 3 .1 2

3 .7  X  10"^ 1239 4 .6 1

1573 5 .5 3  X 10"^ 1244 6 .2 9

1268 8.11

1238 5 .3 7

1218 2 .0 9 7

1193 0.931

1373 1.16 X 10“^ 1246 11.77

1234 6 .69

1219 4 .1 3

1188 1.77
1268 9 .1 6

1373 3 .7  X 10“5 1244 9 .0 6

1234 3.69
1268 11.10

1219 2.73
1194 1 .02
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Table 4,4.4, continued

Heat 
treatment 
temperature,K

Hydrogen
concentration

Reaction 
temperature,K

Specific reaction
.1 6 gs g X 10

1373 1.2 X 10"^ 1243 10.60

1234 6. .83

1268 13.14

1220 3.74

1192 1.29

1373 3.7 X 10‘^ 1243 10.13

1234 6 .3 0

1268 13.20
1219 3.47

1188 1.17
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Table 4.4.^. Experimental Arrhenius parameters for the hydrogen- 
inhibited reaction of cellulose-triacetate-carbons 
(HTT = 1373K) with carbon dioxide at 10 Torr
(1.33 X 10  ̂Nm“̂ )

Hydrogen
concentration

Activation energy E 
kJ mol ^

Pre-exponential
-1 -1factor A, gs g

3.33 X 10-^ 366 t 50 1.1 X 10*̂^

1 • 16 X 10 ^ 291 - 60 71.2 X 10

3.7 X 10"^ 431 - 62 8.4 X 10^^

1.2 X 10"^ 404 - 51 7.1 X 10^̂

3-7 X 10*"^ 399 - 40 4.2 X 10^^
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Table 4.4.6. Specific reaction rates for the hydrogen-inhibited 
reaction of cellulose triacetate carbon (HTT 1373K) 
with carbon dioxide at 10 Torr (1.33 x 10^ Nm"^) 
derived from least squares analyses of Arrhenius 
plots

Hydrogen
concentration

Reaction Specific reaction rate
X 10^temperature,

-2 1266 8.16

1250

1220
1.401205

1191 0.90
-2 1266 12.29

8.661250
6.10

1220
1205 3*02

2.141191

1266 13.81
8.221250

1220 2.92
1205
1191

— 106 —



Table 4.4.6. Continued

Hydrogen
concentration

Reaction
temperature

K

Specific reaction rate,
— 1 — 1 .. 6 gs g X 10

1.2 X 10“^ 1266 13.83
1230 9.74
1233 6.00
1220 3.69
1203 2.27
1191 1.40

3.7 X 10“^ 1266 13.23
1230 9.43
1233 3.84
1220 3.62
1203 2.24
1191 1.39
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4.5. The Chemical Treatment series

The experimental weight loss curves for the activation 
of a series of 1275^ carbons treated with chlorine at different 
temperatures are shown in Fig, 4.5.1. Each curve is labelled 
with the temperature of the chlorine treatment. The weight loss 
curve for an as-carbonised untreated 1273^ carbon is included for 
comparison. The highest temperatures of treatment resulted in 
very reactive carbons which oxidised at rates an order of mag
nitude faster than those for untreated carbons. Linear weight 
loss curves were observed for these carbons. At lower treatment 
temperatures curved plots were obtained with linear portions 
from which specific reaction rates were calculated. Complete 
rate data for this series are given in Table 4.5.1, and plotted 
against temperature of chlorine treatment in Fig. 4.5.2. This 
shows the very high reactivity of carbons treated in chlorine 
above 800K, with carbons treated below this temperature showing 
reactivities closer to those more normally observed. No 
Arrhenius plots were possible as experiments were performed at 
one reaction temperature only.

Analyses for a carbon treated in chlorine at 1228K 
but unactivated are shown in Tables 4.5.3 to 4.5.3» When 
compared with an untreated, unactivated carbon the hydrogen 
content may be seen to have fallen from 0.5 to 0.1 wt.9o.
This fall is reflected in the increase in C/H atomic ratio.
There is a slight increase in oxygen content in the chlorine- 
treated sample. In addition the sample was found to contain 
approximately 5% by weight of chlorine, equivalent to a C/Cl 
atomic ratio of 53• There was some evidence that a proportion
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of this chlorine was removed on degassing the sample prior to 
oxidation, as the resultant weight loss was greater than for 
a similar untreated carbon, and the calibration of the Pirani 
gauge head was affected by ’a desorbed gas’ during these 
experiments only, the gauge head then requiring replacement.

Weight loss curves for the second series of experiments 
are shown in Fig. 4.5-3• The carbons were treated with chlorine 
at different temperatures followed by treatment in hydrogen at 
1228k in all cases. Each curve is labelled with the temperature 
of the chlorine treatment, and a curve for an as-carbonised 
untreated carbon is again included for comparison. The treated 
carbons give weight loss curves of the saime shape, an initial 
curve convex with respect to the time axis followed by a linear 
portion. The slope of the linear portion wsis used to calculate 
specific reaction rates, which are given in Table 4.5-2. These 
are plotted in Fig. 4.5-4. as specific reaction rate vs. 
temperature of chlorine treatment. The chlorine-hydrogen 
treatment appears to increase the reactivity of the carbon, 
although the maximum effect does not coincide with the highest 
temperature of treatment. No Arrhenius plots can be given as a 
single reaction temperature only was employed.

Results for analyses of treated carbons are given in 
Tables 4.5.3 aud 4.5.4. Chlorine-hydrogen treatment can be 
seen to reduce the hydrogen content of a 1273K carbon compared 
with the value for an untreated, activated carbon, although 
the temperature of the chlorine treatment appears, from these 
limited data, to have little effect. A slight decrease in 
oxygen content upon chlorine-hydrogen treatment at a low
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temperature may be detected, with a slight further decrease 
at the higher temperature of treatment.
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Table 4.5.1. Linear rates of reaction of chlorine-treated
cellulose triacetate carbons (HTT = 1273K)
with carbon dioxide at 10 Torr (1,33 x 10 Nm" )

Temperature 
of chlorine 
treatment, K

Reaction 
temperature, K

Specific reaction rate,
X 10^

1228 1243 62.73
37.91

1073 1244 50.18
873 1245 37.96
673 1245 13.89

1246 13.91
473 1244 7.64
323 1245 12.24
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Table 4.5.2. Linear rates of reaction of chlorine-hydrop:en
treated cellulose triacetate carbons (HTT = 1273K) 
with carbon dioxide at 10 Torr (1.33 x 10^ Nm~^)

Temperature of 
chlorine treatment 

K

Reaction
temperature

K

Specific reaction rate
-1 -1 ^_6 gs g X 10

1228 1243 8.74

1075 1244 8.36

873 1244 10.44

673 1243 8.64

473 1244 7.74

323 1242 6.82

Duration of chlorine treatment in all cases = 5600s • 
Chlorine treatment followed in all cases by treatment 
with hydrogen at 1228K for 3600s.
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Table 4.5.3. Elementary analyses for cellulose triacetate
carbon (HTT 1273K) chlorine treated and
chlorine-hydrogen treated

Carbon sample Weight % hydrogen C/E atomic ratio

Untreated, unactivated 0.5 - 0.1 16

Untreated, activated 0.3 - 0.1 27

Treated in chlorine at 
1228k for 3600s, and 
hydrogen at 1228K for 
3600s, activated

0.2 - 0.1 4l

Treated in chlorine at 
4-73K for 3600s and 
hydrogen at 1228K for 
3600s, activated

0.2 - 0.1 4l

Treated in chlorine 
only at 1228k for 
3600s, unactivated

0.1 - 0.1 78
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Table 4.3.4. Elementary analyses for cellulose triacetate
carbons (HTT 1273K) chlorine treated and
chlorine-hydrogen treated

Carbon sample Weight % oxygen C/O atomic ratio

Untreated, unactivated 0.9 - 0.13 146

Untreated, activated 1.0 - 0.15 131

Treated in chlorine at 
1228k for 3600s, and 
hydrogen at 1228K for 
3600s , activated

0.8 i 0.15 164

Treated in chlorine at 
473K for 3600s, and 
hydrogen at 1228K for 
3600s, activated

0.9 - 0.13 l46

Treated in chlorine only 
at 1228k for 3600s, 
unactivated 1.2 - 0.13 104

Table 4.3.5. Elementary analysis for cellulose triacetate 
carbon (HTT 1273%), chlorine treated

Carbon sample Weight % chlorine C/Cl atomic ratio

Treated in chlorine 
only at 1228K for 
3600s, unactivated

3.03 Î 0.03 55
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Chapter 3 

Discussion and Conclusions

3.1. Introduction

The chapter is divided into two main sections. In 
the first part the effects of the different series of treatments 
on the subsequent reactivities of the carbons are discussed in 
relation to the working hypothesis proposed by Dovaston and 
outlined in section 2.3. The results of the four experimental 
series are discussed individually and in the same order as their 
presentation in the Results Chapter, and this is followed by a 
section bringing together the main conclusions of each discussion. 
The second part of this chapter is devoted to the phenomenon of 
the compensation effect, summarising the experimental observations, 
presenting a theoretical treatment of this effect, and attempting 
to relate the assumptions and conclusions of this model to the 
experimental evidence. A final summing-up of the conclusions to 
be drawn from all the aspects of the present work is then given, 
followed by some suggestions of areas for further work.

3.2. The Heat Treatment series

Heat-treatment of cellulose triacetate carbons in the 
range 1273-'1773h has been shown to have a marked influence on the 
reactivity of these carbons towards carbon dioxide. The reaction 
rate increases with heat-treatment temperature to a maximum at 
1573K, decreasing thereafter (Fig 4.2.2.). The Arrhenius
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parameters also vary with heat-treatment temperature, again
with a maximum value at 1373% (Table 4.2.2.). These results

35parallel those of Dovaston , and offer confirmation of his 
unusual observations. The magnitude of the changes in reactivity 
were similar in both cases (by up to a factor of two) although 
the range of variation of Arrhenius parameters was smaller in 
the present work. Dovaston observed a maximum value for 
experimental activation energy of 423 kJ mol”\  an unusually 
high figure, and it was not possible to confirm this value. In 
addition Dovaston observed his maxima in kinetics parameters at 
a heat-treatment temperature of 1673%» compared with 1373% in the 
present work. The latter figure is possibly the more accurate, 
for two reasons. Smaller temperature increments were used 
during heat-treatments in the present work, to allow a more 
detailed investigation of the resultant changes, and a different 
temperature-measuring technique was employed. In Dovaston’s 
work the optical pyrometer was focussed onto the end of the 
sample boat ; in the present work an open-ended boat was used and 
the temperature of the sample measured directly.

Measurements for kinetic data were taken from the 
linear portions of weight loss curves, which were obtained after 
ca. 13% burn-off. The majority of the porosity has been opened 
at this stage of activation, and the measured rate of reaction 
is therefore related to reaction on the whole of the available 
surface (assuming no diffusion effects, which are discussed 
below). This also represents the simplest and most direct 
method of rate measurement.

An explanation of the observed trends may be looked
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for among (a) factors which may cause changes in kinetic 

parameters. These are (i) changes in the nature of the chemical 
species participating in the rate-determining step, (ii) changes 
in catalytic effects on reaction rate and (iii) changes in mass 
transport effects.

(b) changes which may take place on heat-treatment in
this temperature range. These are (i) reduction in open surface,

301open pore volume and mean micropore size (ii) elimination of
residual heteroelements (iii) thermal annealing of labile reaction 
sites and Civ) changes in the concentration and distribution of 
inorganic and metallic impurities. It is possible to eliminate 
certain of these factors by a detailed consideration of 
experimental conditions. It is possible that the rate-controlling 
step in the reaction mechanism may change with change in 
experimental conditions Thus as reaction temperature or
CO^/CO ratio are increased the rate of consumption of surface 
oxide by the desorption step, normally rate-controlling, may 
exceed the rate of supply from the oxygen exchange reaction, 
which then becomes the limiting step. It is unlikely that such 
a change would occur over the narrow range of reaction temperatures 
employed in the present work. In addition a change in rate- 
determining step would be expected to result in a change in 
slope of the Arrhenius plot, while linear plots were obtained in 
the present work. It was shown by Dovaston that diffusion effects 
were insignificant for the carbon-carbon dioxide reaction at the 
reaction temperatures employed. Mass transport is less likely 
still to have exerted an influence in the present studies as the 
pressure of carbon dioxide was reduced by a factor of ca. 10.
The reaction is therefore assumed to be proceeding under chemical

- 125 -



control in zone I of the Wicke classification. In addition the 
same flow-rate of carbon dioxide as used by Dovaston was 
retained, which with the reduced rate of reaction resulted in 
a lower concentration of carbon monoxide and a reduced possibility 
of any back-reaction. In Dovaston's work reaction of a 1273% 
carbon at II9OK resulted in a CO/CO^ ratio in the exit gas 
stream of 0 .013; the calculation for comparable conditions in 
the present work yields a value of 0.0012. The low levels of 
metallic impurities and the lack of significant change on heat- 
treatment revealed by spectrography (Table 4.2.3.) appear to 
rule out catalytic effects from these metallic impurities on 
the rate as a contributory factor. The high purity of the carbons 
is emphasised when the impurity levels are expressed as C/Impurity 
atomic ratios (Table 4.2.6.). For those metallic elements that
could be detected the levels are all of the order of one impurity

7atom in 10 carbon atoms, an insignificant concentration. A
maximum in the reactivity of a heat-treated series of carbons

9observed by Walker and Baumbach was accounted for in terms of 
an initial increase in the efficiency of some catalytic impurity 
as a result of more intimate contact between the impurity and 
the carbon, followed by volatilisation of the impurity at very 
high temperatures and a fall in reaction rate. Such an argument 
cannot apply in this case.

In contrast it was found that levels of hydrogen and 
oxygen residual in cellulose triacetate carbons were significant, 
particularly when expressed as C/E and C/O atomic ratios 
(Tables 4.2.3. and 4.2.4.). In these terms the residual 
hydrogen content of a 1273% Clow-temperature') carbon is
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considerable, with one hydrogen atom for 16 carbon atoms, and 
higher than that of oxygen at one oxygen atom in 146 carbon atoms. 
In addition heat-treatment removes residual hydrogen and oxygen, 
the hydrogen level falling to a limiting value, the oxygen content 
falling monotonically to very low levels (Figs 4.2.6. and 4.2.?.). 
Thus oxygen is readily removed on heat-treatment, while 
elimination of hydrogen appears to be increasingly more difficult 
as the temperature is increased. These observations are in 
agreement with previous results Elimination of chemically-
bonded residual oxygen and hydrogen, principally below 1373%, will 
produce labile carbon atoms. Simple calculation shows that ca. 3 
hydrogen atoms per 100 carbon atoms are expelled on heat-treatment 
to 1673%, giving an estimate of the maximum number of new active 
sites available to participate in the oxidation reaction. This 
is of a similar order of magnitude to the number of active sites 
already in existence. Residual hydrogen, especially when present 
in such significant quantity, should tend to retard the rate of 
oxidation. Both factors will contribute to enhanced reactivity 
as hydrogen is removed by heat-treatment, and the results 
therefore provide support for the postulate put forward by 
Dovaston, and discussed in Chapter 2, that elimination of 
heteroelements may affect the reactivity of the carbon.

A further interesting observation was made from the 
results of hydrogen analyses, that the hydrogen content of a 
1273% carbon is reduced during activation (from 0.3 to 0.3 
weight %). Thus a relatively higher proportion of the residual 
hydrogen must be associated with that carbon removed during 
activation. That different fractions of the carbon structure

- 127 -



95may exhibit different reactivities has often been suggested .
It is likely that the more reactive carbon, and therefore that 
removed first during oxidation, is less well-ordered than that 
remaining. The high proportion of hydrogen atoms in the fraction 
removed first will preclude a perfect structure. (The fraction 
removed on burn-off to 23% is estimated to contain 1.1 weight % 
of hydrogen, or less than 8 carbon atoms per hydrogen atom).
There is no change in overall hydrogen content during activation 
of a carbon heat-treated to 1673% indicating that hydrogen is 
eliminated by heat-treatment from the disordered regions which 
are the first to be oxidised. The higher rate of reaction 
observed for heat-treated carbons results from the enhanced 
reactivity of such regions, reflecting the high proportion of 
active sites, existing both by virtue of the disordered nature 
of the structure and produced by elimination of hydrogen.

The final factor to be considered as affecting the 
reactivity of the carbons is that of annealing of active sites. 
This process was postulated by Dovaston to account for the 
fall in reactivity at high temperatures of heat-treatment (in 
the present study above 1373%). Active sites, whether already 
existing or created by elimination of heteroelements, are by 
definition the least stable points in the structure. Thermal 
rearrangement or annealing of such sites into more stable, and 
therefore less reactive entities is likely to take place at 
elevated temperatures. Dovaston found that the active surface 
area of cellulose triacetate carbons decreased with increasing 
heat-treatment temperature (Fig 3.1.)* The active surface area 
was estimated by assuming that all reaction sites were initially
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occupied by oxygen atoms. During vacuum degassing prior to 
oxidation these surface oxides were quantitatively decomposed 
by the reaction

C(0) COg + Eq. 3.1.

The number of active sites was therefore given by the number 
of CO molecules produced, and could be estimated from the weight 
loss during degassing. The reduction in the number of active 
sites per gram was greater than that expected only from the 
loss of accessible surface which also occurs on heat-treatment, 
and this w s l s  taken as evidence for loss of active sites by 
thermal annealing. A limited number of Dovaston's observations 
were confirmed in the present work (Fig. 3.1.).

Heat-treatment in the range 1200-1700K also causes 
marked changes in pore structure and volume. It is therefore 
evident that carbon atoms are capable of considerable mobility 
in this temperature range, and that migration of labile carbon 
atoms into more stable lattice positions is both possible and 
likely. Such processes would be expected to result in a more 
energetically homogeneous surface. Evidence that this occurs 
may be found in studies of physical adsorption on carbon 
surfaces, for example the adsorption of krypton on PVC and PVDC

96carbons . Adsorption on a surface presenting a continuous
range of adsorption site energies results in a smooth adsorption
isotherm. With progressive heat-treatment steps develop in the
isotherm, a result expected for adsorption on an energetically 

97uniform surface .
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3»3» The Isothermal Annealing series

This series of experiments was performed in an attempt 
to separate the effects of the hydrogen elimination and thermal 
annealing processes. According to the working hypothesis 
elimination of hydrogen results in the generation of active sites 
and results in a carbon of increased reactivity. The elimination 
of hydrogen must therefore precede the generation of active sites, 
taking place within the 5 min (300s) period at temperature. It 
is therefore seen as a rapid process. The annealing of active 
sites, involving the migration of carbon atoms to more stable 
lattice positions, was expected to be a slower process. As 
active sites are removed, with time, by annealing, the reactivity 
of the carbon should therefore fall. The experimental results 
appear to support these ideas. The hydrogen content shows no 
great variation with time of heat-treatment, indicating that the 
hydrogen lost on heating the carbon to 1373K is lost in the early 
stages of heat-treatment. The marked fall in oxygen content with 
time of heat-treatment probably reflects a much slower rate of 
diffusion through the carbon structure for the larger oxygen atom 
(Tables 4.3.3» and 4,3.4.). The plots of reactivity vs. log of 
heat-treatment time (Figs 4.3.2. - 4.3.4.) show an initial rapid 
fall in reaction rate, with the rate approaching a limiting value 
at extended time of heat-treatment. Such a pattern is to be 
expected if the reactivity is governed by an annealing process.
The driving force for annealing is lattice strain energy. As 
atoms migrate to more stable lattice sites, the driving force 
diminishes. Thus the annealing process will slow down as it 
nears completion at a given temperature, and the changes in any
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dependent property, in this case reactivity, should follow a 
similar pattern, as is observed. It is interesting to compare 
this behaviour with the annealing and recrystallisation processes 
occurring in metals. These processes show a similar tirae- 
dependence, and begin to be significant at 0.3-0.5 x T^ where T^ 
is the absolute meeting point of the metal. In this case 
temperatures greater than 1573K correspond to a similar proportion 
of the sublimation temperature of carbon (ca 3920K), and on this 
basis thermal annealing in carbons is to be expected at these 
temperatures.

The effect of time of heat-treatment on the reactivities 
of carbons does not seem to have been studied systematically. In 
studies of the effects of heat-treatment temperature standard 
times are usually chosen, and in the production of electrode and 
nuclear graphites the materials are heated for extended periods 
of time at very high temperatures. Under such conditions thermal 
annealing of sites will go to completion. A mechanism involving 
site annealing has however been proposed by authors studying 
oxidation reactions at high temperatures These reactions
were of interest because the rate increased to a maximum at an 
intermediate temperature, falling away with increasing temperature 
The decrease in rate above about I3OOK was accounted for in terms 
of the thermal transformation of reactive active sites into a 
second type of more stable, less reactive site. This was 
essentially a surface annealing process occurring during 
reaction above I3OOK. Similar changes are envisaged during heat- 
treatment to above I5OOK, with the difference that the annealing 
is a structural not a surface process, the changes affecting the
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oxidation reaction over a wide range of burn-off and at much, 
lower reaction temperatures*

3.4. The Hydrogenation experiments.

The initial experiments, in which outgassed carbons were
exposed to hydrogen immediately before activation, were carried
out to investigate the effects of adsorbed hydrogen on the reaction
kinetics. This’hydrogen doping' was seen as equivalent to
artificially increasing the hydrogen content of the carbon.
Hydrogen is known to be strongly chemisorbed onto carbon surfaces

99 100at elevated temperatures. In some early work Barrer ’ showed
the rate of chemisorption of hydrogen on charcoal to depend upon
temperature, and reported a small but strong adsorption on
diamond and graphite. The rate was rapid initially, slowing
down with time. A similar result was obtained by Eedmond and 

101Walker for adsorption of hydrogen on nuclear and spectrographic
graphites, with the amount adsorbed proportional to log time.
The same relationship was observed for the amount desorbed under
vacuum at up to 165OK. Both this and the observation of Bansal

102et al. that a period of ?2 hours at 1273K was required to 
remove all the hydrogen previously adsorbed onto a graphitised 
carbon black emphasise the strength of the chemisorption and 
reflect the difficulty of removing residual hydrogen, discussed 
earlier in section 3«4.2. The hydrogen doping procedure was 
therefore expected to cause rapid adsorption of hydrogen onto 
active sites, thus causing retardation of the oxidation reaction. 
There exists some evidence that pre-treatment with hydrogen can

103affect a subsequent oxidation reaction. Hughes and Thomas 
observed marked changes in the frequency and orientation of
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hexagonal etch pits produced in a natural graphite by oxygen
attack, following hydrogen treatment. Hydrogen chemisorption

104was suggested as a cause for this effect. Marsh et al. 
measured large increases in the concentration of unpaired 
electrons during activation of a hydrogen-treated carbon in 
carbon dioxide which were not observed when the hydrogen treat
ment was omitted. It was not understood how this effect was 
brought about. Unfortunately in neither of these cases was the 
rate of oxidation measured.

In the present work the predicted effect of retardation 
of the rate was not observed with experiments on a cellulose 
triacetate carbon heat-treated to 1273K. Further experiments 
were carried out using hot-pressed pyrocarbon. This material 
had been heated to ca. 3300H resulting in a low hydrogen content 
and low surface area; it was therefore expected to be more 
sensitive to the effects of hydrogen adsorption. The results were 
again inconclusive, and as this material exhibited a very low 
reactivity it was not used again. A further experiment in which 
a 1273K carbon was given a prior treatment in a hydrogen 
atmosphere, intended to saturate the surface with hydrogen, also 
showed little effect. (Tables 4.4.1. and 4.4.2.).

The lack of any marked influence on reactivity of pre
adsorbed hydrogen was subsequently attributed to the removal of 
this hydrogen by the carbon dioxide at the reaction temperature.
The removal of surface oxide complexes by hydrogen is a common

105experimental technique and results in a very clean surface 
(as is required for electron spin resonance measurements .
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In principle the idea of blocking active sites with hydrogen 
to reduce the chemisorption of surface oxides still seems valid.
Very recently Bansal et al. have shown that pre-adsorption
of hydrogen has just this effect, and the authors were led to 
suggest this as a means of increasing oxidation resistance.
This was based on results for the chemisorption of oxygen at 
only 373K. The rate of removal of hydrogen by oxygen is apparently 
not significant at this low temperature. However, from observations 
made during the second series of hydrogenation experiments, it 
appears that removal of adsorbed hydrogen by carbon dioxide, at 
the reaction temperatures used in the present work, is very 
rapid.

In the second series carbons were subjected to an 
initial burn-off of ca. '\0% to open the pore structure and 
establish a measureable reaction rate. The introduction of 
hydrogen to the carbon dioxide stream caused an immediate, 
marked, retardation of the rate, which continued as long as the 
supply of hydrogen was maintained (Fig. 4.4.1.). Interruption 
of the hydrogen flow resulted in an immediate return to a 
faster reaction rate, of the same order as the uninhibited rate 
at the same burn-off (Fig. 4.4.2.). This lack of a permanent 
inhibition by hydrogen is attributed to removal of hydrogen from 
the surface by the reaction

CO^g + 2(H) adsorbed ;± COg + H^Og Eq. 5*2.

This, the water-gas shift reaction, is known to equilibrate 
rapidly. If it is assumed that the CO/CO^ ratio in the gas 
stream is determined by the oxidation reaction

C + CO^g #  2 COg Eq. 3-3.
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because the concentrations of water and of hydrogen are both 
very much less than that of CO^, the equilibrium of the water- 
gas shift will be determined by the CO/CO^ ratio, i.e.

V P CO -r. c A(water-gas shift) ~ p CO^ 9-3-

At typical reaction temperatures (ca. 1200K) the equilibrium
10constant K for the water-gas shift reaction is close to 1.4 

Experimental CO/CO^ ratios are of the order 10 The forward 
reaction in Eq. 3*2. is therefore very strongly favoured, 
resulting in the rapid removal of hydrogen from the carbon surface. 
(This reaction is also possible in the gas phase, but inhibition 
by the carbon monoxide produced is unlikely because of the fast 
gas flow, and because CO is a much less effective inhibitor than 
is hydrogen (see discussion. Chapter 1). The need for a 
continuous supply of hydrogen to inhibit the reaction is equivalent 
to the situation prevailing during the oxidation of a low temp
erature carbon with a high hydrogen content. Hydrogen is present 
combined with the carbon and is continuously available to retard 
the reaction as carbon is removed by gasification.

The marked retardation of the oxidation reaction by
hydrogen observed in the present work is consistent with the

58 59results of Biederman and of Shelef and Walker . A
mechanism for the inhibition used by these authors is that of
strong chemisorption of hydrogen onto active sites, blocking
the chemisorption of carbon dioxide which is the necessary first
step in the gasification reaction. Oxidation can then only
proceed on a fraction of the active surface, and is retarded.
Hydrogen is more strongly chemisorbed than carbon dioxide,
requiring a much higher temperature for its removal. Thus a
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small quantity can cause a considerable retardation, especially 
as the hydrogen is more likely to adsorb on the more reactive 
sites (see below). This is particularly noticeable in the present 
work if the rates obtained at low hydrogen concentrations are 
compared with the completely uninhibited rates (Figs. 4*4.9 -
4 .4.13.)

While a model basically similar to that used by 
Biederman and Shelef and Walker can be applied in the present 
study, these authors assumed that the hydrogen was adsorbed onto 
active sites, and being thermally stable, remained fixed on these 
sites. In both cases they employed closed, static systems from 
which it was impossible to remove the hydrogen once injected.
The inhibition effect thus appeared more permanent than that 
observed in the present experiments. Here the process of 
competitive adsorption is envisaged as a dynamic process, with 
adsorbed hydrogen being continuously removed by reaction with 
the carbon dioxide, and replaced from the gas phase. Because the 
flow of hydrogen could be interrupted at will, this effect was 
immediately apparent.

An important feature of this mechanism is that it 
implies a change in the rate-determining step of the reaction. 
Referring to the Grabke scheme (section 1.3.) adsorbed oxygen for 
the gasification step is supplied by the oxygen transfer reaction. 
Under most experimental conditions the gasification step is 
regarded as rate-determining. In the presence of hydrogen there 
is competition between hydrogen and adsorbed oxygen for the 
available active sites. The supply of adsorbed oxygen for the
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gasification step is therefore reduced. As hydrogen affects the 
oxygen exchange reaction only, retardation is brought about when 

this step becomes rate determining.

The extended series of experiments shows the results 
of changing both the reaction temperature and hydrogen con
centration (Figs. 4.4.10 - 4 .4 .15). Referring to the summary 
plot of Fig 4 .4 .16., at low reaction temperatures increasing the 
amount of hydrogen has relatively little effect in causing further 
retardation beyond the initial decrease in rate; the reaction rate 
is low and a small amount of hydrogen results in effective 
inhibition. At higher temperatures the reaction rate is much 
faster and more hydrogen is required to inhibit the reaction.
Thus further additions cause further retardation. It is also 
likely that at higher temperatures the rate of removal of adsorbed 
hydrogen is faster and more hydrogen is required to compete for 
active sites.

While detailed treatment of the compensation effect is 
reserved for the latter part of this chapter, one feature of these 
results can be discussed here. It was observed that the experimental 
activation energies measured for the hydrogen inhibited reaction 
(Table 4.4.5) were in all cases higher than the values measured 
for the non-retarded reactions (Tables 4.2.2. and 4.3.2.) It 
was suggested above that hydrogen is more likely to adsorb on 
the more reactive sites, causing the observed inhibition. These 
sites are those associated with the lower of the possible range 
of activation energies. In competing for adsorption sites carbon 
dioxide will be restricted to sites with higher associated
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activation energy and lower reactivity, effects confirmed by 
the experimental observations.

5 .3 * The Chemical Treatment series.

The chlorination experiments were carried ont as a 
means of altering the hydrogen content of the carbons while 
avoiding the other marked effects of heat-treatment (changes in 
pore structure, structural annealing). It is well established that 
treatment with chlorine effectively reduces the hydrogen content 
of carbons, depending on the temperature of treatment. Puri et

107al. observed a stepwise elimination of hydrogen with
94increasing temperature, Stacy et al. obtaining a continuous 

decrease. In both cases chlorine treatment removed more 
hydrogen than heat-treatment under inert conditions to the same 
temperature. This was found quite definitely to be the case in 
the present work, where chlorination of a 1273K cellulose 
triacetate carbon (original hydrogen content 0.3 weight %) at 
1228k resulted in a final hydrogen content of 0.1 weight %
(Table 4.3.3»)• This sample, prepared at the highest temperature, 
was chosen for analysis because it was expected to show the 
maximum effect. From the working hypothesis it weis predicted 
that the reduction in hydrogen content would result in an 
increase in the reactivity of the treated carbon. The very 
marked effects observed here (Fig. 4.3.1., Table 4.3.1.), 
especially at the higher temperatures of treatment, were not 
expected. Increases in reaction rate of up to a factor of 10 
were measured, compared with a two-fold increase on heat- 
treating the same carbon to 1373K. Such an effect cannot be
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attributed solely to changes in hydrogen content, so an 
additional explanation is required.

It was found that a large amount of chlorine was 
retained or 'fixed' by the carbon; analysis of a sample treated 
at 1228k showed 5*05 weight % chlorine, or 55 carbon atoms per 
chlorine atom (Table 4.5.5») Chlorine fixation has often been 
reported in the literature, the maximum amounts of up to 27 
weight % being fixed at temperatures near 500K. 108, 109»
The amount retained also appears to depend upon the original 
hydrogen content of the carbon, hydrogen being eliminated as 
hydrogen chloride and chlorine substituting for the eliminated 
hydrogen. There may also be some addition of chlorine at 
unsaturated sites . (The formation of carbon-halogen
surface complexes has been reviewed by Puri ). The adsorbed 
chlorine is thermally stable, desorbing as hydrogen chloride, 
but is not completely removed even at l473H in vacuum Such
desorption was observed in the present work at 1245K. It is a 
thermally stable carbon-chlorine complex which is thought to be 
responsible for the observed enhanced reactivity.

Chlorine, and halogen-containing compounds are 
generally regarded as inhibitors when added to the oxidising gas 
stream. However, in small quantities, these substances may act 
as accelerators for the carbon-carbon dioxide reaction 
(see Chapter 1). In the present case chlorine remaining on the 
carbon surface during gasification seems also to be acting as an 
accelerator, although an effect of this magnitude has apparently 
not been observed previously. A possible explanation of this
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effect may lie with the fact that chlorine is a strong electron 
acceptor. According to the electron transfer theory of catalysis 
(reviewed by Walker et al and discussed in Chapter 1) an 
electron acceptor may remove mobile tt electrons from the lattice 
planes. This increases the strength of the carbon-oxygen bond 
in the surface complexes participating in gasification and 
decreases the adjacent carbon-carbon bond strength, thus 
enhancing gasification. If an excess of chlorine is present on 
the surface, many active sites will be occupied and no longer 
available for the gasification, leading to some inhibition of 
the reaction. This may account for the observation that the 
most marked effects on reactivity do not occur at the temperatures 
at which the maximum amount of chlorine is fixed. As discussed 
above, many studies show that a maximum amount of chlorine is 
retained at temperatures near 500K, In the present work the 
greatest increases in reactivity resulted from chlorine treat
ments above 80OK, where less chlorine would be fixed (Fig. 4,5.2). 
An essential feature of the electron-transfer theory is that 
small amounts of an electron-acceptor can exert a marked catalytic 
influence. The inhibition of gasification by large amounts of 
halogens added to the gas stream has been accounted for by 
Redden and Wicke in terms of blocking of active sites by 
adsorbed species.

That a similar effect of chlorine treatment on 
reactivity has not been previously reported may be explained as 
follows. Traditionally chlorine treatment has been employed for 
the removal of metallic impurities from nuclear or spectrographic 
graphites as volatile chlorides ^. Removal of such catalytic
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materials considerably reduces the reactivity of the graphite.
In addition the treatment involves very high temperatures which 
effectively removes all the chlorine.

The effect on reactivity caused by reduction of the
hydrogen content of the carbon in the above experiments, while
possibly contributing to the enhanced rates, would be masked by
the effects of adsorbed chlorine. A second series of experiments
was therefore carried out using a final hydrogen treatment to
remove excess chlorine. Chlorine is known to adsorb onto
carbons by substitution for eliminated hydrogen, but in smaller
quantity than the original hydrogen Subsequent treatment
in a stream of hydrogen at 1073K has been shown to be effective
in removing almost the entire amount of chlorine. A similar

110technique was used by Pierce et al. to remove residual
chloride complexes, said to be responsible for abnormal water 
adsorption, from a Saran (polyvinylidene chloride) charcoal. 
Treatment at 873k was found to be successful. In the present 
work the higher temperature of 1228K was used to ensure complete 
elimination of chlorine. Any hydrogen adsorbing or substituting 
for chlorine would be expected to be rapidly removed by carbon 
dioxide during gasification, as discussed in section 3.4. The 
overall effect of these treatments is therefore a net reduction 
in the hydrogen content, depending on the temperature of 
chlorination, and removal of all chlorine. The reduced hydrogen 
content of a chlorine-treated, activated carbon compared with an 
untreated, activated carbon was shown by analysis (Table 4.5.3)• 
The reactivity of carbons treated at the higher temperatures 
shows an increase of the same order as is observed on heat-
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treatment to 1573K, with similar hydrogen levels in both cases. 
Treatment at the lower temperatures is less effective in 
increasing reactivity, as would be expected, although the 
apparent peak in reactivity is difficult to account for. (Figs. 
4 .3 .3 . and 4 .3 .4 .) The analyses for hydrogen (Table 4.3.3.) do 
not show the expected dependence on temperature of chlorination; 
chlorination is known to be effective in eliminating hydrogen 
even at room temperatures. In addition hydrogen has been shown 
to be removed on activation, changing the hydrogen levels from
those of the as-treated, unactivated samples.

3 .6. Overall discussion of results

In general the experimental results tend to support
the working hypothesis of inhibition by combined hydrogen and 
the generation of active sites on its removal (and by removal of 
residual oxygen), opposed by the process of annealing of active 
sites. Hydrogen added to the gas stream shows a strong inhibit
ing effect, and a continuous supply is required to maintain 
this inhibition. During the oxidation of a carbon a continuous 
supply of hydrogen is available, fresh carbon being continuously 
exposed as activation proceeds. The hydrogen content falls by 
a significant amount through the heat-treatment series. It is 
worth emphasising again the relatively large quantity of hydrogen 
associated with these polymer carbons, when expressed in terms 
of C/H atomic ratio, and especially in the lower temperature 
carbons. The fall in hydrogen content with heat-treatment 
temperature to a limiting value confirms the difficulty of 
complete removal of hydrogen, while oxygen is more readily
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eliminated. The fall in hydrogen levels is more marked in 
unactivated carbons as a further decrease occurs on activation.

The results of the annealing studies are perhaps the 
simplest to interpret, and are consistent with the expected 
results. The hydrogen levels of the carbons remain essentially 
constant showing hydrogen to be eliminated rapidly at a given 
heat-treatment temperature. The fall in reactivity to a 
limiting value results if the reactivity of the carbon depends 
upon a time and temperature dependent process such as the 
migration of unstable carbon atoms to more stable lattice 
positions.

The results of the hydrogenation experiments show 
clearly that hydrogen acts as an inhibitor. If it is accepted 
that hydrogen indigenous to the structure has a similar 
inhibiting effect to that adsorbed from the gas phase the 
results may be interpreted as lending support to the working 
hypothesis. The chlorine-treatment experiments were intended to 
provide more direct evidence on this aspect of the work. The 
very high reactivities, which have been attributed at least in 
part to adsorbed chlorine, were unexpected. However, the 
results from chlorine-hydrogen treated carbons are more in line 
with those predicted and show, in an independent series of 
experiments, a relation between decreased hydrogen content and 
increased reactivity. It is difficult to imagine other factors 
which could have a similar effect.

The above discussion has dealt with the factors
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affecting the reactivity of the cellulose triacetate carbons 
used. For those experimental series where sufficient data were 
accumulated to allow the calculation of Arrhenius parameters, 
linear compensation effect plots were obtained (i.e. activation 
energy E directly proportional to log A, the pre-exponential 
factor)• It was found possible to plot all these results on 
common axes, when they were found to fall on a single straight 
line. The plot is shown in Fig. 3 «2. In addition the line is 
parallel to that for the data of Dovaston, for the same carbon 
heat-treated in the range 1273-2273K. The line for the present 
work is shifted to lower A values because the reaction was 
carried out at a lower pressure of carbon dioxide. The 
significance of these observations will be discussed in the 
following section, which covers both theoretical and experimental 
aspects of the compensation effect.

3 .7» Carbon gasification and the compensation effect.

In Chapter 2 a description of the compensation effect
was given, together with a survey of the relevant literature.
To account for the operation of a compensation effect in the

41catalysed oxidation of carbons both Heuchamps and Duval and 
84Feates et al. employed a model in which reaction took place 

at two different types of active site. These could be readily 
identified as sites involved in catalysed, and uncatalysed, 
reaction. In the present work catalytic influence on the 
reaction has been shown to be most unlikely. In addition it is 
difficult to identify readily active sites of different type.

78The model proposed by Constable , involving a continuous
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distribution of site energies at the surface has therefore 
been used as a basis for the following treatment. This is 
developed in three stages, first, discussing the rate-pressure 
dependence of the oxidation reaction in terms of the site energy 
distribution, and relating this to the form of the equation 
describing the adsorption of oxygen. A derivation of this 
adsorption isotherm is then given, and in the third stage this 
equation is incorporated into an expression for the rate of 
reaction by application of the transition state theory.

In the present work experimental conditions were such 
that the CO/CO2 ratio in the exit gas stream was very low 
(ca. 10 ^). Under conditions where pCO 0, Grabke has shown 
that the rate of the gasification step in the carbon-carbon 
dioxide reaction (assumed to be rate-controlling) is given by

where a^ is the stationary oxygen activity and k^ and k^ are 
rate constants for the oxygen exchange and gasification steps 
respectively.
The expression can be simplified to

Vg = 'i. ( p COg)

This is an equation of the same form as the Freundlich adsorption 
isotherm relating surface coverage and pressure and is appro
priate for systems which have a heterogeneous site energy 
distribution function of the exponential form

f (q) = a exp (-q p )

or f( AH^) = a exp (- AH^/3 )
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where q and AH^ are heat or energy of adsorption terms, and 
a and /3 are constants which characterise the shape of the

78function. This function is of the type used by Constable 
in his treatment of the compensation effect.

Grabke states that m may have values between
0 and 1 so that for strong adsorption of oxygen m 1 and
a k 1

V k 2 p COp^ and for weak adsorption m 0 and
a^ % ^^/k£ P . The first case was found by Turkdogan and 

51Vinters , as noted by Grabke. The second case is a Henry's 
law equation found classically when surface coverage is low.

77The derivation of the Freundlich equation (Bond 
p.71) shows that

m + 1 = AH /ETm
where the constant AH^ is given by - AH^ = AH^ln ̂ 
or B - exp ( - AH^/ AH^)
Assuming a^ is directly proportional to B we may write

a^ = a exp (- AH^j3 )

or In a^/a = - AH^jS Eq.

where a is a constant and P - ^/ AH^. Thus the variation of
oxygen activity with heat of adsorption is not surprisingly of 
the same form as the site energy distribution function.

The Freundlich adsorption isotherm may be derived by
assuming a heterogeneous surface with adsorption on each class

111of site that obeys the Langmuir equation. Extended treat-
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112merits are given by Adamson (pp. 4-01 and 625) and Ponec et 
al. (p. 349).
For adsorption on a heterogeneous surface the total adsorption
0 at constant temperature and pressure is given by

00
0 = q) f(q) dq Eq. 5*6.

0
and if f(q) = dF/dq

1
0 = y*9(q) dF Eq. 5.6.

0
If 6{q) = b^p/(1+b^p) i.e. Langmuir conditions apply to each
site, and if f(q) = a exp (- Qq)

or f( AH ) = a exp (- AH /3 )

Then solution of Eq. 5.6. gives the Freundlich equation
0 = a p V  n 

1 /where a = ah^/p and n = RTjg
77Now the Langmuir constant b^ is given by (Bond p.145)

b^ = exp (+ AS^/R) exp (- AH^/RT)

where AS^ is the entropy of adsorption.
Translating this to the adsorption of oxygen

%  = «//3 exp (+ AS /R) exp (- AH^/RT) p

By application of the transition state theory of 
111reaction rates , a final expression for the rate of the 

carbon-carbon dioxide reaction may be developed. According to 
this theory, in gas-solid reactions, the adsorption process 
takes place when adsorbate molecules pass over a potential 
energy barrier. Molecules at the top of the barrier are said 
to be in the transition state, in statistical equilibrium 
with molecules in the gas phase and unoccupied active sites at
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the surface. Desorption, governing the rate of the gasification 
reaction, occurs by an analagous process, and may be written

C(0) ^  C(0)^ COg

where C(0)^ is the transition state complex in statistical
equilibrium with the adsorbed complex C(0). The rate of this

77process is given by (Bond p. 135)-

V = "^/h a^ exp (-E^/RT)

where k = the Boltzmann constant, h = the Planck constant and 
E^ = the activation energy for desorption. Substituting for 
a^ gives

V = (/cT/h) ia/p) exp (+AS^R) exp (- AH^/RT)p CO^^^^exp(-EyRT)

or
V = (xT/h) {a/p) exp (+ AS /R)p exp [-( AH +E,)/RT] Eq. 5.7.

I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ t_ _ _ _ _ _ _ _ _ ^  ■ I  ^  ^ _ _ _ _ _ _ _ I

The two parts of this expression may be seen to give the pre
exponential and exponential factors of an Arrhenius equation
i.e.

V = A exp (-EyRT).

The significance of the experimental activation energy E^ may
be seen in terms of the diagram in Fig. 5*3. The AH values
for CO and CO^ in the gas phase are fixed. Variation in
AH will alter the position of C(0), and variation inadsorption
E, will alter the position of C(0)^ Therefore bothdesorption
contribute to the overall value of E^ for gasification.
From above, a = exp (-AH^/3 )
Therefore -AH^ = In (a^/a )/j8
so that Eq. 5.7. becomes

V = (/cT/h) { oi / p ) exp (+AS^/R)p CO^^^^exp j -[E^-ln(a^/cK)/;8] /RT}
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The parameters a. and /3 which determine the mode of the site 
energy distribution function therefore appear in both the pre
exponential factor and the exponential factor. Thus changes 
in a. and |3 will change A and Ea, and this final expression 
therefore incorporates the compensation effect. It is now 
possible to attempt to relate the implications of this model to 
the experimental findings. The basic requirement of the model, 
if a compensation effect is to be produced, is for an exponential 
site energy distribution which can be modified or shifted. In 
terms of the surface of a carbon, it is reasonable to expect a 
range of site energies. The carbon structure is imperfect, 
and contains a proportion of heteroelement atoms; many different 
configurations of carbon atoms are therefore possible, having a 
range of stability. That physical adsorption of gases onto such 
a carbon will exhibit a smooth adsorption isotherm (section 5*2.) 
is further support for the idea of a heterogeneous surface.
When such a carbon is heat-treated it is likely that the 
distribution of site energies will be altered. Elimination of 
residual hydrogen and oxygen will produce new active sites, 
again with a range of associated energies. This results because 
combined hydrogen and oxygen atoms are held with different bond 
strengths and are eliminated over a range of temperature.
(section 5*2.) Sites produced by this process are likely to 
fall at the low energy, more reactive end of the site energy 
spectrum. The opposing process of annealing of active sites 
during heat treatment will also work towards a change in the 
site energy distribution, in this case as carbon atoms migrate 
to more stable lattice positions the tendency will be towards 
less active sites. In the Isothermal annealing series of
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experiments, where a compensation effect was also observed, the 
extended times of heat treatment allowed the annealing process 
to more nearly approach completion at a given temperature, and 
so further modify the site energy distribution.

In both of these experimental series high reaction rates 
tend to be associated with high values of activation energy. This 
may appear contradictory until the similar high values of pre
exponential factor are taken into account, compensating for the 
high activation energies ; this is the essence of the compensation 
effect when observed experimentally.

The effect of hydrogen additions in causing a marked 
increase in experimental activation energy was discussed briefly 
in section ^.4. and is shown graphically in Fig. 5*2. Hydrogen 
adsorption causes a shift in the oxidation reaction to sites 
of higher activation energy. This effectively alters the 
distribution of sites participating in the reaction, resulting 
again in a compensation effect. This observation may be taken 
as further evidence for the existence of a range of site energies.

A significant observation to be made from Fig 5*2. is that 
the results of all three experimental series lie on a single 
straight line, and that this line is parallel to that for the 
results of Dovaston. That a common line links all the results 
appears to be a reflection of the concept that an essentially 
similar site population is involved throughout. The effect of 
the different treatments applied to the carbons is to shift the 
site energy distribution of this population to different extents.
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In Chapter 2 it was reported that the slope of the compensation 
effect plot appears to be a characteristic of the system. This 
is apparently the case here, as similar slopes have been obtained 
in independent studies of the same system. Referring to Figure 
2.2. and equation 2.3. it may be seen that the different Arrhenius 
plots intersect at a common point, with the isokinetic temperature 
Tg corresponding to this point being a function of m, the slope 
of the compensation effect plot. The isokinetic temperature 
is therefore also characteristic of the system, and has been 
calculated as II83K for the results of Dovaston, and 124?K for 
the present work. These temperatures fall close to the range of 
reaction temperatures employed in both cases, and the experimental 
Arrhenius plots are therefore close to the point of intersection.

Finally, Fig. 5 «2. indicates that the results reported 
are due to a real effect. It is possible that experimental 
error may cause an apparent compensation effect, as an error 
towards a high value of E will tend to give a high value of A.
That consistent results were obtained in independent studies, 
and from a range of different experiments, appears to rule out 
this possibility.

5.8. Final conclusions

The observed trend in reactivity with heat-treatment 
temperature has been accounted for in terms of the influence 
of two opposing factors which together contribute to a rate 
maximum. At low HTT residual hydrogen acts as an inhibitor 
in the C-CÔ^ reaction. As HTT is increased hydrogen is
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progressively eliminated, producing new active sites, and a 
carbon of higher reactivity results; at the highest temperatures 
of heat-treatment a process of thermal annealing of active sites 
becomes significant and reactivity then falls.

Support for this model is drawn from a number of 
experimental results. Elementary analyses have shown hydrogen 
to be present in considerable quantity (up to 1 H atom in 16 C 
atoms) and to be eliminated on heat-treatment, although less 
readily than the smaller quantity of oxygen. The hydrogen 
content of a 'low-temperature’ carbon also falls during activation, 
indicating the preferential removal of a hydrogen-rich, disordered 
fraction of the structure.

Hydrogen has been shown to exert a strong inhibiting 
effect on the C-CO^ reaction, depending upon the amount. The 
results indicate that inhibition occurs by preferential 
adsorption of hydrogen on active sites, but that continuous 
removal by a surface water-gas shift reaction establishes a 
dynamic equilibrium between surface and gas-phase hydrogen.
This is in contrast to previously suggested mechanisms for 
hydrogen-inhibition. Thus a continuous supply of hydrogen is 
needed to retard the reaction ; during activation residual 
hydrogen has an analagous effect.

Isothermal annealing experiments have shown that, at 
essentially constant hydrogen content, reactivity of the carbon 
depends upon time as well as temperature of heat-treatment.
The annealing process is seen as a migration of carbon atoms to
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more stable lattice positions occurring, as would be expected, 
at a rate diminishing with time.

Treatment of a carbon with chlorine has been shown to 
markedly reduce the hydrogen content of a carbon, resulting in 
an increase in reactivity of the same order as heat-treatment.

If excess chlorine is allowed to remain adsorbed on 
the carbon surface, reaction rates are found to increase by up 
to a factor of ten. It is suggested that this is a side-effect 
resulting from an electronic interaction between chlorine and the 
carbon. An effect of this type or magnitude does not seem to 
have been reported previously.

Retardation of the reaction by diffusion effects have 
been shown to be most unlikely. Spectrographic analyses have 
shown the carbons to be of very high purity, eliminating the 
possibility of marked catalytic effects from metallic impurities.

A compensation effect has been shown to be operating 
throughout all experimental series where Arrhenius parameters were 
measured. This is a most unusual observation in a nominally 
uncatalysed reaction system. The experimental observations 
support a model in which the oxidation reaction takes place on an 
energetically heterogeneous surface. Theoretical development of 
such a model shows that an exponential distribution of site 
energies gives rise to an expression for the rate which 
incorporates a compensation effect.
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The methods employed for the synthesis and carbonisation 
of cellulose triacetate have been shown to produce a carbon of 
reproducibly high purity. Methods have been successfully 
developed for the heat-treatment and chemical treatment of this 
carbon. The oxidation reactions were carried out and monitored 
in a microgravimetric rig of simple but effective design. This 
was found to give consistent vacuum performance, clean conditions 
and adequate stability and sensitivity.

3 .9 . Suggestions for further work

The present work has been restricted to a study of the 
reactivity towards carbon dioxide of a range of carbons derived 
from cellulose triacetate. Cellulose triacetate carbons are 
unusual in undergoing fusion during carbonisation but remaining 
un-graphitised on heat-treatment. It would be of great interest 
to investigate whether the reaction kinetics exhibited by these 
carbons, especially in the heat-treated series, are equally unusual, 
or can be seen in the reactions of other carbons. The choice of 
other carbons would be limited by certain consideration; the 
materials should be non-graphitising, to avoid major structural 
changes on heat-treatment, they should not have been subjected to 
high temperatures prior to experiments, and they should be of high 
and reproducible purity. The factors that have been suggested as 
contributing to the present results would then be expected to 
influence the properties of mesomorphous carbons in general.

A number of questions have been posed by the results of 
the different series of experiments. The hydrogenation
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experiments strongly suggest removal of adsorbed hydrogen from 
the carbon surface by CO^, and, in the presence of hydrogen, the 
establishment of a dynamic equilibrium. It should be possible 
to study the removal of pre-adsorbed hydrogen by the use of a 
mass-spectrometer attached to a closed system, to detect the 
water produced in the surface water-gas shift reaction, A more 
sophisticated technique might be to employ tracer techniques, 
pre-adsorbing to distinguish water produced by reaction of 
chemisorbed hydrogen and that from reaction of residual hydrogen 
in the carbon.

Monitoring the fate of combined hydrogen during the 
oxidation of a 'low-temperature' carbon could form part of a 
wider study of the course of activation of such a carbon. That 
certain fractions of the structure are removed preferentially 
during activation, causing changes in hydrogen content, opening 
up the pore structure and influencing reactivity has been 
established. A variety of techniques might be employed to 
follow changes in composition, porosity and physical structure 
at various stages of burn-off in an attempt to relate such 
changes to the reactivity of the carbon. X-ray diffraction and 
techniques of porosity measurement and classification are well- 
established; improved methods for the analysis of low levels of 
residual hydrogen would be useful, and high-resolution electron 
microscopy, while of great potential for looking at the detailed 
structure of carbons requires careful specimen preparation and 
can be difficult to interpret.

There is scope for further work on the effects of
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isothermal annealing on the reactivity of carbons, in particular 
to develop the analogy to annealing in metals. This would involve 
heat-treatment at a range of temperatures for different times, 
which should allow the calculation of an activation energy for 
the process. Similar experiments could be carried out on a 
variety of carbons. It would be desirable to improve heat-treat
ment techniques for such a study to give better measurement and 
reproducibility of heat-treatment temperatures. The results of 
the chlorination studies provide a promising area for further 
work. Again, similar studies on other carbons would be of 
interest as it seems unlikely that cellulose triacetate carbons 
are unique in their response to chlorine treatment. An investigation 
of the chlorine surface complex, particularly of the amount remain
ing on the surface during the oxidation reaction,would be relevant. 
The removal of adsorbed chlorine by hydrogen could also be looked 
at; this might provide an alternative means of varying the amount 
of adsorbed chlorine for subsequent reactivity studies. A
technique for studying the mechanism of 'chlorine catalysis* is

114suggested by the work of Gentsch et al. Vapour-deposited
nickel and palladium were shown to be many times more effective 
in catalysing the reaction between a carbon film and hydrogen than 
were the micro-crystalline forms. In addition the electrical 
conductivity of the substrate film increased in direct proportion 
to the coverage by deposited metal. This strongly suggests an 
electronic interaction between metal and carbon; similar methods 
might clarify the nature of the chlorine-carbon interaction.

The use in reactivity studies of a completely non- 
porous material such as the carbon film used by Gentsch would
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have the advantage of complete elimination of in-pore diffusion 
effects.

A final area for further work would involve a test 
of the compensation effect equation developed in section 3«7«i 
by inserting plausible values for the different terms in the 
equation. If obtained, reasonable qugintitative results would 
provide support for the proposed model for the compensation effect
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