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ABSTRACT

The work reported in the thesis is an examination of the
influence of temperature of activation on the development of
microporosity in a polymer carbon. It involves the investi-
gation of the rate of reaction with oxygen over the tempera-
ture range l+00o - 726°c and the measurement of the porositf
produced by adsorptive methods. |

It was concluded from experimental activation energies
obtained for the reaction that the temperature ranges ’+00° -
460°C and 480° - 726°C were in Zones II and III respectively
of the classification of Hedden and Wicke*. These conclusions
were suppopted by investigation of the influence of partial
pressure of oxygen, sample weight and crucible geometry on the
rate of reaction. |

Analysis of adsorption isotherms shows that the develop-
ment of porosity depends on the temperature of activation. 1In
Zone III where reaction is on the external surface of the carbon
there is little or no development of porosity whereas in Zone
II where the reaction occurs within the pores of.fhe carbon,
substantial development of porosity occurs.,

A method for the determinﬁtion of the thermodynamic
criterion, AS < O, for the applicability of the Dubinin Theory
to the adsorption isotherms was developed. Application of the -

Dubinin Equation to the regions of the isotherms where the



thermodynamic criterion was shown to apply gave lines that
were not generally straight as originally postulated. vHowever
analysis of the results in terms of the Dubinin Equation in
general confirmed the effects of @emperature of activation on
the development of porosity.

Comparison of oxygen and carbon dioxide as activating
gases was m#de by reference to Rowan's;\work and. showed that
under comparable conditions of activation carbon dioxide is

a more efficient activating gas.

*
Hedden and Wicke, 'Proceedings of the Third Conference on

Carbon'., Pergamon Press, New York, 1959, P.249.

;Rowan, M.Sc. Thesis, Durham University, 1966.
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1l.1.

CHAPTER 1

Introductiop

The properties of many forms of carbom such as lampblack,
charcoal and diamond have been utilised for several thousand
years. One of these, charcoal, was used as a fuel and as a
constituent of gunpowder long before de Saussure (1) made the
first systematic investigation of its remarkable adsorptive
properties in the late eighteenth century. Since then many
new and varied applications have been found for adsorptive
chars including use in gas and liquid purification.

For several decades chemists have'pursued two broad
fields of study, (i) the reactions of carbons with oxidising
gases and (ii) measurement of the adsorptive properties of
activated carbons produced by such reactions, However the
detailed work done in each field has rarely been related.to
the other.

One reason for this appeafs to have been lack of reprod-
ucibility when working with natural materials such as coconut-
shell and wood charcoais. This was undohbtedly due in part to
both variation in the chemical nature of the material and in
the amount of inorganic impurities. Each of these factors has
been shown to affect both rates of activation (2,3) and devel-
opment of porosity (4,5). In recent years the pyrolysis of
well characterised polymeric materials e.g. polyvinylidene

chloride, divinylbenzene polymers and cellulose,.has yielded



far more reproducible carbons relatively free of inorganic
matter. Also carbons pfepared from polymers have a wider
range of graphitic character than those prepared from
traditional starting materials.

For these reasons a number ﬁf polymef carbons were
chosen for a recent study (6) of the relation between the
development of porosity in carbons by activation with carbon
dioxide and the kinetics of the activation process. A some-
what surprising conclusion was that the development of porosity
did not vary significantly within a range of temperatures used
for activation.

The work reported in this thesis is a more detailed
examination of the influence of temperature of activation on
the development of porosity in a polymer carbon. It involves
the investigation of the rate of activation of a cellulose
carb&n by reaction with oxygen over the temperature range
hOO°q7OOOC'and the measurement of the porosity produced by
adsorptive methods.

There follows a description of the preparation, general
structure and activation of carbons before the detailed aims
of the present work are given,

Carbonisation

Carbonisation has been defined as 'the gradual process

of organic compounds towards carbon under the influence of heat'

(7).



This process is complex and varies with the nature of
the material and the conditions to which the material is
subjected. However the process can be divided into tﬁree
temperature dependent stages. (i) Below BOOOC the major
reactions to occur are dehydration and decarboxylation in
the case of coal and other cellulosic materials (8-10) and
the loss of side chain constituents in the case of some
vinyl polymers (4). (dii) ﬁetween 300° and 550°c_the ma jor
breakdown of the material occurs resulting in simultaneous
evolution of gaseous and liquid products, and condensation
to give a carbon residue (7, 8, 11). (iii) Above 550°¢C
the evolution of gases such as hydrogen and methane increases
sharply while the evoluti&n of liquids ceases (8). More
specifically Tang and Bacon (9) have proposed the following
outline mechanism for the thermal decomposition of cellulose
to carbon. (a) Physicﬁl desorption of water (25°-150°C).
(b) Dehydration from the cellulose unit (150°-240°¢C).

(¢) Thermal cleavage of the glycosidic links and scission

of other carbon-oxygen bonds and some carbon-carbon bonds via
a free radical reaction (240°-400°C). (d) Aromatisation
(400°C and above).

The processes which occur in the range 3000-55000 have
the most influence on the structure of the resulting carbon.
Two broad classes of carbon can be identified from whether or

not fusion accompanies carbonisation in this region (12,13).



1.3

A coke results when fusion takes place and a char when it
does not. The carbonisation of cellulose is a charring
process as has been shown (13,14) by examination of the
resulting carbon.

Whether coking or charring takes place on carbonisation
appears to depend on a number of factors including the follow-
ing. (i) The degree of cross linking either in the original
material or as produced by the carbonisation process, e.g.
highly cross-linked material such as a phenol-formaldehyde
resin produces a char (4). (ii) The presence of oxygen
during the early stages of carbonisation has an indirect effect
in that it influences the amount of cross lihking (12,13).

Thus a process which produces a coke in an inert atmosphere
may in air produce a char, e.g., the carbonisation of polyvinyl
chloride (4,15)., (iii) The rate of heating may also affect
the course of the decomposition (4, 9, 15). For cellulose it
has been shown that a slow rate of heating increases the amount
of cross linking and also the carbon yield (13).

Crystallographic Structure and Physical Properties of Cagbons

As a result of X-ray examination many substances formerly
considered amorphous have been shown to possess structural
characteristics typical of the crystalline state., Debye and
Scherrer (16) concluded that amorphous carbons were merely

graphite in various states of very fine subdivision. This view
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however, is overéimplified and it is clear that there are
regions of disordered material within the carbon (17) and
that small quantities of othér elements such as oxygen,
hydrogen, nitrogen and sulphur can be incorpofated. The
crystalline regions contain carbon atoﬁs in parallel layers
as in graphite. However the stackedllayers have been shown
by Biscoe and Warren (18) to be randomly oriented ie. no
'stacking sequence' is present. This structure is termed
turbostratic. A comnsequence of the random stacking is that
the interlayer distance (3.4 - 3.78) (19) is greater than in
macrocrystalline graphite (3.353). The size of the crystal-
lites in an amorphous carbon caﬁ be extremely small. _Thg
c-dimepsion of some small crystallites indicates that thgy
can be builﬂ.of as few as three or four layer planes while the
size of the layer planes (20% ac¥oss) is approximétely the
same as that of large polynuclear aromatic molecules.

Franklin (20, 21) has classified carbons into (i) graphitic
carbons which contain a high.degree of graphitic structure,
(ii) graphitising carbons, which develop this structure on
heating and (iii) non-graphitising carbons which do not.

Graphitising carbons consist of crystallites which show
a tendency to near parallel orientation of layer planes. Non-
graphitising carbons consist.of crystallites which although

increasing in size and number on heating at the expense of



disordered matter, stay randomly orientated e.g. a poly-
vinylidene carbon (22).

More recent work (23, 24) has shown that Franklin's
classification cannot be considered rigid and that some
carbons graphitise to an amount intermediate between the
classification types.

Graphitisation and fusion during carbonisation are inter-
related and Kipling et al. (25, 26) have shown for a large
number of carbons which they examined that a graphitising
carbon is not obtained unless fusion occurs. However they
point out that not all cokes are graphitisable. Brooks and
Taylor (27) have used polarised light microscopy to help
explain the formation of graphitised carbon from the liquid
phase which arises on carbonisation. They observed the
formation of anisotropic spheroidal particles which had grown
from an isotropic liquid matrix. These spheroids consisted
of polynuclear afomatic compounds in nearly lamellar orienta-
tion which coalesced on heating to form the nuclei from which
the graphite microcrystals were able to grow,

The final temperature of carbonisation influences several
pPhysical properties of carbons. Paramagnetic Susceptibility
(28) and Electron Spin Resonance (29, 30) both reach a maxi-
mum in the region 500° - 700°C indicating the presence of

large numbers of unpaired electrons. From 500°C upwards the



electrical conductivity (31, 32) increases up to a maximum in
the region of llOOOC. It is dn this region that the evolution
of gases is complete., The conductivity then remains nearly
constant up to a heat treatment temperature of 2000°C (33).
These observations and X-ray évidence from the carbonisation
of coals (34) indicate that the crystallite thickness and
mean aromatic layer diameter increase rapidly with heating in
the 500o - 700°C region and then increase more slowly on
heating to higher temperatures. |

Information on the nature of the disordered material in
an amorphous carbon canﬁot be obtained by X-ray diffraction
techniques and its nature has been the subject of speculation
by Gibson et al. (35). They proposed a structure consisting
of a repetition of o-tetra phenylene residues or discrete
benzenoid hexagons connected by valency bonds in a three dimen-
sional network.

lobe Pore Structure of Carbons

Everett (36) has shown that the model of Gibson et al.
(35) based on the o-tetra phenylene unit could give rise to
a large open system of micropores resembling a zeolite
structure. Pore structures of this type give carbons their
adsorptive properties. The pore structure varies with the
nature of the original starfing material and. the method of

manufacture.



The size ranges of the pores in carbons have been the
subject of much investigation notably by Dubinin (37 - 39).
.It is convenient to arbitrarily divide all pores into three
types dependent on the pore size.,

Macropores are mostly large enough to be seen and
measured by means of the optical microscope although more
detailed information concerning their size distribution can
. be found from measurement of the volume of mercury forced
into the pores under various pressures i.e. Sy use of hercury
porisimetry. A lower limit for the diameter of macropores is
conveniently set at about 1000 -~ ZOOOR; there is no upper |
limit.

Transitional or intermediate pores can be directly
observed using an electron microscope and measured using mercury
porisimetry. Another method for their study is based on
analysis of the characteristic hysteresis loops found on the
measurement of sorption isotherms. The diameter of transit-
ional pores is conveniently set at between 1000 - 20008 and
about 302.

The smallest pores are called micropores. As yet these
have not been directly observed although such observations
may just be possible using an electron microscope. The
linear dimensions of these pores are comparable with those of

molecules normally used as adsorbates, Their diameter is set



at less than about 303.

A carbon generally contains pores of all .three types
although the contribution of each type to the total adsorp-
tion may-greatly differ, For a carbon micropores normally
make the largest contribution. Dubinin (37, 38) has shown
for various carbons that there is a distinct tridisperse
size distribution i.e. the carbons contain pores lying within
three relatively narrow ranges of dimension one within each
pore clagsification.

l.5. Activation

The activity of a solid is not a quantity which can
be exactly defined. It is a term indicating the physico-
chemical reactivity of the solid. Activation and de-activation
can be characterised by changes in the X-ray structu;e,
surface area, density, pore volume, pore distribution and in
_the heat of adsorption of adsorbates.

With micrOporou§ materials such as a carbon a meaningful
surface area is difficult to obtain and a measure of the
porosity gives a more useful indication of its activity.,

Activation of carbons can be effected in two ways. (i)
The addition of oxidising or dehydrating agents e.g. anhydrous
zinc chloride to the parent material before carbonisation.
(ii) Reaction of carbon with a gas such as steam, carbon

dioxide or oxygen at high températures removing part of the
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carbon and thus increasing its porosity; this method is
employed in the present work.

As already stated the structure of a particular unacti-

" vated carbon depends on-the parent material and the carbon-

isation process. For most carbons the pore-volume varies
from 0,05 to 0.5 cm.Bg'.-1 carbon, Activation can increase
this pore volume by about a further 1 cm.3g.-l for the highly
porous carbons and by correspondingly less for the carbons of
lower porosity.

Aims of Present Investigation

In any study of the reactions of a gas with a porous
solid account must be taken of the influence of diffusion of
reactants and products both within the pores and on the
exterior surface. Hed@en and Wicke (#0) have proposed that
the temperature dependence of the reactions of porous solids,
notably carbons, with gases can be broadly divided into three
zones, It will be useful to consider this classification
before discussing the aims of the present work.

In the low temperature Zone I, the rate of gasification
i.e. the observed rate of reaction depends on the rates of
chemical reactions taking place on the carbon surface. 1In
this range the whole of the internal surface of the solid
takes part in the reaction and the rate of reaction is not

affected by mass transfer processes as the concentrations of
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reactant and product gases are evenly distributed within
‘the carbon., Hence the experimentally obeerved activation
energy is described as the 'true' activation energy for the
reactiof of the gas with the carbon surface..

At higher temperatures in Zone II the overall rate of
reaction is increasingly dependent on the rate of diffusion
of reactant and product gases through pores_of the carbon.

The observed activation energy falls to approximately half
‘the 'true'! activation energy.

At even higher temperatures in Zone III the mass transfer
of gaseous products and reactants through a boundary gas layer
around the external surface of the carbon determines the
overall rate of reaction., Thus the activation energy for the
reaction fﬁlls to very low values.

Rowan's work (6) on the activation of polymer carbons by
carbon dioxide was carried out under conditions which indicated
that the reaction was occuring in Zone II and on the borders
of Zones I and II of the above classification. He concluded
that within this range the temperature of activation had
little effect on the development of the porosity of the carbons
investigated,

In the present work the reaction of cellulose carbon with
oxygen was carried out in the temperature range l{-OO° - 700°C

which under the conditions present was expected to cover Zones
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II and III. It was expected, that carbons activated in
Zone III would have little developmentlof pore structure as
the activating gas does not penetrate far into the carbon.
Oxygen was chosen in preference to carbon dioxide as an
activating gas for this study principally because the temp-
eratures involved in the reaction were considerably lower
(400° - 700°C for oxygen and 850° - 1250°C for carbon dioxide).

The main aims of the work may therefore be summarised
as follows:-

(i) To investigate the rate of reaction of a porous

cellulose carbon with oxygen over a temperature range

extending over Zones 1I and III of the Hedden and

Wicke (40) clgssification.

(ii) To attempt to relate the development of porosity

to the rate and extent of the activation process; in

particular to investigate the influence of diffusion

control of reaction rate on the &evelopment of

porosity.

(iii) To compare the properties of oxygen and carbon

dioxide as acfivating gases By comparison with Rowan's

work (6).

This work involved four main stages:=

(i) The pneparation of a reproducible carbon by

carbonisation of cellulose to 1000° in nitrogen.
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(ii) The investigation of the rate of reaction

of the carbon with oxygen over the temperature

range 400° - 700°%.

(iii) The preparation of activated series of
carbons at several temperatures between 400° and
200°¢C.

(iv) The measurement of the porosity of the carbon™
samples by adsorption of carbon dioxide at 195°K.

Outline of Thesis

The thesis consists of .six chapters. The next two
chapters complete an intreduction to the various aspects of
the work and the final three chapters constitute an account
of the work undertaken.

Chapter 2 contains a review of the carbon-oxygen reaction

and a discussion of some of the many factors influencing its

overall features., In Chapter 3 the methods available for the
measurement of the porosity in carbons and the Dubinin
Theory for adsorption in micropores are discusséd. The effect
of surface oxide on adsorption and the development of porosity
which occurs on activation are also considered.'

In Chapter 4 the results of the reactivity studies are
presented and discussed., Chapter 5-c6nsists of the results of
the adsorption measurements and discussiop of them both

qualitatively and in terms of the Dubinin Theory. Chapter 6
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ends the thesis with a summary of the conclusions made and

a number of suggestions for extension of the work.
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CHAPTER 2

The Oxidation of Carbon

Introduction

Any development of a fundamental understanding of the
mechanism ©0f the reaction of amorphous carbons with oxygen
has been greatly hindered by the coﬁplex structure of carbons
and their resultant surface heterogeneity, and often by the
changing extent and nature of the carbon surface during the
course of the reaction. The product, or products of the
reaction have hot been clearly determined let alone the individ-
ual reaction steps. In fact the understanding of the carbon-
oxXygen reaction is poor compared with that of other gas-carbon
reactions,

The traditional method of investigating the reactions of
carbons with gases involves the measurement of the weight
change of a carbon sample and/or the collection, identification
and measurement of the gaseous products. This work has been
carried out over a wide range of gas pressures and temperatures
giving thermodynamic and kinetic parameters of the reaction
(41). Recently much information has been gained from investi-
gation of the reaction of oxygen with natural graphite using
microscopic techniques (42).

Many factors have been shown to affect the carbon-oxygen

reaction. Gaseous diffusion processes have been shown (41) to
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influence the overall features of the reac¢tion and will be
discussed in Section 2.4, The reactivity of the carbon
also depends on its crystallinity, heat-treatment tempera-
ture and the.presence of impurities (See Section 2.5.).
The chemical nature of the surface complexes by which the
reaction is believed to proceed will be discussed in Section
2.6,
Thermodynamic Features of the‘Beactioq

The heats of reaction at 18°C and 1 atm. for the
reactions to be comsidered in the combustion of carbon in
oxygen are given below. These have been determined (44) for
ﬁ-Gfaphite. Amorphous carbons have been reported (45) to
have positive heats of formation ranging from 1.7 to 2.6 k.cal.

mole_} on the basis of ﬁ-graphite having zero heat of forma-

tion,.
(1] ¢ + 0, = €0, AH = -94.03 k.cal.mole™s
(2] ¢ + %OZ == CO AH = -26,62 k.cal.mole T
[31 0 + 20, = €O, AH = -67.4l k.cal.mole™s
[4]1 CO, + C = 200 AE = +40.79 k.cal.mole s

Equilibrium constants for the above reactions have been
tabulated (44). They show that equilibrium considerations 'do
not restrict the oxidation to carbon monoxide and carbon dioxide
up to 4000°K. However many investigations have been made to

decide the relative extent to which these reactions contribute
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to the overall combustion reaction at different temperatures
and under different conditions (41). In particular, experi-
mental evidence has been sought to decide whether the final
mixture of carbon dioxide and carbon monoxide obtained_by
the combusiion, arises from reaction [1] and reactioﬁ (2]
occuring simultaneously or whether the first formed gas(es)
subsequently undergo the secondary reactions [3] and [4].
ﬁecause of the various chemical and physical conditions that
inevitably prevail in combustion investigations, the
conclusions of different workers on the primafy products of
the carbon-oxygen reaction havg often been conflicting.,

The problem has been approached in many ways but all
methods ha#e the same object in view; to eliminate or
severely reéuce the complications which the secondary reactions
[3] and [4] introduce. This has been done by four main
méthods:~ (i) use of low pressures (46 =-.51), (ii) use
of high gas flow over the carbon (52 - 55), (iii) addition
of substances known to inhibit reaction EEJ (56 - 61) and
(iv) conducting the carbon-oxygen reaction at sufficiently
low temperatures to be able to assume fhat the rates of
reactions [3] and [4] were negligible (62, 63).

Near.total agreement has been reached that both carbon
monoxide and carbon dioxide are the primary products.

However the relative proportion of the two gases obtained
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would appear to depend'on the temperature and conditions

of the oxidation reaction. Arthur-(59) and Rossberg (62)
have determined that the temperature dependence of the

ratio of carbon monoxide to carbon dioxide on gasification
of a variety of different carbons over temperature ranges of
460° - 900°Cc (59) and 520° - 1420°C (62) is given by the
b/RT

equation CO/CO, = ae” where a is of the order of

103'4 and b is approximately 12.4 k.cal.mole-% Arthur
claimed that the results of several low pressure experiments
(58 = 60) over the range 900° - 2000°C were consistent with
this equation. Lewis et al. (63) in agreement with Arthur
found #hat the CO/CO2 ratio is constant below 520°C at
cas 0.3, Arthur having found a value of 0.9. _

Both Rossberg and Arthur felt that reaction [4] was not
a factor affecting the CO/'_CO2 ratio even at the higher
tempe;atures. More recgntly Frey (24) investigated the extent
of secondary reactions on the oxidation of:charcoal'Ey

14

a@ditioglof CO and 092 labelled with = 'C to the.reaction. He
fpunq_thgt reaction [4] did not occur below gOOOC. Reaction
L3] occufgd to some extent below 55000 but did not account
for‘all the carbon dioxide formed; above this temperature the
secondary oxidation occured more readily;

Using high gas flow-rates to study the carbon-oxygen

reaction, Day (54, 55) found the CO/CQ, ratio to be independent
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of the rate of gas flow over the temperature range
1300° - 1900°C and concluded that carbon dioxide is a primary
product. At lower flow-rates the gas phase oxidation of
carbon monoxide occured. At variance with Arthur (59) and
Rossberg (62) he found that the CO/'CO2 ratio varied with the
type of carbon, He found a similar temperature dependence of
the CO/'CO2 ratio to these workers but the ratio was much lower.

The use of gas phase inhibitors of reaction [3] such as
CClh, Clz, HCl and POCl3 (56 - 61) produces substantial
increases in the CO/'CO2 ratio. However this increase could
also be ascribed to the faqt that halogen acids can be incorp-
orated into the carbon structure (64), thus affecting the
reaction at the carbon surface.

A summary of available evidence would seem to suggest
that carbon dioxide and carbon monoxide are both primary
products below 600°C but above that temperature as Blyholder
and Eyring (65, 66) have claimed for the reaction of a
graphitic carbon witﬁ a low pressure of oxygen, carbon monoxide
may be the only reaction product. In any case the amount of
carbon dioxide produced above 600°C is very small, The
CO/'CO2 ratio is probably‘dependent on the carbon surface and is
a function of the temperature of reaction. lack of agreement
in much of the work in this field may therefore be caused by

actual differences in the CO/'CO.2 ratio for different surfaces
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or by the inability to prevent secondary reactions.

2e3. Kinetic Features of the Reaction

2.3.1le The Reaction Mechaniém

In kinetic studies-of the oxidation of carbon many attempts
have been made to produce a detailed mechanism of the process
from consideration of reaction order, activation energy and
the pre-expomnential factor. However these results have often -
been misinterpreted owing to the fact that mass transport of
gaseous reactants and products has controlled the course of the
reaction., The efféct of mass transport control on the reaction
will be discusse& in Section 2.k4., while‘the chemical reaction
itself will be discussed under this heading.

A mechanism for the carbon-oxygen reaction which accounted
for the wide fariation of experimentally observed data would
probably be very complicated. This discussion will be limited
to consideration of an outline reaction scheme (41) which
nevertheless can account for the general features of the
reaction kinetics, although it may not account for all details.

Step [1] Transport of oxygen to surface reaction site.

Step [2] Adsorption of oxygen to form a surface complex.

ks
C +0, — ©(0,)

Step [3] Rearrangement of the surface complex to give a

desorbable product.

k

c(0,) -2 ¢(0,)"
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Step [4] Desorption to yield the reaction products

CO and/or 002.

Ky,
G(OZ)' —3 Products

Step [5] Transport of reaction products away from the

surface.

It would appear reasonable (41,.60) to assume in the
absence of transport control (See Section 2.4) that the rate
controlling step is either step {3], or step [4] since step-
[2] occurs readily at températureskabove ca. 100°C (67).

The discussion will assume thét-step [3] is rate controlling
but a similar argument would result if step [4] were rate
controlling. |

" Thus the raté éf reaction will depend on the fraction
(©) of surface available fof reaction covered by surface
complex and; k3, the rate constant for rearrangement of the
complex to a desorbable product. Hence at a fixed temperature
the order of reaction depends on the variation of © with
respect td oxygen pressure. At high pressures if @ —>» 1,
near zero order dependence would be éxpected, whereas at low
pressures if © —» O near first order dependence would be
expected; at intermediate pressures the order would be expected
to vary from O —» 1. Attempts have been made (68 - 70) to

quantitatively express the rate of reaction of a carbon black
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with oxygen at low pressures (ca. & x 10-'3 cm.Hg) and in the
temperature range 575° - 675% by

-dP, /dt = k

(Po ) (asa) (1 -©)
5 \

0, 70,

where P02 is the oxygen pressure, (ASA) is the active surface
area of the sample at the temperature in question, (1 -0) is.
the fraction of (ASA) unoccupied by surface complex and k02
is the rate constant. It can be seen that the order of reaction
predicted by this equation-is detérmined byaé in the manner
discussed above. However another cdﬁplication is introduced
by the fact that the active surface area may vary»during the
early stages of the reaction (60). Thus the value of © and
hence the order of the reaction may also be influenced by the
extent of the reaction.

Activation energies for the overall reaction have been
much studied., The activation energy for the overall reaction
is a complex composite of the activation eﬁergies for the
individual steps of the reaction., It will be related to the
rate controlling step and if this were to vary with temperature
one would expect the overall activation energy to vary as well
as the reaction order. Rossberg (62) has attempted to relate
the activatioﬁ energy for several gas-carbon reactioms to the
dissociation energy required to remove an oxygen atom from the

reactant gas. The dissociation energy for %ba-—4> 0 is

59 k.cal.mole-% But as Walker (41) points out unless oxygen
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chemisorbs in the form of a peroxide structure this is not
a valid comparison with the activation energy.

Although, the above mechanism accounts for some of the
features of the carbon-oxygen reaction, it is clearly only
an outline mechanism. There may for inséance be several
varieties of surface complex (71) taking part in the reaction
and a more detailed mechanism would need to aﬁcouﬁt for the
formation of more than one reaction product. A more detailed
reaction schéme'has been proposed by Ong (72) to account for
a wide range of data but, as he admits, it may not be correct
in all details.

Experimental Parameters of the Reaction

Reaction Order

A large number of workers (48 - 50, Sk, 62, 63, 73 - 75)
have found that under a wide range of conditions the reaction
follows first order kinetics. These results must be-carefully
scrutinised before the observed order is seen to be a function
of the chemical reaction and not influenced by mass transfer.
For example, Day et al. (54) found a first order dependence on
the oxygen pressure but were clearly working under diffusion-
controlled conditions. Lewis et al. (63) studying the reaction
of a coke with air flowing over the sample found the order to
be one; this result may also have been influenced by diffusion.

In ad@ition, as Duval (51) notes, several workers determine or
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assume a reaction order on the basis of apparently incomplete
dafa.

A number of workers (47, 48, 50, 74) have found a first
order dependence of the reaction rate on the oxygen pressure
at temperatures less than 1500°C and at pressures of less than
ca. 0.5cm.Hg. when the influence of mass transfer may be
presumed to be minimised. The two investigations claiming
the presence of zero order kinetics must be carefully assessed.
Blyholder and Eyring's (65) work using thin graphite coatings
on ceramic substrates indicated a ze;o order reaction at
600° - 800°C. However their work was carried out over a

ch.Hg) and the data presented

limited pressure range (10~ - 10°
could be interpreted within the experimental error as indicating
fractional order kinetics (51); there is also the possibility

of catalytic effects associated with the ceramic base.
Gulbransen and Andrew (77) report the reaction rate [R] of
sfectroscopically pure graphite between 425o and 575°C over
oxygen pressures [P] of 0.5 - 9.8cm.Hg. in the form R = A + 3P,'
where A and B.are constants. They claimed the order to be near
zero below l.5cm.Hg. and to be one above 9.8cm.Hg. However
Blyholder and Eyring (65) consider the evidence to be incon-
clusive and that the order of reaction could equally Wwell be

fractional. It is interesting to note that Gulbransen and

|
Andrew's (77) suggestion is not consistent with the reaction
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scheme discussed in Section 2.3.1.

Activation Energy and Pre-exponential factor

A wide variation in values of the activation energy have

also been reported in the literature. _Activation energies

% have been found for reactions with

of about 80 k.cal.mole”
pressures' of- oxygen of less than ca. 10-3cm.Hg. (48, 65).
Rossberg (62) and Wicke (60) working with porous carbons and
an oxygen-nitrogen mixture at atmospheric pressufe found
activation energies of 50 - 58 k.cal.mole-} and 58 (+ 4) k.cal.
mole-} respectively. From their results it is apparent that
they were working in the region of chemical control. Gulbransen
and Andrew (77) report dn éctivation energy of 36.7 k.cal.mole-}
for the initial rate of reaction between thin graphite plates
and oxygen at a pressure of 7.6cm.Hg. and at temperatures of
425° to 575°C; mass transport was apparently not affecting
their results. Many other workers (63, 75, 78 - 88) have
reported widely varying activation energies raﬁging from
17 k.cal.mole™+ (63) to 100 (+ 30) k.cal.mole™ (78); some of
these values are obviously affected by mass transport and the
catalytic effects of impurities,.

Serpinet (85) has reported an activation energy, for the
reaction between spectroscopically pure graphite and air which
apparently-varies with temperature within the region of chemical

control. Under atmospheric pressure he found activation energies
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ranging from 40 k.cal.mole™ at-500°C to 75 k.cal.mole™  at
72000, A similar variation has been observed by Bonnetain
(85) working with the same graphite and oxygen pressures of
the order of lo-scm.Hg. Heuchamps (87) also working with
the same graphite found-that the activation energy varies as
a function of the amount of burn-off, Values of the activa-
tion energy ranged from 62 k.cal.mole'} at 17% burn-off to
37 k.cal.mole-% at 98% burn-off. This could possibly be
accounted for by an increase in the coancentration of impuri-
ties as the amount of burn-off increases.

When the variation of reaction rate with temperatuie is
expressed by means of the Arrhenius equation Rate~==Ae-“a/RT
the value of the pre-exponential or frequency factor A can
be useful in giving information about the reaction. However -
values of this factor have rarely been reported for gas-
carbon reactions. This is possibly due to the difficulty in
expressing the parameter in units which allow useful comparison
between different investigations. Rates-of reaction and hence
- pre-exponential factors are commonly expressed in terms of a
unit area of carbon surface or a unit of cafbon weight. Thus
unless specific surface areas are kndwn with some certainty
comparisons are difficult,

Wicke (60) reported values of the pre-exponential factor

for both the C - O2 and the C = CO2 reactions expressed in
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v cm?(NTP) gase. cm-?surface. sec-} He found the factors for

the two reactions were very similar (ca. 3 x 109) and deduced
from this that the rate controlling step was in each case the
rearrangement of the surface oxide to form a desorbable
product. Gregg and Tyson (88) report a pre-exponential factor
of ca., 2 x 10-8 g.sec-}g. for the reaction of oxygen at 490° -
550°C with a petroleum pitch carbon prepared at 1000°C. They
express their rates in this way because of the uncertainty-:
attached to values of surféce area for fine-pored solids.

For carbons prepared at higher heatftreatment,temperatures the
frequency factor varies in parallel to the activation energy
(See Section 2.5.). |

Influence of Mass Transport on the Reaction

It has already been said in Chapter 1 that mass transport
of reactants and products can have a great influence on the
overall features of the reaction between a porous solid and a
gas. Tu et al, (89) were the first to develop a theory which
indicat;d the conditions under which the diffusion of reactant
and product gases to and from the surface could be expected to
coﬁtrol the reaction. Their approach has been substantially
developed and improved.by others (90 - 92, 60, 40, 41).

When considering the reactions of gases with porous solids,
the transport of reactant and product gases across a relatively

stagnant layer of gases between the exterior solid surface and



28

the main gas stream, and through the porous body of the material
must be considered. Hedden and Wicke (40) have discussed thé
temperature dependence of rates of reaction of a porous solid
with gases in terms of the'three temperature zones discussed in
Section 1.6. Hoﬁever Walker et al. (41) have proposed situa-
tions under which the ideas of Hedden and Wicke (40) may not
represent the true situation. For example it is possible that
when the reaction takes place within the pores in Zone II that
product retardation may have an influence on .the overall chemi-
cal reactions and thus alter the activation energy in that zone.

A more detailed explanation of the featureé of the reaction
in Zones II and III is now necessary.

In Zone II where diffusion within the pores controls the
overall reaction rate, Wheeler (91) has shown that the rate of
reaction %% is given by

. m + 1 i
%% = Cg ° - Vi Deff.

where CR is the reactant gas concentration at the exterior surface

of the solid, kv is the specific rate constant per unit volume of
carbon, m is the order of reaction with respect to reactant gas

pressure, - and Def is the effective diffusion coefficient of the

£
gases through the pores of the material. In determining this
equation Wheeler (91) assumed that the gas concentration at any

depth of penetration into the specimen is constant and that all

the surface area at any given penetration is availabie
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for reaction with the gaé present at that depth. ‘Implicitly,

the derivation assumed that the penetration of gas occurs

along a series of pores of varying size gnd dimensions, inter-

connected at short intervals., If it is assumed that the effec-

tive diffusion coefficient of the gases throughout the pores is

constant throughout the solid and that the surface area avail-

able for reaction does not vary with burn-off, the above

equation will represent thé reaction in Zone II. Evidence

that the surface area availabie for reactioﬁ does not vary

after the early stages of burn-off has been presented by Wicke

(60) and Walker et al, (41). Using Wheeler's (91) equation

it is-possible to show that the activation energy in Zone II

is half that in Zone I. Also, certain experimental criteria

can be evaluated for reaction in Zone II, although at present

these have only been tested with specimens of known'gepmetry (41).
Walker et al. (41) have shown that at temperatureshigh

enough to give appreciable rates of reaction at the external

surface, Ez = cg Dfree_where Cg is the reactant gas
dt o]

free

coefficient of reactant gases through the external layer of

cohcentration of the free gas and D is the diffusion
product gases of thickness § . Thus the reaction in Zone III

is clearly seen to be first order with respect to the reactant

gas concentration. Day (54, 55) has confirmed this for the
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carbon-oxygen reactioq and has shown that the activation energy
was less than 8 k.cal.mole-} under the conditions employed.
This is in agreement with a small variation of diffusion coef-
ficient with temperature. The equation indicates that in

Zone III the rate of reaction is independent of the type of
carbon and Day (54, 55) has shown this to be approximately
true,

The Influence of Other Factors on the Reaction

The influence of mass transport has already been discussed
in the previous section (2.4). It is useful to consider now
those features of the carbon itseif which are known to influence
reactivity., The effects of cryétallite orientation and size,
heat=-treatment temperature and presence of impurities will
therefore be considered under this heading.

Carbons are sﬁbstances containing various amounts of
crystalline material and the degree of surface heterogeneity
depends to some extent on the size and orientation of the
crystallites. The two extremes in which the crystallites can
orientate are (i) with the basal {OOOl} planes parallel to the
surface and (ii) with basal planes perpendiéular to the surface.

Much work (93 - 95) has been directed to obtain the ratio
of the oxidation rétés parallel and perpendicular to the basal
plane. The ratio appears to differ with the sample of carbon

used but the rate parallel to the basal plane is much the
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greater, From this work one would expect a graphitic carbon
containing crystallites with basal planes mainly parallel

to the carbon surface to be less reactive than a non graphit-
ised carbon where the crystallites are more randomly orien-
tated. Smith and Polley (95) interpreted their results for
the reactivity of a non-graphitised and a graphitised carbon
iﬁ these terms. Walker et al. (41) also suggested a similar
explanation to account for their results of markedly different
- rates of reaction of carbon dioxide with cokes and graphi;ised
carbon blacks.

Heat treatment will affect the graphifisation of some
carbons and hence the reactivity. Gregg and Tyson (88) studied
the oxidation of a series of carbons prepared from a petroleum
pitch - coke mixture by heat treatment to teﬁperatures between
1000° ana 3000°¢. They measured the oxidation rates for these
carbons in the temperature range l|-90o - 550°C and at 7.6cm.Hg.
pressure of oxygen and also determined activation energies.

The activation energy varied with the temperature of prepara-
tion from 44 k.cal.mole-} for the 1000°C carbon to a mﬁximum

of 67 K.cal.mole + for a 1580°C carbon falling to Lk k.cal.mole T
for the 3000°C carbon, They considered that by increasing the
temperature bf‘preparation the graphitic character of the carbon
increased, thus tending to increase the activation energy.

However this effect was masked by a decrease in porosity of the
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carbons-with increasing temperature of heat treatment. They
proposed that the oxidation occured in Zone I of the Hedden

and Wicke classification:. for carbons of high porosity, i.e.
those prepared below ca., lSOOOC, and in Zone ITI for those

of lower porosity.

The widely varying range of activation energies reported
by many workers for the carbon-oxygen reaction can be
ascribed in some cases to varying amounts of impurities in
the carbons., Although a number of workers (2,3, 42, 77, 81,
94,-95, 97) hgve investigated the catalytic effect of certain
inorganic impurities on the rate of reaction of carbons with
oxidising gases, the reasons for the catalytic behaviour are
" not well understood. The ash normally present in carbon as
an impurity may have a considerable catalytic effect. Long
and Sykes (2) de-ashed a carbon by leaching with hydrofluoric
acid and found a mﬁch reduced rate of oxidation, yet the same-
quaniity of chemisorbed oxygen. However Frey (64) has
suggested that this may be due t; halogen atoms being incor-
porated in the carbon structure and thus reducing the rate of
reaction, |

Gallagher and Harker (3) showed that addition of small
quantities of iron, cobalt and nickel compounds decreased the
ignition temperatﬁre of a cellulose char by up to 70°C, show~

- ing that the rate of reaction was increased by the addition of °



2.6,

33

the impurity. They also showed that the addition of :i:mpiu'ity
had little effect' on the thermal stability of the surface-
oxide at 400°C (See Section 2.6.). In agfeement with
Gulbransen and Andrew (77) they found the CO/CO2 ratio of

the evolved products increased with addition of impurity.

The Nature of Surface Oxides

The formation of solid surface oxygen complexes on char-
coal is intimately bound with the reaction to form gaseous
products. The fact thaf there is evidence that_sdme'reactions
(52, 98, 99) proceed via a surface complex to gaseous products
indicates that a knowledge of their structure may be impor-
tant in determining the reaction mechanism, The chemisorp-
tion of oxygen by cgrbéns has been much studied, however a
structural theory is far from being found., The natu?e and

amount of complexes on any sample varies with the surface

area, porosity, particle size, degree of carbonisation and

-graphitisation, and impurities present,

Temperature is the most important.factor determining the
nature and formation of surface complexes by reaction with
oxidising gases. Below 195°K oxygen has been shown (100) to
be predominantly physically adsorbed on carbon surfaces. At
higher temperatures substantial chemisorption occurs, the
amount increasing with temperature.

Lowry and Hulett (101) found that charcoal exposed to
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air at room temperature contained up to 3 - 4% oxygen. Weller
- and Young (104) and Snow et al. (82) have shown that this
amount increases with temperature up to l+00° - 500°C where
carbons containing up to 20% oxygen may be prepared. At
higher temperatures the amount of surface oxide formation
decreases and the formation of gaseohs products increases. At
1000%C there is no evidence for the formation of solid surface
complexes. Whatever the nature of the carbons the oitimum
tempefature_for oxygen fixation appears to be 400° - 500°C
(43).

Chemisorbed oxygen can be completely removed from the
carbon surfac% by heating to a temperature in the region of
1000° - 1200°c. It is removed. as carbon monoxide an& carbon
dioxide (52, 103). Puri and Bansal (103) showed that carbon
dioxide was evolved from ca. 200° - 300°C to ca. 500° - 700°C
while carbon monoxide was evolved from ca. 500° - 700°C to
ca. 1000° - 1200%. They found that the ratio of CO/'CO2
evolved on heating varied with the nature of the carbon.

The principal functional groups which have been shown
(104, 105) by chemical analysis to be present in surface
complexes are carbonyl, phenolic hydroxyl, and carbox&lic acids,
The presence of oxygen in the form of ether linkages is also
postulated. Infra-red spectroscopy has in general confirmed

the presence of these groups (43) and detected aromatic rings
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and carbon-hydrogen bonds. However as carbons containing
more than 94% elemental carbon are opaque to infra-red
radiation, the technique has its limitations.

Dependent on the condition of the surface and the temp-~
erature of oxidation, the surface oxide can either.be acidic
or basic in character. From studies on the adsorption of
acids and bases from dilute aqueous solution, workers (71,
106 - 108) have suggested that different oxides form at diffe-
rent temperatures. |

The acidic functional groups are carboxyl and phenolic
hydroxyl. These undergo normal organic reactions (109).
Although th; presence of basic oxides has been known for much
longer, nothing is definitely known about their constitution.
Garten and Weiss (110, 111) suggested they are chromene-like
or semi-quinone structures but this has not been confirmed.

‘It has been shown that oxygen is almost entirely chemi-
sorbed on the prism faces of graphite crystals (94). Single
crystals were oxidised with molecular oxygen at 700°C and the
gaseous products were determined mass spectrometically. The
experiment was repeated with the crystals cleaved five times
parallel to the layer planes, i.e. with the area of the prism
faces the same and the area of the basal faces increasea 5ix-
fold. The amount of gas evolved was'unchanged...Highly graphi-

tised carbon blacks have a very homogeneous surface (112) which
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consists almost entirely of basal graphite planes (24) and

hence these blacks form very little surface oxide (113),
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CHAPTER 3

The Porosity of Activated Carbomns

The Determination of Porosity in Carbons

Introduction

A wide variety of methods are available for the measure-
ment of porosity in carbons. In this work the analysis of
adsorption isotherms by the method of Dubinin has been used.
This method will be discussed in Section 3.2.2. while other
methods are briefly reviewed under this heading,

Apparent Density Methods

Information about the porosity of carbons can be obtained
from the measurement of the apparent density of é sample in
a variety of gases and liquids.

A 'true'-density of the carbon may be obtained from
measurement of its displacement in a liquid or gas whose mole-
cular dimensions are such that all pores are penetrated,
Densities determined in helium at room temperature (4, 114,
115) have been widely used in this way. However, it has been
shown (116) that for certain carbons physical adsorption of
helium may occur at room temperature yielding anomalously high
densities and hence measurements must be carried out at BOOOC.
At any temperature helium cannot reach closed pores and a low
value for the density will be obtained if .such pores are

present. It has reécently been shown (117) that in some carbons



38

pores which are inaccessible to helium at room temperature
become accessible at 300°C.

If the density of a carbon in mercury ( pHg) is compared
with that in helium (pHe) the total pore volume can be
aetermined. Mercury does not wet carbon and therefore pressure
is required to force it into the pores. The relation between
the radius of the pore entrance r, and the minimum pressure
required to fill the pores P, is given by a form of the Kelvin

equation (118):-

r = 135%29551 Equation 3.1.

where § is the surface tension of mercury and © is the angle of
contact, From this equation it follows that at atmospheric
pressure mercury cannot enter pores whose entrances are less
than ca. 7 x 10#3 diameter i.e. very large macropores. Hence
the reciprocal of the mercury density of a carbon determined

at atmospheric pressure éffectively defines the specific volume
of the .carbon and pores. Thus if a reliable helium density

can be obtained the total volume of pores of diameter up to

7 x 1o“X is given by:-

Total Pore Volume = L - —l— Equation 3.2,
Hg pHe

Densities can also be determined in gases and liquids of

larger molecular size than helium (4, 114, 115; 119, 120).
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In these caseé penétrating molecules will be eXcluded from pores
whose entrances are narroweé than the molecular diameter. How-
ever densities obtained in %his way are not élways reliable as
the density of the dilatomeémic fluid in the pores may not be

the same as in the bulk fluid (115), particularly if adsorp-

tion occurs, and hence densﬂties f=1e) defermined may be incorrectly
high., Another cause of anomglous_apparent densities is the

slow or incomplete penetrati%n of acceséible pores by the mole=
cules of the dilatometric fl%id (115), leading to incorrectly

low values for densities in &his'case.

Size distributions of macro-pores and transitional pores
can be obtained (121 - 123) %y measuring the volume of mercury
which can be forced into porés.under various pressures and
applying Equation 3.1; this ?echnique is called mercury porisi-
metry., However the determinétion of micropore size distribution
is.not possible because of tﬁe very high pressures involved
(greater than 7000 atms.). ‘

Adsorptive Methods

The measurement of adsogption of gases and vapours by a .
porous solid can yield inforéation about its pore structure.
Several methods of interpretin isotherms have been suggested
each with its advantages and Fimitations. As alréady mentioned,
in the present work the Dubin?n Theory of Micropore Filling, a

modification of the Potentiall Theory has been used. This will



Lo

be discussed in Section 3.2. A brief review of some of the
other methods fo;lows.'

Values of the poré volume can be- obtained by uée of
the Gurvitsch Rule (124) provided that a definite amount W
ié adsorbed at saturation. Assuming that all pores are filled
with liquid having its bulk density P, the pore volume
Vs = _5 . The amount adsorbed at saturation W is only readily
identifiable for Type I and some Type IV isotherms of the
Brunauer classification (125)., It has also been shown (&4,
117) that in some cases the pores may not be completely filled
at saturation,

The determination of surface areas by application of the
Brunauer, Emmett and Teller (BET) equation (126) to isotherms
on microporous carbons can be criticised for several reasons.
Firétly the BET theory assumes that in the monolayer localised
adsorption tekes place on energetically homogeneous sites,
whereas.the surface of a carbon is likely to be very hetero-
geneous in nature and, except at very low temperature, adsorp-
tion is likely to be non-localised (127). In the form of the
BET theory usually appiied to_porous adgorbents (128) it is
also assumed that the adsorption forces of opposite walls of
the pores do not interact and that the number of adsorbed
layers 'n' is determined by pore width alone. These two

assumptions are unlikely to be justified in the case of micro-
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porous materials as the pore walls are extremely close; also
'n' has been shown (4) to decrease with increasing activa-
tion of carbons whereas all other evidence indicates that
pore widths increase on activation, It has been calculated
(129) that the theoretical maximum for the surface area of
graphite is 2680 m%g-} assuming adsorption of a monolayer

on both sides of a single layer graphite plane. However a
number of workers (129 - 131) have determined surface areas
in excess of this figure, and as high as 4,560 mgg-% (131).
These areas must be regarded as unrealistic, It is worth-
while t6 note that some workers (132, 133) now consider that
the concept of surface area has no physical meaning when
applied to microporous materials. An advantage of the Dubinin
Equation is that the concept of surface area in micropores
does not arise.

The size distribution of £ransitional pores can be
investigated by.an analysis of hysteresis loops which occur
in the adsorption -~ desorption isotherms of various adsorbates
by application of the theoryﬁof capillary condensation. For
an adsorbent containing non-intersecting cylindrical pores
the relative pressure p/po at which desorption Sccprs is
related to the radius of the pore entrance '»', by a form of
the Kelvin equation:=

ln p/po = =20V*cos0 Equation 3.3.
rRT
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where V* = molar volume of the adsorbate, O= surface tension
and 6= angle of contact. Using this method pore size
distributions in the range 25 - BOOX'have been found (122,
134, 140) for a variety of adsorbent-adsorbate systems. Some
of these distributions have been shown to agree with those
obtained by mercury porosimetry (122) and electron microscopy
(137). However the Kelvin equation is not normally aﬁplied
to pores of less than ca. 25& diameter as it is dbgbtful
whether concepts such as surface tension and angle of contact
have any physical meaning in such small pores.,

Qther Methods

When a solid is immersed in a fluid, heat is evolved due
to adsorption of the fluid on the surface of the solid. 1In
the case of non-porous solids the amount of heat ev&lved is
directly proportional to the total surface area and hence
heats of immersion can be used to determine sPecifi; surface
areas (141). However the méthod has the inherent difficulty
that the conversion factor must first be obtained by finding
the heat of immersion of a standard solid whose surface-has
been independently determined. For the determination of
surface areas of porous carbon, carbon blacks are used as
standards since their surface areas can be determined by

electron microscopy and vapour adsorption. The surface area

* denotes the adsorbed state.
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of a standard carbon black used by Bond and Spencer (119)
was found to be ca. 230m?g-} by electron microscopy and
vapour adsorption. The heat of immersion in methanol was
21.5 cal.g-% and hence the conversion factor used in their
work was ca. lO.?m%cal-} However carbon blacks have more
homogeneous surfaces than porous carbons and this throws some
doubt on the value of the conversion factor when applied to
heats of wetting of porous carbons. Errors may also arise
from the relative inaccessibility of some pores to the liquid
resulting in slow liberation of the heat of immersion., This
ﬁethod also requires the assumption of surface area which, as
previously discussed, is of doubtful validity when applied to
microporese. |

From the intensity distribution of the low angle scatter-
ing of X=rays by a thin layer of carbon, particle size, pore
volume and surface area can be obtained as well as the crystal-
line/non-crystalline ratio. (142, 143)., However to obtain
values of the surface area and pore volume a number of assump-
tions are required, not least a model for the pore structure,
In order to facilitate interpretatien of the intensity distribu-
tions, these models are usually simple and since the pore
structure of carbons is known to be complex, the results are

of limited value.

Optical microscopy can-be used to study macropores, which
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can be clearly seen in sections of polished surfaces (37).
Using an electron micréscope pores of ca, 2002 have beén
observed (37). By statistical evaluation the average numbers
and dimensiéns of pores can be obtained using bofﬁ techniques
(137). As yet micropores have‘not been observed using the
electron microscope although this may be possible with
improved resolution.

Theories of Adsorption in Micropores

Polanyi Potential Theory

Polanyi who introduced (144, 145) the concept of adsorp-
tion pbtential p50posed that the forces'of.attraction between
a surface and adsorbed molecules decreased with the distance
from the surface, He defined the adsorption potential at any
point as the work required to bring a molecule from the gas
phase to that point. According to the Polanyi Theory the
adsorption space may be considered to comsist of series of
surfaces of equipotential, Ei,enqlosing volumes Vi,_the
adsorption potential varying from a.maximum at the adsorbent
surface to zero at the outermost layer; which encloses the
total adso?ption volume Vo. Thus the variation of adsorption
potential with the distance from the adsorbent surface can
be represented by an equation of the form € = £(V) called
the characteristic curve, Polanyi proposed that the forces

of adsorption were similar to van der Waals forces in gases and
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on this basis further postﬁlated.that the characteristic
curve is independent of temperature.

Polanyi suggested that when the temperature is much
below the critical temperature of the adsorbate, the adsorp-
tion potential Ev,enclosing the adsorption space V is given
by the work done in compressing one mole of vapour from its

equilibrium pressure p to its saturated vapour Py

i.e. €y = RT in (po/b) Equation 3.4.

The adsorption space V = w4pi, where w = weight of
adsorbed film and pi: is the density of the adsorbate at
temperature T. | |

Berenyi (146) was the first to illustrate the temperature
independence of the characteristic curve., Using Titoff's
(147) results for the adsorption of carbon dioxide on a char-
coal at 2739K he successfully prediéted isotherms at other
temperatures,

Polanyi (148) and Berenyi (146, 149) also investigated
the relationship between the characteristic curves of different
gases on the same adsorbent. They found empirically that the

adsorption of any. two gases on:éharceal was related by:~

(g,/€,) Vo= (al/aa) 1/2 Equation 3.5.

where a;y a, are the van der Waal's constants of the two gases.

Assuming this to be valid at all values of V they claim that:-
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1/2

in (p/'po)1 = (al/aa) 1ln (i:/'po)2 Equation 3,.6.

This expression has been experimentally verified (150, 151).
It was the proﬁlem of predicting adsorption isotherms
for any gas on a solid from the isotherm of a single gas on
that material that led to the development of the Potential
Theory by Dubinin and co-workers (37, 38, 133, 152-6).

3e2e2+ The Dubinin Theory

Although the Dubinin Theory for adsorption in micro-
pores is developed from the Polanyi Potential Theory, in its
more recent formulations the term adsorption potential is not
used to déscribe the function €, as this would imply that an
equipotenfial surface exists within éﬁe adsorbent pores on
which the adsorbate pressure is equal to p,» the saturated
vapour pressure. Dubinin defines the function AG as the
change in free energy during reversible isothermal transfer
of one mole of the adsorbate from the bulk ligquid to an
infinitely large amount of adsorbent i.e.. AG = G*- G
where G* is the c¢hemical potential of the adsorba£e in the
adsorbed state and G!

L

liquid at unit pressure. Since adsorption is a spontaneous

is the molar free energy of the bulk

process AG must be negative, Hence as p < Pgs
AG = + RT 1n (p/bo). Thus the terms € and -AG are

interchangeable.
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Dubinin retains the postulate that the characteristic

curve -AG £f(V), i.e. a plot of RT 1n p/'po against
WeV* where w is the amount adsorbed of adsorbate of molar
volume V*, is température independent; this can be expressed

asi=

(allG)
w.V* =0 Equation 3.7

This criterion cannot be fulfilled over the whole range of
adsorption from w = O to saturation and it can be shown in
o principle; that the molar entropy change on adsorption,

AS = §* - Si, where S* is the partial molar entropy of

L

at unit pressure, i.e.

the adsorbate and S! is the molar entropy of the bulk liquid

AsS = Bl&G) Equation 348a

must be negative for the criterion to be satisfied,
It it is assumed that w = fl(ZSG,T) and w.V* = £, (AG,T)

then it can be shown that(aZSG and(alSG ) are related

WeV*
by:=-
dAG GISG 61 V* 0AG
( T )w ( )wV*+( n )AG( lnw /T

Equation 3.9,

if the assumption ( av*) = 0 is made i.e. if the molar volume
T

of the adsorbate is assumed to be independent of the amount
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adsorbed at constant temperature. The function( 9in V* )
; _ =57 e
can be regarded as the coefficient of thermal expansion (a*)
of the adsorbed substance at constant AG and this will normally

be positive i.e. ( ﬁln V* = q* > 0. Hence

e

. =AS = ( ) (aAG)w.V* + (alnw)T

; Equation 3.10

It is found from characteristic curves that AG is always

an increasing function of w ; thus ( 3 AG ) is positive and
Olnw/T

when (aAG ) =0, AS-= -a*(aAG < O.
WeV* "\ 8lnw/T

Therefore the differantialientropy change on adsorption must
be negative if the characteristic curve is.to be temperature
independent., This is regarded as a necessary but not sufficient
criterion for the applicability of the Dubinin theory to micro-
porous solids. It merely defines a thefmodynamic criterion
for the upper li_mi’c of AG above which the existence of a
temperature invariant region of the characteristic curve is
impossible in principle. Bering and Serpinskii (157) have used
this criterion to determine the region of applicabilitj of the
Dubinin Equation to experimental data; their method will be
considered in Chapter 5.

In addition to Polanyi's postulate that the characteristic

curve is independent of temperature, Dubinin and co=-workers
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introduce a further postulate based on experimental evidence

AG cap
(KG—O)W.V* = B Equatlon 3.11.

i.e. for the same filling of the adsorption space the ratio
of the free energy ch;nge on adsorption of a given vapour
(AG) and that of a standard vapour (AGO) is given by B the
relative free energy change or the affinity coefficient.
Hence Dubinin regards AG = B.f(V) as the equation of the
characteristic curve of all gases on a given adsorbent where
B is determined relative to a standard adsorbate. It was
found experimentally that the relative free energy change B,
can be approximately represented by the ratio of the molar
volumes (158) or, more accurately, by the par;chors of the
bulk liquid phases of the adsorb;tes (159). On the basis of
extensive experimental data (153) Dubinin proposed that the

equation:-

2 2 :
Vv = Vo.e-k(- AG) /B Equation 3,12,

represents the characteristic curve for adsorptioﬁ in many
miér0poroﬁs carbon adsorbetds. A theoretical justification
for this equation was subsequently proposed by Radushkevich
(154). The total volume of adsorption space V_, can be
equated to the micropore volume and k reflects the size

distribution of. pore volumés. This equation only applies when
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the pores are of molecular dimensions and the overlap of
adsorption forces of opposite walls of the pores is substan-
tial. For adsorbents with vefy large pores where no overlap
of adsorption forces occurs and for non-porous adsorbents the

equation of the characteristic curve becomes:-

k'(-086)/B

Vv = V‘;. Equation 3013.

In this case the total volume of adsorption space Vé has no
particular significance and k' depends on the energetic non-
uniformity of the surface,

In linear form Equation 3.1l2. becomes:-

log,,V = log,V, - O.u3hk k (-AG)Z/BZ

Equation 3.14.

If then -AG = 2.303 RT 1oglo(p°/p)'and Wy =p*eVy;

. _ 2
logygw = 10gyoVoep* -D logy, (p,/P)

Equation 3015.
.where D = 2.303 k (RT)Z/ pa Equation 3.16.
. gives an indication of the micropore size distribution. Thus
by plotting experimental isotherms for microporous materials
: . 2 | .
in the form log, W against loglo(po/p) values of D and V_.p*
the limiting adsorption are obtained from the slope and
intercept. If p* the density of the adsorbate is known the

micropore volume Vo can be determined. .Nikolaev and Dubinin
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(160) have applied this equation to the alsorption of
nitrogen, krypton, xenon, tetrafluoroethylene and hexa-
fluoropropylene on a microporous carbon at temperatures

from -195° to 50°C in the range of (V/Vo) from 0,06 to 0.94;
straight lines were obtained whose intercepts on the ordinate
axis gave constant values for the micro-pore volunme, Vo’ over
the temperature range studied.

When the temperature at which adsorption is measured is
very much less than the criﬁical temperature of the adsorbate,
its density may be approximated to that of the bulk liquid
(133, 161). Two methods have been used to calculate the
density (or molar volume) of the adsorbate in the temperature
range from the boiling point to the critical point. Nikolaev
and Dubinin (160) used a method which interpolated the
adsofbate density from the density of the bulk liquid at its
boiling point and its density at the critical point. Bering
et al. (162) based their method on a consideration of the
linearity of adsorption isosteres,

Radushkevich (I54) made an attempt to substantiate
theoretically the equatién for adsorption in microporous
substances (Equation 3.20). He concluded that the equation
was the result of a Maxwellian distribution_of adsorption
potentials within the micropores. It is clear that while the

Dubinin equation gives a useful semi-empirical account of
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adsorption in micropores with some general thermodynamic
validity, the theoretical aspects of the Dubinin Theory need
more attention before it will meet with a wider acceptance,

The Effect of Surface Oxide on Adsorption

" Adsorption of gases and vapours on the surface of carbons
may be influenced by the presence of.chemisorbed oxygen on
the surface (See Section 2.6.).. If the surface has a polar
nature polar adsorbate molecules will clearly be influenced
by the polarity of the surface whereas non=polar molecules
will be less affected (43, 163). The adsorption of polar
gases on carbon is usually altered by the presence of surface
oxygen complexes. It has been observed that the adsorption
of water (164 - 165),methyl alcohol (167, 168), ammonia-
(164, 169), methylamine (164, 170), sulphur dioxide (169, 171),
carbon dioxide (166, 172) and hydrogeﬁ chloride (102, 173) is
greatly increased; the enhanced adsorption of water and
ammonia has been ascribedvto the formation of hydrogen bonds
with surface oxides (166, 170). The ﬁresence of surface
complexes has in some cases caused misinterpreta;ion of the
adsorption of non-polar gases; e.g. carbon tetrachloride,
chlorobenzene and hydrogen chloride have displaced the surface
oxide on charcoals (165, 174, 175).

In order to correlate the adsorptive characteristics of

carbons with the chemical composition of the surface, adsorp--
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tion studies have been made with carbon.blacks and porous
carbons modified by heat treatment in the absence of air
(164, 165, 175), by oxidation with oxygen (170, 171, 176,
179), reduction with hydrogen (180) and réaction with steam
(164, 177).

Puri (176) measured the heat of immersion in water of
activated charcoals which had been heat treated at various
temperatures in the range 4-50° - 1200°C. The measured surface
area of the chafcoals varied very little with temperature.
The heat of immersion went down with heat treatment up to
750°C and then remained steady. ThiS'temperatufe Puri corre=
lated with thé almost complete elimination of oxygen from
the charcoalnas carbon dioxide, He observed a linear relation-
ship between the heat of immersion per unit surface area and
the weight of oxygen rgmoved from the charcoal as carbon
dioxide. Anderson and Emmett (164) determined the adsorption
of nitrogen, water and ammonia on a variety of carbon blacks
before and gfter heat treatment at 1000° - 1200°C. Although
the surface areas determined from the nitrogen isotherms did
not vary significantl&, the adsorption of water and ammonia
was reduced by heat treatment. A similar explanation has
been proposed to account for the reduced adsorptive capacity
of Spheron 1000 for ammonia (170) and sulphur dioxide (171).

As discussed in Chapter 2 the exposure of the surface of
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carbons to gaseous reactants results in oxidation, the
amount of chemisorbed oxygen on the surface increases and
the adsorption of polar adsorbates is enhanced. A number
of workers (171, 178, 179) have observed increased adsorp-
tion of water and::ammonia at lower relative pressures after
charcoals have been oxidised at 400°C in air. It has been
claimed (179, 181):that the surface afea of porous carbons
is not markedly increased by oxidation at this temperature
and the increased adsorption is ascribed to the presence of
chemisorbed oxygen on the porous carbon surface.

The influence of surface oxides on the adsorption of
carbon dioxide on carbons has been studied by a number of
workers (5, 167, 172, 182). This is of particular interest
in the present work since this adsorbate has been used to
obtain adsorption isotherms. Anderson et al. (167) measured
carbon dioxide isotherms at 195°K and nitrogen isotherms at
?7°K on a variety of carbon blacks and a charcoal. On the
carbon blacks they found that the amount of carbon dioxide
adsorbed relative to the amount of nitrogem adsorbed increased
with the increasing oxygen content per unit surface area of
the black, the surface areas being determined from the adsorp-
tion of the nitfogen. They suggested that the enhanced
adsorption was due to interaction between the carbon dioxide

and the surface oxygen. On the charcoal they found that
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surfaces areas obtained by both methods were in agreement

if the saturated vapour pressure of carbon dioxide at 195°K
was calculated by extrapolating the liquid ;apour pressure
curve and if the cross sectional area of the adsorbed carbon
dioxide molecule was based on the extrapolated liquid density.

Deitz et al. (182) studied the adsorption of carbon
dioxide and nitrogen on a numbér of carbon adsorbents and
found that both the amount of'carbon dioxide adsorbed -per
unit surfaée area (determined from the nitrogen isotherms) and
the heat of adsorption of carbon dioxide increased with the
fraction of the carbon surface covered by hydroxyl groups.
They suggested that there were three principal.interaétions:
(1) purely physical adsorption (ii) an adsorption complex
having a 'bicarbonate structure! and (iii) an adsorptioh
complex having a 'carbonate strﬁcture'.

Anderson et é&. (1&7) have considered the possibility of
activated diffusion of nitrogen at 7?°K into micropores
.1eading to differences in the surface areas obtained. Deitsz
et al, (182) do not appear to have considered this point,
However, as the effect is well known for the adsorption of
nitrogen in micro-porous materials at liquid nitrogen
temperatures (129) it might account for the different surface
areas obtained from the adsorption of carbon dioxide and

nitrogen.
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Lamond and Marsh (129) have studied the adsorption of
carbon dioxidé on many porous carbons with a view to surface
area and pore volume determination;. They observed that
the effect of removing all surface oxide by outgassing carbon
blacks at 1000°C prior to adsorption h;d little effect on
éurface areas determined by the adsorption of carbon dioxide.
They found that preliminary outgassing at 340°C when no
surface oxide was removed was adequate (See Chapter 2)., Their
conclusion was that carbon dioxide could be used as an adsor-

bate as the effect of chemisorbed oxygen enhancing adsorption

was very slight. The choice of carbon dioxide as the adsorbate

in the present work largely follows from the recommendations
of Lamond and Marsh.

The Development of Porosity by Activation

The process of activation increases the adsorptive
capacity of a carbon by removing small amounts of material and
developing the porous structure. Much effort has been directed
(4, 5,114, 120, 130, 131, 142, 143, 163) to find whether
activation widens existing pores, creates new open pores-or
proceeds by a combiﬁation of both mechanisrmis.

Arnell and Barss (142) compared the surface areas cal-
culated from X-ray diffraction; data with those obtained by
nitrogen adsorption for a series of activated coconut-shell

carbons. They suggested that the activation process involved
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the removal of disordered carbon from between the crystal-
lites. Also from X-ray diffraction data and adsorption
measurements Dubinin et al. (143) concluded that both the
micropore and transitional pore volumes of a sucrose carbon
increased on activation in carbon dioxide, They considered
that this occured in two stages, (i) the removal of the
more reactive disordered material and (ii) the combustion
of the crysﬁailites with the formation oflmicro-poresf

Holmes and Emmett (5) studied the influence of activa-
tion by steamn, hydrbgen and oxygen on the pore size disfri-
bution of various charcoalé by looking at ‘the changes of
shape of nitrogen isotherms, They concluded that activation
by steam increased the pore diameters over a wide size range
whereas activation by oxygen merely developed the micropores.
Culver and Heath (136) investigated the porosity of a series
of aqtivated;carbons prgpared from Saran (a copolymer of
vinylidene chloride with a small amount of vinyl chloride)_
and found that the”total pore volume increased with activa-
tion £eaching a maximum at ca. 85% burn-off. On the assump~
tion that the carbon contained a system of non-intersecting,
¢ylindrical capillaries they concluded that about 50% of the
weight loss involved the creation of new pores.

Bond and Spencer (120) investigated the development of

pore structure of a carbonised coal by activation with steam
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using apparent density and heats of wetting techniques. Both
methods showed that micro-pore volume and surfaceiarea increased
with activation and that the micropore size distribution became
wider. When studying a number of highly active carbons Lamond
and Marsh (131) found that with progressive activation the
shapes of adsorption isotherms changed from Type 1 in the BET
classification (125) with well defined 'knees' to almost linear
isotherms., From this ;nd from the slopes of Dubinin plots
derived from these isotherms they deduced that the micropore
structure was being developed by the widening of existing pores.,
Kipling and McEhaney (1l4) studied the pore voluges of three
series of activated carbons using apparent density and vapour
adsorption techniques., By analysis of fhe rates of attack on
externa; and internal surfaces and the shapes of adsorption
isotherms they found that the pore structure deve10pea varied
according to the nature of the.starting material. The& concluded
that in the cases of cellulosg and coco-nut"shell carbons the
initial effect of activation was to”remove blockages at the -
entrance of pores of about 8% in diameter. ‘Subsequently,

widening of existing pores was the major process in activation.
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CHAPTER 4

Results and Discussion of Reactivity Studies

4,1, Carbonisation and Activation

4,1.1. Introduction

Reproducible cellulose carbons were prepared by heating
ce;lulose pellets to 940°C in a controlled atmosphere of
nitrogen at a reproducible linear rate of heating (4, 6).
Experimental details of the preparation of the cellulose
carbon and the apparatus used in this iniestigation are given
in Appendix I.

Activation was carried out between l+Ol° end 726QC with
varying conditions of partial pressure of oxygen, sample
weight and crucible geometry. The rates of reaction were
followed gravimetrically using'a modification (6, 183) of the
Stanton Thermobalance, Model TR-0l. Details of the procedure
adopted for activation are given in Appendix II.

4L,1.2. The Influence of Temperature on the Reaction Rate

To study the influence o6f temperature on the rate of reaction
a series of experiments were performed between 401° and 726°C.
Since diffusion was known to play an important part in the
reaction at these temperatures, the same starting weight of
carbon (0.4 g.), the same partial pressure of oxygen (0.1) and
the same crucible size (tall) were used at each temperature in

order to standardise the conditions as far as possible; the
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weight loss curves found aré shown in Fig. 4.1.

The weight loss curves were examined and it was found
that from ca. 10% to ca. 50% of the reaction (10 - 50%
burn-off) the variation of the weight loss (w) with time (t)
at .a given temperature was quite closely represented by
w o= a4+ kt, where 'a' and 'k' are constants. The constant
'k' was taken as the rate constant for the reaction and 'a'
as a congtant due to the build~up of surface oxide., Their
values are liséed in fable L,1; 'k' is expressed in units of
g.sec-% pef gram of unactivated carbon i.e, g.sec-}g-} and
‘a' in g. surface oxide per g. of unactivated carbon i.e.
g.g-} The values of 'k' were measured within an experimental
error of less than ca. 5% but the difficulties of extrapola-
tion gave.less accurate values for 'a' (up to + 20%).

At temperatures greater than ca.-GOOOC the rate of weight
loss is constant., However at temperatures less-than ca. 460°¢
an initial increase in weight is observed before the rate of
weight loss slowly tends to an approximately constant value.
The initial increase iﬁ weight found at low temperatures was -
ascribed to the formation of surface oxide} an essential
feature of the combustion process. Plots of rate of weight
loss against time were made and at temperatures less than
ca. 600°C in general follow the form of Fig. 4.2. which is for

the reaction at 456°C.
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The Influence of Partial Pressure of Oxygen on the Reaction Rate

The influence of parti;i pressure of oxygen on the reaction
was studied in order to assist in defining in which of the
zones of the classification of Hedden and Wicke (40) the reaction
was occuringe. The reaction rate was measured at 420° and 726°C
using a fixed starting weight of carbon and the same crucible
size. Each investigation was carried out on a single sample.
The partial pressire of oxygen was set at 0O.l. and the linear
reaction rate was measured (i.e. after ca. 10% burn-off), The
partial pressure was then pfogressihely raised to about 0.25
and the measurement repeated to give a series of reaction rates.
Finally as a check the original partial pressure was reimposed
to ensure the rates were consistent, The results are shown in
Fig. 4.3. and Table 4.2,

The Influence of Sample Weight on the Reaction Rate

Rowan (6) has shown for the carbon-carbon dioxide reaction

that variation in the starting weight can affect both the rate

" of reaction and the activation energy. The influence of sample

weight on the reaction rate was therefore investigated in the
present work at two temperatures 420° and 726°C using a
partial pressure of oxygen of 0.1l and fhe same crucible size.
The results are shown in Table 4.3,

The Influence of Crucible Geometry on the Reaction Rate

Since mass transport is known to be important in this



62

reaction especially at high temperatures, the influence of
crucible geometry on the rate of reaction was investigated
(See Table L4.4.). The dimensions of the three crucibles

chosen are shown in Fig. 4.b4.
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TABLE

4.1.

The Influence of Temperature on Reaction_Rate

Starting Weight = O.hg Tall Crucible 0, = 0.1
Temperature Rate Constant k tal

(°c) (g.sec™ g™1) (g.g™%)

" x 10° x 10°
401 20 (+ 0.1) -2.0 (+ 0.1)
417 3.1 (+ 0.1) -1.8 (+ 0.1)
L2o '.3._5 (+ 0.2) -2.5 (+ 0.1)
436 5.0 (+ 0.2) -2:8 (+ 6.3)
456 8.50(+ 0.15) | =3.8 (2 0.1)
465 10,0 (x 0.1) =545 (i_ 0.2)
485 13,0 (+ 0,5) | =7.5 (+ 0.5)
518 13.5 (+ 0.5) =3.6 (+ 0.2)
572 15 (+ 1) -2.2 (+ 0.2)
620 16.0 (+ 0.5)° 1.k (+ 0.2)
726 16.4 (+ 0.2) -0.2 (+ 0.1)
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TABLE 4,2.

The Influence of Partial Pressure of Oxygen on Reaction Rate

Temperature = 726°C

Medium Crucible

Sample Weight Po Measured Rate Rate Constant
2 .
(g) (g.secf}) (g.sec-%,g-})
x 10° x 10°

Ok 0.1 8.9 (+ 0.2) 22.0 (+ O.4)

0.15 | 13.8 (& 0.1) | 34.0 (& 0.3)

0.2 | 17.5 (4 0.2) 43,0 (+ O.4)

0.25 | 22.2 (4 0.2) | 54.7 (+ 1.0)

0.1 | 88 (+0.2) | 21.8 (+ 0.4)

0.6 0.1 9.3 (+ 0.2) | 16.3 (+ 0.4)-

0.15 | 13.5 (+ 0.2) 22,7 (+ O.ht)

0.2 | 17.6 (+ 0.2 | 29.6 (+ 0.4)

0.25 | 22.0 (x 0.2)| 37.0 (& 0.4)

0.1 | 9.4 (+0.2) | 16.5 (+ 0.4)

Temperature = #2009 'Tall_cfuqible
Sample Weight Pg Measured Rate | Rate Constant
2
(g) (g.sec'%) (g.sec'%g'})
b4 106 b4 106

Ol 0.l | 1.6 (& 0.1) 3.6 (+ 0.2)

0.15 | 2.05 (+ 0.1) 5.1 (+ 0.2)

0.2 | 2.5 (& 0.1) 6.2 (+ 0.2)

| { 0.1 | 1.7 (i 002) 3.8 (i Ool*')
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TABLE 4,3,

The Influence of Sample Weight on Reaction Rate
Temperature = 726°C  Medium Crucible P02 = 0.1
Sample Measured Rate Rate Constant
Weight (g.sec-})_' '(g-.sec-].' g""].')

(g) x 10° x 10°
04kt 8.9 (x 0.2) 22.0 (+ O.4)
Temperature = 420°C . Tall Crucible Py = 0.1
2
Sample Measured Rate Rate Constant
Weight _ (g.sec-}) (g.sec-:l' g-].')
() x 10° x 10°
Ool"' 1.6 (i" 0.1) 3.6 (i 0.2)
0.6 2,1 (+ 0.1) 3.7 (+ 0.2)
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TABLE 4.4,

_The Influence of Crucible Geometr&~9n Reaction Rate

Temperature = 726°C Fo

> = 0.1 Sample Weight = O.4g.
Cruciblé*| Rate Constant
(g.sec-} g-})
X 106
Tall 16.4 (+ 0.2)
Medium 22,0 (4 O.k)
Short 27.3 (+ 0.5)

* Dimensions of the crucibles are given in Fig. L.L.
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Discussion of-Ac@ivation Studies

The Kinetic Parameters

If the rate constants (k) for the reaction are plotted
- B T
according to the Arrhenius Equation, k = A.e a/R » the
plot obtained (Fig. 4.5.) is a curve which. tends to straight

lines at temperatures greater than ca. 48000 and less than

- Clle hGOOC. Although the activation parameters were only

found for the reaction under one set of conditions of sample
weight (0.4g.), partial pressure (0.1l) and crucible size
(tall) it is reasonable to assume that they will refer in
general to the reaction under conditions similar to those
used here but differing in detail. 1In the lower temperature
ranée an experimental activation energy (Ea) of 25.2 (+ 2.5)‘
k.cal.mole-% is found. In the upper temperature range the
activation energy is 2.0 (+ 0.5) k.cai.mole—} |

The value of the activation enefgy found in the tempera-
ture fange 400° - 460°C can bgﬂcompared with values found
by other workers using similar experimental conditions and
listed in the Table L4.5.

The value of the activation-energy obtained in the present
investigation is seen to be similar to the values found by
Wicke (60), Snow et al. (82) and Barradas et al. (83). However
it is clearly different to that found by Gregg and Tysoﬁ (88)

and Gulbransen and Andrew (77). This may be due to the fact
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that the latter workers used a pressure of 7.6cm.Hg. of pure

oxygen and did not dilute the gas with nitrogen, thus reduc-

ing the influence of diffusion.

TABIE 4.5.

Activation Energies for the Carbon - Oxygen Reaction

Nitrogen at
1 atm,

Workers Carbon Pressure of Temperature Ea
- o o -1
(Ref). Oxygen Range C |k.cal.mole .
Snow et al.| Carbon Blacks 240 - 350 25 = 30
(82) _
Gulbransen Spectrographic 7.6 cm.Hg. 425 - 575 36.7
and Andrew purity Graphite
(77)
Gregg and 1000° Petroleum| 7.6 cm.Hg. 580 - 600 43,7 (£ 3.9)
T -
yso?sg) Pitch Carbon
Barradas Saran Carbons Partial 500 - 720 | 20 - 25
et al. Pressure of
~(83) 0.05 - 0.20
. in Nitrogen
. at 1 atm,
Wicke - Electrode Air at 1 atm.| 600 - 700 29 (+ 1)
(60) Carbon with
diffusion
58 (+ 4)
in absence
" diffusion
Rossberg Electrode Air at 1 atm.| 600 - 700 50 (+ 4)
(62) Carbon in absence
diffusion
Present 1000° Cellulose| Partial 400 - 460 | 25.2 (+ 2.5)
Investi- Carbon Pressure of ' N
gation 0.1 in
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The pre-exponential factor 'A' was determined by extra-
polation of the linear part of tﬁe Arrhenius plot in #he
temperature range 400° -~ 460°C and found to be ca. 3.5 x 102
g.sec;}g-} This islmuch lower than the value of ca. 2 x 10&
g.sec-%g-% found by Gregg ;nd IySOn.(SS). It is however of
the same order as the-value of ca, 2.1 x lO2 g.sec-%g-%
calculated from the results of Wicke (60) for the reaction of
an electrode carbon with air in the temperature range 606° -
700°C. This factor will be further discussed in Section 4.2.3.
when a comparison with the carbon-carbon dioxide reaction will
be made.

The value of the activation energy found for the tempera-
ture range 400° —“460°C 25,2 (+ 2.5) k.cal.mole’%, is
approxlmately half the 'true' actlvatlon energy obtalned by
Rossberg (62) and chke (60) for the carbon-oxygen reaction
under_51m11a? condltlons of temperature and pressure (See
Section 2,3.3.2.). From this fact it is-reasonable to conclude
that in the temperature range &960'- QEOOC'the reaction occurs
in Zone II of the Hedden and Wicke (40) classification. This
indicates'that the rate of reaction is controlled Bj diffusion
of the reactants.and products through the pores of the carbon.

~ The activation energy of 2.5 (+ 0. 5) k. cal.mole . found
in the temperature range 485 726°C compares with the low

value predicted by W;lker et El' (41), for reactions in Zone 11l
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due to the temperature dependence of the diffusion coefficients
of gaseous reactants and products and with the value of
8 k.cal.mole-% found by Day (54, 55) under conditions of high
temperature and flow rates, It may be concluded therefore that
in the temperature range 480° - 726°C the reaction occurs in
Zone III.

The influence of partial pressure of oxygen, sample weight
.and crucible geometry on the rate of reaction in general confirm
these conclusions. The rate of reaction at 726°C can be seen
from Table L4.2. and Fig. 4.3.(i) to be directly proportional to
the partial pressure of oxygen i.e. the reaction is first order
with respect to the ﬁartial pressure of-oxygen. This agrees
with the order of reaction postulated by Walker et al. (41) for
reaction in Zone III, see Section 2.4, and that found by Day
(54,55) for the reactioﬁ of a number of carbons with oxygen in
the temperature range 1200° to 2000°C at high flow rates. At
420°C the rate of reaction can be seen from Table 4.2. and
Fig. 4,3. (ii) to be dependent on the partial pressure of
oxygen. However the experimental data do not permit a definite
order to be deduced at this temperature; although probably
fractional, it clearly approaches one.

Rowan (6) has shown that the rate of the carbon-carbon
dioxide reaction (measured in g.sec-}g-})'under Zone II

conditioné decreases with increasing starting weight of carbon
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up to ca. 0.38.and then becomes almost independent of starting
weight above ca. O.3g. From Table 4.3, it can be seen that

in the present investigation for sahples of O.4§. and 0,6g.

at 420°C the reaction rate (g.sec-}g—}) is independent of
starting weight. This result is thus in broad agreement with
Rowan's findings for the carbon-carbon dioxide react;on when

starting weights greater than ca, 0.3 g. were used. This

suggests that under conditions of the present work, in Zone 1I,
the influence of variation in starting weight on the activation
energy and pre-exponential factor may be neglected.

However for the reaction at 726°C it can be seen (Table
4,3.) that it is the measured rate of reaction (g.sec'}) that
is almost independent of the Starting weight and therefore the
rate constant (g.sec-}g-}) decreases with increasing starting
.weight. This however is consistent with reactioﬁ in Zone III
since it has been shown (41) (See Section 2.4.), that under
these conditions the reaction fate is determined by the thick-
ness O of the external layer of product gases through which
the reactant must diffuse. Thus the measured rate (g.sec-})
will be independent of the starting weight if variation in the
latter does not influence O . This may be the case under the
conditions of the present work where the size of this layer is
likely to be determined predominantly. by crucible geometry
rather than the size of the carbon sample. Thi; view is

supported by the effect of variation of crucible geometry on
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the rate of reaction at 726°C (Table 4.i). It will be seen
that the reaction rate increases as the crucible height
decreases., This can be ascribéd to a decrease in O with
decreasing crucible ﬁ;ight.

Tﬁus the evidence of variation of rate of reaction with
partial pressure of oxygen; sample weight and crucible geo-
metry add contributory evidence to the conclusion that over
the temperature ranges 400° - 460°C and 485° - 7226°C the
carbon-oxygen reaction occurs in Zones II and III respectively
of the Hedden and Wicke classification (40),

The Formation of Surface Oxide

The initial weight increase observed in the reaction
below 456°C was ascribed to the formation of surface oxide
(See Section 2.6;). This phenomenon has been récorded by other
workers being first noticed by Langmuir (46).

The weight loss curves observed (Fig. 4.l.) are presumably
the net result of both weight loss due to loss of gaseous
products and weight gain due to surface oxide formation. If
therefore the rate of reaction obtained in the linear section
of each curve is assumed to represent the rate of weight loss
of géseous products only and, if it is further assumed that
this reaction commences from the introduction of reacting
gas, then the difference between the measured rate and the

calculated rate due to loss of gaseous reaction products
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represents the formation of surface oxide. The curves so
obtained for the formation of surface oxide are given in

Fige 4.6., Fige 4.7. is a plot of the amount of surface

oxide formed at equilibrium as a function of reaction tempera-
ture and shows that the carbon forms most surface oxide between
temperatures of 1+5Oo and 500°C. This agrees with the findings
of Snow et al. (82) and Weller and Young (102) who found the
oxygen content of their carbons was greatest after activation
had been carried out at 400° - 500°C (See Section 2.6.)., The
total surface oxide formed at 48500 is equivalent to 7.5% of
oxygen present in the carbon. It should be emphasised that
this almo;t certainly does not represent all the surface oxide
present in the carbon. This is because_the preliminary heating
at 1000°C in nitrogen for 30 minutes prior to activation does
not remove all the original surface oxide present (77). 1Indeed
the thermogravimetric traces show that wgight is still being
lost at 190000 af?er 30~m§nu?g§»heating_in nit:ogen.

The curves for surface oxide formation (Fige 4.6) were
analysgd in an attempt to determine kinetic parameters since
this might prove useful in e;ucidating the general reaction
meghanigm and may also hglp in determining the role of surface
oxide, if any, in determining the development of porosity in
activated carbons. It was found_that”for the majority of

these curves plots of log (surface oxide formed) against time
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were linear over a considerable range., However, first order
rate constants obtained from the slopes of these curves did
not -increase regularly with temperature, This can be seen
from Table 4.6. where half-life times, t%, found by inspection
of the curves in Fig. 4.6. arée tabulated.

TABLE 4,6,

Half life times foi formation of surface oxide

? (°c) | 401 420 436 456 485 518 - 572 620
t_} (mins)| 52 54 50 L3 78 45 Lo 33

A number of posgible reasons can be put forward for this
behaviour:- (i) The curves of Fig. 4,6, are found by an indirect
method_which_gives considergb;e leeway for etrror in their shapeg
the_values for the surface.oxiéé formed may be subject to errors
of i 10 - 20%. (ii) As mentioned above, pre-heating to 1000°C
in a flow of nitrogen dées not completely remove the surface
oxide present and therefore_may not.have removed "exactly the
same amount of surface oxide in each case., (iii) The influence
of diffusion control on the formation of surface oxide has not
been considered. Nevertheless Fig. 4.7. remains an indication
of the variation of surface oxide formed with temperature which
can be used to assess possible effects on the development of

porosity in the activated carbons,
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Comparison of Rates of Carboq—Oxygeﬁ and Carbdn-darbon Dioxide
Reactions

Few comparisons between the rates qf the carbon~oxygen
reaction and other gasification reactions have been made (41).
However a comparison between the rates of.the carbon-oxygen
reaGtion found in the present investigation and the.rates of
the carbon-carbon dioxide reaction found by Rowan (6) is
desirable in order to assist in the comparison of the develop-
ment of porosity by the two reactions to be discussed in
Chapter 5.

Comparisons of carbon gasification reactions in general,
are made difficult for two main reasons. PFirstly the experi-
mental conditions of the work being compare& may not be the
same in each case. In comparing the present work with that
of Rowan (6) this difficulty is reduced since the séme appaﬁa-
tus and starting material were used. Secondly, carbon gasi-
fication reéctions are rarely in the same zone of rate control
over the same témperature range; this is the case in the
present comparison.

If comparisons are to be made between reactions in
different temperatures ranges, it is necessary to ensure the
reactions are in the same zone of rate control. Formal
éomparisons are then possible, but are somewhat artificial

since they must be referred to a single temperature, They
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therefore require, in at least one case, extrapolation of

experimental data out of the temperature range for which

they have been obtained.

Relevant data for a comparison of the present work

with that of Rowan (6) in Zone II are shown in Table 4.7. A

direct comparison of rates can be made, neglecting the differ-~

ence in partial pressures, using the equation:-

Ratio = k_ . /k = A, /A exp. - [ (E -E )/RT
C-O2 C-CO2 C-O2 C-CO2 8- 0. 2c_co ]
. 2 2
TABLE 4,7,
Experimental Parameters for Carbon~-Oxygen and
Carbon-Carbon_Dipxide Reactions
Carbon-Carbon Carbon-0Oxygen
Dioxide

Starting Weight (g.) 0.5 Ok
Partial Pressure of Reacting
Gas 1 0.1
Temperature Range of Zone II
(°c) 925-950 L00-460
Pre-exponential factor
(g.sec=1g~1) 16 350
Activation Energy :
(k.cals.mole-1) 31 (+ 3) 25 (+ 2.5)

If 800°C is taken as reference temperature, as has been done



77

by a number of workers, we obtain, neglecting errors in A,

Ratio = 304 (_t 3.1) X 102.

If it is assumed kc_ is directly proportional to Po then,

0, .
correcting for the diiferences in partial pressure 2
Ratio = 3.4 (x 3.1) x 107,

This ratio can be compared with the values of 104 - 106
found by other workers at this tehpe*ature (60, 77, 84, 184),
However, most of these comparisons were made under Zone I
conditions, where activation energies and pre-exponential
factors are different from those found in the presént work.
Table 4.8, gives a comparison of the rates of the two reactions.
referred to 800°C and 0.1. atm.

TABLE 4,8,

Comparison of the Rates of the Carbon-Oxygen and

Carbon-Carbon Dioxide rgactipns referred

to 800°C and 0.1 atm. Pressure

Worker Carbon Ratio of Reaction Ref,
Rates.k '
0,%co,

Gulbransen Spectrographic | 6 x 104 77
and Andrew Purity Graphite
Wicke Electrode Carbon 6 x 10° 60
Armington Graphite Wear Dust | &4 x 10" 184
Armington Graphitised Carbon | 2 x 10° 184
: Black '
Maryasin and | Graphitised Carbon 10° 84
Tesner . Black :
Present Work | Cellulose Carbon 3.4 (i 3.1) x 102 -
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CHAPTER 5

Results and Discussion of Adsorption Measurements

Results of Experimental Work

Adsorption of carbon dioxide on the carbons was measured
gravimetrically at 195°K, 273°K and 298°K. Practical details
of the apparatus used to obtain the isotherms are given in
Appendix III. Appendix V contains the experimental results
from which the isotherms were obtained.

The use of carbon dioxide as an adsorbate has recently
been studied by a number of workers (131, 161, 167, 185, 186).
Marsh and Wynne-Jones (186) have compared the adsorption of
carbon dioxide at 195°K and nitrogen at 77°K on carbons. They
concluded that the use of carbon dioxide was less likely to
give erroneous results since it is sometimes found that
nitrogen at 77°K is unable to enter fine micropores in
carbonaceous adsorbents because of a high activation energy of
diffusion; this is sometimes known as the activated diffusion
effect.

In using carbon dioxide at 195°K as an adsorbate it is
assumed that the adsorbate is in the form of a supercooled
liquid; this assumption is based on the evidence of a nuﬁber
of workers (131, 161, 167, 185). Dubinin et al. (161) deter-
mined adsorption isotherms for carbon dioxide on silica gels in

the temperature range 187° to 233°k. They concluded from an
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. analysis of these isotherms that if the adsorbate was in liquid
form above the triple point, 216.6°K, then the adsorbate which
was within the pores but not part of an initial monolayer, was
in the form of a supercooled liquid down to a temperature of
187°K. Anderson et al. (167) concluded from comparison of
surface areas ofvérious solids determined from carbon dioxide
and nitrogen isotherms that carbon dioxide was adsorbed in

the form of a supercooled liquid at 195°K. Lamond and Marsh
(131) showed that isotherﬁs for carbon dioxiae on carbons

at 195°K only fitted the characteristic curves determined-at
higﬁer temperatures if the saturated vapour pressure of the
supercooled 1iquid was employed to determine the relative
pressure. From comparison of molecular areas obtained at

195o and 298°K by the adsorption of carbon dioxide on coals
Walker and Kini.(185) suggested that the true state of the
adsorbed carbon dioxide at 195°K is intermediate between that
of a perfect bulk liquid and a perfect bulk solid. However
they do not make any suggestions for values of rélevant
properties of the adsorbate. Thus in the present work the
properties of the adsorbate are obtained By extrapolations of
data for liquid carbon dioxide. Such eitrapolations‘yield
values of 1l4l.4cm.Hg. for the saturated vapour pressure (131,
187) and 1.23g.cn”7 for the density (161) of the supercooled

liquid at 195°K.
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Isotherms, measured at 195°K, for a series of carbons
activated to 35 (+ 1)% burn:off-qt a number of temperatures
between 400° and 726°C.are given in Figure 5.1l. Isotherms,
measured at the same temperature for series of carbons acti-
vated to different extents at 456°c and 48500 are shown in
Figs., 5.2. and 5.3. Isotherms measured at 273°K and 298°K
for a number of carbons are given in Figs. 5.4, and 5.5.

respectively.



jjo-uing ¢, Gg'ed 0) pajeAlloy suoqgile) uo v._omm_. 1e mEE.fom_ apixolqg .com_...mu

1'6°01d

(°d;d) €0 . o ‘o

:o:ahomvo . sjulod pasoi)

uoiidiospy siulod uadp




3,957 1 P3ieAl}dy suoque) UO Y Gel e sullayjos| 3plxolq uoqie)d
. . RAKOLE]

‘4)d €0 . TO 10 (o°ed sl 0l S0

uoijdlosaq SIOd Pasol) +01

uondiospy siulod uadp

002
0
}40 - uing ¢, (1:50) m

440 - uwIng<ej,




1 D,68Y 1® vﬂm>;u< mcon._mu uo Yy mmp um. Sw1ayjos| apixolq ..Lon._mu
- . "t m 914 :

L L L ]

. ] B ...
did €0 z0 o _mcgo&a 5l

co:a.._ommo. sjulod Paso1)
uondiospy siulod uadQ .

o\l

' }40 - uang o,

K

§o - uing °,

. 0.
@wOmf BBy m




w (g.gh.
- 0.15

0.10 Unactivated Carbon

35.4% Burn-offat 401°C
35.6% Burn-oftfat 436°C
35.1% Burh-off at518°C

nog o

' Open Points Adsorption
Closed Points Desorption

1 | 2 plp,x109

i i

"FIG.5.4.
Carbon Dioxide Isotherms at g73°_t_( e

w (g._g".)
- 0.15 -
- }As in Fig.5.4.

‘anoTw

Open Points Adsorption |
Closed Points Desorption

2 p/p,(x10%)

. L.
| . FI1G.5.5.
Carbon Dioxide Isotherms at ._2__9_8°K‘




5020
Se2ele

81

Discussion of Adsorption Measurements

Qualitative Interprqtation of_Adsorptipn Isptherms

For the purposes of applying the Dubinin Equation
(Equation 3.15) it was only necessary to measure the isotherms
in the present work over the relative pressure range 10-5 - 0.4
since when p/po = OJb, loga(po/b) is close to zero. Examin-
ation of this limited pressure range avoids the experimental
difficulties q; measuring isotherms at pressures greater than
atmospheric and possible complications due to capillary conden-
sation of the adsorbate in the pores of the carbons at highgr
relative pressures. However it is thus not possible to classify
the adsorption isotherms in terms of the.Brunauer classifica-
tion (125) since this requires isotherms to be measured over
a pressure range extending to near the saturated vapour pressure.

Before applying the Dubinin Equation to the isotherms a
number of qualitative conclusions can be drawn by inspection
of the iéotherms. In order té investigate the influence of
temperature of activation on the development of porosity a series
of carbons activated at various temperatures to ca. 35% b&rn-
off were examined. An inspection of the isotherms obtaine&
(Fig. 5.1.) shows that the porosity development clearly depends
on the temperature of activation, This is in contrast to the
findings of Rowan (6) who concluded that the porosity developed

by activation with carbon dioxide over the relatively narrow
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temperature range 890° - 960°G was independent of the temp-
erature of activation,
The isotherms of the unactivated carbon and that of

the carbon activated at.?26°C are almost identical, indica-
ting that activation at this temperature does not develop
the pore structure in any way. From the reactivity studigs
(See Section 4.2.1.) it was concluded that at 726°C the
reaction was in Zone III of the Hedden and Wicke classifiéa-
tion in which the rate of reaction is controlled by the
diffusion of reactant through an external layer 6f prbduct
gases. The adsorption measurements entirely confirm this
view and show that the activation only burnms awaysthe external
surface of the carbon. In the region of ca. 500° - 600°C
which was located at the lower end of Zone III oﬁzéhe basis of
reactivity studies there is evidence from Fig. 5.1. that some
pore st;ucture is developed. This indicates that not all the
reaction is occuring on the ekternal surface of the carbon.
This in turn suggests that the value of the $ctivation energy
may not always be a sensitive indication of temperature limits
of the reaction zones,

At temperatures of activation lower than ca. 500°C it was
concluded from the reactivity studies that the reaction occurred
in Zone II and therefore that the rate was controlled by diffusion

within the pores of the carbon. This is consistent with the
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adsorption studies since it is clear from Fig..5.l. that
substantial development of porosity occurs at these tempera-
tures.

To enable the development of porosity in Zone II to be
further examined and in order to compare the carbon-oxygen
and carbon-carbon dioxide reactions, two temperatures l+56o
and 48500, were chosen for the preparation of activated
. series of carbons. It can be seen (Figs. 5.2. and 5.3.) for
both these actifated series that the majority of adsorption
takes place at relative pressures less than ca. O.,1 for all
but the most highly activateddcarbons. This indicates that
the major part of the adsorptive capacity of the carbomns is
due to very fine pores. The adsorption isotherms for the
activated series follow the pattern found by Lamond and Marsh
(131) (See Section 3.4) and by Rowan (6) for the adsorption
of carbon dioxide at 195°K, on activated series of polyvinyli-
dene chloride carbons and on activated series of cellulose and
cellulose acetate carbons respectively. It can be seen that
up to relative pressures of ca. 10-3 more adsorption takes
place on unactivated carbon and carboné of up to ca. 20% burn-
off than 6# more highly activated carbons. This indicates
that activation widens the pores since the greatef adsorption
at low relative pressures found for the'unactiv;ted and slightly

activated carbons is-attributed to thé.sfronger adsorption
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forces in fine pofes. At higher relative pressﬁres adsorp-
tion takes place to a greater eitent in more pighly activated
. carbons. This is due to the increased adsorpfive capacity of
the highly activated carbons resulting from the widening of
porés on activation.

A comparison of the adsorption isotherms fbr unactivated
carbon and with those for slightly activated carbons shows
that new pores are formed or ciosed pores are openad during
the early stages of the activation. This can be deduced from
the fact that at low relative pfessures the amount of adsorp-
tion on the unactivated carbon is less than that on a carbon
activated to ca. 20%_burn—off. This initial opening of closed
pores or formation of new pores has also beeﬁ‘observed by
Rowan (6) for activation of cellulose barbqn by carbon dioxide.
By an analysis of apparent density measurements McEnaney (4)
(See Section 3.4) also came to the conclusion that in the
initial stages of the activation of cellulose and coconut shell
carbons the major process was the opening of restricted pores
together with some creation of new pores. An alternative
explanation in the present case is that acfivated diffusion of
the carbon dioxide in the fine pores of the unactivated carbon
may have resulted in the lack of equilibrium. There is some
evidence for this view since although the majority of isotherms

were completely reversible, some evidence of hysteresis was
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found for the unactivated carbon at low relative pressures
which might account for the effect.

In general agreement with previous work, the present
results support the view that the major process occurring in
the later stages of activation is the wideniné of existing
pores.

The Thermodxpamic_Criterion for the Application of the Dubinin

It has been shown (Se¢tion 3.2.2.) that one of thehbésic
postulates of the Dubinin Theory is that the characteristic
curve -AG = £(V) should be independent of temperature, and
that as a consequence the differential molar entropy change
on adsorption measured relative to the entropy of the bulk
ligquid AS = -('gégg must be negative. This condition

: aT w
has now to be expressed in a form more suitable for the
analysis of experimental data before the application of the
Dubinin Equation in the present work can be attempted.

The temperature dependence of the pressure of vapour (p)
in equilibrium with a fixed amount (w) of adsorbate and of the
saturated vapour pressure (po), can be plotted as functions of
(1/T) and it is found that these plots uéually approximate to
straight lines. Bering and Serpinsky (157) therefore suggest

that these lines can be expressed in the form

Inp = -qst/RT + Cw Equation 5.1,
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and 1np = -)\V/RT + Cg Equation 5.2.

where q_, is the isosteric heat of adsorption, Aw_is the
latent heat of vapourisation of the bulk liquid adsorbate
and Cw and Cs are intercepts on the ordinate (1ln p) axis.

If thenAG = RT 1n (p/po) it follows that

AG = (X -gqp) - (6~C ) RT Equation 5.3.

This equation can be compared with the Gibbs«Helmoltz Equation:~

AG = AH - TAS which in this case becomes

AG (?\v 'qéf) -TAS _ Equation 5.4.

and thus AS = (Cs-cw) R | Equation 5.5.
For AS to be negative, Bering and Serpinsky show that extra-
polation of the adsorption isostere must cut the ordinate
(1n p) axis at a point CW abové the point Cs found by extra-~
polation of the vapour density data. Hence the isostere which
6n extrapolation intersects the ordinate axis at Cs determines
the limiting value of adsorptiop below which the Dubinin
theory is inapplicable. This method involves long extrapola-
tions which therefore introduce errors in the values of the
intercepts and so a more direct method of determining the
limiting value of adsorption was developed in the present work.
The molar free energy change on adsorption has been

defined in Section 3.2.2. as AG =-§*-G£ = RT 1n p/po. Similarly
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the enthalpy change on adsorption can be defined as
AH = ﬁ*-Hi where H* is the partial molar enthalpy of the
adsorbate in the adsorbed state and Hi is the molar enthalpy

of the bulk liquid at unit pressure. Thus in this case

AE = -q_, + >‘v : Equation 5.6.

where A is the isosteric heat of adsorption and.kv_is the
latent heat of vapourisation of the bulk liquid. Hence by
use of the Gibbs -~ Helmholtz Equation the entropy change on

adsorption, AS = ~ (gsz ) is given by:-
aT

w
D Ae . Qe _
As =.-TE - —%E =R 1ln p/'po Equation 5.7.

The isosteric heat of adsorption (qst) is obtained from the

slope of the isosteres and the latent heat of vapourisation

(Kv).is obtained from thermodynamic data for the bulk liquid

(187). Hence the limiting value of adsorption below which the

Dubinin theory is:inapplicable can be obtained directly from

the slope of the isosperes, without the necessity for

extrapolations to determine intercépts. .
The two methods for the determination of the limiting amount

of adsorption were compared for adsorption on a number of

carbons in the present work. To obtain the necessary isosteres;

isotherms (Figs. 5.4. and 5.5.) were measured at 273° and 298°k

* Denotes the adsorbed state,
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in addition to those at 195°K. Isosteres were plotted for
adsorption values of ca. 0,005 to ca. O.1l4 g.g-} Some of
the isosteres for adsorption on the unactivated carbon are
shown in Fig. 5.6., which also includes the vapour pressure
of liquid carbon dioxide plotted according to the Clausius-
Clapeyron Equation. Although the assumption that Q. is
constant is 'mormally only considered valid over a smaller
temperature range than used in the present work the isosteres
obtained were straight lines (within the limits of experi~
mental error). Plots of isosteric heats of adsorption
obtained from the slopes of these curves against the amount of .
adsorption (w) were made. The plot obtained for the unactivated
carbon is shown in Fig. 5.7; curves for the other carbons were
very similar and details are inqlqded in Table 5.1. |

It will be seen that as the aﬁount of adsorption tends to
zero the isosteric heat of adsorption increases. This has been
observed for many adsorbate - adsorbent systems (188) and is
attributed to the fact that the initial adsorption occurs at
adsorption sites of highest energy. As the amount of adsorp-
tion, w, increases Q¢ tends to a constant value. In many
systems - J tends to the latent heat of vapourisation of the
bulk liquid, )‘v' which has been attributed to the onset of
multilayer formation. (188). However in the present case (Fig.

5.7+, Table 5.1,.) Qg tends to the latent heat of sublimation,
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A

support the conclusions of other workers that adsorbed

5! (189). This observation therefore does not appear to
carbon dioxide exists in the super-cooled liquid state at
195°K (Section 5.1.). Unfortunately insufficient evidence
has been obtained in the present work to draw firm conclusioans,
but this observation appears worthy of further study. A
possible explanation might be that the limiting value of A4
is a function of the average pore size and that multilayer
formation does not occur. The observation of Lamond and Marsh
(131) that the limiting value of  F decreases with activation
and tends towards Rv’ could be interpreted in such terms.
Using the mgasured values of 954 and applying equation
5.7 values f&r the entropy of adsorption at 195°K relative
to the bulk liquid were obtained (Sge Table 5.1l.). When the
entropy values are plotted as a function of the amount
adsorbed (Fig. 5.8.) it can be seen that the entropy change
on adsorption is zero for w = ca. 0,09 g.g-} and negative for
larger adsorption values for the unactivated carbon.. The

limiting adsorption values, w s and the corresponding values

lim
of ﬁp/po) and loga(po/p) for the other carbons were determined
in a similar manner and are listed in Table 5.2.

The Bering and Serpinsky (159) method gives values for

the entropy change on adsorption as a function of the amount

adsorbed (See Table 5.,3.) which are subject to errors due to

difficulties in the extrapolation of the isosteres. Fig. 5.8.
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is a plot which compares for the unactivated carbon the
entropy change on adsorption calculated by the two methods
as a function of the amount adsorbed. . It will be seen that
the limiting adsorption value is approximately the same in
each case. This is to be expected since whemn AS = 0 it

can be shown from Equations 5.3. and 5.7. that

RT 1n (po/p) = (qst -)\v) Equation 5.8,

From Equation 5.8. it will be seen that the relative
pressure at which the limiting amount of adsorption occurs
depends on the isosteric heat of adsorption (See Fig. 5.9.).

For the carbons investigated in the present work limit-
ing values of adsorption occur in the regions of the isotherms
where q_, has reached limiting values (6.2. to 6.6. k.cals.mole-%)
corresponding to values of 1og2(po/b) of 6 to 8.5. respectively.
Unfortunately it was not possible to determine isosteric heats
for a wider range of carbons, but on the basis of these results
it has been assumed that in general the limiting value of
p/'p° is not below 10-3‘[10g2(p°/b) = 9] and hence that the
application of the Dubinin Equation at p/?o values less than
1073 need not be coﬁsidered.

It is interesting to note that in the case of the unacti-
vated carbon only there is a second region of the isotherm:
where AS <0 at low surface coverages, w< O.Ofl.g.g-:.L (Fig. 5.8.,

Table 5.1.). However, as previously discussed the unactivated
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carbon exhibits slight hysteresis at low surface coverages
and hence the thermodynamic quantities determined in this
region are of dubious value.

The Application of-the Dubinin Equation

Dubinin plots for the isotherms showﬁ in Fig. 5.1. (i.e.
isotherms activated to ca. 35% at various temperatures in the
range 400° - 726°C) were made and fore volumes and D-values
wére determined (Table 5.4.). Discussion of these and similar
plots will follow later in this section, The micro-pore
volumes and D-values are plotted as a function of temperature
of activation in Figs. 5.10. and 5.11. These results in
general support the conclusions drawn from a qualitative
inspection of the isotherms (Section 5.2.1.). Fig. 5.10. shows
clearly the effect on miero-pore volumes of the increasing
amount of external attack on the carbon with'inéreasing tempera-
ture in Zone III., This effect is corroborated by the variation
in the value of D with increasing temperature of activation.

It can be seen that the development of micropore volume
to ca. 35% burn-off in Zone II does not appear to be a reprod-
ucible process, The adsorptive cafécity of the total amount
obtained of each activated carbon was measured so there is no
question of the samples beiﬁg unrepresentative. The activated
carbon pellets have an uneven appearance and some of them

aﬁpear to have been activated preferentially., Although this
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could be attributed to selective attack at impurity sites it
is more likely to be a function of the carbon-oxygen reaction.
The work of Rowan (6) using an almost identical cellulose
carbon found activation by carbon dioxide showed no evidence
of selective attack except at very high burn-off. Selective
attack may account in part for the reduced rate of develop-
ment of porosity in Zone II after the first ca. 20% burn-off
(see later) since it might be expected that in the later
stéges of activation some of the carbon pellets might be
completely burnt away. It was in fact observed with some of
the more highly activated carbons that there was a decrease
in the number of pellets after activation.

It was hoped in the course of this Wo?k_to deperging
whether the presence of surface oxide had any influence on
the adsorption of carbon dioxide. However this has not proved
possible owing to the non-reproducible micro-porosity developed
in Zone II.

The isotherms (Figs. 5.2 and 5.,3.) for activated series
of carbons prepared at 4560 and 485°C are plotted according
to the Dubinin Equation in Figs. 5.12. and 5.13. However the
lines obtained are not generally straight as originally postu-
lated by Dubinin even over the relative pressure ranges where
the criterion AS < 0 is almost certainly satisfied.

For carbons activated at 456° and 48500 the Dubinin plots



93

follow a similar pattern. For unactivated carbon.the curve is
concave to thellogz(po/p) axis, for slightly activated carbons
the lines are nearly straight and for carbons of-greater burn-
off the lines become increasingly convex to the logz(po/b)
axis. Rowan (6) obtained-similar curved plots for the adsorp-
tion of carbon dioxide at 195°K on cellulose carbons activatéd
by reaction with carbon dioxide. He considered these plots

as two intersecting straight lines and used the parts of the
curves in the low relative pressure range to determine surface
areas using a method similar to that of Kaganer (190, 191) and
Lamond and Marsh (129). Adsorption at low relative pressures
was tentatively attributed to the formation of a monolayer on
the surface of pores and at higher relative pressures to
micropore filling., However in view of the dubious nature of
the concept of surface area when applied to microporous
materials (See Chapter 3) Rowan réjected this explanation.

The Dubinin plots are uncorrected for adsorption in
transitional pores but this effect cannot account for the
deviations from linearity. Dubinin has shown (133) that unless
transitional porosity is especially developed'as in de-colouris-
ing charcoals, typical active carbons have transitional pores
of about BOm%g-} surfgce area, It was shown that in the case
of an active carbon of micropore volume of O.hOcm?g-} such a

transitional porosity would make about 4% contribution to the
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total adsorption up to a relative pressure of 0:l. _The
deviations from linearity found in the present work are in
excess of this amount e.g. for the carbon activated to 34.6%
burn-off at 456°C (micropore volume = 0.42cm?g-%) a deviation
of about 10% at p/po = 0,10 is observed. Also Dubinih and
co-workers (156, 192, 193) have recently found similar
curves for the adsorption of benzene on carbons at 20°C which
have been corrected for adsorption in transitional pores.
These curves were interpreted in terms of two micro-porous
structures by a modification of Equation 3.12.,
vov, e N A v eals AG¥/B2
1l 2

Equation 5¢9.
This approachlwas applied (Fig. 5.1l4 and Table 5.5.) to one of
the more highly active carbons obtained in the present work
and it can be seen that anaiysis glves. two straight lines of

the forms

; 2 2
- vo e-ga(‘AG) /p

2 2
e-kl(.- AG) /B and ¥, = )

Vi =:Vol
where the total micropore volume :'js the sum of the two volumes
v°1 and Voa. While this method clearly capable of interpret-
ing Dubinin plots it must be said that there is little other

evidence for the bimodal micropore size distribution implied by

Equation 5.9, It may well be that the success of this equatien'
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in interpreting curved Dubinin plots is simply due to the
increase from two to four in the number of adjustable
parameters.,

The application of the Dubinin Equation (3.15) to the
isotherms gives the values of mic;opore volumes shown in
Tables 5.6. and 5.7. which also include the slopes D of the
plots at high relative pressures, which can be used as a
semi=quantitative measure of the micro;pore size distribu-
tion (See Equation 3.12.). The values of V_  and D are plotted

"as a function of the degree of burn-off in Figs. 5.1l.5. and
5.1.6. These results'provide quantitative confirmation of
the conclusions drawn from an inspection of the isotherms
(Ssection 5.2.1.) showing that the porosity increases steadily
with activation until 20 - 30% burn-off, the rate of develop-
ment of porosity decreasing thereafter. 4 general widening
of the pore size distributioﬁ-with activation is shown by the
steady increase in the value of D with increasing burn-off.

.The isotherms at 273° and 298°K (Figs. 5.4. and 5.5.)
were also plotted in terms of the Dubinin Equation (Figs. S.1l.
and 5.18.) and the micro-pore volumes and D-values found by
inspection of the plots are shown in Tables 5.8. and 5.9. The
adsorbate density at these temperatures was determined by the
method of Nikolaev and Dubinin (160). It will be seen that
the micropore volumes are not in very éood agreement with those.

found from the isotherms at 195°K. This is possibly due to the
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fact that longer extrapolations had to be made in the Dubinin

plots at higher temperatures to obtain micropore volumes as

- the relative pressures obtained ﬁere much lower. It might

also be assumed that curved Dubinin plots similar to those
observed at 195°K would also be found at higher temperatures
and hence extrapolations from low_relativelpressures would not
give accurate values for the micro-pore volumes.

Comparison of Pprosigxggevelgped in a Gellulose_Carbon bz

Reaction with Carbon Dioxide and nggen
A comparison of the porosity developed in a 1000?_cellu-
lose carbon by activation with oxygen and carbon dio#ide can
be made by comparing the present work with that of Rowan (é),
It‘has been shown in Chapter 4 that the carbon-oxygen
and carbon-carbon dioxide reactions occur in different |
temperature ranges and therefore comparison of porosity develop-

ment by the two reactions must relate to the same zone of rate

control in each case. Rowan found that porosity development

was independent of the temperature of activation over the

relatively narrow temperature range 890° - 96OPC which he
concluded was in Zones I and II of the carbon-carbon dioxide
reaction. In the present work the temperature range ca. 400° -
480°C was assigned to Zome II.

Comparison of the porosity developed by the two reactions

in Zone II has been made in Figs. 5.19. and 5.20, where the



97

micro-pore volume/g. carbon and micropore volume/g. unactivated
carbon respectively are plotted as a function of the degree of
burn-off for carbons activated by carbon dioxide at 935°c and
oxygen at #5600. It will be seen from Fig. 5.19. that in the
initial stages of activation the development of porosity is
‘'very similar for both reactions. After 20 - 30% burn-off the
porosity developed on activation with oxygen becomes less than
that proauced by the carbon dioxide reaction. This effect is
also shown in Fig. 5.20, where it will be seen that porosit&
development by carbon dioxide is a maximum ca. 40% burn-off;
in the case of the carbon-oxygen reaction the maximum porosity
is developed at ca. 30% burn-off. The figurg for carbon
dioxide compares well with that found by Wicke (60) for the
development of surface area (m?g-} unactivated carbon) in an
electrode carbon by reaction with carbon dioxide and that for
the maximum porosity developed by activation of an anthracite
with carbon dioxide (194)., The relative inefficiency of
oxygen as an activating agent has been attributed (Section
5.2.2.) to selective attack resulting in the complete combus-

tion of previously activated carbon pellets in the later stages

of activation.
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TABLE 5.1, (i)

Values of Isosteric Heat and Entropy of A@sqrgfion at_195°K

Unactivated Carbon

35.4% burn-off at 401°C

w gt S*-84, gt S*-s§
(g.g-}) (k.cal.mole™T) (e;u.j (k.cal.mole™T) (e;u.j
0.005% | 10.6 (+1.0) [-20 (+%.9| 9.3 (21.0) [+4 (& 2)
0.008% 7.1' (£ 0.6) |+6 (+£3 )| 7.3 (+0.5) 8 ( 3)
0.01 6.9 (£06) [+5 (£2 ) 6.9 (+0.3) 4.6 (+ 1.0)
o.»oa 6.7 (+ 0.3) |+ 5.6» (i o.é) 5.9 (; 0.3) 3.0 (+ 0.6)
0.0k 6.8 (£ 0.3) |+ 2.3 (+ 0.6) 6.9 (+ 0.3) # 0.9 (+ 0.6)
0.06 6.7 (+ 0.3) |+ 1.6 (+ 0.6)] 6.7 (+ 0.3) a 0.3 (+ 0.6)
0.08 6.5 (+ 0.3) |+10.7 (& o.é) 6.3 (+ 0.3) 1.0 (+ 0.6)
0.10 6olt (+ Ou4) |- -0.1 (x 0.6) 6.3 (+ 0.3) 0.1 (+ 0.6)
0.12 6olt (£ Oult) |- 1.2 (+ 0.6)| 6.3 (+ 0.3) 0.7 (£ 0.6)
0.14 6.4 (+ 0.4) |- 2.2 (& o.é) 6.3 (+ 0.3) 2.3 (+ 0.6)

z

.Values of Q¢ and §*-S£ for these values

of w were calculated

using data from Isotherms at 273° and_298°K. Entropy values

in this region were very inaccurate as the isotherms could not

be measured accurately in the lower relative pressure range.
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TABLE 5.1, (ii)

Values of Isosteric Heat and Entropy of Adsorption at 19§°K. (Cont,)

35.6% burn-off at 436°C 35.1% burn-off at 518°C

v Ust §e-51 st S5

(g.g-} (k.cal.mole™T) (e.u.j (k.cal.mole'%) (e.u.)
0.005% 7.5 (+ 0.5) |+ 1.8 (+ 2.0)| 7.0 (+ 1.0) |+ 5.8 (+ 2.0)
0,008% | 6.9 (+ 0.3) [+10.5 (+1.5)| 6.6 (£ 0.5) [+ 6.8 (+ 1.5)
0.01 6.8 (+ 0.3) :+ 5.k (£ 1.0) 6.6 (i 0.3) + 6.8 (+ 1.0)
0.02 6.9 (+ 0.3) + 3.2 (+ 1.0)| 6.6 (& '0.3) + 51 (i 1.0)
0.0k 6.8 (+ 0.3) |+ 1.6 (+1.0)] 6.5 (+ 0.3) |+ ko0 (x 1.0)
0,06 6.6 (+ 0.3) |+ 1.0 (+1.0)] 6.4 (& 0.3) |+ 2.2 (+1.0)
0.08 6.5 (+ 0.3) |+ 0.2 (x 1.0)| 6.5 (+ 0.3) |+ 1.2 (x 1.0)
0.10 6.5 (x 0.3) |- 0.3 (s 1.0)| 6.5 (+ 0.3) |+ 0.2 (+ 1.0)
0.12 6.2 (4 0.3) 0 (1.0)] 6.5 (+0.3) |- 0.7 (+1.0)
0.15 6.2 (+ 0.3) -.1.1 (i 1.0). 6.6 (+ 0.3) -242 (x 1.0)

z

Values of qst and S*

L

-3! for these values of

W were calculated

using data from Isotherms at 273° and 298°K; Entropy values

in this region were very inaccurate as the isotherms could not

be measured accurately in the lower relative pressure range.,
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TABLE 5.2,

Limiting Adsorption Values

Carbon Iimiting Adsorption

-1
wlim (gog .)

Unactivated 0.09 (+ 0.01)
35.4% gurn-off 0.10 (+ 0.01)
at 401°¢c :
35.6% purn-off 0.10 (+ 0.01)
at 436°C

35.1% burn-off 0.10 (+ 0.01)

at 518°¢
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TABLE 5,3, .

Entrgpy change on Adsorption on Unactivated Carbon

calcuiated.bz_methoﬁ of Bering and Serpinsky (122)

Amount Adsorbed As = (C_-C )R
w (g.g_}) (eou.)
0.005 -3 (2 )
0.008 +2.5 (+ 0.5)
0.01 +268 (4 0,3)
0.02 2.2 (+ 0.3)
0.04 +1l.4 (+ 0.3)
0.06 +0.7 (+ 0.3)
0.08 +0.1 (+ 0.3)
0.10 -0.3 (+ 0.3)
0.12 - =0.6 (+ 0.3)
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TABLE 5.4,

Micropore Volumes and D-values for Carbons Activated

to ca, 35% burn-off at 401° - 726°C obtained

from Dubinin Plots

Isotherm | Temperature | % burn-off | Micropore® | D x 10%°

. of Volume "

Activation (cmdg=t

(+ 0.01)

(1) (i1) - 0 0.20 4.2 (+ 0.2)
(idd) 401 35.4 0.43 14.5 (+ 1.0)
(iv) 420 34.5 0.35 8.4 (+ 0.5)
(v) 436 35.0 0.48 1% (+1 )
(vi) 436 - 35.6 0.4l 4 (1 )
(ix) 456 34.6 0.42 10.4 (+ 0.6)
(xiii) 485 35.1 O, Ll 11.5 (+ 1.0)
(xvii) 518 35.1 0.35 9.2 (+ 0.5)
(xviii) 572 35.3 0.32 7.0 (+ 0.3)
(xix) 620 36.3 0.25 6.0 (+ 0.3)
(xx) 726 32.1 0,20 k.2 (+ 0.2)

e e

* D represents slope of the Dubinin Plot at high relative

pressures.,

z ‘-
Adsorbate Density taken as 1.23 g.cm ? for calculation of

micropore: volume,
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TABLE‘§.5.

68.5% burn~-off at 456°C. (See also Fig. S.l4.)

Micropore Volume | D-value
(cm?gm-}) (x 102)
(+ 0.01)
W, 0.48 18
wol 0025 7.0
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’I‘ABLE- 5.6, .

Micro~-pore Volumes and D~values for Carbons Activated at 45600
’ Obtained from Dubinin Plots

Isotherm |[|% burn-off Micropore volume; _D x 102f
(cm?g-})
(+ 0.01)
(1) (ii) 0 0.20 k.2 (& 0.2)
(viii) 20.0 0.32 6.5 (+ 0.2)
(ix) 34.6 0.42 10.4 (+ 0.6)
(x) 48.6 0.47 13 (+1 )
(xi) 68.6 0.48 18 (1 )
TABLE 5.7.

Mic?o-pore Volumes and D-values for Carbons Activated at 48500

Obtained from Dubinin Plots

Isotherm % burn-off | Micropore volume™ D x lQZ*
(cm?g-%
(+ 0.01)

(4 (1) 0 0.20 L,2 (i 0.2)
(xii) 21.2 0.38 8.5 (+ 0.5)
(xiii) 35.1 0. bk 11.5 (+ 1.0)
(xiv) 50.1 0.48 13,5 (i-l.O)
(xv) 70.4 0.51 118 (+1 )

*D represents the slope of the Dubinin Plot at high relative

‘pressures.
z

Micropore

Adsorbate Density taken as 1.23 g.cm %

volume,

3

for calculation of




TABLE 5.8.

Micro-pore Volumes and D-values for a number of Carbons
Obtained from Dubinin Plots derived from isqtherms at 27é,K°

Isotherm - Carbon Micropore voiume; b x 102*
(cm?g-%)
(+ 0.02)
(xxi) Unactivated 0.25 9.4 (+ 6.5)
(xxii) 35.4% burn-off at 401°C 0.32 12.4 (+ 0.6)
(xxiii) | 35.6% burn-off at 436°C 0.36 13 (+1 )
(xxiv) 35.1% burn-off at 518°C 0.36 11.4 (+ 0.5)

3

;Adsorbate Density taken as 0.93 g.cm © for calculation of

micropore volume.

TABLE 2.9f

Micro-pore Volumes and D-=-values: for a number of Carbons

Obtained from Dubinin Plots derived from Isotherms at 298 K-

Isotherm Carbon Mictopore volumex D x 10°°
(cm?g—%

(xxv) Unactivated 0.24 (i 0.02) 10.6 (+ 0.5)

(xxvi) 35.4% burn-otf at 401°C | 0.35 (1 0,02) |13.0 ( 0.6)

(xxvii) | 35.6% burn-off at 436°C | 0.38 (+ 0.03) |14 (+1 )

(xxviii) | 35.1% burn-off at 518°C

0.38 (+ 0.03)

11.5 (: 0.5)

;Adsorbate density taken at 0.71 g.cm-? for calculation of

micropore volume,

x®
D represents the slope of the Dubinin Plot at the relative

pressures measured.
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CHAPTER 6.

Summary and Conclusions

Introduction

This chapter contains a summary of thé resqlts and con-
clusions of the work presented in the thesis. Firstly the
work will be reviewed in the 1ight.of the aims stated in
Chapter 1 and then other findings not directly related to
these aims will bgibutlined. The chapter concludes with a
number of comments and suggestions for extensions of the work.

Summary of Main Findings

The first aim of the work reported in this thesis (Section
1.6.) was to investigate the rate of reaction of a porous
cellulose carbon with oxygen over a temperature range extend-
ing over Zones II and III of the classification of Hedden and
Wicke (40). It has been shown for the carbon-oxygen reaction
that under the conditions employed in the present work the
temperature range ll-OO° - 726°C extends over Zomes 1l and III.

From the kinetic studies (Chapter L) an activation energy of

- 25.2. (+ 2.5) k.cal.mole-} was found for the temperature range

400° - 460°¢. indicating Zone II conditions and an activation
energy of 2.5 (+ 0.5) k.cal.mole-} was found for the tempera-
ture range 480° - 72600 indicating ZoneIII conditions., It can
be seen from Chapters 2 and 4 that these falues aré similar to

those found by a number of other workers. The designations of
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zones were confirmed by investigation of the influence of
partial pressure of oxygen, sample weight and crucible
geometry on the rate of reaction.

The second aim of the work was to attempt to relate the
development of porosity to the rate and extent of the activa-
tion process; in particular to investigate the influence of
diffusion control of reaction rate on the development of poro-
sity. Analysis of the adsorptioﬁ isotherms and Dubinin ploté'
obtained in the present work (Chapter 5) showed that the devel-
opment of porosity clearly depends on the temperature of
activation. This is in contrast to the findings of Rowan who
concluded that the porosity developed bj.activatiop with carbon
dioxide in Zone II and on the Zone I and II borders was indepen-
dent of the temperature of activation, At 726°C there is no
development of porosity on.activation of the carbon with oxygen;
this is consistent with the view that in Zone III the reaction
occurs entirely on the externai surface of fhe carbon. However
in the range 500° - 600°C which is at the lower end of Zone III
as determined by the reactivity studies there is evidence that
some porosity is developed. As noted in Chapter 5, this suggests
that the value of tﬁe activation energy may nof always be a
ﬁarticularly sensitive indication of the temperature limits
of the reaction—zone.

For carbons activated at 400° - 480°C in Zone II and on the
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Zone II - Zone III border where the rate of reaction is
controlled by diffusion within the pores of the carbon, it
was shown that.substantial development of porosity occurs.
However thé variation in micropore volume with temperature

of activation at ca. 35% burn-off as deduced from the appli-
cation of the Dubihin Equation was found to be unreproducible
and no clear indication of its variati;n with.temperature
within Zone II could be obtained.

Studies on activated series of éarbons prepared at
temperatures.within'Zone II_showed in agreement with other
workers (4, 6) that activation in the iﬁitial stages opens
closed pores or forms new ones and that subsequently the
major part of the activation process widens existing'pores.

It is to be noted that this work has been the first
systemafic investigation of the influence of the temperature
of activation on the development of porosity by géti?ation of
a carbon with oxygen. |

The third aim of the thesis was to éompare the properties
of oxygen and carbon dioxide as activating gases py comparison
with Rowan's work (6). To date no such comparison has been
made. It was noted in Chapter 4 that if comparisons are made
between two gas-carbon reactions it is necessary to ensure
that the reactions are in_tpe same zoné of rate ;ontrol. Thus

in the present case it was only pessible to compare the carbon-

»
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oxygen and carbon-carbon dioxide reactions in Zone II. Under
Zone II conditions i.e. 925° - 950°C for the carbon-carbon
diéxi@e reaction and 400° - 460°C for the carbon-oxygen
reaction, it was found that in the initial stages of activa-
tion porosiﬁy development is very similar, However after
ca., 20 - 30% burn-off the porosity developed on activation
with oxygen becomes less than that produced by the carbon
dioxide reaction. The relative inefficiency of oxygen as an
activating ;gent was attributed to selective attack resulting
in the complete combustion of previously activated material

in the later stageé of activation,

Summary of Other F;ndings.

On the assumption that the weight loss curves obtained on
activation of the carbon (Chapter 4) are the net result of
both weight loss due to léss of gageous products and weight
gain due to surface oxide formation it was deduced that the
carbon forms most surface oxide on reaction with oxygen between
temperatures of ‘+50o and 500°C, in agreement with the findings
of other workers (82, 102) (Chapter 2). An attempt to find
kinetic parémeters for the formation of surface oxide was
unsuccessful possibly because the preheating progrﬁmme did not
remove all the surface oxide present.

A method for thé detgrmination of the thermodynamic

criterion, entropy change on adsorption AS < 0; for the
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applicability of the Dubinin Theory was developed and compared
with that used by Bering and Serpinsky (157) in Chapter 5.

For the carbons examined the limiting adsorption values were
found to depend on the limiting value of the isosteric heat of
adsorption.

Application of the Dubinin Equation to the regions of the
isotherms where the thermodynamic criterion was shown to apply
gave lines that were not generally straight as originally
postulated by Dubinin.'-However analysis of the results in
terms of the Dubinin Equatioﬁ.in general confirmed the effects
of yemperature of activation and degree of burn-off on the
development of porosity.

Suggestions for Further Developments of the Work

The investigation undertaken has to a large extent
achieved the aims set out in Chapter 1 and produced a number of
other observations perfinent to the study of microporous
carbons. A number of suggestions can now be made for extensioﬁ
of the work undertaken.

An investigation of the reaction: of a porous carbon with
an actiyating gas over a temperature range encompassing the
three reaction zones of Hedden and Wicke (40) would be a useful
contribution to the séudy.of activatipn pfocesses. The elimina-
tién of the efféétg of mass'transport necessary to attain Zone I

conditions might be obtained by use of an activating gas at
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reduced pressure and by a different sample presentation than
that used in this work. Activation by oxygen of a wider
range of carbons could be used to confirm whether the selec~
tive attack observed in the.present work is a function of the
carbon-oxygen reaction or merely a function of the cellulose
carbon used in this work,

The theoretical basis of the Dubinin theory, as its
author admits (39), requires further atteﬁtion. The present
work has shown that for adsorption of carbon dioxide at 195°K
in microporous cellulose carbon in the region of temperature
invariance of the characteristic curve (l§S<<b) the Dubinin
Equation is ngt always obeyed. A more detailed examination
of this problem than was possible in the:p£esent work appears
worthwhile. |

The assumption that carbon dioxide at 195°K is adsorbed
as a supercoocled liquid also appears to reéuire further
evaluation., The evidence for this assumption (reviewed in
Section 5.1.) is not entirely convincing and it would be of
interest to measure carefully the adsorption of carbon dioxide
at 195°K §n a wide range of adsorbents.

To conclude, this investigation has been a study of the
development of porosity in a,lOOOOC cellulose char by activa-
tion with oxygen. It has illustrated the:effect of variation

in temperature of activation and reaction zone on the development
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of porosity showing clearly the influence of diffusion control.
Comparison of the properties of carbon dioxide and oxygen as
reacting gases was made and showed the relative efficiency of

oxygen as an activating agent.
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APPENDIX I

Preparation of Cellulose Carbon

Cellulose Pellet Preparation

Chromatrographic Grade Cellulose Powder .(Whatman's Column
Chromedia CF il) was dampened and then worked through a BS 22
mesh sieve., It was then dried in an oven at 60°¢c overnight,

The cellulose obtained in this way has suitable flow character-
istics for preparation of pellets using a pharmaceuticai pellet-
ing machine. The pellet weight was kept as closely controlled

as possible between 0.010 - 0,014g.

Apparatus Constructed for Carbon;sation
. The thermal balance and associated apparatus is essentially
that described by Hodgson (195). It comsists of a furnace
heated by an Ether Transitrol programme controller (Type 994/2)
giving a stepless power supply through a saturable reactor. The
circuit is shown as a block diagram in Fig. 4.1,

The heating programme is obtained by cutting a suitable
cam to drive a control arm to give a linear rate of heating, in
this instance 3.5 (+ 0.2) deg.C.min™+ The desired control
temperature is indicated on the controller scale by a pointer,
The furnace temperature is measured with a Pt/Pt, 13% Rh
thermocouple and indicated on the scale by a galvanometer pointer.
The position of the two pointers thus indicates the relation
between the desired control temperature and the measurgd tempera-

ture,
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Attached to the control arm is an optical system consis-
ting of a sma}l filament lamp, lens and photocell. When the
two pointers are coincident a small flag attached to the
galvanometer pointer intercepts the light geam. As the control
pointer moves upscale ahead of the éalvanometer pointer, the
light beam produces a current in the photocell circuit.. This
current is then amplified and supplied to the D, C. winding of
the saturable reactor. The impedance of the A. C. winding of
the reactor is proportional to the current in the D. C. wind-
ing. Thus the current drawn from the A. C. winding of the
reactor is proportional to the lag of the measured temperature
behind the. desired control temperature. ‘In this way a smooth
heating programme is obtained without the *hunting' associated
with 'on-off' controllers.

A nichrome crucible containing.the sample is suspended from
,.an analytical balance by a nichrome wire and located within a
mullite work-tube (diameter ca.li") placed vertically in the
furnace. A glass tube is placed around the suspension wire to
reduce erratic movement.of the balance due to'draughts. The
end pieces of the work tube are designed to allow:- (a) the
sanple to be freely suspended, (b) an additional thermocouple
for measuring sample temperatures to be introduced (See Fig.
A.2.), and (c) gases to flow through the tube.

The inert atmosphere required for carbonisation is provided
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by passing oxygen-free nitrogen through the furnace tufe.

The gas is fed from a cylinder through a two-stage reducing
valve and a diaphragm valve (made by Scientific Inétrument

and Model'Co.). It then passes through a drying tower contain-
ing silica-gel and through a flow meter. The ¢apillary flow-
meters containing di-butyl phthalate as an indicating fluid
were calibrated using a soap-bubble flowmeter. Flow-rates
range from 500 (+ 10) mls.min-% to 1500 (+ 10) mls.min"t and
can be held constant to + 10 mls.min™% for long periods.

The gas extracted frqg the bottom of the tube is passed.
through a trap to collect the tars formed during carbonisation.
It is then drawn through a flowmeter, an adjustable air%bleed
and a diaphragm valve by means of a rough vacuum pump.

The sample thermocouple was placed as near as possible to
the sample, A potentiometer recorded the temperature of the
sample to + 2% at 960°C which is within the linearity of the
S5cm. hot zone of the furnace at that temperature. Although the
furnace heating element was nondhﬂucéively wound, inductive
effects (of the order of 0.1 millivolts) were observed in the
signal of the sample thermocouple. An earthed inconel foil shield
was therefore placed around the work-tube in the furnace to
eliminate the.A.C.;pick-up by the sample thermocouple. 1In
addition care was taken that the sample thermocouple did not

touch the work-tube since leakage to earth was noticed when this

occured,
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Inertness of Furnace Atmosghere
A sample of a carbon black, Spheron 6 (2700°), was used

to test the inertness of the furnace atmosphere., During these
tasts the temperature of the furnace and the gas flow were
held constant in order to avoid buoyancy effects. Some slight

%g-}) was noticed above 800°C so

oxidation (2 - 3 x 10'6g.sec-
at that tempe;ature extraction of gas from the base of the
furnace was discontinued. This gave an effectively inert
atmosphere with a maximum weight loss due to oxidation of

0.3 x lo-sg.sec-}g-} at 960°C. As the sample (ca.lg.) was
above 900°C for approximately 60 minutes the total burn-off
due to oxidation was aﬁout 0.1%. This was considered to be
negligible since all the carbons to be studied were activated

to at least 10% burn-off,

Operation of Thermal Balance for Carbonisation

An input flow-rate of 1000 mls. min~T of nitrogen and
extract flow-rate of 850 mls.min-} were adopted. The extract
flow was discontinued above 800°C when the carbonisation was
virtually complete, The sample was "heated at a linear rate
of 3.5 (+ 0.2) deg.C.min-} up to 940 (1 10)°C and kept at that
temperature for 30 minutes. itmﬁs then allowed to cool in
nitrogen to room temperature.

In a typical experiment 0.89853. of carbon was obtained

from 4,5816g. of cellulose representing a yield of 19.6%. A
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total of 24 carbonisations were “carried out which yielded
20,0g. of cellulose carbonj; fhe.carbon yield varied from
19.4 to 20.1%. This is in good agreement with the results
obtained by Rowan (6). After completion of the carbonisa-
tions the carbon was thoroughly mixed to give representative

samples for activation.
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APPENDIX II

Activation

Experimental Proqedure

The Stanton Thermal Balance, Model TR -OL, modified (6,
196) to allow operatiorn of the balance with gas flow over the
‘sample was used for £he activation work,

Oxygen and nitrogen were each fed from cylinders through
a two stage reducing valve and a diaphragm valve (Scientific
Instrument and Model Co.). They then each passed fhrough a
drying tower containing silica=gel, a flowmeter and finally
through a mixing chamber before entering the furnace., The
flowmeter system could be adjusted to give an inert nitrogen
atmosphere or a partial pressure of oxygen ranging from 0.08 =
0.27 as required. The input flow rate is kept constant at
11000 ml.min™l and the lower extract at 600 ml.min~y Gas is
not extracted from the top of the furnace and the remaining
gas diffuses out through the balance case. The gases extracted
from the bottom of the furnace tube are drawn fhrough a flow-
meter, an adjustable air-bleed and a diaphragm valve by means
of a fough vacuum pump., A test of inertness was made'by heating
a sample of the carbon black Spheron 6 (2700°C) in the nitrogen
stream. The maximum rate of weight loss when the temperature
was 1000°C was 0.12 x 10-6g.sec-% (0.3 x 10-6g.sec.g-%). At

the temperatures used for activation (400° - 700°C) the weight
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loss was shown to be negligiblea

The standardised procedure'adopted for activation was to
heat the carbon sample to 960°C at a rate of 8 deg.C.min-} in
an atmosphere of nitrogen. A loss in weight was observed in
the preliminary heating programme which is attributed to loss
of water and chemisorbed oxygen. The temperature was held at
960°C for 30 minutes and then lowered to the temperature
required for activation. When the temperature became constant,
the nitrogen was exchanged for an oxygen-nitrogen mixture.
After the required amount of oxidation had occured the oxygen-
nitrogen mixture was replaced by nitrogen. When the weight of
the sample became constant it was cooled to room temperature in
nitrogen. When cold the samples were collected and stored in

stoppered tubes.
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APPENDIX III

Measurement of Adsorption Isotherms

A, Measurement of Isotherms us;ng'Cahn Electrobaiance

Several adsorption'isotherms were measured using a Cahn RG
Electrobalance. This balance has a maximum capacity of 2.5g.
and an ultimate sensitivity of 0.1}15. As it is capable of
working at atmospheric pressure, high vacuum or with controlled
atmospherés, it is very suitable for adsorption studies on small
samples.

The GahanG Electrobalanqe (;97) operates on the null=-
balance principle. When in its equilibrium position a small
" flag attached to the end of the balance beam partially intercepts
a light beam between a small filament lamp and a photocell,
Movement of the balance beam alters the intensity of the light
falling on the photocell and therefore alters the current in
the photocell, Tﬁis current is amplified in a two stage servo-
amplifier and applied to a coil attached to the beam. The coil
is positioned within a magnetic field and the current through
it therefore exerts a restoring moment on the beam. Thue the
change in electromagnetic force is equal to the change in the
sample weight., The extremely accurate voltage generated by the
current across the coil and its seriés circuit is measured by
subtracting an known voltage'from it by means of an accurate

potentiometer and applying the difference to a recorder.
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The balance is placed within a vacuum tight bottle which
is connected to the auxiliary apparatusuillustrated in Fig.A.3.
and adsorption isotherms are measured using the following
procedure. The balance is calibrated and the weighed carbon
sample is placed in a small glass buckét and suspended within
a long tube attached to the balance bottle by a B.4O cone and
socket joint. A counterwéight is suspended in another removable
limb attached to the bottle. After recording the weight of the
sample, the systém is evacuated by openiﬁg-taps to the main

7

vacuum manifold. A vacuum of 10 cm.Hg., is obtained using a
silicone o0il diffusion pump backed by a rotary pump. A liquid
air trap is used to freeze out all vapours from the gas stream.
During evacuation of the system the carbon sample is heated to
ca. 250°C by means of a heating coil placed around the tube.
At this temperature,. adsorbed gases are removed and after out-

6 _ 10'7cm.Hg.

gassing, usually overnight, a pressure of 10~
is reached and the sample weight remains constant.

The adsorbate carbon dioxide is prepared as follows.
Solid carbon dioxide is placed in trap 4, ana is surrounded by
a salt-ice bath to retain water and any other less volatile .
impurities. The carbon dioxide is then distilled under vacuum
into trap B, which contains a quantity of Linde Molecular

Sieve 3A. From trap B. the carbon dioxide is redistilled into

"the gas reservoir R3 trap B is surrounded by a salt-ice bath in
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this case.

. After the initial outgassing the adsorption system is
isolated from the main manifold. The heater is then replaced
by a constant temperature bath, For isotherms at 195°K,
Dewar vessels containing solid carbon dioxide are used; for
isotherms at 273°K and 298°K, an ice-water bath and a thermo-
statically controlled water bath respectively are used,

To commence the measurement of the isotherm a small dose
of carbon dioxide is admitted to the adsorption system by
careful manipulation of the taps, using the U manometer .as a

3

guide to the pressure. A pressure of ca., 10 ~cm.Hg. is first

attained and the system allowed to equilibraé?. After
equilibrium is obtained, as seen from the Electrobalance
recorder, the weight of sample is noted and the pressure is
megsured using one.of two McLeod Gaugés which cover the ranges
ca. 10°6 - lo-acm.Hg. and ca, 1072 - lcm.Hg. respectively;
pressures of greater than ca. lcm.Hg. are measured on the
mercury manometer using a'qathetometer. The procedure is
repeated at a series of pressures until the pressure is ca. 50cm.
Hg. The desorption branches of the isotherms are measured by
progressively lowering the pressure, usiné a liquid air bath
around the trap beneath the reservoir R to condense the carbon
dioxide.

There are a number of experimental factors which may affect
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the determination of-fhe isotherms. - Normal buoyancy effects
due for example to the asymmetry of the balance design are
less than 10-3g. These are negligible in the procedure used
since the required accurancy of measurement is of the same
order. Thermal transpiration due to differences in temperature
can give spurious weight readings (198). However these have
beep shown to be of the order of a few [g. and thus can be
neglected. The-influence of thermal transpiration on the
pressure has also been considered (6, 199 - 201) and shown

to be negligible at pressures greater than ca, lO-ch.Hg. for
a similar systeﬁ (6).

This apparatus was not entirely satisfactory for the present
work as it required a long time to obtain a good vacuum due to
long and narrow pumping paths; aﬁ apparatus of improved design
has since been developed (202). An additional disadvantage is
that only one isotherm can be determined at a time. For these
reasons the majority of the adsorption isotherms were deter-
mined using silica springs.

3. Measurement of Isotherms using Silica Springs

This method employs the principle of the McBain-Bakr spring
balance (203). Helical silica springs were set up within four
adsorption chambers and with ancillary apparatus (Fig. A.l.)
used to measured adsorptisn isotherms.

An advantage of this apparatus is that adsorption isotherms
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can be measured on four samples simultaneously. The tubes
are connected by B34 cone and socket joints to the vacuum
line., The carbon samples are placed in snall glass buckets
and hung on fine glass loops attached to the springs. The
springs are suspended by glass hooks from bridges across the
necks of the cones. Taps isolate the adsorption tubés from
the line so that any number of isotherms from sne to four can
be done at the same time. The springs are calibrated using
standard weights and the extensions produced.measured with a
cathetometer.

Isotherms were obtained using a similar procedure to that
used with the Cahn Electrobalante. Errors due tolﬁuoyancy
effects and thermal transpiration were very similar to those
found with the Cahn Electrobalance and therefore ¢onsidered

to be negligible,
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APPENDIX V

Primary Data for Isotherms

Isotherms at 195°K

Po

= 141.4 cm, Hgo

(i) (ii)
Unactivated Carbon Unactivated Carbon
(Electrobalance) (Springs)
Adsorétion Desorption Adsorption Desorption
p/p, |- W »/p, w P/P, w »/p, w
(x 16| (g.g™) | (x 10%) [(g.e™D)| x 10®)|(e.e™d) |(x 16%) [(eos™)
0.191| 0.0366 113 0.214 | 0.0262] 0.0019 {144 0.226
0.580] 0.0634 0.177 | 0.0358 23.7 0.196
1.51 | 0.132 0.435 | 0.0596 3.61 [0.1392
l.42 | 0.090 1.08 0.0849 0.821 [0.0900
4,20 0.116' 1.05 0.0862 0.165 |0.0528
4,81 | 0.136 2.31 0.103 0.9205| 0.0458
6.01 | 0.146 5.16 0.150
20.8 0.185 13.1 0.179
50.2 0.205 46.0 0.208
198. 0.228 109 0.222
223 0.234
343 0.238
- y




. Isotherms at 195°K
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= 1l4l.4 cm. Hg.

(iii)

35,4% burn<off at 401°C

i

(iv)

34,5% burn-off at 420°C

Adsorption Desorption Adsorption Desorption
P/P, w P/P, w »/P, w P/P, w
(x 10°)|(e.6™V) | (x 10°)| (g.g™H)|(x 10%) [(gg™) |(x 107) |(g.g™)
0.0262| 0.0022 | 143.3 | 0.419 0.00368| 0.0104 |297 0.415
0.177 | 0.0269 | 144.3 | 0.417 0.113 | 0.0232 | 81.4 [0.346
0.435 | 0.0481 23.7 0.257 0.396 | 0.0541 | 29.7 0.285
1.08 | 0.0716 3,61 | 0.123 1.19 | 0.0938 | 13.1 |0.222
1.05 | 0.0709 0.821] 0.0639 | 3.47 | o0.122 | 13.4 [0.220
2.31 | 0.103 0.166| 0.0330 | 4.95 | 0.187 6.72 |0.184
5.16 | 0.148 0.205| 0.0340 | 17.3 0.236 5.43 | 0,154
13.1 0.207 ' 50.9 0.313 3.40 [0.138
46.0 0.315 138 0.375 3.54 |0.137
109.3 0.394 138 0.378 2.19 |0.118
223.5 0.463 170 0.392 1.03 |(0.0812
343.4 0.496 297 0.415 0.438 [0.0638
0.290 |0.0476
0.270 |0.0387
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Po

= 14l.4 cm. Hg

(v)

35.0% burn-off at #36°C

(vi)

35,6% burn-off at 436°C

Adsorption Desorption Adsorption Desorption
P/P, w 174 w 174 w ¥/p, w
(x 10°) [(g.g™) | (x 10°) [(gee™d) | (x 10®) |(geg™d) |(x 10°) [(geg™)
0.0396| 0.0130 | 363 0.541 0.0262| 0.0227 |143 0.433
0.219 | 0.0326 |102 0.417 0.177 6.0285 23.7 0.266
0.396 | 0.0419 | 65.8 0.369 0.435 | 0.0512 | 3.61 | 0.127
0.920 | 0.0610 | 12.0 0.207 1.03 | 0.0761 | 0.821 | 0.0669
1.45 0.0748 b.24 0.136 1.05 0.0736 6.166 0.0319
1.51 | 0,0774 | 1.54 | 0.0835 | 2.31 | 0.108 0.205 | 0.0363
3.47 | 0,118 0.665 | 0.0625 | 5.16 | 0.152
11.0 | 0.196 0.152 | 0.0333 | 13.1 0.214
27.2 0.273 6.0 6.328
82.1 0.387 109 0.407
162 0.466 222 0.471
262 0.517
363 0.549
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Isotherms at 195°K

Po

- 1"'}1.4’ cmc Hg.

(vii)

63.9% burn-off at 436°C

(viii)

20% burn-off at 456°C

Adsorption Desorption Adsorption Desorption
p/p, W /P w 174 w p/P, w
(x 10°) | (g.£72)| (x 103) [(gog™) | (x 107) [(g.6™) |(x 10°) |(g.g™
0.01%)| 0.0103 |350 0.548 0.0199| 0.011% |350 0.382
0.301 | 0.0335 | 89.1 | 0.383 0.301 | 0.0592 | 89.1 0.324

1,37 | 0.0745 | 25.5 0.246 1.37 0.113 25.5 0.271
3.05 | 0.0986 | 9.55 | 0.173 | 3.03 | 0.150 | 9.55 |0.218
4.95 | 0.123 2.29 0,101 4.95 0.176 2.29 |0.136
4.81 | o0.12% 0.290 | 0.042 4,81 0.175 0.290 |0.0623
12.0 | 0.187 12.0 0.230
30.4 | 0.264 30.4 0.276
73.2 0.350 73.2 0.313
159 0.452 159 0.347
350 0.539 350 0.381




Isotherms at 195°K

14

Po

= 1l4l.4 ecm. Hg.

(ix)

3L4,6% burn-off at 456°C

(x)

48.7% burn-off at 456°C

Adsorption Desorption Adsorption Desorption
P/P, w p/P, W r/p, w P/P, w
(x 100 (g.g™) |x 10%) [(g.e™D) |(x 167) [(ge™) |(x 20%) [(gee™)
0.0396| 0,0138 |363 0.489 0.0199| 0.0050 | 350 0.537
0.219 | 0.0358 |102 0.401 0,301 | 0.0341 89.1 0.423
0.396 o.0485 65.8 0.364 1.37 0.0745| 25.5 0.271
0.920 | 0.0695 | 12.0 0.223 3,03 | 0.105 9.55 | 0.183
1.5 0.0872 4,24 0.148 4,95 0.131 2.29 | 0.101
1.45 0.0856 1.54 0.0936 4,81 0,132 0.290| 0.035
3.47 0.127 0.665 | 0.0673 | 12.0 0.196
11.0 0.211 0.152 -0.9355 30.4 0.282
27.2 0.285 7342 0.373
82.1 0.379 159 0.458
162 0,434 350 o.53é
262 0.468 |
363 0.491
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Po

,141.4 cm, Hg.

(xi)

68.6% burn-off at u456°C

(xii)

21.2% burn-off at 485°C

Adsorption Desorption Adsorption Desorption
»/P, w p/P, L P/P, L r/p, w
(x.10%) |(g.g™D) [(x 10%) [(g.e™)| (x 107) [(e.g™) |(x 10%) |(g.&g™D)
0.0199| 0.0058 |350 0.537 0.01?77 | 0.0090 {312 0.424
0.301 | 0.0360 | 89.1 0..377 0.238 0.0487 (209 0.406
1.37 0.0697 | 25.5 0.240 0.481 0.0665 75.0Q 0.358
3.03 0.0970 9.55 0.166 1.03 0.0930 | 12.0 0.245
4.95 0.122 2.29 0.0941 2.a§ 0.132 5.20 (0.183
4.81 0.121 0.290 | 0.0385| 2.31 0.126 2.55 |0.118
12.0 0.180 4,74 0.165 1.06 [0.0927
30.4 0.255 10.3 0.215 0.221 |0.0519
732 0.341 9.55 | 0.201
159 0. bl 27.9 0.299
350 0.533 753 0.358
158 0.398
281 0.425
382 0,438
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.pO = lLl'lal*‘ [+3 (1% Hg. B

(xiidi)

35,1% burn-off at 485°C

(xiv)

50.1% burn-off at 485°C

Adsorption Desorption Adsorption Desorption
174 w p/P, w 174 W /7, w
(x 10%)[(g.™%) [(x 10%) [(g.g™) | (x 210°) [(gg™) |(x 10°) |(g.g™®)
0.0396| 0.0093 | 363 0.521 0.0177| 0.c101 (312 0.532
0.219 | 0.0321 | 102 0.416 0.238 | 0.0387 |209 0.499
0;396 0;0430 65.8° | 0.375 0.481 | 0,0521 | 75.0 |0.372
0;920 0.062s | 12.0 | 0.214 1.03 | 0.0711 | 12.0 |o0.214
1;51 0.0791 L.zu 0.139 2,29 | 0.0976 | 5.20 |0.3:41
1.45 | 0.0833 1.54 | 0.0858 | 2.31 | 0.104 2.55 |0.114
3:&7 0.124 0.665| 0.0595 | 4.74 | 0.143 1,06 |0.0713
11.0 0.207 0.152] 0.0269 | 10.3 0.198 0.221 |0,0345
27.2 0.287 9.55 0.195
82.1 0.395 27.9 0.267
162 0.456 %5.3 0.403
262 0;496 158 0.476
363 0.521 281 0.525
| 382 0.553
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Isotherms at 195°K

Py =

141.4 cm. Hg.

(xv) -

70.4% burn-off at 485°C

(xvi)

20.4% burnsoff at 518°C

Adsorption Desorption Adsorption Desorption
»/?, w »/p, w p/p, W p/p, W
(x 10 [(g.e™D) |x 10®) |(gig™) |(x 10%) |(gieg™D) [(x 107) |(gg™)
0.0396| 0.0130 |363 0.571 0.152 | 0.0423
0.219 | 0.0314 |102 0.400 0.545 | 0.0785
0.396 | 0.0401 | 65.8 0.342 0.516 | 0.0779
0.920 | 0.0512 | 12.0 0.178 0.969 | 0,100 |
1.51 | 0.0673 | 4.24 | 0.117 1.51 | 0.111
1.45 0.0723 1.54 0,0715 2.97 0.150
3.47 0,107 0.665 | 0.0554 7.78 0.199
11.0 0.209 0.152 | 0.0334 | 15.6 0.231
27,2 0.285 35.7 0.272
82.1 0.364 62.3 0.283
-|162 0.495 97.6 0,301
262 0.529 165 0.316
1363 0.577 319 . 0.343
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Isotherms at 195°K

P, = 141.4 cm. Hg.
(xvii) (xviii)
35.1% burn-off at 518°C 35.3% burn-off at 572°C
Agsorption Desorption Adsorption Desorption
p/p, L »/p, w p/®, w p/p, W
(x 10°)|(g2g™3) |(x 10°) [(g.670) |(x 10°) [(g.6™D) [(x 10°) [(gg™D)
0.0262| 0.0039 |143 0.358 0.0177}0.0126 |312 0.387
0.177 | 0.0363 | 23.7 0.264 0.238 |0.0492 |209 0.354
0.435 | 0.,0598 | 3.61 | 0.154& 0.481 |0.0678 | 75.0 0.304
1.08 | 0,0888 | 0.821 | 0.0865 | 1.03 [0.0908 | 12.0 0.224
1.05 | 0.0922 | 0,166 | o.o452 | 2.29 [o.124 5.20 | 0.172
2.31 | 0,132 0.205 | o.ou4? | 2.31 |o.121 1.06 | 0.100
5.16 | 0.186 4.74 0,161 0.221 | 0.0479
13.1 0.238 10.3  [0.199
46.0 0.304 9.55 |0.202
109 0.346 27.9 0.265
222 0.386 75.3 |0.319
343 0.407 158 0.362
281 0.385
- 382 0.394
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141.4 cm. Hg.

(xix)

36.3% burn-off at 620°C

(xx)

32,1% burn-off at 726°C

Adsorption Desorption Adsorption Desorption
»/P, w »/p, W r/p, W p/p, w
(x 100)|(g.g73) [(x 10°) {(g.e™D) |z 10°) [(g.e™) |(x 10®) | (&™)
0.152| 0.0340 0,007 0.0049 |159 0.240
0.545| 0.0644 1.84 |.0.100 | 50.2 0.213
0.516| 0.0666 1.73 | 0.102 8.49 0.164
0.967| 0.0859 4,24 | 0,135 2.69 0.128
1.51 | 0.103 4,10 | 0.135 1.01 | 0.0901
2.97 | 0.128 6.37 | 0.150 0.778 | 0.0703
7.78 | 0.171 8.49 | 0,164 0.545 | 0,0657
15.5 | 0.203 12,0 | 0.173 0.382 | 0.0555
35.7 | 0.231 19.1 | 0.190 0.29% | 0.0494
62.2 | 0.250 19.4 | 0.192 0.244 | 0,0342
97.6 | 0.265 32,5 | 0,205
165 0.281 61.2 | 0.217
319 0.304 90.2 | 0.226
128 0.231
160 0.237




Isotherms at 2?3°K
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= 2614 cm. Hg.

Po

(xxi)

Unactivated Carbon

(xxii)

35,4% burn-off at 401°C

Adsorption Desorption Adsorption Desorption

- p/p, w »/P, w »/p, W - P/Py | ¥
(x1103) (g.g-%) (x 10°) (g.g-}) (x 10°) (g.g-%) (x 10°) (g.g +)
0.0509| 0.0040 [11.7 0.109 | 0.0509 | 0.0035 |11.7 0.101
0.124 | 0,0067 | 5.18 0.079% | 0.124 | 0.0074 | 5.18 0.0540
0.275 | 0.0134 | 2.14 0.0521 | 0.275 | 0.0079 | 2.19 0.0383
0.279 | o.o1u4 | 2.14 | 0.0545 | 0.279 | 0.0087 | 2.14 0.0377
0.765 | 0.0292 | 0.459 | 0.0228 | 0.765 | 0.0190 | 0.459 | 0.0150
1.45 | 0.041%4 | 0.199 | 0.0141 | 1.45 0.0296 | 0.199 | 0.0740
3.23 | 01627 | 0.0819 | 0.0057 | 3.23 0.0442 | 0.0819 | 0.0420.
7.36 0.0907 7.36 0.0772

23.0 0.131 23.0 0.141




Isotherms at 273°K

148

Po

2614 cm. Hg.

(xxiii)

35.6% burn-off at 436°C

(xxiv)

35,1% burn-off at 518°C

Adsorption Desorption Adsorption Desorption
r/p, w p/p, L p/p, L p/p, w
(x 107) (g.g-%) (x 10°) (g.g-}) (x 10°) (g,s-%) (x 10°) (g.g-})
0.0509| 0.0017 [11.7 0.108 0.0509 | 0,0023 {11.7 0.125
0.12%4 | 0.0038 | 5,18 |0.0718 | 0.124% | o.o0049 | 5.18 0,0873
0.275 | 0.0081 | 2.14 |o.om40 | 0.275 | o0.0102 | 2.14 0.0553
0.279 | 0.0081 | 2.14 [0.0362 | 0.279 | 0.0113 | 2.14 0.0486
0.765 | 0.0187 | 0.459 |0.0116 | 0.765 | 0.0248 | 0.459 | 0.0170
1.45 | 0.0291 | 0.199 |0.0048 | 1.45 0.0379 | 0.199 | 0.0070
3,23 | 0.0477 | 0.0819 |o0.0016 | 3.23 0,0675 | 0,0819 | 0.0038
7.36 | 0.0852 2.36 . | 0,103
23,0 0,151 23,0 0.162




Isotherms at 298°K

149

Py =

4825 cm, Hg

Unactivated Carbon

(xxv)

(xxvi)

35.4% burn-off at 401°¢

Adsorption pesorption Adsorption Desorption
p/p, W »/p, w ?/p, v p/?P, w
(x 10°)|(gig™e) |(x 10%) [(g.e™h) [(x 16®) |(g.e™) [(x 10®) |(g.e™])
0,0564| 0,0022 | 8.42 0.0830 0.0564 | 0.0013 | 8.42 0.0713
0.139 | 0.0045 | 4.74 0.0638 0.139 0.0025 | 4,74 0.0499
0.290 | 0.0099 | 2.45 0.0458 0.290 0.0064 | 2.45 0.0333
0.69% | 0.019% | 1.03 0.0276 0.694 0.0109 | 1.03 0.0175
1.55 0.0336 | 0.373 |0.0128 1.55 0.0230 | 0.373 0.0077
4,87 0.0614 | 0,207 |[0.0086 L.87 0.0487 | 0.207 0.0052
6.80 | 0.0745 | 0,085 (0.00320 | 6.80 0.0600 | 0,0850 | 0.0029
10.6 0.0896 10.6 0.0793
12.6 0.0958 12.6 0,0869




Isotherms at 298°K

150

Py = 4825 cm. Hg.

(xxvii)

35,6% burn-off at 436°C

(xxviii)

35,1% burn-off at 518°C

Adsorption Desorption Adsorption Desorption
»/p, w »/p, w p/?, w »/?, w
(x 10°)|(geg™) |(x 10°) | (g.g™D)|(x 207) [(g.e™) |(x 10°) |€g.g™)
0.,0564| 0.0024 | 8.42 -0,0718 | 0.0564 | 0,0019 | 8.42 0.0868
0.139 | 0.0038 | 4.74 0.0502 | 0,139 0.0045 | L.74 0.0642
0.290 | 0.0072 | 2.45 0.0311 | 0.290 0.0089 | 2.45 0.0423
0.694 | 0,0127 | 1,03 0.0178 | 0.694 0.0172 | 1.03 0.0249
1.55 | 0.0238 | 0.373 0.0083 | 1.55 0.0303 | 0.373 0.0109
4,87 0.0504 | 0.207 0.0052 | 4,87 0.0527 | 0.207 0.0078
6.80 | 0.,0619 | 0.0850 | 0.0019 | 6.80 0.0760 | 0.0850 | 0.0029
10.6 0.0777 10.6 0.0927
12.6 0.0898" 12,6 0.104




