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1e1

General Introdustion

A good deal of work has been done on the detailed kinetics
of the reactions of carbons with oxidising gases, and also on
the detailed pore structure of the activated carbons produced
by such reactions. However, relatively little has been done
to attempt to relate the development of pore structure in
activated carbons to the rate of the activation process. _

Part of the reason for this is that traditional starting
materials such as coconutshell and coal do not yield homogenqous
or reproducible carbons. 1In addition to the variability in
the nature.of the starting materials, the resulting carbons
contain verying amounts of inorganic matter which can markedly
affect both the rate of activation and the development of pore
structure. .

- In recent years, a range of carbons have been produced by
pyrolysis of certain polymers. These carbons are more
homogéneous and reproducible than traditional carbons; they can
be prepared free from inorganic matter, and have a wider range
of graphitic character.

The work reported in this thesis is an inves:tigation of

the relation between the development of pore structure in three
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polymer carbons by reaction with carbon dioxide, and the rates
of the activation 'pr'ooes,ses.
Before discussing the aims and outline of the thesis, a

brief summary of the physical structure of carbons follows.

The Physical Structure of Carbons

degree of order in their structure (1), the ordered regions
being graphite~like microorystals linked by a network of none

" graphitic carbon. The graphitic layer-planes consist of

hexagonsl units in which the C-C distance is 1o415 & The
layer-planes may be parallel to each other but have no
particular stacking sequence as in natural graphite. This type
of structure is termed turbostratic, and carbons having tﬁis-

structure have been called mesomorphous i.e. neither truly:

orystalline nor truly amorphous.

.Franklin (2) classified carbons into three groups.
(1) Graphitic carbons, which show a larée degree of three=-
dimensional graphitic structure.
(i1) Graphitisable carbons, which develop this structure on
heating. Graphitisable carbons contain packets of microcrystalline
graphite in nearly parallel orientation; further orientation -

readily ocours on heating.

.(411)Non~graphitising carbons, which do not develop this structure

on heating.
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More recently this classification has been shown to be
oversimplified. A number of carbons have been prepared with
graphitic characters intermediate between the Franklin classes.

Ubbelchde and Lewis (3) have considered non-graphitic
structures of carbon in terms of structural defects. Carbon
is considered to be a thermo-set high polymer containing macro- .
molecules, In partly graphitised or grossly defected carbon
only small regions of the carbon polymer approximate to the
graphite structure, they are joined together by variocus kinds
of carbon structures which are amorphous with respect to the
graphite lattice.

The Pore Structure of Carbons

The dévelopnient of pore structure by removal of part of
the carbon surface by certain reagentg is a process known as
activation. Two methods of activation are recognised:-

(i) chemical activation, in which dehydrating and/or oxidising
agents are added to the starting materials before carbonisation,
and (ii) gaseous activation in which the carbon reacts with a
gas at high temperatures, ‘as in the present work.

In the unactivated state, carbons have open pore volumes
which range from 0.05 cm3 to 0.5 cm5 per gram of carbon.

On activation these pore volumes can be increased by as

much as 1 émj/g. in the case of the highly porous carbons, and
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by a smaller amount in the case of the carbons of low porosity.

The pores in carbons have been classified into three types(s),
micro-, macro-, and transitional pores; Macro- and transitional
pore widths lie in the ranges 1200 to 160,000 & and 100 to 1200 %
respectively, whilst micre=~pore widths are less than 100 X.

Macro=pores are formed either by major defects in the
carbon structure, which can resuit from the evolution of bubbles
during the decomposition of the parent substance, or by extensive
activation of the oar\lion structure,

Transitional pores are producéd by carefully controlled
activation. Maoro~ and transitional pores usually contribute
little to the total surface area of the carbon. For exaﬁple
macro- and transitional pores have been shown to contribute only
3 u2g.! to a total surface ares of 1500 nogs! in the case of an
activated wood charcoal (5). -~

Micro-pores arise from the nature of the micre=structire
of carbonse Spaces and channels ocour between the microcrystals
and it is these small cavities that constitute micro-pores. As
the microcrystals are very small, a large proportion of the
carbon atoms form the walls of micro-pores. The high adsorption
potential of the walls of the micro-pores is further enhanced by
overlap with the adsorption potential of neighbouring walls of
the pores, and is responsible for the powerful adsorbent properties

of porous carbons.
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1edpe Thé.Aims of.théiP}eéehfbetk

The developmenﬁ of the porosity of a carbon by reaction with
carbon dioxide probably depends on a number of factors which in
turn may influence the kinetics of the activation process.

In this project three polymer carbéns were selected
principally to investigate the influence of two factors. These
factors are degree of graphitic character of the carbons and the
nature of the carbonisation process. Carbonisation processes
fall into two broad clzsses: charring processes, in which the
materiel remains solid throughout the carbonisation and.coking
processes in which the material fuses at some stage in-the decompo=-
sition. Table 1.1. lists the carbons selected and their

characteristics..

Polymer " Carbonisation  Nature of Porosity of Un-
Process ~ Carbon  actiyated carbon
cm.sg. ) o
Cellulose T -Charring non=-graphitic 0.40
Cellulose Coking non~-graphitic 0.4
triacetate |

Polyacenaphthylene ' Coking -~ -~ graphitic ™ =~ 0,04

Cellulose and cellulose triacetate, although differing in the nature
of their carbonisation processes, both form non-graphitic carbons
of high porosity.

The high porosity of these carbons is due to the presence of
spaces which occur between the crystallites of the disordered regions



of their structures (Section 1.3). In the more highly ordered
structure of.polyaceﬁaphthylene carbon such spaces are fewer,
consequently the porosity is much lower.

Some work on carbons that has been reported has proved of
limited value, due to a failure to specify carefully experimental
oconditions, On the one hand some work reported on the kinetics
of gas=carbon reactions contains_litﬂe detail about the nature
of the carbon, its surface or the influence of these factors
on reactivitye On the other hand some work reported on the
porosity of activated carbons contains little detail of conditions
of activation. A number of anomalies that have arisen in the
interpretation of results in both fields of study may well be due
to these omi'ssions.

-In work reported in this thesis, an attempt has been made
to carefully control as many experimental aspects of the work as
possible in order to facilitate meaningful corrslations between
the two parts of the work.

The main aims of‘ the work reported in this thesis may be
sumnarised under four headings, These aims are: |
1) :’To prepare under carefully controlled conditions three
polymer carbons having widely different properties and to assess
the reproducibility of these carbons. |
(i1) To conduct an :I.ntegrajted study of the rates of reaction of

the three polymer carbons with carbon dioxide and the consequent
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development of pore strucﬁure. .
(1i1)To attempt to relate the development of pore structure to
the kinetics of the activation process.
(iv) To compare the behaviour of the three carbons in order to
investigate the influence of carbonisation process and degree
of graphitic character on the rates of reaction and on the
devalopmeni: of pore structure.

The practical programme therefore involved four main stages,
(1) The three polymers were carbonised using carefully
controlled conditions, Information, concerﬁing fhe earbonisation
of the polymers, was obtained from carbon yields, non-isothermal
kinetic analyses of the resultant thermograms, electron spin
resonance measurements and optical microscopy.
(11) The kinetics of activation of the three carbons, by reaction
with carbon dioxide, were investigated in the temperature range
830 = 950°C and Arrhenius parameters were obtained in order to
identify the general reaction mechanisms.
(_iii)Activated series of the tbree-. carbons were prepared at
935°¢, a Pew activated samples. of each carbon were also obtained
at other temperatures in o:fdsr to investigate the effect of
temperature of activgtion on porosity.
‘(iv) The porosities of the. prepared samples of each carbon were
obtained from measurements of adsorption of carbon dioxide at -

195°K and measurements of mercury densities.
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The outline of the Thesis

A 'g‘e'xie'll'é.i ‘discussion of the carbonisation of polymers,
the results and discussion of the present work on carbonisation
are presented in Chapter 2. A review of the carbon-carbon
dioxide reaction, the results and discussion of i:he rates of
activation obtained in the present work are to be found in
Chapter 3. Chapter L contains a critical review of the methods
available for the characterisation of porous solids, together
with the results and d.i'scuss:l.on of the present investigations of
porosity. Correlations between rates of activation and the
development of p_oroa:l'l".y of the three carbons are discussed in
Chapter 5, together with the influence of graphitic character and
the nature of the carbonisation on these two processes. Chapter 6
contains a summary of the results presented in this thesis and a
summary of conclusions drawn from them. This chapter is
concluded with suggestions for further work in this field.

Experimental details have been omitted from the main body of

the thesis and are included in the Appendix. The Appendix ig in
five parts; in addition to containing details éf apparatus and
experimental procedure, it contains primary experimental data and
the list of references quoted in the thesis.



2.1

Carbonisation has been defined as the gradual progress_of
organic compounds towards carbon under the influence of heat (6).
For the c@rbonisation of coal this 'gradual process' has been
cénveniently separated into three, hajor, temperature~determined
stages: (i) less than 300°C, (ii) 300 - 550°C, (iii) above 550°C.
The carbonisation of many organic polymers is analogous to the
carbonisation of coal, particularly in the second and third stages
of carbonisation.

Stage (1) involves loss of water and carbon dioxide by
decarboxylation reactions for coal and other cellulosic materials.
For most carbonising vinyl polymers loss of subgtituents from the
side chain occurs in Stege (i). For example, in the case of
polyvinyl chloride the first stage of decomposition involves the
quantitative loss of hydrogen chloride. Hence generally in
Stage (i), peripheral matter is lost from the substance undergoing
carbonisation. A

Stage (ii) is usually termed 'The Primary Carbonisation' and
involves the major breekdown of the carbonising material. It

results in the expulsion of volatile products as liquids and gases,



with simultaneous condensation reactions to yield a carbon résidue.

The chemical changes in the primary carbonisation stage are
accompanied by physical changes which are of great importa.noé in
determining the structure of the resultant carbon. Carbonisation
can be subdivided into two classes: coking and charring processes.
‘The coking process as exemplified by the carbonisation of polyvinyl
chloride or cane sugar, consists of four stages: (a) fuéion,

(b) intumescence, (c) ‘solidiﬁ.c'a.t:l.on, and (d) after contraction.
In the charring process as exemplified by the carbonisation of
cellulose, true fusion does not occur; the substance may swell

and contract during the carbonisation but retains some vestige of
its original shape.

The factors which determine whether polymers undergo coking or
charring processes will be discussed late;' in_ t;_n‘.a chapter (Sgction _
. 26162,

Stage (iii) is usually called 'The Secondary Carbonisation® and
occurs at temperatures above 500°G.  In the region of 500 = 550°C
the carbonisation of substances undergoes a fundamental change.
Evolution of liquids ceases and evolution of gases (mainly hydrogen
and methane) increases sharply (6).

For the carbonisation of many materials, paramagnetic
susceptibility becomes a maximum in the region 550 = 650°C (7) and
corresponding maxima in electron spin resonance absorption have also

been reported (8, 9). The maxima in both cases are Pfollowed by a
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sharp decresse in the region 650°C - 750°C. It has also been shown
(10, 11) that above 500°C, the electrical cénductiv:lty increases
continuously until a temperature of ca.1400°C is reached. The
increases in paramagnetic susceptibility and E.S.R. absorption
indicate the production of a large: numla_er of unpaired electrons.
These are produced during the formation of the layer planes of the
graphitic microcrystals, (Chapter 1. Section 1.2). The latter are
formed from polynuclear aromatic compounds in lamellar orientation -
by homolytic elimination of aliphatic side chains. Such reactions
would produce the two effec'l;s observed in this temperature region:
(a) the sharp increase in the evolution of gases and (b) the trapping
of 0dd electrons-in the condensed ring structure where C-C bonds are
not formed to replace ruptured linkages. Resonance~stabilised free

radicals such as the following have been suggested. (12):-

The elimination of side chains from the polynuclear compounds and
the evolution of gases can be explained by reactions of the
following type (6):-

3.2.0!13 + R1oﬁ = R1.32 + ml', o (i)

Rye B + ByuH = R,.R, + H - (i)
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The proportions of gases recovered indicated that at first (550°C)
reaction (i) is dominant, whilst at higher temperatures reaction (i:l)
becomes the more important as the transition to graphitic carbon
proceeds. .

X-ray evidence from the carbonisation of coals (13) shows
that in the region 550°C = 650°C, the crystallite thickness and the.
mean aromatic layer diameter increase rapidly. This effect points
to the formation and growth of graphitic microcrystals in this
regions Thus it is clear that the fall in odd electron concentration
and increase in electrical conductivity above 650°C are due to the
increasingly graphitic nature of the carbon.

Before discussing the factors which influence the graphitisation
of ‘polymer carbons it will be necessary to discuss the factors which
influence the carbonisation process of polymers, since these in turn

influence the degree of graphitic character of the carbons,.
2.1.1.Pagtors influencing the Nature of the Carbonisation Process

depending apparently on ons or both of the following factors:=

(a) The degree of cross-linking, either in the parent material or
produced by the nature of the decomposition. A fully cross=linked
substance such as phencl~-formaldehyde resin produces a char (14); ‘

similarly, substances such as polyacrylonitrile and polyvinylidene

chloride, whose initial decompositions are known (14), to involve

extensive cross-linking, yield chars on carbonisation.



(b) The presence of oxygem in the first stage of the carbonisation
profoundly affects the subsequent carbonisation in certain cases.

In the case of polyvinyl chloride, the effect appears to be a great
increase in the degree of cross-linking, and may result in the
conversion of the carbonisation from a coking process to a charring
one. This effect has been explained (15) on the assumption that
oxygen is readily adsorbed by the active (probably free~radical)
aite‘s z;esulting from dehydroehlorinatioh, and produces cross-linking
during the first stage of decomposition, thus limiting the quantity
of material which can volatilise during the sécon’d stage. It has
been shown (16) that the presence of chlorine during the first stage
of decomposition of polyvinyl chloride also produces cross=linking
and eliminates fusion during the second stage, whilst the presence of
hydrogen has the opposite effect to oxygen and chlorine. The rate
of heating a.ffeéts the carbonisation of some polymers, for example
when the rate of heating was 6°C min 1, McEnaney and Kipling (16)
found that the temperature range over which the main decomposition
of cellulose ocourred was ca..320° - 330°c whereas foxf a rate of

i this temperature range was ca, 250° - 27o°c.'

heating of 2°C min.
Since the structure and properties of the resultant carbons
fiepend critically on the rate of heating, the atmosphere and the
rate of degasification during the carbonisation, it is clear that to
obtain reproducible carbons it is essential to have carefully

controlled conditions for carbonisation. In the present work, an



attempt has therefore been made to carefully control these factors.

J.J. Kipling and his collaborators (17) have extensively
investigated the factors which influence the graphitisation of
polymer oarboixs.

They found that the ocourrence of graphitisation is determined
by the behaviour of the carbon in the carbonisation stage, and in
some cases in the earliest stages of decomposition. A graphitising
carbon is not obtained unless fusion occurs during carbonisation;
substantial cross=linking therefore prevents graphitisaﬁ;on by
preventing fusion. For graphitisation to be possible, it is
probable that a fused state must be maintained over a range of
temperature during carbonisation. Examination of a wi..da range of
carbons by Kipling and co-workers (17) showed that fusion sometimes
ocourred prior to the fomation of a non=-grephitic carbon, but a
graphitic carbon was not prepared without the occurrence of a fusion
stage. lore recently Kipling and Shooter (18) have shown that
fusion is a necessary but not sufficient step in the formation of a
graphitising carbon. They assert that the formation of a
graphitising carbon requires the formation of polycyclic aromatic
structures at a rela.tive_ly low temperature, and fusion at a higher
temperature to permit appropriate orientation of these structures.

The occurrence of gra_.phitisétiqn is best assessed by X~ray

methods, but it is useful to make an initial assessment in terms of a



property of the carbon which is easily measured. Both helium and.
-mercury densities of :carbons have been used by Kipling and co~workers
(17) to distinguish between graphitic and non-graphitic carbons.
Generally graphitic carbons prepared with heat treatment to 2,700°C
have helium densities of over 2 g.em'_.-'J , end mercury densities of
over 1.8 g.cm, 3 » whilst non-graphitic carbons similarly prepared

have values of about 1.6 g.omfs and less than 1.5 é.cmj 3

for heliunm
and mercury densities respectively, _ .

In addition to these properties which distinguish clearly
between graphitising and non~graphitising carbons, other physical
properties which can be used in¢clude E.S.R. and magnetic
susceptibility (19), densities in various fluids and polarised light
microscopy. Blayden and Westcott (19) examined a number of carbons
using polarised light microscopy. Their results show that
non-graphitising carbons, whether prepared at high or low temperatures
are opti:ca.lly isotropic when viewedvthrough “crossed Nicols"“.
Graphitising carbons however .show distinct Siitloal a.nisotrof:y which
is associated with striations in the carbon which appear to be the

result of flow of the material during carbonisation.

2.143.Zhe_ocarbonisation of (a) Cellulose, (b) Cellulose Triacebste and
(¢) Polyacenaphthyiene ' B
(a) Examination of the carbon, produced by the thermal decomposition
of cellulose in nitrogen, has clearly indicated (20) that the

carbonisation is a cherring process. Urbanski and co-workers (21)



and more recently Tang and Bacon. (22) have followed the decomposition
of cellulose, using infra-red absorption spectra to characterise the
nature of the residue at various stages of the carbonisa.tion.

Cobb (23) has analysed the gaseous prpducts' of the decomposition over
the temféz‘a.ture range 3oo°c ~ 1000°C,  Their results may be
summarised.as follows. Below 30600,. small amounts of watér and
carbon dioxide are liberated. The main decomposition commanc-es at
about 300°C and 90% of the weight loss (mainly aromatic tars)

occurs over the t'er;zperature. range 30006_ to I;.OOOC. The main
decomposition can be formally represented as a depqd.ration process,
but the spectral evidence shows the process to be an aromatisation
of the aliphatic structure. Between 330°C and 575°C, the aromatic
ring systems.condense to form larger sjstems with evolution of
carbon monoxide, methane and other hydrocarbons. At temperatures
above 5_000'0, hydrogen is evolved in increasing quantities up to -

. 800°c, whence the decomposition is complete.

(b) The chemioal differences between the thermal decomposition

of cellulose and cellulose tria.ce_ta.te are much less marked than the
physicbl changes which accompany them. The products of the
decomposition of both polymers are similar. The main decomposition
of cellulose triacetate also starts at about 30000, i)ut in contrast
. to the decomposition of cellulose, is accompanied by fusion and

bubble formation (18),

(c) Brazier (24) has investigated the thermal decomposition of



polyacenaphthylene. The thermogravimetric curve for the
decomposition of polyacenaphthylene shows it to involve two

stages which overlap each other slightly. The carbon produced
at 700°C is a coke, hence the carbonisation process involves -
fusion. The main decomposition commences at about 370°C and in
the early stages the decomposing polymer remains solidifiéd. As
the decomposition proceeds, fusion occurs and a darkening red
liquid is formed. This stage results mainly in ‘the liberation
'of acenaphthylene due to chain s/ission reactions, other hydrocarbons
liberated include fluorocyclene and decacyclene, by
cyclodehydrogenation reactionss At 45006 the second stage begins
and results in further loss of hydrocarbons such as acenaphthene.
During the second stage bubble formation occurs and the state of
the decomposing polymer changes from a black "liquid to a solid,
Liberation of hydrogen and methane also occurs in the second stage
of the decomposition, hydrogen continues to be evolved until a

temperature of ca.900°C is reached.

The experimental details of the preparation and characterisation
of the polymers is given in Appendix I. The polymers were
carbonised in a modified Stanton Thermobalance, full experimental
details of the procedure for ca.rbonis.ation are given in
Appendix II.



(Figse2:1 to 2.3) resemble those reported in earlier studies
(1#,18,2&9, except that for small starting weights of polymers
(ca, 0.1g) the carbon yields were much lower than previously
reported (Table 2.1). It was found that for larger starting -
weights of polymers (ca.2g.) carbon yields increased to about

the valuea'quoted in the earlier work. Table 2.1 illustrates

the variation of carbon yleld at 900°C with starting weight of the
three polymers, The carbon yields were in all. cases reproducible
within experimental error.

Electron spin resonance measurements of free spin
concentrations in carbons affords an alternative and possibly
more sensitive means of testing the reproducibility of carbons than
measurements of carbon yields. It has already been mentioned
(Section 2,1.1.) that maximum concentrations of unpaired electrons
during carbonisation océur in the temperature range 550 - 700°C..
Hence the technique is of little value in testing the carbons
prepared with heat treatment to ca.900°c, since the concentration
of unpaired electrons is too low to be-measured in such cases.
However, 1f the carbonisations are stopped in the temperature
range 550°c - 700°C when free-spin concentration is a maximum, a

measure of the reproducibility of the carbons is possible.
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The following‘p;ocedure was used to obtain E.B.R. spectra of
samples. The polymers were carbonised in the gormal manner
(Appendix II) but the decompositions were stopped at 650°C and the
samples were left in the furnace to cool in an atmosphere of
nitrOgen; At room temperature they were withdrawﬁ and. outggssed
at 200°C and 1077 em.Hg, they were then examined in an E.S.R.
spectrometer; |

Within the limits of experimental error, three samples of
cellulose caerbon were found to have the same concentration of
unpaired electrons, Similar results wére obtained for samples
of cellulose triacetate and poiyacenaphthyieqe carbons.

2.3. Discussion of the Results obtainéd from Carbonisation Studies

2.3.1.Carbon Yields and E.S$.R. Data

The reproducibility of carbon yields obtained from a given
weight of polymer (Table 2.1.) for all three polymers is strong
evidence for the reproducibility of the carbonisation process.
This conclusion is supported by the E.S.R. data. (Section 2.2.2.)

‘The differences in carbon yields previously reporte@ by
different workers may be due in part to differences in-starting-
weight of polyﬁer. The higher yields obtained for iarge weights
of polymer must be due to relatively -involatile products of
carbonisation being trapped in the carbon matrix due to the increased
bulk of cafbon. Evidence in support of this conclﬁsion is given by
Brazier (24), who found that the yield of polyacenaphthylene carbo£

decreased considerally when the decomposition was carried out



in vacuum. He found that under these conditions, cerbonisation
products such as decacyclene and fluorocyclene could escape easily,
whilst at atmospheric pressure they tezidgd to condense in the
strupture of the carbon thus increasing the carbon yield.

The maxima found in the E.S.R. spectra of the three polymer
carbons at 650°C agree with Ingram's findings (25). Jackson (26)
has found E.S.R. measurements of carbons to vary sensitively with
their structure; he asserts (27) that such measurements give an
extremely sensitive means of comparing the reproducibility of the

carbonisation procedure used to prepare each carbon.

" Recent developments 'in non-isothermal kinetic analysia of
| thermogravimetric data provide a fu?ther means of characterising
carbonisation processes since the significance of the thermogravimetri
curve can be assessed in terms of experimental kinetic parameters.
A nunmber of workers have devised different methods of analysing
thermogravimetric data of pyrolitic reactions, in order to obtain
the kinetic parsmeters of the pyrolyses. (28, 29, 30, 31.)

In some cases pyrolysis occurs through a multi-stage mechanism,
where the temperature ranges overlap, resulting i:_z irregular
thermograms that are difficult to analyse. In many cases, however,
including the decomposition of many polymers, the trace follows an
approximately sigmoidal pattern, i.e. the sample weight drops slowly

at first,- then drops precipitously over a narrow temperature range



end Pinglly drops slowly until the resction is complete.

Some of the methods devised to obtain kinetic parameters of
pyrolyses have requir_ed graphical différenﬁation of the thermograms
(eg.28). This procedure is cumbersome and subject to 1arge- errors
when the curves are highly precipitous as they usually are.

Integral methods, (29, 30), require a curve fitting procedure to
obtain the integrals and .a.re not easy to apply. More recently,
approximate methods of integrating the rate expressions of the
pyrolyses have been employed by Horowitz and Metzger (31) and Coats
and Redfern (32). The two methods are similar, differing only in
choice of approximation to the integral. * It is proposed to discuss:
in detail the method of Horowitsz and Metzger and subsequently to
apply the method to the decomposition of the three polymers
investigated in the present work. |
I oL is the fraction of reactant which has decomposed after a
" time t, then the equation connecting the fraction of reactant
remaining (1 =) after a time ¢ with the rate of the reaction at
a given temperature is given by:~-

_ a1 =) = k(1 =ol)® - Equation 2.1.

where n is the order of reaction for the pyrolysis, and k is the
rate constant for the reaction.

The variation of k with temperature T may be expressed as a

N
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. function of the activation energy of the reaction by the

Arrhenius Equation: k = A ¢ ~Fo/RT

- Equation 2.2, where A is
the pre-exponential factor and Ea is the activation' energy. . If
the rate of rise of temperature q i's defined as dT fat then
substituting in Eéuations 2,1, and 2,2, for k-and dt, gives:

a1 o) = &a o BT ar - Equation 2.3.

(1 =)

In order to integrate Equation 2.3. Horowitz and Metzger have
qsed the fact that near the ‘l';emperatur.e, Tm’ at which the rate of
decomposition is a maximum, the following equélity is reasonably valid

e -Ea./_ BT | o B - ¥/T)ART ere0=1- T = Equation

2.4.

Integration of Equation 2.3. when n £ 1 gives:~-
1n -‘I--ﬁ'-o()"”-n' = E‘a'T - Ea'“ + 1lnB ~ Equation

= -2 2.5.
1=n R RT
. m

where B = A/q. e -Ea./RTm. R'J.'f/Ea .=  Equation 2.6.

By considering the condition for the reaction rate to be a
maximum (i.e. a? ('1 -e"OL)/dtz = 0) it can be shown that:-

nB = (1 -d-‘)m 1=-n . =  Equation 2.7.

where (1 -o)_ is the value of (1 ~ol) at T. IfT=T then

. substituting for B from Equation 2.7., in Equa.tiqn 2.5. shows that
when n £ 1, B= 1, ‘

Integration of Equation 2.3. when n = 1 yields:-



1n 1n 1 = BT - B3 © 4+ 1nB - Equation
(1-)  pp 2 RT - 28
) o m .

From Equation 2.7. when n = 1, B = 1, hence 1n B in Equations 245.
and 2,8, disappears. Weenn =1, aplotof Inln 1

(1 -)
ageinst T should give a straight line whose slope is related to
E the energy of activation of the reaction. The reaction order
n, when n £ 1, can be estimated from the value of (1 -o()m using
Equation 2,7, Horowitz and Metzger vhaye. tabulated values of
(4 -o()m-for common reaction orders (33).

Values of 1n 1n 1/ (1 =) were plotted against corresponding
values of temperature, T°K, for the decomposition of the three
polymers used in the present investigations (Figs. 2.4. to 2.6.).
For polyacena.phthy'lehe (Fig. 2.6.) the analysis was applied to the
first stage of the decompositi&n only... _ -The termination of this
stage was estimated by a method suééested by Smith (34). The results
have been obtail;zed using a value of n = 4, and 1-:he plots (Figs.2.4.
to 2.6.) are linear for values of ok from 6. to 0.9.

The thermograms obtained for the decomposition of the polymers
(Figs. 2.1. to 2.3.) involved precipitous weight losses and made the
estimation of the velue of (1 ~X) at the maximum rate of
decomposition of a polymer, (4 -Ot)m, difficult. In each case,

" however,. (1 -o()mmwas estimated to be ca. 0.35 and hence using
Equation 2.,8. n = {. Since plots of 1n 1n 1/ (1 -&K) against T°K

(Figs. 2.4. to 2.6.) were straight lines the choice of n = 1 appears
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-to be justii;ied., From the's-]_.gpes-of Figs. 2.4. to 2.6. the
activation energy Ea for each.decomposition was calculatéd and
corresponding 'I'm. values were o,btéi-ne‘d from the intercepts on
the temperature axié. These’valueé are tabulatéd in

Table 2.,2.



The extremely repid first stage of the decomposition of
polyacenaphthylene is reflected in the unrealistically high value
of 225 k.ca,l.mole.-1 obtained for the activation energy of Fhe
decomposition. The values of 57 and 36 k.cal.mole,-1 obtained for
the activation energies of the relatively slow decompositions of
cellulose and cellulose triacetate are of the same order of magnitude
as those obtained for various polymers by Medorsky (35) and are in
marked contrast to the value obtained for polyacenaphthylene.

The unreelistically high value obtained for the activation energy
of the decoﬁposition of polyacenaphthylene is almost certainly due to
a mass transport effect. In support of this explanstion, th .
Krevelén and co~workers have shown (36) that in the degasification of
coals, some of the metaplast escapes from the reaction system because
it is carried along a2s a tar mist by the escaping gases. The effect
is to give spuriously high activation-energies. Van.Krevelen has
also asserted (37) that as the rate of heating is increased then mass
transport becomes more important. It seems likely therefore that
using the present rate of heating, (ca 4°C min~1) tars produced in
the decomposition of polyacenaphthylene are removed along with the
escaping gases. In the Horowitz and Metzger method of non-isothemml
kinetic analysis the activation energy Ea is assumed to be independent
of the rate of heating q. In view of the results obtained in the
present work for polyacenaphthylene, it would appear that if mass

transport contributes to the weight loss accompanying the decamposition
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of a polymer the value of Ba so obtained may depend on q. In such
cases care must be taken in employing the Horowitz and Metsger method

The optical micéégraphs of the three unactivated carbons
(Figs.2.7. to 2.9.) clearly illustrate tile differences between them.
These show that a pellet of unactivated cellulose carbon has e.n outer
surface pitted with holes about a micron across, which presumably are
large macro-pores. Cellulose triacetate carbon on the other hand
has an extremely clean surface, one or two large blow holes being
the only notable feature. )

Unactivated polyacenaphthylene carbon in contrast to the
non=graphitic cellulose and cellulose triacetate carbons has a surfac:
typical of a graphitic caijon with flow patterns and striations
characteristic of an optically anisotropic material. -

As might be expected from Blayden's- and Westcott®s findings
(Section 2,1.2.), polyacenaphthylene carbon being graphitic displayed
birefringence on examination with polarised light,

.Brookes and Taylor (38) have recently studied the formation of
graphitising carbons from the liquid phase with the aid of electron
and optical microscopy. '.l"hey' assert that the formation of
graphitising low=temperature carbons by solidification from a liquid
Phase proceeds via the separation of a mesophase having properties

| similar to those of liquid crystals. Initially the mesophase, '

consisting of planar aromatic compounds of high molecular weight,



- 26 -

separates from the isotropic liquid as spherical droplets having a
considerable degree of molecular order, wi}h the aromatic sheets
stacked in parallel array. As the tempef;ture rises, the spheres
coalesce and extended regions of unifdrm orientation are formed

until on solidification a semi-cq;é is formed. It is the lamellar
.arrangement of the molecules in ;hese regions of uniform orientation
that_favours the formation of a graphitic carbon at high temperatures
Hence when isolated spheres are heated to graphitising temperatures,
Brooks and Taylor have observed (38) that contraction of-the spheres
occurs in the direction perpendicular to the preferred orientation.
The bodies become elliptical in section and each is converted to a
mass of small graphite crystals. They have concluded froh these
studies that the spheres consist of polynuclear aromatic molecules of
the order of tens of aromatic rings in average size., The molecules
appear to have local stacking symmetry only and no general three=-
dimensional order. The orientation of the structure so formed varies
regularly through the sphere from lamellar at the centre to radial

at the surface, 'This structure is therefore due to two major factors:
(i) the overall spherical shape is a result of surface tensien forces,
and (ii) the presence of large planar molecules and their tendency to

rack together changes their orientation from radial at the surface of
the spheres to lamellar in the interior.

.It is clear that the three polymers give rise to very different

carbons on thermal degradation. Cellulose does not fuse and forms a
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non-graphitic carbon; cellulose triacetate fuses but does not form

a graphitic carbon; polyacenaphthylene .fuses and forns a graphitic
carbons The reason that cellulose triacetate fjuses but does not
form a- graphitic carbon is due to the fact that the fusion occurs at
too low a temperature for the necessery orientation to take place (18
Hence the nature of the carbonisation process is also char;cteristio
and reproducible for each polymer. In Chapter 5 it will be shown
how the different natures of each carbon affect the development of

porosity when the carbons are activated with carbon dioxide.
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4

App,ro:ci.mate-

Polymer Carbon gield Reference
Starting Weight at 950 C.
AU ¢ N (-
Cellulose 0.15 19 + 142 .
0.7 174 + 0.5 »
140 23,5 (14)
2,0 20.5 > 0.5 he
Cellulose 0.08 11.8 + 1.2 *
Triacetate 2 14.8 + 0.5 e
1 16 (14)
Polyacenaphthylene 0.08 134 ; 1.2 .
2 3640 + 0.5 *
1 32,5 (1)

.......

% denotes present work.



* Polymer - ™o (°K) Ea(k.cal mole )

Cellulose . 603 " 57 % 5
Cellulose 639 36 :: 5
Triacetate

Polyacenaphthylene 659 225 ; 20

Rate of heating '= 4°C.min "1



The Rates of Activation of the Carbons by Carbon Dioxide

Se1

Introduction

In this chapter previous work on the reaction of carbon
with carbon dioxide is reviewed and the results obtained in the
present work are presented and discussed.

Although it is not the principal purpose of the present work
to contribute to the elucidation of the m'echq:_xiam of the carbon-
carbon dioxide reaction, a clear understanding of the factors which
govern the rate of this reaction is necessary, if a correlation
between the rates of actiya.tion and the development of porosity of
the carbons is to be attempteds It will be useful, therefore, to
discuss at length, the thermodynamic, chemical, and physical factors
which affect the rate of the carbon=carbon dioxide reaction; these
bave been comprehensively reviewed by Walker and his co-workers. t59)

| Te reaction between carbon and carbon dioxide, C + C0,= 2 O,
is endothermic and the heat of reaction, AH is + 40.79 k.cal. at
18°C and 1 atmosphere, the carbon being § grapi:ite. Longp for the
reaction has values of 1..08 and. 1.76 respectively at temperatures of
1100°K and 1200°K and at 1 atmosphere pressure., Hence at these

temperatures the forward reaction is regarded-as unrestricted
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by equilibrium considerations.
. 3m1.3,The Mechanisﬁ of'the Carbon-Carbon Dioxidé Reaction

In this section tﬂe factors influencing the rat? of reaction
when it is controlled by the chemical reaction of the surface of
the carbon, are considered. The role of mass transport will be
considered in Section 3.2.

-A large amount of evidence has been accumulated which shows that
one of the steps involved in any gas~carbon reaction is the
chemisorption (in whole or in part) of the gas on the surface of
the carbon. It is also known that some.of the products of the
reactions are chemisorbed under certain conditions. vHence the first
step in the reaction between carbon and cerbon dioxide is postulated
to be the chemisorption of a molecule of carbon dioxide on the
carbon surface, .

(1) 2c, + co, _—y c{ + c(coz)

where cf repregsents a free parbon site, and c(coz) represents a
chemisorbéd molecule of carbon dioxide. It is generally agreed that
chemisorption taekes place on a_relatively-small fraction of the total
surface of the carbon.

As early as 1915 Langmuir (40) 'pointed out that the stoichio=
metric fepresentationfof the carbon-carbon dioxide reaction:

C+ 602% 2C0; was not true mechanistically, and at 950°C, what
happened was more accurately represented by the following

equation:~ C + CO, = cCo0+ c(0),
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where C(0) represents a chemisorbed oxygen atom.

Gadsby and .co-workers (41) in 1948 and subsequently other
workers, (42, 43,) have agreed that the experimental data of the
carboﬁ-oarbon dioxide reaction fit an equation of the following form:-

R

1+ kzpco'-O- % P'coz

Rate = = Equation 3.1.

where PCO- . and B, are the partial pressures of carbon dioxide and
2
carbon monoxide, and the constants k‘1. k2 and k3 are functions of
one or more rate constants. The following steps have been
postulated for the reactioni=
(i) cf + 002 (8) — 0(002)

(u)_ Cp + c(coz) —  €(0) + c(co) 4

<
(1id) Cp + €(0) = c(co),
(iv) c¢(co) A = co(g) + Cp
(v) C(CO)B -<—__—__—\ co(g) + Co
(vi) co(g) +¢c, —= ¢(c0),

where C., c(0), and C(COZ) are as previously described and C(CO)
represents a chemisorbed molecule of carbon monoxide,

To obtain Equation 3.1. from this mechanism it is necessary that
some of the steps (i) to (vi) occur at a negligible or extremely fast
rate. It has been observed (42) that carbon monoxide ges is an -
ix.mnediate. product of the chemisorption of carbon dioxide on carbon

and that step (i) is not immediately reversitle, i.e, adsorbed carbon
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dioxide does not immediately desorb. It may be assumed
consequently that the lives of the species 0(602) and C(C0) , are
short, and the number of steps reduces to four,
(vii) Cp + co,(e) - = c(o) + co(g)
(4ii) Cp + c(0)
(v) c(co)y

(vi) co(g) + Cp = c(co)c.

€0(g) + Co

= C(co)B
§=$

There is a further possibility that reaction (iii) may be slow (Case °
or fast, (Case é.)- in comparison with reaction (v). The rate
expression to be derived will be the same in each'ease, however, the
interpretation of the rate constant J, in Equation 3.2. will be

3
different. In Case 1. J, represents the rate constant for the

3

sﬁrface rearrangement, of reacf;ion (iii); 4in Case 2. J3 represents
the rate constant for the desorption of (CO)B', reaction (v)e The
experimental evidence at the moment is insufficient to decide whether
Case 1.or 2, holds, in fact it may be that both hold, but in different
temperature ranges. Assuming that Case 4. holds, the number of
steps can now be reduced to three:-—

(vii) Cp + 002(3) S N c(0) + co(g)

(vis1)  o(0) = oofe)

(vi) co(e) + G, =  c(co),

Equafion 3.1.“ can now-be shown to be consistent with at least two
pechanisms where carbon monoxide retards the gasification reaction.

Mechanism A applies when the rates of back reactions (vii) and (viii)



are negligible.

Mechanism A
(vii) ¢, + C0,(g) —;—1—) c(0) + co(g)
(vii1)  c(o) —{}_) co(g)
(vi)  co(s) + ¢, _&\—':—L' c(c0),

where :11 ’ JS’ :I.é, and Jz are the rate constants for these reactions.
In the steady state the rates of formation and removal of surface
complexes. aré assumed equal. If O’ .and 02 are the fractions of
the activle surface area covered by '-o-:vgen atoms and carbon monoxide
molecules, respectively, then the rela.five mamber of active free
carbon sites (cf) can be expressed as (1 - O;‘ - 02). Hence by
equating the rates of formation and removal of C(0) and c(co)c, and

eliminating 02, the following expression for the rate is obtained:w

Rate = .'l’3 01 = ..5.1.._P’co.2._ ............. = Equation 3.2.

144 P.,.+1 P
2/-.12 co 1/.;13 co,

which is identicel to Equation 3.1, if i, = k, and i

1 1 2/3,
i, ,. .
Ve, =5 . -
Nechanism B applies when the rate of back reaction (viii) is

=k2.'a.nd

negligible and (vi) does not take place to any extent.
Mechanism B
- i

(vid) ¢, + Co(8) T c(0) + co(e)

1
i) o) T T co@)
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Equating the .rates of formation and removal of c(0), and letting @, b

the fraction of the surface covered with oxygen atoms,

Rate = J301 = i1 ?&:02 - ... . .... = Equation 3.3.

> . P
'+ 31/45 Foo * Ye/55 oo,

which is again identical to Equation 3e1. .if 1, =k, J /'3'3 =k,
and |1 /53 = le. |

Mechanisms A and B both state that carbon monoxide retards the
gasification of carbon by carbon‘ dioxide, by decreasing the number
of surface oxygen atoms in the steady state. In Mechanisam 4, 8,
is reduced by chemisorption of carbon monoxide molecules by a fractior
of the active sites. In hiechanism B, 01 is decreased by the
reac‘l;ipn of gaseous c_arﬁbn, monoxide with chemisorbed oxygen atoms.

L 'Gadsby and co-workers (41) support ?Ifechanisﬁ A with evidence

from chemisorption experiments and measurements of activation energy,
whilst Reif (42) disputes the interpretation by Gadsby and co-workers
of their results for the chemisorption experiments and supports
mechanism Bs Reif however does ;dmit the possibility that both
retardation mechanisms hold but under different conditions of
temperature and pressure. |

Ergun's results (43) support mechanism B, Usii)g_ three types'
of carbon of different graphitic character, having varying mineial

content, (and, although not reported, were most probably of varying
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surface area) he found that the equilibrium constant K for the
reaction C, + 002(5) =0(0) + C0(g) was independent of the carbon
used and that the reaction ha’.d- an a'verage value for AH over the _
temp'erature-.rimge of 800 = 1400°C, of + 23 k. caJ.::mole-z Ergun
thus thinks that the equilibrium has an effect on‘ the rate of
gasification. Strickland-Constable (44) supports mechanism B; he
found (45) that the rate of adsorption of carbon monoxide on carbon
was too low to account for the retardation.
A number of workers have useéd radioactive carbon, c"*, as a

tracer to study o:iygen and carbon exchange reactions occurring during
the gasification of carbon with carbon dioxide, Bonner and
Turkevich (46) have found that the for;ward reaction (vii) is rapid
on charcoal at temperatures of about 80000 and a pressure of a quartex
o.f an atmosphere. They also found that reaction (viii) was slow and
unidirectional, since there was no detectable transfer of activity to
a charcoal surface left in contact with radiocactive carbon monoxide -
for some time, However, they did find evidence that a small amount
of carbon from radiocactive mrbon dioxide was transferred to the
charcoal surface. Brown (47) has suggested that in the case of sugar
carbon, the exchange with carbon from radioactive carbon dioxide,
occurs immediately the- radicactive carbon dioxide molecule hits the
carbon surface, and the oxygen afomb depart:with two new carbon atoms,

Greenhalgh and co-workers (48) l;ave recently claimed to have

shown that the general mechanism of the carbon-carbon dioxide reaction
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as previously discussed in this chapter is oversimplified. If
retardation of the rate of resction by carbon monoxide gas does not

occur then.Equation 3e1e reduces to:=-

Rate = ki By | = Bgation 3.k
1+k, P
3 .002

which hds the form of the Langmuir Isotherm Equation. Hence at high
pressures of 63.rbon dioxide, the rate should be independent of the .
pressure. Greenhalgh and co-workers, studying the activation of
polyvinyl chloride and polyvinylidene chloride carboms by carbon
dioxide, have found a diffefent .pressure dependence to that predicted
-by Equation 3.4« They studied the reactions in the pressure range
1 - 12 cm.Hg, and in the temperature range 750 - 850°C, The amount o
burn-out of the carbons was very small in order to prevent the
formation of a significantly large amount of carbon monoxide gas which
would thus retard the reaction.

-In order to interpret the pressure dependence of their results,
Greenhalgh and co-workers have devised a mechanism for the reaction
which involves two ﬁpes of reactive site, A and B, At type A sites

the following reactions are postulated to occur:=
k

co, + C_, = c_ (co,)
¢, (co,) + co, 1!2a C, . 1(002) + 2 Co (g)

where C nf represents n free carbon sites capable of reaction, and
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A\,
\

from which the rate is given by:-

Rate = k‘l' ‘ l‘2 T 00'2‘ " = Equation 3.5.
X
A 7
Ey Foot 4
vwhere XA is the concentration of type A sites.
At type B sites, the following reactions are postulated to occur:
T
co, + C ; cn(coz)
k
c,(co,) 3 c,(0) + co(g)
k;
¢, (0) e co(g) + G,

and the rate is given by:- »
k k k .
Rate = xB 1 k3 4 0O,

k, '(11:3 + 'k&_) Pcdz + kj klF

= Equation 3.6.

where XB is the concentration of type-B sites. ' Greenhalgh and
co~workers have concluded that the reactive sites in the non-
graphitising polyvinylidene carbon are predominantly of type A and
hence the rate of activation of this carbon has the simple pressure
dependence given by Equation 3.5 For the graphitising polyvinyl
chloride carbon they have concluded that the concentrations of
tyre A -and type B sites are approximately equal and _the reaction rate
‘has tﬁe more complicated pressure dependence of the rate equation
obtained by the addition of Equations 3.5. and 3.6.

This reaction mechanism postulates that chemisorption of carbon

dioxide is a relatively slow step in the reaction, in contrast to the



mechanisms derived by Gedsby and earlier workérs, in which the

life time of surface carbon dioxide complexes were assumed to be
extremely short. Greenhalgh and co-workers assert that the

evidence against the existence of chemisorption of carbon dioxide

at temperatures above 600°C is mak, and claim to have shown in
unpublished work that desorption of carbon dioxide from carbon
surfaces is-possible at temperatures in excess of 1ooo°c. In
conclusion, Greenhalgh and co-workers claim that the results of other

workers, including Gadsbycan be explained in terms of their mechanism

Héﬁérdgeneous reaction rates involving a porous solid and a gas
may be controlled by one or more of three main steps:
Step (i) Mass transport of the reacting ges and produgts'aeross a
relatively stagnant layer of gas between the exterior surface of the
80lid and the main gas strean,
.Step (1i) Mass transport of the reacting gas from the exterior
surface to an active site beneath the surface and mass transport of
the products in thé opposite direotion.
Step (iii) Chemisorption of the reactant, wholly or in part; a
rearré.ngemeht of the chemisorped species on the surface to a
desorbable product(s); and desorption qf the product or products from
the surface, Ideally the variation of reaction rate with temperature

can be divided into three main gones, as shown in Fig.3.1. as
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discussed by Wicke and co-workers (9, 50, 51.).

In the low-tempefatdre zone, i.e. Zone i, the reaction rate is
controlled solely by the chemical reactivity of the solid (step iii).
The measured activation energy Ea has been called the "true"

activation energy E_ of the reaction by Wicke and his co-workers.

t
The utilisation efficienqy factor‘\ of the reaction is defined as

the ratio of the experimental reaction rate to the rate which would
be found if the gas concentration was uniform throughout the solid;
this is almost unity in Zone I.

In the intermediate temperature zone, i.e. Zone II, the
concentration of the reactant gas falls to zero within the soliag,
at some distagce from the centre of the solid. The reaction rate is
controlled jointly by steps (ii) and (iii). Tt has-been shown (52)
that in this zone the activation _energy is one-half of the "true" :
activation energy, as defined by Wicke and’l is less then one-half.

In the high témpgrature zone, i.e. Zoﬁe iII, the concentration
of reactant gas goes to a sméil value at the exterior surface of the
solid. (This does not mean that reaction penetration into the porous
car$0n is necessarily zero,) The reacpion rate is controlled by
step (1). ;ncre;se in temperature affects the resction rate by .
determining how much additional reactant can reach the exterior
surface per unit time. Since bulk transport processes have low

activation energies, the apparent activation energies in Zone III are

low, usually less than idk.cal.mole.-1;'\ is very much less than one.
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In practice the ideal conditions of steps (i) and (iii) may not
" hold and the simplified picturg of Pig. 3.1. may not be correct, as
the following eiamples show:i

(1) The reactant concentration gradient across the relatively
stagnant gas film between the exterior surface of the solid and the
main gas B#reap, can vary considerably from zero before tﬁe reactant
concentration goes fo gero in thé solid. This has the effect of
removing Zone II ané results in e longer transition from Zone I to
III, This situation is most likely to occur at low flow rates and
with small'ééfticle sized samples, where the external surface area-to
volume ratio'becomes large and the possibility of the reactant
concentration going to. zero in the particle becomes less.

(ii) The rate controlling part of step (iii) (the chemical step) can
change with increasing temperature;'hence in Zone II the contribution
to the measured activation energy by the chemical step in the reactior
may also have changed. In such a case the measured activation energy
will correspond to one-half the activation energy of the chemical
step in this 2Zone, and not one-half the activation energy of the
chemical step in Zone I, |

(1i1)In Zone I, the cégcentration of products within the porous

sglid is pnegligible and reaction retardation is likewise negligible.
In Zone ITI the concentration of products within the solid becones
compargble with that of the reactant and reaction retardation may

occur to a significant degree. {Chapter 3. Section 3.6.2.) 1If
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r-.eta.rdation of the reaction occurs then the_ activation energy of
the chemical step in the reaction becomes a complex mixture of
activation energies for different rate constants which refer to the
different processes in the chemical step of the reaction,
3.2.2.Rates of Resctlon in Fones IT and IIL
" It has been shown '(53) that the rate of reaction in Zone II

i.e., the diffusion and chemicelly controlled gone is given by:~

cR(m + 1)/, K - Equation 3.7.

dw fat K,
where dw fat is the rate of the reaction per unit area of exterior
surface, Dh is the reactant gas concentration at the.exterior surfac
of the sample, Kv is the specific rate constant per.unit volune,

m is the order of reaction, and Deff is the ef‘fec.tive diffusion
coefficient of the reactant gas through the sample. The derivation
of Bquation 3.7. requires certain assumptions. It assumes that all
the pore surf_ace area at a given penetration corresponding to a gas
concentration CR is available for reaction at concentration cR.
Statistically it is assumed that the ges concentration at any depth
of penetration iﬁto the sample is constant over the sample, that is
the profile of gas concentration is the same in each series of pores
reaching the centre of the sample. This will be true if the pores
are interconnected at short distances. It is also assumed that the
coefficient of diffusion remains constant throughout all pores, and
ﬁnally that the surface area available for reaction and the over-all

reaction rate remain constant over a considerable range of burn-out.
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Both. Wicke and Walker (49, 54.) have produced evidence which st'zpportx
this last assumption.

Due to the absence of data concerning the gas concentration for
a given penetration of the sample, Equation 3.7. has not been used ir
the present work,.

It has been shown (39) that the rate of reaction in Zone IIT is

given bys=-
a'/dt = Cs DFREE Ll Equa.tion 5080
g

where cg- is the concentration of the gas stream flowing over the
sample end Do is the diffusion coefficient of the gas through the
stagnant film of gas, which covers the external surface of the carbon,
the stagnant film having a thickness S. It can be seen that the
reaction rate' is first order with respect to the concentration of the
gas stream. Day (55) has confirmed this conclusion for the earbon-
oxygen reaction. He also confirms that the temperature dependence
of the reaction rate is very small in Zone III, The activation
energy reported by Day for the carbon-oxygen reaction in Zone III is
about 8 k.cal.molef'

.................

3.3.1.Introduetion

At prééent there is no clear understanding of why a given carbon
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reécts at a particuler rate with a given gas under a fixed set of
operating conditions. In this section the possible effects of
crystallite orientation and size, surface area and preheat treatment

are briefly discussed.

varying degrees of surface heterogeneity depending upon the size and
orientation of the crystallites. The two main orientation of
crystallites in the carbon surface to be considered arel

(i) crystallites with their basal planes parailel to the surface;
(11) erystallites with their basal planes perpendicular to the
surface.

Grisdale (56) has found that the rate of oxidation of carbon
crystallites is about 17 times faster in the direction parallel to
the basel planes (along their edges) than perpendicular to them.
Hence for a graphitic carbon in which the majority of the crystallit;t
have their basal planes parallel to the surface of the carbon, the
reactivity would be expected to be less than that of a non-graphitic
carbon where a large number of the basél planes are perpendicular
to the surface. Smith and Polley (57) have indeed found that the
specific reactivity of a carbon is at a minimum when itg sugface
contains a maximum number of crystallites with their basal planes

parallel to the surface.

Walker et AL (58) heve confirmed Smith's and Polley's findings
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from their investigations of the reactivity of graphitised carbon
plates to carbon dioxide, = Armington (59) has concluded from
experiments using non—poroﬁs carbon blacks, that the speci}ic
reactivity of carbons increases as the crystallite sigze increases.
These findings will be further considered in relation to the
present work (Sectioq 3.2.1.'ana Chapter 5. .Section 5.2.), when
the reactivity of the gréphitic polyacenaphthylene carbsn is
compared to thaf of the non-graphitic cellulose and cellulose

triacetate carbons.

2e3¢3.The Effect of Heat Treathent of Carbons on their subsequent

Reactivity to Gases

If heat ?reatment of a carbon produces an increase in
graphitisation of the carbon then genérally the reactivity of the
carbon decreases due to the effécts described in Section‘3.3.2.
;Héwever, if heat treatment in addition to graphitising the carbon,
increases the crystallite size, then it is possible that the
reactivity will increase rather than decrease as Walker and Nichols
(60) have found. |

Gregg and Tyson (61) have studied the oxidation of carbons, pfe-
pared—from petroleum coke and pitch and with heat treétment to various
temperatures in the range 1000°C to 3000°C. Using a partial preésure

.of oxygen of 0.1, they ﬁeasured_the rates of oxidation Qf these
cerbons in the temperafure range SOOQC - 560°C, and obtained activa-

tion energies for each carbon. They found that as the temperature of
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preparation of the carbons inecreased from 1000°¢ to 300000, the
activation energy increased from 44 k.cal.mole.-1 to a meximum of
ca. 65 k.c:al.mole."1 for thecarbon prefared at 1500°C, and then
decreased again to ca.llh k.cal.mle..-1 for the carbon prepared at
3000°C.

They have concluded that as the temperature of preparation of
the carbons increases, the increasing graphitic character of the
carbons tends to reduce the measured activation energy. They have
also concluded that in competition with this effect, is the decrease
of porosity of the carbons which occurs on increasing the temperature
of preparation, and which would tend to iﬁcrease the activation energg
However, they have suggested that an alternative explanation for
these findings is that for the carbons prepared to 1500°C, oxidation
in the temperature range 500°C to 560°C is in Zone II of the Wicke
classification, whilst for the carbons prepared above 1500°C,
oxidation in the same temperature range is in Zone I of the Wicke
classification.

Bl gggggx of the Eggerlmental Kinetic Parameters obtained for the

Carbon=Carbon D10x1de Reaction in Prev1ous Studles

3J.10 Reaction Orders (39)
When the rate of a gas-carbon reaction is entirely chemically
controlled, i.e. Zone I, then a relatively simple discussion of order
is possible. The rate of the carbon-carbon dioxide reaction

(expressed as loss of wt. of carbon) can be assumed®o be determined by

*. Case 1 on page 33, neglecting retardation by carbon monoxide.
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the rate of surface'rearrangqment of the C(O) complex to a rapidly
desorbable product. If the fraction of surface area coyered by thé
complex is Q,.the reaction rate is proportional to the product of
© and a rate constant. A¢ a given temperature the reaction ofder
éepends upén the relationship between the change in @ with'the
changé in pressure of the reacting gas. If 6 tends to one.
throughout & range of pressure change then the reaction will be zero
order with respedt to carbon dioxide pressure. On the.other hand
if 6 is small, the change in 9 ﬁill be directly proportionél to
the change in pressure, agd the reacfion-will be first order. At
intermediate values of 8, the reaction order will vary from zero to
one. The value of 8 is a function ofvfhe magnitude of the individual
rate constants for the formation of the surface complex and its
conversioﬁ to a desorbable product and the pressure of carbon dioxide

Reaction temperature, and product retardation in mass tpahsfef
procésses also affect the reaction order. Workers have reported
orders between zero and one depending on the experimental conditions.
In general the carbon-carbon diqxide reaction shows zero order
kinetics with respect to Pcozwhen ky Poy & 1 and k, PCO.2 > 1,
(Equation 3.1.). These conditions are satisfied at high pressures
of carbon dioxide and low temperatures when the production of |
carbon monoxide is smalle The reaction becomes first order at
low pressures of carbon dioxide and low temperatures ,

i.e. when k, F,, and ky Pog. are both &1. In the
_ 2
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present work, the activation of fhe carbons was carried out at about
atmospheric pressure of carbon dioxide, in the'temperature range:
.85000 - 950°C and in a flow system. The pressure depéﬁdencé.of the
reaction rate has not been studied in the present'investigaéions but
in the light of previous work (41) it would appear that the reaction
is occurring under conditions in which the raté is independent of

the partisl pressure of carbon doxide.

2
reaction need not refer necessarily to the -same rate controlling

"The experimentally observed activation energy for the C-CO

step in every case. This applies not only when mass transport is
the rate controlling step rather than chemical reaction but also -
when the reaction is entirely chemically controlled.. Under
different conditions of temperature and pressure, the rate controiling
step of the reaction may change from the formation of the C(0) complex
to the removel of C(0). Hence if conditions are such that the rate
of the reaction is controlled by both steps, then it becomes difficult
to assign a physicel significance to the overall acti;ation energy.
Rossberg (62) has postulated that an activation eneréy of 86 k.
ca.l.mole.-1 should be obtained for all carbons undergoing gasificafion
with carbon dioxide in the region of chemical control. He bases this
postulate qp the experimental findings of Wicke-(49) that a high
purity electrode carbon and a mgdium purity activated charcoal have

the same activation energy. (Section 3.6.1.)  Since Wicke's
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experiments were conducted in a flow system close to atmospheric
pressure, the rate determining step was presumably the desorption
of the C(0) complex. It seems likely, therefore, that Wicke's
activation energy refers to the value of the activation energy
belonging to the rate constant J; in Equation 3.4 Ergun (a3)
has found that the activation energy for three different carbons
(Ceylon graphite, activated charcoal and activated graphite) to be
the same in each case, (59 k.ca.l.mole'.'1) and also concludes that
this value belongs to the rate constant J3 in Equation 3.4. Other
workers have reported various values between these figures; it has
been concluded that in some cases diffusion has contributed to the
overall reaction rate thus resulting in a reduced activation energy.
Greenhalgh and co-workers (48) have recently suggested, however,
that there is an alternatj.ve explenation for some of the low
activation emergies reported. They found tﬁat the activation
energies for the reaction of carbon dioxide with well outgassed
samples of polyvinyl chloride and polyvinylidene chloride carbons
were identical and equal to 85 k. cal.mole:1. Por poorly outgassed
samples or samples which had been highly oxidised the activation
energy was again identicel for both carbons but had fallen to
ca, 70 l:.cal.molef".l _ |

Activation energies reported (39) for Zone II conditions of
the carbon-ocarbon dioxide reaction vary from 30 to 45 k.cal.moler

and in general follow the pattern. predicted from Wicke's findings.
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" The polymer carbons were activated by ;afbon dioxide at
atmospheric pressure iﬁ a flow system,‘the.fate of reaction.being_
followed gravimetrically. Full details of the apparatus and
procedure are given in Appendix II,

The rates of activation of the three polymer carbons were
investigated over the temperaﬁure raﬁge 830°C to 950°C in order
to attempt to locate the reaction within the Wicke classification
of reaction zones. (Section 3.2.1.)

Initially small samples of unactivated carbons were used;
these results for cellulose, cellulose triacetate and polyaceﬁaphth—
ylene carbons are shown in Figs.3.2. to 3.4. respectively. ~ The.
preparation of the activated carbons for measureéments of pore
volume require larger amounté of q;rﬁon. At least 0.2g. of carbon
-is required for adsofption and mercury density measurements, thus,
for éxample, O.4g. of unactivated carbon is required to produce a
carbon activated to a.burn-out of 50%. Since the results of
Wicke (Section 3.2.1.) indicate thgt'diffusion may play an important
role, the influence of the starting weight of carbon on the rate of
reaction was, therefore, investigated for cellulose and cellulose
. triacetate carbons at 935°C, over the weight range 0.02 to 1g; these
résults are shown in Fig.3.5. Since .these results indicate a

marked difference in the rates of activation between small(ca.0.02g.)



and large ( O.1g.) samples of carbon, the rates of activation of
the three carbons were also investigated for large samples over the
temperature range 890°C to 975°C.  The results for cellulose,
.cellulose triacetate and polyacenaphthylene qarbons are shown in
Figs.3.6. and 3.8,.respective1y.' The linear rates obtéined from

these results are summarised in Tables 3.41. and 3.3.

for small starting weights of ﬁellulose carbon the rates of
reaction* (Fig.3.2.) remain linear over the entire range of burp;out,_
throughput the temperature range covered., For larger starting
weights of cellulose carbon (greater than 0.1g.) the rates of .
reaction are also linear up to a burn-out of ca.60%, but decrease
slightly thereafter. The rates of reaction on the small scale are
generally a factor of ten greater than on the large scale at the
same temperature. The variation of the rate of reaction with the '
‘ starting weight of cellulose and cellulose triacetate carbons at
935°C (Pig.3.5.) shows that as the starting weight of carbon is
increased from 0.02g. to 0.1g. the rate of reaction decreases
- sharply. As the'starting weight of carbon is increased from 0O.1g.
to 18., the rate of reaction decreases slightly.before becoming
nearly constant.
The results for cellulose triacetate carbon (Figs.3.3. .and 3.7.)

follow the same trand as those for cellulose carbon except that

-1

* Rates of reaction are expressed in units of g.sec. per gram

of unactivated carbon. i.e.g.sec.—jg-1 and are initial rates.
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inifial rates of-reéction for sm#ll.starting weightsvof_cellulose
triacetate carbon (ca. 0.01g.) are not linear. The initiel rates
decrease slowly until they become iinear at a burn=out of about
25%. For large starting weights of cellulose triacetate carbon,
thé reaction rates reﬁaine&-linear to a burn-out of almost 1oq%.
This is in contrast to the slight decrease in rate observed for
cellulose carbon above a burn-out of 60% ﬁhen large starting
weights were used.

The rates of reaction of* polyacenaphthylene carbon with carbon.
dioxide differ considerably from those for cellulose and cellulose
triacetate carﬂbns. Fof small starting wéightg of polyacenaphthy-
lene carbon, the rates of reaction were not linear and, as Fig.3.l4.
shows, were inconsipfent. For example the reaction at 915°C.
appeared to be faster than at 923°C. The reactions were extremely
slow; fbr example, it took 13 hours to completely burn .out a sample
of 0;013. of polyacenaphthylene carbon at 930°C, in contrast to a
time of about an hour for similar amounts qf cellulose and cellulose
triacetate carbons. -As further evidence of the inconsistent and
slow reaction rates obtained for polyacenaphthylene,carbon,_Tgble 3;4.
shows the times taken to reach a burn-out of 50% at various .
temperatures. However, for larger starting weiéhts of polyacenaphthy-
lene carbon (ca.O.kg.) the reaction rates were consistent and linegr,
‘-although slowerfthén the rates of activation of celluiose and

cellulose triacetate carbons by factors of approximately 5-and
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8.5. respectively at 935°C. (Tavles 3.1. to 3.3.).

3.5.3.Activation Energies

Before considering the signifiéance of_the rates of reaction
it is nscess;;y to determine the experimental activation energy Ea,
in order to define the region of the Wické Classification in which
the reaction lies. -

Using the linear rates of reaction of the three carbons at
different temperatures as overall rate consfants, k, (Tables 3.1.
to 3.3.), the results were plotted (Figs. 3.9. to 3.11.) according
to the Arrhenius Equation: k= Ae - Ba/pr Equation 3.9.
to &ield expérimental activation energies, Ea, and pre-exponential
factors, A.. These ére summerized in Table 3.5. for the three
carbons. '

The Arfhenius plofs for both cel}ulose and cellulose triacetate
carbons were linear thrcughout the temperature range investigated
when small starting weights of carbon were used, and the activation
energies were high (greater than 50 k.cal.mole.-1).

For large starting weights of carbon, the Arrhenius plots were
smooth curves for cellulose and cellulose- triacetate carbons. In
these cases the Arrhenius parameters were calculated over two
temperature ranges by approximating each curve to a pair of straight
lines over these temperature ranges.‘

~ Due to the ihconqistent rates éf reaction it was not possible

to obtain Arrhenius pérameters for the activation of small samples of
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polyacenaphthylene carbon.. However, for large samples of this
carbon (ca.0.4g.) the Arrhenius plot was linear throughout the

temperature range 890°C to 975°C .

3.6. Discussion 6f-the'kiﬁéfi§ ﬁeéglié
3.6.1.Activation Ehe}gieélﬁﬁa-PEé—ggpohénfiéi Factors

It is clear from what was said in Section 3.4.2. that care
must be taken in the interpretation of Arrhenius Parameters obtained
experimentally for the carbon-cerbon dioxide reaction. In particular
it is not usually possible to equate the overall rate constant to
the rate constant for a particular step in the reaction mechanism.
However, the experimentael Arrhenius parameters can be used to locate
the reaction within the zonal classification of Wicke and so obtain
an indicetion of the relative importance of mass transport and
chemical reaction on the overall rate,

For the purposes of the present work this can be useful since
it is important to define the role of mass transport in the
development of pore structure.

The high activation energy obtained for small starting weights
of cellulose carbons (71 k;cal.mole.-1) corresponds to the values
obtained by Greenhalgh end co-workers (Section 3.4.2.) for the
activation by carbon dioxide of poorly outgéssed samples of polyvinyl
chloride and polyvinylidene chloride carbons (70 k.cal.mole. ).

This value for the activation energy, indicates that the

reaction is'exclusively chemicelly éontrolled, and the difference from
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the theoretical value of: 86 k.cal.mole:1vpradicted by Rossberg (61)
for all carbons can be attributed to incomplete outgassing of the
carbons prior to activation. However, an alternative explanation
of this difference may be that diffusion is plgying a small role
in the reaction thus reducing the activation energy from the value
predicted by Rossberg. The high value of 101ogasec:1g:1 ob£ained
for the pre-~exponential factor is further evidence that the reaction
is predominantly chemical}y.controlled.

The activation energy found when large starting weights of
cellulose carbon were activated over the temperature range 930o to

1

960°, was 31 k.cel.mole.' and is less than half the value of

67 k.cal.mole':1 found when large samples of cellulose’oarbon were
activated over the temperature range 890° to 950°C. "Hence it would
appear that in the upper temperature range the reaction is contfolled
principelly by diffusion and therefore lies in Zone II of the Wicke
clagsification, whilst in the lower temperature range the reaction is
predominantly chemically controlled and therefore within Zone I of
the Wicke Classification.

It is interesting to note that in the upper temperature range,
i.e. 930°C. to 960°C. the pre-exponentiel factor was low,
(16g. sec:1.g:1) which is further evidence that in this temperature
renge the reaction is diffusion controlled for large samples of
cellulose carbon. As further evidence that the activation of large

samples of cellulose carbon in the lower temperature range studied,
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is chemically controlled; the pre-exponential factor was fognd to
be much higher (by a factor Ca.107) then in the higher temperature
range. Howe&ef, the value of 1.5 x 108 for the pre—exponential
factor of the reaction in the 1owef ranée of temperature (890o to
930°C). is slightly lower than the value (107°) found for the
ectivation of small samples of cellulose carbon in the same
temperature range.

It thus appears that a change in the weighé of sampie caﬁ
markéaly influence the ﬁature of the rate-controlling step in the
reaction using the experimental system employed in the present work,
An ‘increase in the weight of sample appears to increase the
contribution due to diffusion.’

The valués of the activation energies found for the activation
of cellulose triacetate carbons are lower than those found for the
activation of cellulose carbon, although the trend of them is
precisely the same for both small and large samples of .each carbon.
It is tempting to ascribe these loweF values to an increased diffusion
effect in cellulose triacetate carbons compared with cellulose
carbons.

Wicke (49) has found that the value of 86 k.cal.mole. | fér the
activation energy applies to widely differing carbons undergoing
activation in Zone I.: |

Although Ergun (43) also finds a universsl activation energy for

widely differing cerbons he finds this value to be 59 k.cal.mole.-1_
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The lack of egreement between Wicke and Ergun for the value of the
Universal'! activation energy throws some doubt on this concept.

In this work distinctly different values of activation energy have
been found for different carbons, activated in the same temperature
range. It is; therefore, difficult to decide whether the
differences in the activation energy for the activation of cellulose
and cellulose triacetate carbons, reported in this work are due to
different rate controlling steps ef the chemical reaction operating
for each carboﬁ, or whether diffusion plays a more dominant role in
the activation of cellulose triacetate carbon compared with eellplose
cellulose carbon in this temperature range. )

At the temperature (935 C) chosen to prepare the activated |
series of carbons for studzes of porosity, there is little doubt
that for large samples of cellulose and cellulose triacetate carbons,
the reaction rate is predominantly diffusion controlled, i.e. the
reaction occurs in-Zone II of the Wicke classification.

The high activation energy (60 k.cal;mole:1) found for the
activation ef'large_samples of.polyacenephthylene carbon indicates
that the reaction is predominantly chemically controlled throughout
the temperature range studied. There are two poseible reasons for
this. Firstly, the reactivity of polyacenaphthylene carbon is
inherently low due to its 3raphitisahiiity, (Section 3.3.2.). Hence
higher temperatures than those used in the present work are probably

required, in order that diffusion to, and into the carbon becomes the



- 58 -

rate controlling step in the reaction. Secondly, diffusion into
the porés of polyacenaphthylene carbon is ;mt likely to be an
important factor in deiermining the- rate of reaction since as the
adsorption results (Chapter ) show polyacenaphthylene carbon has an
extremeiy smgll porosity. It would appear, therefore, that thé
reaction between polyacenﬁphthylene carbon and carbon dioxide
occurs predominantly on tﬁg external surface. This point will be
Purther discussed in Chapter 5.

3.6.2,Reaction Rates .

‘The elmost universal linear rates of reaction reported in this
work for the activation of the three carbons are almost certainly
due to the experimental cpnditions. The high flow rates of gas _
employed ensure a rapid removal of carbon monoxide, which if it were
allowed to build up in concentration, would inhibit the reaction
according to Equation 3.1. In view of the fact that zero order
kinetics have been observed, an éiplanation consistent .with this
evidence is that where the reactions are.phemically controlled
k2PCO is very much less than k3ph02 and kchoz is much greater
.than one;. therefore.Equafion 3.1+ reduces to:é'Rate = kﬁ/ks, thus
under these conditions the rate may be expected to be linear and
independent of the pressure of carbon dioxide. Where the reaction
is diffusion controlled, the prompt removel of carbon monoxide

prevents any retardation of diffusion.



-~ 59 -

The initial (non=linear) rates for small samples of

cellulose triacetate carbon may be due to a‘small amount of
relatively reactive matter present in the pores at the start of
activation. In support of this explanétion pore sige distribution
measurements have shown that the prinecipal process in the early
stages of activation of carbons is the opening up of blocked pores(é
However, 'if this is the ocase, then it might be anticipated that the
effect would also be noticeable for small samples of cellulose
carbon.

| The anomalous rates of reaction found for small samples of
polyacenaphthylene carbon may arisé from the fact that the reaction
is surface area dependent. Hencé for small samples, which may
differ considerably in surface area from run to run comparison of
reaction rates is difficult unless the surface areas are known. In
Chapter 4 (Section 4.2.) it is shown that less than 1090w, of
carbon dioxide are adsorbed by 1g. of unactivated polyacenaphtbylene
carbon at 195°K. If ﬁgzg_amount of carbon dioxide was adsorbed
as a monolayer it would cover an area of 2.3 m23:1 of carbon
(Section 4e3.2.). Therefore, the maximum surface area available for
reaction of a 0,01g. sample of polyacenaphthylene carbon is likeiy
to ﬂe less than 0,02 m2.

The non~linearity of the reaction rates for small samples of

polyacenaphthylene carbon over a large range of burn-out, probably

indicates'that a reduction in surface area of the sample is occurring
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on extensive activation. This effect will not bé noticeable for
the activation of large samples until almost total burn—-out is
reached, and the surface area of the carbon as a result becomes very
small,
Activation and the Arrhenius Parameters

It is certain that the rapid reduction in reaction rates of
cellulose and cellulose triacetate carbons (Fig. 3.5;) on incressing
the starting weight of carbon from 0.02g. to 0.1g. is due to the
increasing importance of diffusion with increasing mass of carbon.
‘At a given temperature (93590), the reaction rates hbecome almost
constant when the starting weight of the carbons is increased to a
value greater than Ca.0.3g. The minimum starting weight of carbon,
at which the reaction rate becomes independent of starting weight,
is probably a function of the géometry of the furnace &and crucible.

‘The effect of increasing the starting weight of carbon on the
Arrhenius Parameters is two-folds (Table 3.5.) Firstly the
reactions above 95000. become diffusion controlled, i.e. the effect
of increasing the weight of the sample is to shift the Zone II
boundary down the  temperature scale. Secondly the pre-exﬁonential
factors are reduced, slightly wheﬁ the reaction remains chemically
controlled i.e. below 93o°c;, and are reduced considerably when the

reaction is diffusion controlled above 950°C.
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The Linear Rates of Activation of Cellulose Carbons

Starting Weight Temperature Reaction Rate
of carbon -
(g ...:....,._mﬂ......(oc;) e e (g;sac:jgfj)'x‘105

0.0210 | 935 27.10
0.0272 863 Lot
0,024 895 8.06
0.0250 830 : 1.80
0,0195 940 31.00
0.0189 ' 925 22,50
0.0216 905 12,00
0.0215 ‘ 858 . 3.87
0.2000 . 935 : 3437
0.5000 935 2,67
0.9600 935 2,08
0. 5000 917 2,20
0.5000 - 903 _ 1.66
0.5000 . 890 1.09
0.5000 . 955 3032
0.1200 935 L.95

0.0450 : 935 13,00



Table 3.2

The Linear Rates of Activation of Cellulose Triscetate Carbons

Starting Weight Temperature Reaction Rate
of carbon .

(8) ~ - - ..,...(.oc.) o S '(8--53071'8:1') 5 105
0,0097 900 14,80
0.0089 875 8e2
0,009 934 25,10
0.0121 840 3458
040103 | 854 5,66
0,0102 889 - ' 13490
0.0085 916 17.40
0.4000 960 6.11
0.4000 935 4.68
045000 935 4408
0.6750 935 Se54
1.0500 ' 935 2,97
0.4000 953 _ 575
0.4000 919 - 3.75
0.4000 ' 903 2,92

0.1500 935 7.80



able s s

The Linear Rates of Activation of 'Polﬁceg_agh;y_nx- vlene Carbons
Starting Weight @~ Temperature Reaction Rate
..Of (gt.:)a.rbon o S (oc-’.-)“"'""'"“"('g’.:se’c?"gﬂ‘)‘x‘ 105.

0.4000 895 ' 022

064000 919 0631

0.4000 927 1 0.38

04000 935 0456

044000 950 0467

0.4000 | 975 0.97

...............................................................................

.........................................

The Times Teken to Reach a Burn-out of for the Act:l.vatzon of
Smaii Sa.niglés '6f l"él'xg' 'cenag'hmw“ .e"n.e‘ Carbon

S:;rtizgargzight " Temperature g;u::_gztnzta‘cgo;z

.o (g.)(oc.) ( ...) .....
0.0100 ‘ 895 16450
0.0097 915 550
0,0107 923 9450
0,0088 933 6.25
0.0100 930 3e25
0.0081 933 10,40

(0008 W 1100




Arrhenius Paremsters for the Activstion of the Polymer Carbons
' " mith Carbon Dioxide '

Polymer Approximate Temperature Activation . Pre-Exponentie
carbon Starting Weight  Rapge Energy EA Factor,A_,
Y 75 N o (kocal.mole:)). ... (& sec. g )
Cellulose 0402 830 - 950 717+5 10"
Ools 925 = 950 343 1.6 x 10
0.4 890 - 925 6745 - 1.5 x 10°
Cellulose 0.01 830 - 950 50 ; 5 Tl x 10_5
Triacetate 0uls 930 = 960 28 + 3 1.1 x 10
0.l 890 - 930 45 4 4 5 x10°
Polyacenaph= Oels 900 = 970 60 3 5 2 x10°
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Chapter i
The Devéloﬁmént 6f‘Pbrosi§x in'the.Carbbﬁs

4.1.1.Intr6ductioh
The internal surface of 2 carbon may be characterised from
pore volume, surface area and measurements of pore size distributior
Before outlining the detailed theory of the methods used in the
present work for porosity measurements, a brief critical review of
the general methods for obtaining measurements of the internal

surface of carbons is presented.

........

The methods are divided into three main types:

(a) Adsorptive methods, (b) Molecular probes and density
measurements, and (c) Optical and electron microscopy.
k.1.2.a.Adsorgti§§Aﬂéthodé . '

The total pdfé'volume of a carbon may in some cases be
calculated from an adsorption isotherm by application of the
Gurvitsch Rule, provided that the isotherm intersects the line
?/Po = 1 at a finite angle. The amount edsorbed at saturation, xg,
is then definite and assuming that the adsorbate fills all the pores
with liquid having its normsl density, §, at the temperature of the

experiment, the pore-volume V is calculated from

V= Xg/e .- Equat:l.on het.
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Although the Gurvitsch Rule givés a remarkably constent value
of pors volume, when the adsorption isotherms of different gases
on a given adsorbent are compared, it only applies to Type I, and
some of Type IV isotherms of the well~known Brimauer classification,
(64). This is because the line ?/P°'=.1 is approached as&mptotically
for the other types of isotherm in the.classification and Xg is

- therefore difficult to define., In addition the pores of the
adsorbent mey not all be filled with adsorbate at'ngo = 1. This‘
has been shown (14) to be the case for the adsorption of carbon
tetrachloride on cellulose and coconutshell carbons.

4.1.2.b.Yiclecular Probes and Density Measurements
| Since ﬁercury has a negative angle of contact with carbon, a

positive pressure is required for it to enter the pores of carbon.
It can be shown by application of the Kelvin Equation (Section 4.4.l4..
that when a sample of carbon is immersed:in mercury at atmospherié
pressure, the mercury cennot enter pores of less than 100,000 x'in
diameter, i.e. very large macro-pores, Hence by determination of
the density of a carbon in mercury, the volume occupied by the pores
and the carbon is obtained. By measuring the density of the carbon
in a'liquid or gas whose molecular dimensions are such that all pbrés

" are penetrated, the,folume of the carbon alone may be obtained, The
density so determined has been termed the "true® density of the

. carbon, whilst the density in mefcury is called the apparent density.

The difference between the reciprocals of the apparent and "true"
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densities gives a measure of the total open pore volume of a carbon.
The density of a carbon determined in helium has often been used as
a measure of the "trge" density of the carﬁon, but is subject to
several limitations. If the density of the carbon is determined in
helium at room temperature, physical adsorption of helium may occur
(64) to a significant degree, resulting in an incorrectly high value
- for the density.

In addition, if the carbon has a volume of closed pores, which
are therefore inaccessible to the ﬁeliqm, the density as measured
will be lower than the true density of the carbon. Errors in the
measurements of helium‘densities of carbons, due to physical
adsorptibn of helium have been eliminated by obtaining'the déngities
at 300°C. (65) | :

A further practical limitation to obtaining helium densities éf
carbons is the relatively large amount of carbon required to perform
a determination. Helium densities of carbons are conventiénally-
determined volumetrically, and at least 5g. of carbon are required
for accuréte results. In the present work, the practical limit of
production of activated carbons has been less than 1g. and helium
densities of the carbons were therefore unobtainable.

Attempts have also been made (65) to estimate the "true" density
of a carbon using-x-ray data. The method is difficult to appyy.
generally, since in order to evaluate a density for the carbon, it is

necessary to have a crystallogfaphic model for the carbon. This is a

-
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difficult task for most types of carbon, whose structures have
little order. This is the case for the carbons investigated in the
present work. Cellulose and cellulose triacetate carbons are
non-graphitic (Chapter 1. Section 1.4.) and therefore lack any
regular three dimensional order. Although polyacenaphthylene
carbon is graphitisable, at the temperature.of preperation in the
present work (950°C) it only has a small degree of order.

The molecular probe technique of gaining quantitative
information of the pore structure of carbons is not restricted to
helium density determinations. In the measurements of densities in
liquids of larger molecular sigze than helium, the penetrating
molecules will be excluded from poi‘eq9 whose entrances are narrower
than the molecular diameter.s Such densities should be lowér than
the corresponding helium densities. In practice this has generally
been found to be the case. However, if the dilatometric fluid has
a significantly increased density in the adsorbed phase compared witl
in the bulk liquid phase, then the density of the carbon in the fluid
will be incorrectly highe For example the density of some carbons
in methyl alcohol are greater then in helium (67). ‘Another cause of
error in the molecular probe technique in some cases is the slow or
incomplete penetration of the pores by the dilatometric fluid,
resulting in either a slow increase in apparent density with time or

an anomalously low apparent density.
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451.2.c.0§tica1 and Eiéétfbn Microécoéx -

Tt is now possible in favourable cases (68) using ultre thin
specimens of carbons to examine with the aid of an electron micros~
cope all but. the smallest micro-pores. Replication techniques can
b? used in elecfron microscopy to examine pores greater than 200 i
in size, i.e. transitional pores; the loss of resolution which
accompanies replication prevents an accurate assessment of sméller
pores.

Optical microscopy can be used to examine the larger sized.
Egcr09pores and etch pits of carbons. Hughes and Thomas (69) have
measured the rates of expansion of etch pits during the oxidation
of graphite using this technique.

It is possible using statistical counting methods in
conjunction with electron microscopy to calculate the average number
of pores of any given dimensions, hence the pore volume of a solid

may be obtained.

4e1e3.Methods for the Determination of Surfaéé Areas of Solidg

The methods are of three main types:
(2) Adsorptive methods, (b) Heats of wetting measurements, (c) Low-

angle scattering of X-rays.

h.1.3.a.Adso£2tive Methods

The surface areas of solids are frequently determined from the
application of the B.E.T. and Langmiir Isotherm Equations to the

adsorption of a gas (usually nitrogen) on the solid. Both of these
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theories have as a basic assumption the formation of a monolayer of
the adsorbed phase. From these equations it is possible to obtain
the monolayer capacity, xg, defined as the weight of adsorbate which
is adsorbed by one gram of the adsorbentin a full monoleyer., if
the cross-sectional area of the adsorbate molecule on the surface of
" the adsorﬁeﬁt, A, is defined, then the specific surface, S, of the
_adsorbenf is given by:~
' S?= Sé x N x An - Equation 4.2.
M

where M is the molecular weight of the adsorbate and N is the
Avogadro Number. The value of the surface area obtained clearly
depends on the choice of cross-sectional area, Am, of the adsorﬁgd
molecules. Emmett and Brunauer (70) proposed that Am be calculated
from the density, P, of the adsorbate in the ordinary liquid or
solid form, assuming the molecule to have a co~ordination number of
twelve in the adsorbed ppgge.
-EL’ 2/3 = Equation L4.3.
e

where 1,091 is a packing factor appropriate to twelve co—ordination.

Hence Am = 1,091

Emmett and Brunauer (70) consider that nitrogen at = 19590. is the-
adsorbate which gives the most reliable values for specific surface
areas. By comparison of the monolayer capacities obtained by using
nitrogen, with those obtained using other adsorbates on the same

solid Livingstone has compiled a list of values of Am for various
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adsorbates (71) Livingstone has chosen a value of 15.4 32 for the
cross~sectional area of the Nitrogen molecule as giving closest
agreement with the specific surface area of an adsorbent estimated
by an indepéndent method, Cross-sectionﬁ areas of adsorbate
molecules have been obtained from a comparison of the surface areas
of carbon blacks determined by electron microscopy with those
obteined by adsorption methods (72) and heats of wetting (73).

The Langmuir Theory (74) proposes that adsorption takes place
on localised and energetiéaliy ﬁniform sites on the surface of the
s0lid and is limited to a monolayer.

In. its linear form the Langmuir Equation may be written as:~
P/x_ = 1/me + P/Xm -  Equation 4.

where X is the amount adsorbed at pressure P, and B is a constant.
In the original kinetic derivation of Equation 4.4. the
adsorbed layer is regarded as in dynamic equilibrium with the gas
phase, so that the rate of condensation of adsorbed molecules on
free sites of adsorbent is equal to the rate of re-evaporation from
ocoupied sites. Fowler (75) has pointed out that the kinetic
derivation is liable to abscure the essentially' thermodynemic
character of Equation h.h.._ and he has derived the equation from
statistical thermodynamics. ﬁe- statistical derivation of Equation
L4, gives an explicit definition of the constant B, Thussw
Y £a(T)8 q/kT

B = _
(2 7w )72 (k1) 7 2gg(T)

Equation 4.5,
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where h islﬁlaﬁck's constant, k is the Boltzmann constant, m is
the mass of an adsorbed molecule, f£a(T) and f£g(T) are the internal
partition functions for a molecule in the adsorbed phase and gas
phase respectively and q is the energy required to transfer a
molecule from the lowest adsorbed to the-lowest gaseous state.

On application of Equatibn 4ohe to an adsorption isotherm, a
plot of f/x against P shéuld give a straight line whose slope is
1/ki' _ :

The limitations of the Langmuir Isotherm Equation when applied
to real adsorbents stem from the inadequaci;s of the model proposed
for adsorption. .

Hill (76) has shown that fully localised adsorption is unlikely
to occur except at very low teqpérafures. Even with highly
homogeneous adsorbents such as graphitised carbon black, the
presence of defects and edge atoms results in an appreciable degree
of energetic heterogeneity of the adsorbent surface. The theory
also faile to account for adsorbate-ﬁdsorbate interactions which
Play an appreciable part in adsorption particularly with polar
adsorbents, It is also found that multilayer adsorption frequently
occurs. |

In order to account for multilayer adsorption, Brunauer, Emmett
and Teller (77) introduced an equation known as the B.E.T. Isotherm
Equation. The theory retains the ideas of localised adsorption on

energetically uniform sites but allows for the formation of an
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infinite number of adsorbed molecular layers., As is the case with
the Langmuir Equation, the B.E.T. Equation has been derived

kinetically and statistically,  In linear form the equation is:-

P = 1 ' + -1 . P = EBquation 4.6.
X (Po - P) XmC - XnC Po

(B 4 - -Lv)/RT_’ 2

where C = e is the heat of adsorption of the first

1
layer, I'v is the heat of adsorption of the second and subsequent
layers and is equal to the latent heat of condensation of the
adsorbate. Thus experimental plots of P/X(Po =~ P) against 1:‘/'Pco
should give straight lines from whose slope and intercept Xm can be
calculated. Equation L.6. is capable of describing some Type II

or Type III isotherms, depending on the value of the constant C.

EBquation 4.6. requires modification to describe isotherms of Types I,

IV and V of the Brunauer classification. Instead of regarding the
number of adsorbed layers as infinite, adsorption is restricted to

'n' leyers, This form of the B.E.T. Equation may be written (78):-

\P "(n?y,=)' = 1 s -GSﬁ-,x, ) =~ Equation 4.7.

X - - XmC X

m
where { (n,y,) = y - (n+1) yn+'1 +hy n+2 = Equation 4.8,

(1=y)
and @ (n,y,) = _y_':_f:_ = Bquation 4.9.
_ 1wy -
and y = P/Po
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For suitable values of n end c, Equation 4.7. describes Type IV
and Type V isotherms; when n = 1, Equation 4.7. reduces to the
Langmuir Equation and hence describes a Type I isotherm.

Critisisms of the B.E.T. Theory

The'B.E;T.'thedry has been critisised when applied to porous
carbons for a number of reasons.

The theory proposes that adsorption takes place on localised
sites of the adsorbent, which are assumed to be energeticallyf
homsgeneous. The surface of a porous carbon is likely to be extrem=—
ely heterogeneous in character and except at very low temperatures

' I/\is likely to take place in & non-localisedmnner. In addition it

’ is assumed in the B.E.T. theory that during the formation of the
monolayer, adsorption forces of opposite walls of pores do not
interact with each other and that the value of 'n' is determined by
pore width only. The first of these assumptions is unlikely, since
in micro-porous carbons in particular, the pore walls are in close
proximity to each other. The second assumption is also unlikely
since 'n' has been found to decrease on increasing activation of
carbons, (14), whereas all otheér evidence points to the fact that
pore widths incre;se on activation. Finally anomalously high
surface areas of highly activated carbons have been reported when
the B.E.T. Equetion has been used. This has been attributed to
micro=-pore filling concurrent with the formation of the monolayer

at relative pressures of less than 0.05.
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The failure of the B.E.T. theory when applied to porous
carbons hés led in recent years to a re-~appraisal of the Pbtenfial
theory of adsorption by Dubinin and his collaborators (h,85,84,85.);
This work will be discussed in Secfion he1.60

4e1.3.b.Surface Areas from Heats of Immersibn-jﬁéats-of Wettiggl

The heat evolved, Q cal.g:1 of solid, when a solid is

immersed in a liquid provides a direct measure of the specific
surface area S of the solid since Q = KS - Equation 4.10, where

h is the heat evolved when 1 square unit of surface is immersed in
the liquids In practice, however, the method is difficult to
apply since h has to.be obtained from the heat of immersion of a
sample of a so;id whose surface area has been independently
determined. In the case of porous carbons, the value of h is
usually obtained from the heat of immsrsi;n of a carbon black whose
surfgcé area has been obtained from electron microscopy. Since
most carbon blacks are non-porous and have a more homogeneous surface
than porous carbons, the use of the value of h so obtained is open
to qpéstion.

Also for some carbons with fine pores, accessibility of the
ipmersing liquid to the pores is often slow or limited resulting in
a very slow or a reduced liberation of the heat of immersion. This
qpkas measurement of the heat liberated a difficult task.

he143.c.Surface Areas from the low-ngle Scattering of X-Rays

In this method monochromstic X-radiation is passed through a
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thin layer of the sample .under examination, and the scattered
rediation is collected on a phétographic plate. TFrom the
intensity distribution of the scattered radiation the average
particle sige and surface area of the solid may be obtained. To
obtain the sufface area of a carbon using this ﬁethod'however, it
is necessary to postulate a model for the pore structure of the
carbon. Usually relatively simple models are postulated so that

the results are of limited wvalue.

Distributions

a.Volume to Surface Ratio

The numerical value of the ratio pf pore volume to internal
surface area Y/S of a solid can give a guide to the pore sisze.
Making the assumption that the pores are all cylindrical and of
the same radius r, then:
Vys = r/E_ - EqnatiOF 4e11e

For pores of the same shape but of different size, r represents a
value of the mean pore radiuse The method tends to be of
qualitative value only when épplied.to porous carbons. Quite
apart from the difficulties in obtaining accurate data for V and
S, it is unrealistic to assume the pores to be all cylindrical and

of equal size,

b.hgglicatioh of the Kelvin Eggatioh'_

If a pofbds'édéorbent exhibiﬁs hysteresis when subjected to an
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adsorption—desorption cycle, this is usually attributed to
capillary condensation into the pores, and a pore size distribution
curve may be obtained by application of the Kelvin Equation to the
desorption branch of the isotherm. Assuming thet the pores consist
of non-':i.n"tersecting cylindrical cspillaries the appropriate form of

the Kelvin Equation is: r = =2 MY¥Cos®@ -~ Equation 4.12.
PRT In P, -

[}

where M /? is the molecular volume, K the surface tension and @ is the
angle of contact of the adsorbate in the pores; the pore radius is
r and P ' /Po is the relative preasure, The pore size distribution is

obtained by plotting avi, against r for various points on the

/ar
isotherm. At each point chosen, V: is celculated from X /0 where

X is the weight adsorbed at each point and P is the density of the
adsorbate. Since the Kelvin Equation is derived from classical
thermodynamics it is oniy strictly applicable to macroscopic

systems and therefore the limiting pore size to which it is normally
applied is 253. In micro-pores (less than 253 in width) concepts
such as surface tension and angle of contact break down, and other
techniques are required to examine them.

A form of the Kelvin Equation is also used in the application
of mercury porosimetry. It has already been noted (Section 4.1.2.b.
that a positive pressure is required for mercury to enter the pores
of a carbon. In mercury porosimetry, mercury is forced into

smaller and smaller pores by increasing the pressure. Pressures of

s Vo is the pore volume containing pores of radius r or less than r,
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60,000 atmosphéii:/are required to penetrate micro~pores. The
method haé\Eggn used by Wiggs and co-workers (79) with success in
the determination of pore sizes of carbons,

ke1.5.The Potential Theory of Adsorptien

It has already been :Said that the failures of the B.E.T. theor;
have led to a re-appraisal of the Potential theory. (Section L.1.3.c.
As this theory is exclusively used in the presenf work it will be |
considered in some detail in this section.

- In 1914 Polanyi introduced the theory of adsorption potential (8(
It proposed that the forces which attract a molecule to an adsorbent
surface decrease with increasing distance from the surface. The
force of attraction at any given point in an adsorbed film is
neasured by the potential E, defined as the work done by the
adsorption forees in bringing a molecule from the gas phase to that
pqint.

Polenyi considered that above an adsorbent surface tﬁe
adsorption space may be represented as a series of layers, each with

an adsorption potential Ei’ each layer enclosing a volume W&. W&

increases from gero to Wb the entire adsorption space, as Ei decrease;
from its maximum value at the adsorbent surface to zero at the
outermost adsorbed layer. The process of.building up an adsorbed
film may therefore be represented in general by the equation:=-

E= ¢ (W) - Equation 4.13.

Polanyi further postulated that the adsorption potentisl is
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independent-of temperature, so that the curve E = £(W) should be the
same for a given gas at all temperatures. TFor th:is reason it is
known as 'Ehe Characteristic Curve or Universai Isotherm.

For adsorbates well below their critical temperature, Polanyi
equated the adsorption potential E _ for a volume £illing, W, of the
adsorption space, w:.th the amount of work necessary to compress the
adsorbate from its equilibrium pr.essu.re P to its saturation vapour

- pressure Po.

i.ee E, = nRT 1n (P/Po) « = Equation 4.14.
where n = no. of molecules adsorbed at pressure P and temperature
_1‘°K'. The value of W corresponding to EW is X'/gr’ ‘where X is the
weight of the adsorbed film and & is the density of the adsorbate
at temperature T.

The success of the Potential Theory in predicting the
temperature dependence of physical adsorption was shown by
Berenyi (81). Using the results of Titoff for the adsorption of
carbon dioxide on charcoal (82), he derived a characteristi§ curve
from the isotherm at 2759K, and successfully predicted isotherms at
other temperatures. '

In 1951 Dubinin and Radushkevich (83, 84.) extended the
Potential Theory by attempting to predict adsorption isotherms for
any gas, given & single isotherm for one gas on the same solié..

Dubinin introduced into the Potential Equation the term B, the
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a.ffinity coefficient for the adsorbate in question on a given
adsorbent, Hence E = BL(W) is the Equation for the Characteristic
Curve of all gases on the given adsorbent. The value of P was
detemin;é relative to a standard adsorbate., Dubinin (83) also .
found empirically that the molar volume of an adsorbate in its liquic
stat?pis a physical property closely related to f. More recently
Dubinin (85) has found that the parachor of an adsorbate is also
closely related to B.

A p‘a;rticula.r f’eature of the Potential Theory is that no
explicit adsorption model is required to derive an adsorption
isotherm equation, This is particularly usefu]l when considering
adsorption on porous carbons. The structure of porous carbons is
so complex that it is very difficult to postulate an adequate model
for adsorption, It has also already been noted (Section 4.1.3.a.)
that conventional isotherm equations such as the Langmuir and B.E.T.
Equations are based on simple adsorption models and in consequence
have serious limitations when applied to porous carbons.

In considering the application of the Potential Theory to
.adsorption on porcus adsorbents, Radushkevich (83) classified poﬁus
adsorbents into two extreme structural types. For adsorbents w:i.th
small pores of molecular dimensions, overlap of the adsorption
potentia;s of the pore walls occurs, and the variation of adsorption
potential in the pores is represented by the equation: |

R —
W = Wo'e ~ KE"/p - Equation 4.15.
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whex"e K is a constant dependent on pore dimensions. Wo is the total
volume of the adsorption space and can be e'quated to the micro-pore
volume of the adsorbents For adsorbents with extremely large porés
where no overlap of adsorption potential occurs, and for non-porous

adsorbents the equation becomes: W = W{;’ Q& -~ Equation 4.16
wheré m is & constant which depends on the energetic non-uniformity
of the surface of the adsorbent and is independent of pore
dimensions. WJ‘/ is the total volume of the aé.sorptiop space and
has no particular physical significance.

Dubinin (83) considered the application of Equations 4.15. and
L.16, to a number of carbons activated by reaction within the
temperature range 850° - 950°C. For carbons activated up to 50%
burn~out, pores exist with similar dimensions to the adsorbate
molecule and Equation 4.15. applies. Carbons activated to.a.
burn-out greater than 75% have large pores, so that Equation 4.16.
is obeyed, Carbons activated %o 50 = 75% burn~out exhibit
intermediate behaviour. '

Since E_ = 2.303 nRT log (Po/P) ¥ Equation 4.15. becomes:-

log W = logWo = D 1052 (PO/P)W - Equation 4.17.

where D = 2."2-0‘2 .‘n- RT!zk
e

Equation 4+16. becomes:-

4 </ ' |
logW < logW, = D log (P°/p)w ~ Equation 4.18.
where D’ = nRT n
. o



Equations 4.17.and 4.18. represent adsorption isotherms for
appropriate adsorbents and ; plot of log W against log2 (PO/P) .or
log (PO/P) as the ca'se mey be, will be a straight line, whose
intercept gives a value of Wo. For adsorbents of the first
structural tjpe for which Equation 4.417 applies, Wo represents the
micro=pore volume of the adsorbent. | For Equation 4.17. the slope
6f the line gi'&es D, which since it is related to k, can be used as
a semi-quantitative measure of the micro-pore size distribution.

In the present work adsorption isotherms were obtained using the
‘McBain - Bakr - method, full details of which are given in Appendix I
In this method values of X, the weight of the adsorbed film are
megsureds X is related to W by the equation W = x/e, where {is
the density of the adsorbate, In the present investigations carbon
dioxide has been chosen as the adsorbate. Carbon dioxide was chosen
in preference to nitrogen since it has been shown (86,91.) that for
unactivated and slightly activated carbons the adserption of
nitrogen is limited by activated diffusion. Also in a recent
paper (87-)'Walker and Kini have selected carbon dioxide as the most
suitable adsorbate for the measurement of the surface area ;af coals.,
At the temperature of_195°K at which the isotherms have been
determined, carbon dioxide is considered to be a supercooled liquid{(Bf
of density' 123 g.cE! ' and to have a saturation vapour pressure of
141436 cm.Hg. These values have been taken from the data of

Dubinin et AL (89) and Bridgeman (90) respectively. Walker and Kini
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have recently suggested (87) that the true state of carbon dioxide
in the adsorbed phase at 19503 is intermediate between a perfect
bulk liquid and a perfect bulk solid, however, they do not make any
suggestion of an alternative value of density to be uged in micro-

pore volume calculations.,

4.2, Results of the Present Investigations of Porosity
h.2.1.Adébggtibn Isotherms and Micro-Pore Volumes
. Full de:tails of the apparatus and experimeptal procedure for
obtaining the a.dsc-)rption isotherms are given in Appendix IIT,
The detailed adsorption data are given in Appendix IV,

The adsorption isotherms for cellulose and cellulose triacetate
activated series of carbons a,.re shown in Figse. 4.1. and 4.2.; Some
samples of the isotherms for the two activated series, plotted
according to Equation 4.17. are shown in Figs. 4«3. and 4.4.

Tables 4e1. and 4.2, contain the micro-pore volumes and values of D
obtained from application of Equation 4.17. to the adsorption
isotherms.

It was found experime.ntally (Chapter 3. Section 3.) that the
rate of activation of cellulose and cellulose triacetate carbons
varies with starting weight of carbon. Therefore, the list of
carbons in Tables 4.41. and 4.2, has been subdivided into three
series.. Series (i) refers to carbons activated from different
starting weights to vafying degrees of burn-out at 93500. Series(i:
refers to carbons activated from a constant starting weight

(cas0.5g.) at the seme temperature (935°C). Series (iii) refers
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to carbons activated to varying degrees of burn-out, from a constant
starting weight (ca.0.5g.) at different temperatures in the range
890°c. to 960°cC.

_No adsorption of carbon dioxide was detectable for both an
unactivated sample of; polyacenaphthylene carbon and a sample
activated to a burn-out of 50% et 935°C. Thus it was concluded
that the micro-pore volumes of the samples examined were less than
10-‘,’cc.g:1 the minimum volume detectable by the apparatus.

LQZ.ZQMErGEEZ Dénsigi Resul ts
The appargtﬁs and experimental procedure for the determination
of mercury densities of the carbons are described in Appendix A iii.;
It was found that the mercury densities of both an unactivated
sample of polyacenaphthylene carbon and a sample activated to a burn-
out of 50% at 935°C were equal to 1.72 g.c_m.-5.
Vhlués of mercury densities obtained for cellulose carbons of
Series (i) and (ii) and cellulose triacetate carbons of Series (i)
are listed in Tables 4.5. and 4.6.
4.3, Discussion of the gi-é.s.éhf. _R'esult's
4.5.1.Ahso£gtion Isotherms o
' For the purpose of applying Equation 4.17. to the adsorption
isotherms, it was only necessary to explore the relative pressure

range 10'-5

to 0.3, since at a relative pressure of 0.3, the value
2 . .
of log Po /P is close to gzero. Since the full relative pressure

range was not explored it is not possible to identify the isotherms
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according to the classification of Brunauer, (64).

The extent of the adsorption occurring at relative pressures
less than 0,05 is greater than-over th; remainder of the relative
pressure range for all but the most highly activated carbons.

(Figs. 4+1e and 4e¢2.) This indicates that the major part of the
carbon surface is contained in very fine pores. In general the
isotherﬁs for the adsorption of carbon dioxide on activated cellulést
and cellulose triacetate carbons (Figs. 4e1. and 4.2.) follow the
pattern found by Lamond and Marsh (88) for adsorption of the same
gas on an activated series of polyvinylidene chloride carbons. At
low relative pressures of carbon dioxide (ca.10.3) adsorption takes
place to a greater extent for the unactivated and slightly activated
carbons compared with the highly aétivated carbons. This can be
attributed to the fact that the pores in the slightly activated
carbons are finer than in the highly activated carbons. Thus at
low relative pressures; the higher adsorption potential of the fine
pores compared with the adsorption potential of the large pores
results in greater adsorption in the fine pores. 1In contrast, at
"higher relative pressures (ca.0.3) adsorption takes place to the
greatest extent for the highly activated carbons. This can be
attributed to pore filling occurring at higher relative pressures. )
ﬁence the adsorption isotherms for the activated series of the two

carbons provide evidence that the sizes of the pores in the carbons

increase on increasing activation. Further examination of Figsel.d.
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and L.2. reveals that either new pores are formed or closed pores
are opened in the initial stages of activation. This is

evidenced by.the fact that for both unactivated cellulose and
cellulose triacetate carbons (0% burnéout) the extent of adsorption
at low.relative pressures is Ieés.than the adsorption at similar
relative pressures for samples of both carbons activated to a-
burn-out of ca. 25%. McEnaney has concluded (14) that in the
initial stages of éctivation of cellulose and coconut~-shell carbons
the predominant process is the opening of blocked pores accompanied
to a lésser degree by the creation of.new pores. McEnaney has

also confirmed the evidence of the present work %hatzshows that ' the
predoﬁigant process occurring in the later stages of the activation of
carbons is the widening of existing pores rather than the creation
of new pores. If this werée not the case then even for highly
activated carbons, considerable adsorption at low relative pressures
might be anticipated if new pores are found in the later stages of -

activation,

At first sight the plots (Figs. 4.3. and 4.4.) of the isotherms
according to the Dubinin Equation (Equation 4.17.) appear to follow
the pattern found by Dubinin. For carbons activated to & burn-out
of LO%L the plots are linear almost, over the entire pressure range
(10-3.- 40 cm.Hg.); above a burn-out of 4L0% the carbons glive plots*.

which have two linear sections, and at a burn-out of 75% the isotherm
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plotted according to Equation 4.18. is almost linear. (Fig.4.5.)
Closer examination of the isotherms plotted according to Equation
4.17. reveals, however, that the plots vary from a very shallow
curve for slightly activated carbons to very pronounced curves for
highly activated carbons.- These curves can in nearly all cases be
approximated to a pair of intersecting straight lines., The point

. of intersection of these lines moves from low relative pressures

* for slightly activated carbons;.(?/?b = Ca.10"h) to higher relative

pressures (F/Po = ca.10"1) for the highly activated carbons.

These results are in accordance with the qualitative
interpretation of the isotherms themselves and show that for carbons
activated to a burn-out of 40%, the pores remain comparable in size
with the adsorbate molecule and the assumptions of Equation 4.17.
are justified. On increasing the degree of activation above a burn-
out of AO%L the pores increase in size relative to the adsorbate
molecule énd Equation 4.17. applies separately to two pressure ranges.
The two linear sections of the plots of log X against log 2Pb/P
(Eqpation 4.17.) can be interpreted in terms of a two stage adsorption
process. In a recent paper (85), Dubinin has interpreted the
adsorption of benzene on activated charcoal, in terms of the filling

of two types of micro-pore, represented by the equation:=

2,2 2,2
o= W1 e BE/BT 4 g o RE/B Equation 4.19.



where Wb and Wb are the micro=pore volumes of the two types of

1 2
pore. An alternative explanation for the two-stage process has
been advanced by Mersh and Lamond (92). They have attributed the
‘first stage at low relative pressures to monolayer formation and
the second stage at high relative pressures to micero-pore éilling.
This point is discussed later in this Chapter..

In the present work the two possiﬁilities for extrapolation of
the Dubinin plots are illustrated in Fig. 4.6. The values of
io obtained from the extrapolation of the iinear section the
Dubinin plot at higher relative pressures yield reasonable values
for the micro-pore volumes of the carbons. (Tables 4.1, and 4e2.)

It can be seen from Fig, 4.7. that for cellulose carbons of
Series (i) the relationshib between development of micro-pore
volume and degree of burn~out is a smooth curve. This implies
that the pore sizes increase on activation and agrees with the
qpalitativelevidence of the isotherms for the activated series of
cellulose carbons, The development of micro-pore volume in
cellulose triacetate carbons of Series (i) (Fige 4.8.) is a linear
function of the degree of burn—-out. The extent of micro-pore
development in cellulose and cellulose triacetate carbons virtually
coincide until a burn-out of ca. 30% is reached. After a burn-
out of 30%L the micro-pore developmént in cellulose carbons exceeds
to an incfeasing degree, the corresponding development in cellulose

triacetate carbons, For example at a burn-ocut of 75% the micro-pore
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volumes of the cellulose and cellulose triacetate carbons are
1,01 and 0,72 cm.sg.-1 respectively. The micro-pore volumes for
the cellulose carbons of Series (ii) and (iii) and the micro-pore
volumes of cellulose triacetat; carbons of Series (iii) are plotted
" as a function of burn-out in Figs. 4e¢9. and 4,10, Por comparisonA
the corresponding curves of micro-pore volume as a function of
burn-out from Figs. 4.7. and 4.8. have been superimposed on Figs.4.9
and 4.10. respectively. It can be seen from Fig, 4.9, that the
variation of micro-pore volume with degree of-burn-out'for cellulose
carbons of Series (ii) and (iii) is identical to that found for
Series (i). This shows that variations in the starting weight of
unactivated cellulose carbon.over the weight range 0.4g. to 1.0g.
for Series (i) have no detéctable effect on the development of
micro=pore volume, It also shows that variation of the temperature
of activation in the range 890°C - 960°c has no detectable effect oﬁ'
- the development of micro-pore volume. It should/ﬁe noted, however,
that although Series (ii) was investigated to a burn-out of 76%,
Series (iii) was only investigated to a burn-cut of 25% and
variation of micro-pore development in cellulose carbons with
temperature may, therefore, occur at higher burn-cut.

For cellulose triacetate carbons of Series (iii) (Fig. 4.10.) a
slight variation of micro-pore volume occurs for variations in
temperature of activation for a given burn-out, when.the burn-out

exceeds 25%. For example at 30%'burn—out, samples of cellulose.
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triacetate carbons ha@ the following micro-pore volumes at various
temperatures of activation:- O.Bé cc.g.-1 at 96090, O.41 cc.g.-1

at 935°C, 0.45 cc.g.” | at 903°C. Hence it would eppear that an
increase in the temperature of activation, (which results in an
increase in the rate of activation of cellulose triacetate carbonms,
Chapter 3. Section 3.2.) produces a slight reduction in micro=pore
volume, It should be noted, however, that the slight variation
found is of the order of the experimental error for the determination
of micro-pore volume, and therefore the significance of the
.variation remains doubtful.

Values of the slopes, Du, Were cbtained from the linear sections
at high relative pressures of the Dubinin plots, and are listed in
Tables 4.1. and L.2.; these values are also plotted as functions
of burn-out for cellulose (Series (i) ;nd (ii)) and cellulose
triacetate (Series (i)) carbons in Figs.4.11. and L.12. respectively.
Velues of Du for these three series of activated carbons increase
with increasing activation, and the increase becomes asymptotic as
a burn-out of 100% is approached. Since Du can be regarded as a
semi-quantitative'measure of pore size distribution this indicates
that the micro-pore size increases with increasing activation.

This conclusion is in accordance with the evidence from the isotherms
and the values of micro-pore volume previously discussed.

It has already been mentioned in this section that the

adsorption occurring at low relative pressures, has been attributed
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to'monolayer formation (92).

In view of this the linear sections at low relative pressures
were extrapclated as shown in Fig. 4.6. to give values of Xm, the
weight of adsorbate per gram of adsorbent in a monolayer. Surface
areas of the carbons were calculated using a value of 172? for the
cross~sectional area of the carbon dioxide m&lecule in the adsorbed
bhase. This value is taken from a calculation involving the liquid
density of carbon dioxide at -56°C (89) and using Equation 4.3.
Recently Anderson é_t Q (91) claim to have shown that the surface
area of the carbon dioxide molecule in the adsorbed phase is between
183? and 233?, depending on the adsorbent, if the surface area, as
measured from aﬁsorption of carbon dioxide at 195°K, is to correspon
to the valﬁe obtained froh adsorption of nitrogen at 77°K. Such a
comparison would not be possible in the present qppk, since it has
been shown (86) that adsorption of nitrogen on unactivgted carbons
and slightly activated carbons is restricted by activated diffusion
effectss Since no definite conclusion concerning the area of the
carbon dioxide molecule in the adéorbed phase has been made in the
literature, and since most workers have used a value of 173? (70,
88,92.) this value is ueed in the present work, The corresponding
surface areas and micro-pore volumes of cellulose and cellulose
triacetate.carboné of Series (i) and (ii) are summarised in
Tables 4.3, and 4.4 The surface areas of both carbons appear to

remain constant throughout the activateéed series at values of



ca.500 m?g.-1 for cellulose carbons and ca.GOOm?g."1 for cellulose
triacetate cafbo#s, decreasing slightly at high burn-out., This
result is not in accordance with most of the previous work relating
surface area to degree of activation.

Kawshate and Walker (93) and Lamond and Marsh (88) for example
have found that the surface area of.a carbon varies on activation.
 In view of this, the alternative explanation by Dubinin (85) seems

more likely.. This is that one kind of micro-pore filling is
occurring, followed at higher relative pressures-by the filling of
larger micro-pores. It is still remarkable, however, that the pore
volume of this smaller type of micro~pore should remsin constant on
activation and this remains unexplained. waever, evidence
consistenf with this theory comes from values of Dp (Tables 4.3.
and L.h.) obtained from the slopes of the linear sections of the
Dubinin plots at lower relative pressures.. Qggpemains constant
throughout the activated series of each carbon, i.e. the size
distribution of this type of pore remains constant on activation.
The values of r in Tables he3s and L4.h ere the mean micro-
pore radii of the activated carboﬁs-and were calculated from
Equation 4.7. using the values of surface area and micro-pore
volume in Tables 4.1. to 4.4. |
. The meen micro=pore radii of both cellulose and cellulose
triacetate carbons increase with activation. This is in accord

with the evidence of the values of Du, which also increase with
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increasing activation. The values of r range from ca.?&.for
unactivated carbons to ca.SOX for highly activated cellulose carbons
and ca.}Oﬁ for highly gctivated cellulose triacetate carbons. These
values would appear to be high by a factor of two according to
Dubinin's specifications of micro-pore size, which range from 43

to 253 for unactivated to highly activated carbons resppctively.

‘This is probably due to the limitations of Equation 4.7. The
assumption of & cylindrieal pore model in which the pores are not
interconnected is an oversimblification of the pore strﬁcture of
carbon. In addition this is further evidence that the values of
surface area used in BEquation 4.7. are of doubtful significance.

One further interesting feature from the Dubinin plots is shown
in Figs. 4e13. and L.14. where values of 1052 P?/P corresponding to
the point of intersection of the two linear sections of each
Dubinin plot, are plotted against the degree of burn-out of the
activated carbon. The resulting plots for both cellulose and
cellulose triacetate carbons are smooth curves resembling the shape
of the curves obtained for the variation of values of Du with éegree
of burn-ocut. (Cf. Pigs. 4e11. and 4.12.) .

Hence it appears that the movement of the point of intersection
of the linear sections of the Dubinin plots. through an activated
series is an effect due to variation in the pore size of carbons.

The lack of detectable adsorption of carbon dioxide on

pPolyacenaphthylene carbons is in marked contrast to cellulose and
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cellulose triacetate carbons. This is a reflection of its more
graphitic nature, (Chapters 1 and 2. Sections 1.3. and 2.3.3J and
consequently polyacenaphthylene carbon has few spaces between the
micro-crystals for adsorptiont occur. The eyidence of the
adgorption experiménts is in accordance with the evidence from
rates of reaction and mercury density determinations. Since the
mercury density does not change on activation, weight loss on
activation of polyacenaphthylene carbon is postulated to take place
entirely from the external surface (Section k.3.3.), this results
in slow rates of activation and an undetectable development of

porosity. These points are further discussed in Chapter 5.

' The variation of mercury density of cellulose carbons of
Series (i) and (ii) with degree of burn-out (Fig.4.15.) is a smooth
curve slightly convex to the axis of burn=cut, in contrast to the
smooth curve for cellulose triacetate carbons of Series (i) which
is slightly concave to the axis of burn-out..

During the process of activation of a carbon, weight loss can
occur from both the external and internal surface. The mercury
density of a carbon defines its éxternal surface, (Section 4.1.2.b.).
providing mercury cannot enter pores of less‘than 105 X in diameter,
but can penetrate all the spaces between the granules in the samgle.
If this is the case an analysis of the mercury densi%ies of‘ap
activated series of carbons may be undertaken (63)'whdch leads to an

estimate of the ratio of internal to external weight loss throughout
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the activated series. The external weight loss Xg. of 1g. carbon
at a burn-out of a% is given by~
x of VO o (o=a) N, P mg - Equation
(<]
. , 4420,
eHgO 1000 PHE&

where P Hgo is the mercury density of una._ct_ivated- carbon, and e Hga
is the mercury density of the carbon at ; burn-out'§f'a%. The
quantity (100 - a% burn-out) has been termed the activetion yield
of carbon (63). -

W.J. Thomas has shown (94) that the inequality

..,/Z_KI:Deffn.

Lk!

> 1 ., represents the condition that burn-out

will occur to a gregteﬁiextent in the interior of the carbon
" compared with the eiterior; k and ¥/ are first order chemical rate
constants for the internal and external reactions respectively,
Deff is the effective diffusion coefficient of the reacting gas,
and r and L are values of the mean pore radius and length
respectivel& calculated from a cyclindrical pore model. In the
present work the inequality has not been applied due to lack of
information for values of Deff, k and x’.

Tﬁe external weight loss qf cellulose triacetate carbons
(Fig.4.16.) is a linear function of the degree of burn-out. The

ratio of internal to external burn-out, fnﬁ/éxt, is calculated



from inﬁ/éxt = 1 =1 - . Equation 4.21.

where I is the value of the external weight loss at a burn=—out

of 100%4. For éellulose triacetate carbons of Series (i), iQBéit =
0.72 and is constant. The linearity of the variation of external
weiéﬁt loss with degree of burn-out for cellulose triacetate cerbons
agrees with the linearity of a similar plot for activated
coconutshell carbons found by Kipling and McEnaney (63).

Thus during the process of activation of cellulose triacetate
carbons, a slightly greater weight‘loss of carbon takes place from
the external surface eompargd with the internal surface and the
ratio of internal to external attack remains constant.

The variation of the external weight loss of cellulose carbons
of Series (i) and (ii) with degree of burn-out is in the form of a
curve, (Fig. 4.16.). Up to a burn~out of ca. 30% the external
weight loss is very small, but it increases markedl&nthereafter
hence in?/ext decreases on activation. An attempt is made in
Chapter 5 to explain the differences of the internal to external
burn—out ratios found for cellulose ana cellulose triacetate carbons
in terms of the evidence of rates of feact@on and optical micrography
The Development of.Total Porosity on Activation using assumed "true"
Densities ' . '

It was pointed out in Section 4.1.2.b. of this Chapter that the

total pore volume of a carbon could be obtained from a knowledge of
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the apparent density in mercury, and” the “true"'density of the
carbon, It was also pointed out that mefﬁods of establishing the
deﬁsity of the solid material alone, i.e. the so called "true"
density had several practical and theoreticﬁl limitations yhen
applied to porous carbons. However, a picture of the development
of total pore vplume (the sum of macro- and micro-pore volﬁmes) of '
a carbon may be obtained if an estimate of its "true" density can be
obtained. In the present wofk_neither helium densit;es (Section
k.1.2.b.) nor X-ray densities of carbons were obtainsble due to
practical 1iﬁitations.

There is reason to' believe, hqwever; from the work of Kipling
and McEnaney (63) and Dubinin (95) that the "true" density of a
carbon does not vary significantly with activation at temperatures
below 100000. -Kipling and McEnaney showed that the helium densities
determined at 300°C, for an activated series of coconutshell carbons
remained constant almost at 1.93 g.cm.-3. . Dubinin found that the
densitﬁes of activated sucrose carbons determined from X-ray
measurements remsined nearly constant throughout the series at

1.96 8e cmo-5

« In the present work values for the helium densities
of unactivated cellulose andlcellulose triacetate carbons at 935°c
have been obtainea by iﬁterpolétion between the values at 700°C and
1500°C quoted by Kipling et AL (96) for carbons prepared from the

same polymers. Assuming that these values remain approximately

constant on activétion, the total pore volumes of cellulose carbons
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 series (i) and (ii) aﬁd cellulose triacetate carbons Series (1)
have been obtained. (Tables 4.7. and 4.8.) In view of the assump-
tions made, it should be emphasised that the flollowing discussion
is of qualitative value only, however, a reasonable picture of the
development of total and macro-pore volumes of the carbons may be

'ébtained.

The total porosities of both cellulose and celluloée triacetate -
carbons (Figs. 4.18. and 4.19.) are increased on ac&ivation, tﬁe
relation between the degree of burn~out and total pore volume being
a smooth curve in each case. A difference in the development of
total pore volume for cellulose and cellulose triacetate carbons is
revealed by Figs. 4.20 and L:;ji which show the total pore volumes
expressed as cm.sg.-1 of unactivated carbon. These figures show
that for cellulose carbons the total pore volume increases to a
maximun at a burn-out of ca. LO% and then decreases. This result
is in qualitativg agreement witﬁ the result obtained by'Kawahata and
Walker (93) for the éotgl porosity development of an activated series
prepared from anthracite. They found that the totel pore volume
of anthracite reached a maximum at ca, hﬂ% burn-out. For cellulose
triacetate carboné, the total pore volume.expressed as cm.3g._i of
unactivated carbon remains virtually constant over the entire range
of burn-out investigated (to 75%3. This result is in qualitative

agreement with the reéult obtained for coconutshell carbon by Kipling

and McEnaney (63). They found thet the total pore volume of
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coconutshell carbqn.remained constant over the range of burn-out
0 to ca. 70%.

The maéro-pore volumes of cellulose and cellulose triacetate
c#rbohs were calculated as the difference:between the totél pore
volumes and micro-pore volumes of the carbons obtained from the
Dubinin plots. Thé variation of macro-pore volume with degree of
burn-out for celiulose carbons Fig. #.18. is approximately linear.
This is in contrast to cellulose triacetate carbons for‘hﬁich the
_ macro-pore volume decreases in the initial stages of éctivation
(Fige 4.19.) and then increases on further activation. In Chapter 5
an attempt is made to correlate the differences between -the total
pore developments of cellulose and cellulose triacetate carbons with
the evideﬁce obtained from rates of activation and optical

micrography.
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Series Degree of . Temperature D x 102 Micro-Pore
Activation of AcSivat:.on Volgmes

#B.0.). ...........CCY ... {cm.- .
(1) 0 935 ' 7.6 0.18
(1) 25 935 8.9 C o 0.37
(1) 35 935 9.7 0.47
(1) 50 935 1ol 0.66
(1) 56 935 15,6 - 0.78
(1) o . 935 L0 1.12
(11) 17.5 . 935 8.1 0.32
(i1) 32,5 935 8.6 Oulil
1) 76 935 25,0 1.02
(111) 9.5 890 : 7.2 0.26
(111) . 12,5 955 7.1 0.29
(111) 18.0 903 7.0 0.32
(111) 25.0 917 8.0 0.38

Du refers to slope of Dubinin Plot at high relative pressures.

D Q refers to slope of Dubinin Piot at low relative pressures,
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"l‘abi'e' ) l;... 2.

Micro-Pore Volumes for Act:l.vated Cellulose Tr:l.acetate Carbons

Series Degree of Temperature D x 102 Micro~Pore
Activation of Acglvatlon u Volymes
#3.0.) ... . (¢ emZgTh
(1) 0 935 6ol 0.21
(1) 23.5 935 8.2 0436
(1) 40 ' 935 10.6 0.48
(1) 60 935 1.3 0.63
(1) 75 935 18.8 0.72
(114) 30 960 8.3 0.38
(111) 30 903 9k 0.45

(1ii) 50

919

15.8

0.68




Table  ke3e

Surfase Areas sad llean Micro-Pore Hasil for Gellylose Carbons

Seriés-' - begreé'éf"' o Sﬁffﬁéé'.- - .'.Bé'i 10 Mb;# Micro=

: Activation Arf Pore Radius

.{% B.0.). ... U (R N X)......
(1) ..... S ....512, o ?;6 ) s

(3) 25 512 7.5 18 -

@) 35 512 | 7.6 18.8
(1) 50 560 Tok 26
(1) 5 512 7.5 31.6
() % 400 8.0 56.0
(11) 17.5 512 6.0 12.8
(i1) 32,5 512 6.1 16.5

(1), .. 76. L0835 . TS L 40.8

Table .k
Surface Areas and Mean Micro-Pore Radii for Cellulose Triacetate

Larbons
Series Degree of o 'Surface ©7 Dgx10  Mean Micro-
: Activation E Pore_Radius
#3B.0.) ... (W) e @

(i) . . O- . .600' T _s;k . 7;6 oo
(1) 23.5 580 | 6.6 12,5
(i) 40 580 740 16.5
(1) 60 580 : 7.0 22,0
(1) 75 - 490 7.0 . 29,5
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Table k.5.

Mercu_rx Dens:.t:l.es of Act:.vated Cellulose Carbons

Series Degree of Mercury

Activation Densitx
B B.OL) ... L. (g.cm.. 3 ).

(1) 0 : 0.96
(1) 25 0.73
(1) 35 0.65
(1) 50 0.56
(1) : 56 : 0.53
(i) oL, B -

(i1) : 17.5 0.81

(1i) 32.5 0.67

(li) ..................... 76 ...................... 0.42

Table | 262

Merourx Dens1t1es of Act:wated Cellulose Triacetate Carbons

Series " Degree of . Mercury
Activation Densrt,x3
. _(% B. 0. ) e (g.cm. )
(1) 0 1.08
(i) 23.5 ' 0,96
(1) Lo 0.85
(1) 60 0.66

K1) IS . Ok ...




DJ.str:Lbut:Lon of Pore Volumes for Cellulose Ca.r'bons U81 z é,. ";l‘i';.x‘e.“
- Density of 1.90 g.cm.”

Series Degree of Total Open Mi cro~Pore Macro-Pore
Activation -Pors VoJ‘u.me Volume 8, ' Volume1
(% B‘o‘) e e (cm‘ .8 ] (cmo 8. . ) PN .(cm.?g.f-. ) .
(1) 0 ‘ 0.51 0.18 0.33
1) 25 0.8, - - 0.37 ' 0.47
(1) 35 1.01 0.47 0.54
(1) 50 1426 0.66 0.60
(1) 56 1.36 0uTh 0.63
(1) ol - - -
(1) 17.5 0.70 0.32  0.38
L) L 76 1485 .. .02 . ... 0.83 .
'-?r'ai:ie" "'5_' ' 8".

...........................

"True" Dens:l.ty—of 2 00 g.cm. 2.

. Series Degree of  Total Open Micro-Pore Macro-Pore
Activation ~Pore Volume ~ Volume E Volume
(% B.0.). . Cee .(cm...jg..-.“). Coee -(0!}!;. 8. ) ... .(cm..3 .-1) :
(1) o o3 Co0e21T 0.22
(1) 23.5 054 0.37 0.17
(1) 40 ' 0.68 049 0.19
(1) 60 102 062 0.40

(1) 75 1,63 072 0.91. ..

-------------------------------------------------------------------------------------
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Chapter 5.

Cbrrelafibné bétﬁééh fhe'ﬁéféé-oflhétivafion'éha'fhe-Déféibghéhf
' of Porosity of the Carbons

5.1, Introduction

There have been few studies which attempt to relate the
reactivity of carbons to the development of porosity, and therefore
a separate review of such studies is not reported. Instead
reference to other workers'! findings is made at appropriate points
in the Chapter,

In Chapter 1 (Section 1.4.) it was anticipated that two factors

. likely to be of particular importance in determining the rate of
activation and the development of pore structure of a carbon are the
nature of the carbonisation process and the graphitic character of

. the carbon, In addition, other factors to be considered in studies
of the activation of carbons include the starting weight of carbon,
the amounts of iﬁternal and external weight loss and the temperature
of activation.

In this Chapter therefore, in order to discuss the results in
the light of the aims of the thesis outlined in Chapter 1 (Section*1)
the rates of activation and the development of pore volume of ‘the
carbons are compared under the folléwing headings:=-

(i)The influence of graphitic character,

(ii)the influence of the nature of the carbonisation process,
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(i11) the influence of the starting weight of carbon for activation,
(iv)the amounts of internal and external weight loss,

(v)the influence of temperature of activation.

and Develogment of Pore Volume of the Carbons
"It is clear from the results so far presented in this thesis

that there is a considerable difference between the behaviour of the
graphitic polyacenaphthylene carbon.and the nonsgraphitic cellulose
and cellulose triacetate carbons.

Prom Tables 3.1. to 3.3.,'it can be seen that the ratios of
the linear rates of activation of cellulose tri;cetate, cellulose
and polyacenaphthylene carbons at 935°C are 8.5 : 5 : 1, when ca.0.l
starting weight of carbon are used. The corresponding ratios when
small.sterting weights of carbons are used, are difficult to estimate

This is due to the anomalous rates of reaction obtained fo;
rolyacenaphthylene carbons and the initial, non-linear rates of
reaction of cellulose triacetate carbons (Chapter 3. Section 3.5.2.)
when small starting weights of carbon were used.

However, the times taken to reach a burn-out of 50%& mey be

compared for small starting weights of the carbons acti&ated at

- 935°C.  These times are shown in Table 5.1.

It is clear that generally polyacenaphthylene carbon is
inherently less reactive than cellulose and celluiose triacetate

carbons by a factor of about ten. The low reactivity of



polyacenaphthylene carbon compared with cellulose and céllﬁlose
triacetate carbons can be ascribed to its more graphitic character.

' This conclusion is in agreement with the findings of Smith and Polley
(57) discussed in Chapter 3 (Section 5.'3.2.) who found that the

rate of oxidation of a fully graphitised carbon black was abouttwo
hundred times slower than an ungraphitised carbon black at the same
temperature. In a graphitised carbon thenmajority of the crystall-
ites have their basal planes parallel to the surface, and it is
known (56), that the reactivity parallel to the basal planes of a
carbon is less than that perpendicular to them. Hence it appears
that in polyacenaphthylene carbon a greater proportion of the
crystallites have their basal planes parallel to the surface compared
with the other two carbons, thus reducing the overall rate of attack .
by an oxidising gas. However, it is clear that polyacenaphthylene
carbon, prepared at 950°C is not as graphitic in character as a
fully graphitised carbon black prepared by heating to SOOOOC, since
the ratio of its reactivity to those of the non-graphitic cellulose
cellulose triacetate carbons is a factor of twenty less than the
ratio for the fully graphitised carbon black and ungraphitised
carbon black, found by Smith and Polley. However, since unactivated
polyacenaphthylene carbon has a small open pore volume (96), whilst
a fully graphitised carbon black is non-porous, the diécrepancy in
the two ratios may be partly due to the influence of the porosity of

the polyacenaphthylene carbon on its reactivity. Unactivated cellulose
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and cellulose triacetate carbons have considerably greater open pore
volumes than unactivated polyacenaphthylene carbons (Chapter 1.
Section 1.4.)e On activation the non-grgphitic cellulose and
cellulose triacetate carbons therefore react faster and their micro-
pore structures are developed considerably compared with the graphiti
polyacenaphthylene cérbon. For example the increases of micro~pore
volume which occur when the three cafbons are ;ctivated at 93500 to
50% burn-out are shown in Table 5.2. Activation of polyacenaphth-
ylene carbon does not increase the micro-pore volume snd would
appear to involve removal of the external surface only, (Chapter 3.
Section 3.6.1.).

The rates of activation and the development of porosity of the
three carbons‘tﬁerefore show a clear distinction between the
graphitic polyacenaplithylene carbon and non-graphitic cellulose and
cellulose triacetate carbons.

In general it is difficult to compare the rates of reaction and
development of porosity reported in these investigations with those
found by other workers for other carbons. This is principally due
to the fact that few workers have attempted such a correlation, much
of the wor# that has feen reported has been concerned only with the
initial stages of burn-cut. However, work reported by Dubinin(975
using sucrose carbon, (a non-graphitic carbon) provides a relevant
comparison with the results obtained in the present work for

cellulose and cellulose triacetate carbons.
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Dubinin has reported that the rate of activation of sucrose
carbon, in the presence of excess carbon digxids or steam is given
by:-

= dn /at = km - Equation 5.1.
where m is the masé of sucrose carbon reacting at time t, and k is
the rate constant expressed by Dubinin in units of ar". This
equation suggegts-that Dubinin found -that the rate of éctivati;n of
the carbon dgcreas.ed exponentially with time. This is, therefore,
in marked confrasi to the present results and those of numerous othe:
workers, (39, 48, 61.) who find linear rates of activation over a
considerable range of burn-out. It is therefore of interest t6
note that the values of the initial rates reported by Dubiniﬁlfor
the activation of sucrose carbon compare quite well with those
found in’ the present work. For example, Dubinin found that the
initial rate Af.activation of sucrose carbon at 93500 was 2.58 x 10-'5
g.sec-jg-z which compares with a value of 2.67 x 10-5 g.sec-jg-j
found in the present investigations for the activation of
cellulose carbon aﬁ thie same temperature. In the absenge of
further experimental details of Dubinin's work, it is impossible
to decide whether Dubinin's results may have been consisfent with
zero order as well as first order kinetics. Since in the préseht
work the reactions have been observed to be linear over an
extensive range of burn-out in nearly every case, they are

consistent only with zero order kinetics. . In addition
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the activation energy reported by Dubinin for the activation of
sucrose -carbon (qsing 0.5g. samples) over the tempefature range .
850°C - 1000°C is 52 k.cal.mole. | compared with a value of
67 k.éa;smole.fj over the temperature range 89000 —.95020 found
for cellulose carbon in the present work.

It is also interesting to note that Dubinin (95) has reported
that the micro—pore'vqlumé of sucrose carbon is increaée& from~
0.08 cm,Bg.“1 to 0.46 <'=m.3g.-1 on activation to a.burn-out of .ca.35%
at 850°C. ~ For cellulose caibon activated at 935°c, the corresponding

" increase:in micro-pore.volume is from 0,18 cm.sg}-1

%o 0.47 cm.om: .
The discrepancy in the micro-pore volumes of unactivateé.cellulose
and sucrose carbons may be due to a moleculer sieve effect. "Dubinin
used benzene as the adsorbate on sucrose carbon, and benzene has a
-iarger molecular diameter than carbon.dioxide;.the adsorbate in the

present work for cellulose carbon. . : R

5.3. Ihe Influence of the Nture of the Carbonisetion Frocess.on the -

Rates of Activafibn.and the Devéioéhehf:bf bee.Vbiﬁmeibf fhénbarbons
Polyacenaphthyiene.and'cellulose triacetate polymers both fuse
during carbonisation (Chapter 1. Section 1.4.) and form cokes, whilst
cellulose does not and forms a char. However, it is'clgar from the
work of Kipling and Shooter [18), Brookes-and Taylor (38) and from
the micrographicel evidence of thesprésénﬁ work . (Chapter 2. '
Section 2.3.3.) that the-resemblance 'of polyacenaphthylene carbon to
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cellulose triacetate carbon is superficial only. The rate of
activation and development of porosity of cellulose triacetate
carbons resembles that of cellulose carbons rather than polyacenaph-

thylene carbons., Hence the nature of the carbonisation process

~ appears to influence the rate of activation and development of

5'40

porosity of carbons only in so far as it influences the graphitic
character of the carbons (Chapter 2, Section 2.1.2.). It is the
graphitic character of the carbons which directly influences the
rate of activation and development o? pofosity.

The Ihfluehéé of StértiéEIWéight of Carbon on the.Réfés 6f ' -

Acfivation ana thé Dé&él&éﬁgét-bf fofé Véiﬁhévbf.fheibafbbhé

It has been shown in Chapter 3 (Section 3.6.3.) that as the

.starting of carbon is increased above 0.41g., the rates of activation

at 935°C of cellulose and celiulose triacetate carbons become almost
independent of starting weight. It has also been found in Chapter 4
(Section 4.3.2.) that over the range of starting weight, O.4g. o
1g. of carbon the development of micre-pore volume is independent of
starting weight. Thus variations in starting weight over the range

0.4 - 1g. influence neither the rate of activation nor the
development of pore structure. to any significant degree.
However, it was found in Chapter 3 (Section 3.5.2.) that the

rates of actiyation of cellulose and cellulose triacetate carbons
veried significantly when different starting weights of less than

O.1g. carbon were used. It would, therefore, be desirable to
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determine whether there was a corresponding variation of micro-pore
volume in order to examine further the influence of the starting
weight of cﬁrbon on the aevelopment of porosity. Howevgr, it has
already been pointed out (Chapter 3.Section 3.5.1.) that this is
not feasible using the present techniques for the determination of

porosity.

Carbons

The lack of development of micro-pore volume during the
activation of polyacenaphthylene carbon, revealed by adserption
measurements (Chapter 4. Section 4.2.1.) cen be related to the lack
of internal burn-out revealed by mercury density measurements.

Botﬁ these .effects are clearly due to its graphitic character-
compared with cellulose and cellulose triacetate carbons. Although
activation of polyacenaphﬁhylene carbon involves surface attack only,
comparison of the optical micrographs for aﬁ unactivated and an
activated sample of the carbon (Figs.2.9. and 5.3.) however shows
that the nature of the external surface of the carbon does not change
significantly on activation.

It is interesting to note that for cellulose triacetate carbons,
the ratio of internal to external burn-out (Fig.L.i6)and the rate of
activation (Fig.3.5.) are both linear functions of degree of burn-out.
For cellulose carbons, however, although the rates of activation

remain linear to & burn-out of over 60% (Fig.3.4.), the ratio of
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internal to external burn-out (Fig. 4.16.) decreases as activation
proceeds,

In the initial stages of activétion, weight loss from the
internal surface of cellulose carbons exceeds that from cellulose
triacetate carbons (Fig.4.16.). The development of micro-pore

3g.-1 of unactivated carbon, (Figs.4.19 and

volume, expressed in cm
4.20.) for both carbons is similar, particularly in the initial
stages of activation, hence the large internél burn~-out from
cellulose carbons in the initial stages of activation can be
attributed to a development of macro-pore volume as well as micro-
pore volume. This conclusion is consistent with the results shown
in Fig.4.19. which show that both micro-pore volume and macro-pore
volume increase in the initial stages of activation. Furthér, in
the later stages of activation Fig.4.19. shows that the macro=-pore
volume of cellulose carbons decreases more rapidly than the micro-
pore volume, which is consistent with an increase in the amount of
external weight loss as activation proceeds.

For cellulose triacetate cafbons Fig.4.20. shows that in the
initial-stages of activation the macro-pore volume decreases, hence
the internal burn-out from cellulose triacetate carbons in the initial
stages of activation is apparently exclusively concerned with the
development of micro-pore volume. Compariéon of the optical

micrographs of unactivated cellulose and cellulose triacetate carbons

(Figs.2.7. and 2.8.) suggests a possible explanation for the initial
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macro-pore development of-cellulose carbons on activation, and the
lack of such development of cellulose triacetate carbons.

The surface of unactivated cellulose carbon is covered with
small pits, which présumably are large macro-pores; in contrast the
surface of unactivated cellulose friacetate carbon is devoid of such
pits. Hence it may be that the presence of existing large macro-
pores in unactivated cellulose carbon favours the development of
macro-pore volume during the initial stages of activatién, whilst
the absence of such pores in cellulose triacétate carbon inhibits a
similar development. If this explanation is correct, then it might
be expected that the large macro-pores of unactivated cellulose
carbon would increase in size during activation. However, the
optical micrographs of activated samples of both cellulose and
cellulose triacetate carbons (Figs.5.1. and 5.2.) closely resemble
those obtained for the unactivated samples of both carbons.
Therefore, the large macro-pores present in unactivated cellulose
carbon do not appear to change in size during activation, and the
evidence for the explanation remains inconclusive.

The Influence of temperatureAgglAct;vﬁtion on_the Rates of Activation

and the Development of Pore Volume of the Carbons

Cellulose carbons react more siowly ;ith carbon dioxide than
cellulose triacetate carbons at fhe sﬁme temperature. However, the
former develop & greater micro-pore volume than the latter in the

course of activation. For example Table 5.3. shows the corresponding
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rates of activation at 935°C (using 0.5g. samples of carbon)
+and micro-pore volumes of the carbons at a burn-out of 50%.

Since the activation energies for these carbons in this region
(Teble 3.5.) are almost the same, the difference of a factor of two
in the rates of activetion must reflect differences in the nature
of the carbons. Thus both the rate of activation at a given
temperature and the developmént of micro-pore volume depend on the
nature of the carbon. It is tempting to relate the lower rate of
activation of cellulose carbon td the greater pore volume developed
compared with cellulose triacetate carbon, since it might be -
expected that a lower rate of activation would produce a.greater
degree of internal burn-out. This is corroborated by the analysis
of mercury densities (Fig.k4.16.) since these show that the amount
of internal burn-out of cellulose carbons is more than that of
cellulose triacetate carbons below 75% burn~-out,

Thus it appears that there is soﬁe correlation between the rate
of activation at a given temperature-and development of pore structure
of a carbon, when two different carbons are compared, and a slower
rate of activation favours the development of pore structure.

Variation of the temperature'of activation over the range
studied, although markedly affecting the rates of activation, does
not appéﬁr to influence significantly the development of micro-pore
structure of cellulose and cellulose triacetate carbons (Chapter L.

Section 4.3.2.).
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It thus appears that the principal factor that determines
both the rate of activation at a given temperature and the
development qf pore structure, is the nature of the carbon, These
conclusions will be considered further in Chapter 6 and proposals

for further work to test and elaborate them will be outlined.
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Table 5.1,

The Times taken to reach a Burn—out of 507 for small starting Weights

of Carbon activated at 935°C

Polymer : - Starting Weight ~  Time to reach 50%
Carbon (. Burn~out
' (mino)_
Cellulose 0.02 31
Cellulose triacetate 0.01 33
Polyacenaphthylene 0,01 - 300 - 600
- mable 5.2

at 935°C to & burn—out of jo%

(Vblumes in Cm? gy

Polymer gfabhific micro=pore Miéfo-pdra increase in

Carbon character volume of volume at 50% micro=pore
I “unactivated carbon ' Burn=-out "~ - " volume .
Cellulose  non-graphitie 0.18 0.66 0.48
Cellulose  non-graphitic 0.21 0.55 0.3k
triacetate |

Polyacenaph graphitic less than 10~ -3 lesg than 10 -3 -

=thylene cm. g. cm.’ g.




A comgam.son of‘ the Rates of Act:.va.t:.on at 9§§ C a.nd Development of

Mlcro-Pore Volume of' Cellulose and Cellulose Trlacetate Carbons -

Polymer ' " Rate of Act1¥at10n ' Increase in Micro-
Carbon (g.sec. Pore Volume ag 50%-
.. B - . - . Bum-out. Cl,° o

Cellulose 2.08 x 10~2 0.48
Cellulose Triacetate 4.08 x -10-5 0.34
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Chapter 6.
Summg;x and Conclusions

6ot Tntroduction

:In this Chapter the findings of the present work, and
conclusions drawn from these findings are presented and linked
with the aims of the thesis set out in Chapter 1. (Section 1.4.)
The Chapter is concluded with proposals for further development of
the work. -

6.2, Summagy-of Findihgé

6+2.1.Summary of Findings in Chapter 2

Measuréﬁenté of carbon yields and electron spin resonance both
indicate that the procedure adopted for the carbonisation of the
polymers is suitable for obtaining reproduciblé qarbons. An
increase in the starting weight of polymer produces an increase in
the carbon yield; this is presumably due to the trapping of
volatiles which then undergo secondary carbonisation in the increased
bulk of the decomposing polymer. This effect is, therefore, the
reverse of that observed when carbonisation is carried out in a
vacuum.

Quantitative information including activation energies which
characterise the cgrbonisation of the polymers may be obtained by

application of non-isothermal kinetic analysis to the carbonisation
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thermograms. For cellulose and cellulose triacetate polymers the
values of the activation energies obtained are less than 60 k.cal.
mole.-1 and compare favourably with Qalues obtained by other
worﬁers using conventional isothermal methods. In contrast the
value of 225 k.cal.mole.-1 obtained for the carbonisation of
po;yacenaphthylene is unrealistically high. An unrealistically
high value for the activation energy of the pyrolysis of a polymer
can be obtained if the pyrolysis is influenced by mass transport
of reaction products. If this is the case then it is probable
that a slower rate of heating of the polymer would minimise this
influence and hence a more realistic value for the activation energy
of the pyrolysis of polyacenaphthylene might be obtained.

The three polymer carbons are charaéteristically different and
these differences are clearly emphasised by the optical micrographs.
Cellulose carbon is a non-graphitic cher, and its external surface
laréely consists of small pits; cellulose triacetate carbon is
also non-graphitic but is a coke, and its external surface is almost
featureless, Polyacenaphthylene carbon is graphitic and tﬁerefore
a coke, its surface is characterised by flow patterns and striations
typicael of an optically anisotropic material,

6+2.2.Summary of Findings in Chapter 3

In general the rates of activation of the three polymer

qarbons by reaction with carbon dioxide are linear at & given

temperature. Hence it would appear that in the flow-system used in
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the present work there is no build up in concentration of carbon
monoxide which could retard the reaction. The rate of activation
can be'expressed therefofe by a form of Equation 3.1. in which

the rate is constant and hence FSPCOZ is very much greater than
kg, end unity, i.e. rate = k1/k3,

The rate of activation of a polymer carbon can vary with the
starting weight of carbon. For cellulose and cellulose triacetate
carbons, the rates, expressed in units of grams of carbon.lost per
second, per gram of starting weight of carbon, decrease with
increasing starting weight of carbon until they become independent
of the starting weight when the starting weight exceeds a. value of
ca; 0.3é. This value is p;obaﬁly a function of the geometry of
the furnace and crucible.

The linear rates of activation of the carbons at different
temperatures can be plotted according to the Arrhenius Equation,.
and activation energies can be obtained in order to identify the
reaction according to.Wicke'é ciassification. For small starting
weights of cellulose and cellulose triacetate carbons and for large
starting weights of polyacenaphthylene carbon log:k is a 1ine;r
function of (TOK)-4 throughout the temperature range investigated.
The activation energies and pre~exponential factors in these cases
are high indicating the reactions to be in Zone I of the Wicke
Classification. Forllarge starting weights of cellulose and

cellulose triacetate carbons log k varies with (TOK)F1in the form
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of e smooth curve over the temperature range investigated. . At
lower temperatures in this range the activation energies correspond
to Zone I, and at higher temperaturés they correspond to Zone II

of the Wicke Classification. This indicates that diffusion
becomes the rate determining stép at higher temperatures in the
range. -

The activation energies found for the gasifipation of the
three carbons in Zone I are different; and ranged from 50 to 70 k.-
cal. mole.-1. The value of the activation energy obtained for the
_gasification of cellulose éarbon in Zone I closely corresponds to
the value reported by Greenhalgh and co-workers (48) for poorly
outgassed samples of polyvinyi chloride and polyvinylidene .chloride
carbons. Gregg and Tyson (61) have also found that the activation
energy for the gasification of carbons with oxygen varies with heat
treatment temperature of the carbons. Thus in addition to the
starting weight of carbon, other factors which influence the.
activation energy, include the nature, the amount of outgassing,
and the heat treatment temperature of the carbon.

For a number of reasons it appears that the concept proposed
. by Rossberg (62) of a 'Universal Activation Energy! applying to éll
carbons undergoing gasification in Zone I of the Wicke Classificatior
is of doubtful significance. Firstly 'Universal' values reported
by Wicke (49) and E#gun (43) are not in agreement; secondly
Walker (39) has argued that the rate determining step operating in

Zone I, and hence the activation energy, may vary, depenﬁing on the
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resction conditions. Finally the present results indicate that
the activation energy in Zone I also depends upon the nature of the
carbon.

6.2.3.Summary of_Findings in Chégtér L

The adsorption isotherﬁs, obtained for the activated series
of cellulose and cellulose triacetate Earbons, using carbon dioxide
aﬁ 195°K as the adsorbate, show that the bulk of adsorption occurs
at relative pressures of less than 0.05, and therefore takes place
principally in micro-pores. The adsorption isotherms indicate
that the micro-pore size increases with increasing activation.

The adsorption isotherms for' cellulose and cellulose triacetate
plotted according to the Dubinin Equation (Equation 4.17.) vary
from being linear for the unactivated carbons, to shallow curves
for slightly activated carbons, and to pronounced curves for highly
activated carbons, Extrapolation of the Dubinin plots at high
relative pressures yields reasonable vélues for the micro-jore
volumes of cellulose and cellulose triacetate carbons. These
velues increase with increasing activation as do the values of Du,
the slope of a Dubinin plot at higher relative pressures; this is
further evidence that the micro-pore size increases on activation.
Extrapolation of the Dubinin plot from lower relative pressures cen
be used to calculate the surface areas of the carbons, as previously
described by Marsh and Lamond (92). The values of surface area

' so obtained remain almost constant throughout activated series of

both cellulose and cellulose triacetate carbons. This is in
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contraét to many other workers' findingé, who find that the surface
areas of carbons increase on activation. A more likely explanation
suggested by Dubinin (85) is that the adsorption at low relative
pressures, representa the filling of a smaller type of micro-pore.
It is not unexpected, therefore, that mean microépére radii
calculated from the volume to surface area ratios appear to be
rather high. However, they too show qualitatively that the micro-
pore size increases on activation.

Variations in the starting wéight of carbon over the range
Os4g. to 1g., and variations in temperature of activation over the
range 890° to 960°C appear to have little or no effect on the
development of micro-pore volume of cellulose and cellulose
triacetate carbons.

Analyses of the mercury densities for activated series of
cellulose and cellulose triacetate carbons indicete that extensive
internal burn-~out occurs during the process of activation of these
carbons., Hence these analyses confirm the conclusions drawn from
the adsorption results.

Totallpore volumes of cellulose and cellulose triacetate
carbons can be calculated from mercury densities and assumed 'true'
densities of the carbons. These results are thus semi—qpantitatiﬁe
but show that the total pore volumes of both cellulose and cellulose
triacetate carbons increase on activation. There is evidence from
the optical micrographs, mercury density analyses and the total and

micro-pore volumes to show that macro=pore development also occurs
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in addition to micro-pore development in the initial stages of
activation of cellulose carbons, but not for cellulose triacetate.
carbons.

Results obtained from measurements of adsorption of carbon .

-dioxide on polyacenaphthylene -carbons show that unactivated

polyacenaphthylene carbon has an undetectable micro-pore structure
and that no.development of this structure oceurs on activation,
Measurements of mercury density iﬁdicate that little or no internal
burn=out occurs on activation; <this confirms the conclusions
drawn from adsorption results ané‘also suggests that there is no
macro=pore development on activation of polyacenaphthylene carbon.

The main aim of the work reported in this thesis has been to
investigate the influence of reactivity to an activating gas on the
development of porosity of some polyﬁer carbons. The detailed
aims of the thesis have been outlined in Chapter 1. (Section 1.4ﬂ)
and the results obtained in this work have been discussed in detail
in the light of these aims in Chapter 5. In this section the
conclusions drawn from these results are summarised,

It is possible to prepare reproducibly activated series of
polymer carbons using the standardised procedure adopted for
carbonisation and activation. Activation of polymer carbons may
or may not develop the pore structure depending on the nature.of

the carbon. The non-graphitic carbons, cellulose and cellulose
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triacetate are more reactive to carbon dioxide than graphitic
polyacenaphthylene carbon. The difference between the carbonisa-
tion processes of ceilulose and cellulose triacetate has little
effect on the reactivity and development of porosity of the carbons
produced., Cellulose carbon has a bigger internal burn-out on
activation than cellulose triacetate carbon and develops as a
result a larger pore structure. Polyacenaphthylene carbon does
not develop a pore structure on activation, since there is no
internal burn-out.

In general,.therefore, a non-graphitic carbon reacts faster,
and develops a larger pore structure than a graphitic carbon.
- Hence graphitic character influences both reactivity and development
of pore structure of polymer carbons. The nature of the
carbonisation process of a polymer would appear to influence the
reactivity and development of porosity enly in so far as it
influences the degree of graphitic character of the resultant
carbon. ’

The Wicke Classification of reaction Zones provides a
suitable means of characterising the general mechénism of activation
of a carbon. ~ Variations in the temperature of activation of
polymer carbons within Zone II, and on the border line of Zones I
and II of the Wicke Classification although influencing the rate
of activation of carbons, appeer to have little effect on the

development of pore volume of carbons. The positions of the Zones
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of the Classification vary not only with temperature of activation,
but also with the startihg weight of carbon. ?here is also .some
evidence to suggest that they'may.also vary depending on the
nature of the carbon.

The rate of acfivatiog of a carbon varies in certain cases
with the starting weight of carbon. This is because the starting
weight of carbon influences the extent of diffusion of the
activating gas through the mass of carbon; - If the'starting weight
is small, the influence of diffusion is small; in contrast for
large starting weights of carbon, diffusion of the activating gas
becomes an important factor in the rate of activation.

A comparison of the rates of éctivation at the same température
of two different non-graphitic carbons suggests that a slower rate
of acfivation favours the development of pore structure of a carbon.
Thus it appears that the principal factor which determines both the
rate of activation and the development of pore structure of a
carbon is the nature of the carbon.

Evidence has been produced in this thesis which shows that the
development of porosity of polymer carbons is closely related to
their nature and reactivity, In order to test and extend some of
the conclusions made from these findings and so develop the present
work, the following programme is suggested:

(1) An investigation of the kinetics of activation of the polymer
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carbons over a wider temperature range to compére the influence

of reactivity on porosity development in Zone III with that of

Zone II of the Wicke Classification. It might be expected that
carbons activated in Zone III would develop a much smaller pore
structure than if théy were activated in Zone II. This is because
penetration of the activating gas into the carbon is less

important when a carbon is activated in Zone III.

(ii)An investigation of other carbonising polymers using the
present practical programme in order to further test the influence
of the nature of a carbon on reactivity and development of porosity.
For example it is known (14) that the carbon produced from the
highly cross—linked polymer phenol-formaidehyde is non-graphitic
and yet in contrast to the carbons produced from cellulose and
cellulose triacetate does not develop a large pore structure on
activation; however little is known about its reactivity.

(iii)An investigation of other activating gases and their influence
on reactivity and development of pore structure of polymer carbons.
Activating gases that could be used include nitrous oxide, nitric
oxide, and hydrogen. It is known (39) that hydrogen reacts more
slowly with a given carbon at the same temperature than carbon
dioxide, but little is kmown about the development of porosity
of carbons using hydrogen as the activating gas.

In final summary, this work has been an initial assessment

of the relation between the rate of activation and development of
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porosity in polymer carbons. A number of conclusions have been
drawn from this work and the need for further work both to support
and elaborate these conclusions, and to extend this type of study

to other systems has been clearly demonstrated.



Introduction

The first three sections of the Appendix éontain details of
apparatus and experimental procedure for the preparation of the polymers,
carbonisation and activation studies, determination of adsorption
isotherms end mercury densities. The Appendix is concluded with tables

of primary data and the list of References from the text.
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Appendix __ (I)

Whatman's chr;matograﬁhié grade cellulose powder was moistened
with distilled water, sieved to pass 22 B.S.S. mesh and was then
pelleted in a pharmaceuticel press to produce samples of approximately
100 mg. |

. Preparation of Polyacenaphthylene

The method used is described by Brazier (24). Acenaphthylene,
supplied by B.D.H., was not improved by further recrystallisation
(observed m.p. 91°C, lit.n.p.92°C), and was used without further
purification. 50g. of acenaphthylene were sealed into a heavy bore
pyrex tube in an atmosphere of nitrogen. The tubé was heated in an oven
at 130?0 for ten days, this resulted in the formation of a clear, brown
solid. The solid was ground to a powder and the polyacenaphthylene
extracted from it by refluxing with bengzene in a Soxhlet apparatus for
two days. ©Pale Yellow crystals of polyacenaphthylene were precipitated
from the bengzene extract on addition of ethyl: alcohol at -20°c,
Polya@enaphthylene was characterised from the infra-red spectral data
quoted by Brazier (24). The infra-red spectrum was obtained from a
sample of the polymer dispersed in a KBr disc, using a Unicam SP 100
infra=-red spectrophotometer. The characteristic frequencies of absorp-

tion for polyacenaphthylene are listed in Table 82 in Appendix (V). The
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1, indicates that the double bond

absence of a strong band at 730 cm.
present in acenaphthylene, has been eliminated by polymerisation.

Preparation of Cellulose Triacetate $28f

50g. of Whatman's chromatographic grade Cellulose powder was
placed in a beaker and 225g. of glacial acetic acid added. The beaker
was covered with a clock glass and immersed in a water-bath at 55 - 60°C
for thirty minutes; the contents of the beaker were stirred frequehtly
during this time. The beaker was removed from the bath and allowed to
cool to 30 ~ 35°C, before an acetylating mixture of 150 cc. of ;cetic
anhydride and 3 cc..of concentrated sulphuric acid was added. In order
to minimise the degradation of the cellulose, the temperature of the
reaction mixture was prevented from rising above 60°¢c by surrounding the
beaker with an ice=bath. After a few minutes when the initial reaction
had subsided, the beaker was removed from the ice-~bath and immersed in
a water=-bath at 55°C for ninety minuteg, the contents of the beaker.
being frequently stirred. Cellulose triacetate was precipitated from
the resulting solution ﬁy careful addition of water, with stirring, to
the point of precipitation, followed by rapid addition of a large volume
of water. The product was filtered,-washed for several hours with
distilled water to remove acetic acid and dried. It was soluble in
chlorinated'solvents, and insoluble in acetone. Tﬁe yield was 90% of
the theoretical amount. The cellulose triacetate was characteriséd by
determination of acetyl content (99). Two samples of cellulose

triacetate were heated overnight at 65°C to drive off moisture and any
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free acetic acid remaining frém the preparation. The samples were
hydrolysed by addition of excess socium hydroxide solution. The
excess alkali was determined b&fbabk-titration with standardised
hydrachloric acid solution.ﬂﬂ The acetyl determination of the two
samples indicated triacetylation.

Polyacenaphthylene and cellulose triacetate samples were

pelleted in the same manner as cellulose.



Aépendix .(IIl

Apparatué for.Carboniéﬁtibh énéuAcfiﬁatioh‘Studieé.Basic Requirements

Since the préperties of carbons depend sensitively on the conditions
during carbonisation,(Chapter 2. Section 2.1.1.),it is essential that
these conditions be as carefully controlled and as reproducible as
possible. In particular it is necessary for the polymer to be in a
compact, reproducible form to facilitate the formation of a coherent
carbon. Carbonisation should be carried out using a linear rate of
heating and in an ineftl atmosphere with provision for the removal of
volatile reaction products; an accurate measure of the temperature of
the sample is also required. Since activation is to be carried out
immediately after carbonisation is is necessary to have a method of
changing from the inert gas to the activating gas with the minimum delay
between the change=over and the onset of reaction. An apparatus
incorporating a Stanton Thermobalance, Model TR-01 (sensitivity 10-h§;)
was developed to provide these conditions.

The Stanton Thermobalance consists of an analytical balance and an
electric furnace (maximum temperature 1000°C). The sample is placed on
a platform on top of a silica support rod which is connected to the rear
pan of the balance. The furnace is mounted above the balance and can be
moved into position to enclose the sample. Changes in the weight of

the sample are followed continously by means of the capacitance of an air
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gep between a fixed plate and a plate mounted on the beam of tﬁe balance.
-A Pt/Pt, 13% Rh thermocouple on the inside wall of the furnace is‘used to
measure temperature and, in éonjunctionﬁith a cam driven by an electric
motor, also controls the linear rate of heating of the furnace. Weight
and temperatufe changes are transmitted electronically to a twiﬁ-pen .
recorder. The balance can measure weight changes of up to 100 mg. .
aufomatically; this range can be extended by manual counterpoisiﬁg.

" In the unmodified balance the sample is exposed to the atmosphere.
Modifications-for work in controlled atmospheres must effectively exclude
-air from the sample but.mqst not impede the movement of the silica
support rod. A number of modifications have been described (101,402,103)
for the Stanton Thermobalance TR-1 (sensitivity 10-33.) but none of these
was found suitable for the more sensitivelbalance used in the present
werks  Either air was not completely excluded from the sample or there
was appreciable "noise" on the weight change record due to buoyancy
effects associﬁtéd with gas flow., The modified apparatus shown in
Fig A1. was used. The siliéa sheath which enclqses the semple fits
inside the collar of thé gland as tightly as expansion allowance permits.
Gas is admitted t§ the furnace through a cyiin&fical Jjacket which surrounds
the central tube of the gland. Sﬁall holes are distributed about the
" internal circumference of the jacket to permit even diffusion of gas into
the furnace. Gas is drawn over the sample by extraction from the top of

the sheath, The rate of extraction is less than the rate of input of
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gas, the purpose of the excess gas being to prevent the diffusion of
air into the furnace from the balance chamber. The excess gas iﬁself.
is prevented-froﬁ diffusing into the balance chamber by extraction
through another cylindricel jacket situated beneath the inlet jacket on
the central tube of the gland. @ This is'nécessary‘since diffusion of
carbon dioxide into the balance chamber has undesirable effects. With
this design of gland there are no difficulties in positioning the silica
support rod. Iﬂ sﬁme earlier designs the rod passes through a small
‘hole so that it needs to be accurately positioned. Also "Noise"™ on the
weight change record is less than 10"3., which is superior to the
unmodified balance.

Control and Calibratibh of Gas quﬁ

The general érréhgeménf for the control and clibration of gas flow
is shown schematically in Fig. A2, Nitrogen or carbon dioxide is fed from
cylinders through a two-stage reducing valve and through a diaphragm valve
(made by Scientific Instruments and Model Co.). The gas is passed
through.a'drying tower containing silica gel and through a flowmeter
before entering the furnace. Two-way taps are used to isolate either gas
supply from the furnace. Gas extracted from the gland is drawn through.
a flowmeter by means of a rotary oil pump, the rate of flow of gas being
controlled by a bleed valve in conjunction wifh a diaphragm valve of the
type mentioned'above. Gas is extracted ffom the top of thé furnace in a
similai way except that a cotton wool trap is included to remove tars

formed during the carbonisation stage. The flowmeters are of the
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capillary type with dibutyl phthalate as the indicating fluid; they
were calibrated using a soap-bubble flowmeter. Flow=-rates rénged from

1000 to 200 ml.min.m1 they were measured to an accuracy ofl: 6 ml.min-.'1

at the fastest rates and : 1 mlomin,”™?

at the slowest. The variation

of flow-rates over a complete run was ies# than|: 12 ml.min.”! at the
fastest .rates used and‘: 5 m1..xnin.-1 ét the slowest. These variations
have no effect on the buoyancy of the sample.

Temperature Measurement

The Thermbéouple éupplied with the balance is mounted on the furnace

wall and is outside the sheath in the modified apparatus. This
thermocouple registers a higher temperature than that of the sample due
principally to'tﬁe cooling effect of g#s flow inside the sheath. Another
Pt/Pt, 13% Rh thermocouple was therefore used to measure the témperature
of the sample directly (see Fig. A1.). The tip of the thermocouple fits
into the recessed base of the platinum crucible containing the sample;
the leads pass through twin-bore tubes inside the silica support rod to
terminals on the balance pan. The connection‘between these terminals

and the compensated leads at the back of the balance chamber is b& two
0.001" diameter wires; .these fine wires do not interfere with the
movement and sensitivity of the balance. .The cold junction is maintained
.at OOC and the e.m.f. indicated on a recording millivoltmeter. With
this arrangement the temperature of the sample is measured to': 2 deg. in
the 900°C région; the variation in temperature as the sample moves in

the furnace is # 4 deg. in the 900°C region.
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Inertness of the Furnace Atmosphere

" 'fhe oxidation of a sample of graphitised carbon black (Spheron 6,
2,70606) was used as a test for the inertness of the furnace atmosphere.
Weight loss due to oxidation of the carbon black was.immediately
observed above 60000 if air was present. A slight amount of oxidation
(ce. 2 x 10-sg.sec.i1g.-1) was observed in the present apparatus for a
1500 dmg., sample of the carbon black heated to 93506, in an atmosphere
of nitrogen. The flow-rates were those adopted as standard for
carbonisation and activation: input 1000 ml.min.-1, furnace extract
250 ml.min. |, gland extract 650 mlemin. 's Tt was Pound that this
small amount of oxidation could be eliminsted by shutting off the

furnace extract when the temperature reached 800°c.

Buoyancy Corrections

The_use of a sensitive analytical balance in oonﬁgnction.with a.

flow system requires that particular care be taken in making buoyancy

) correcti?ns. A particular advantage of the present design of gland is
that thése corrections are minimel. Fige. A3. shows the influence of
rising tempe;ature on the weight of a sample of carbon black in nitrogen; -
this curve is typicel. (101) The apparent increase in weight is kmown
to be the result of the interplay of several factors, the most predominant
being the decreasing density of the gas with increasing temperature.
Variation of the weight of the sample over the range used in the present’
work (1g. ts zero) has neéligible effect on buoyancy; this is as

expected since the weight of the sample is a smell fraction of the
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combined weight of the crucible, platform and support rod.

Fig.Aha. shows the effect of the variation of the rate of input
of nitrogen on buoyancy at.room temperature both with and without
extraction of gas from the gland; Fig.Akd, coﬁt;ins the same results
for carbon dioxide, The increase in buoyancy with increésing flow-
rate in both cases is due to the down-thrust of the ges on the rear pan
of the balance, This effect for nitrogen is almost reduced to zero at
the standard flow-rate of 41000 ml.min.-1. The very large buoyancy
effect obtained with carbon dioxide is due to its greater density compared
with air. Diffusion of carbon dioxide.into the balance chamber also
produces ; random drift in the weight chénge record presumably due to
buoyancy effects on the balance itself, With extraction from the gland
this effect is removed. The sméli negetive buoyancy effect at low
flow rates of carbon dioxide is presumably due to its greater ﬁensity
compared with air,

The experihental'proceduré for a complete run on the small scale
is illubtratgd in Fig. A5, which shows the carbonisation in nitrogen of
a cellulose pellet to 950°C and the subsequent activation at 90500 of the
_carbon product. Thermal decomposition of the polymer (AB) occurs under
‘a linear rate of heating of 3.85 deg.min.-1 (HI) to yield a carbon residue.
The carbon is maintained at 950°C for approximately thirty minutes and
then the temperature is then lowered to that required for activation (KL).
Nitrogen is then replaced by carbon dioxide, which produces a small . -

apparent weight loss (CD) due to the greater density of carbon dioxide,
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-this is followed by reaction (DE)s When reactioﬁ is complete (EF)
carbon dioxide is replaced by niﬁrogen_(FG).as a check on the buoyancy
effect due to exchange of gases. Finally a mass balance calculation
is performed, j.e. the total weight loss recorded 5y the thermobalance
after appiying corrections for buoyancy, is compared with the difference
between the initial and final weights of the crucible and its contents. -
The weight losses calculated by the two methods agree to'i 2 x 10-43.
(0.2%),

.-For carbonisation and activation of large samples (>.0.1g.) the-
procedure had to be modified slightly due to limitations imposed by the
capacity of the balance. Samples of polymer (ca.Sg.)-were carbonised
in bulk exactly as described, and were then coaied in nitrogen to room
temperature. Due to the bulk of the samfle no record of weighf loss
during qarbonisation was obtained. In the activation experiments the
appropriate amount of carbon was then reheated in exactly the same

manner as in the carbonisation, and activated at the required temperature;
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Appendix ITT

Apparatus for the Determinetion of the Carbon Dioxide Adsorption
Iébthérmﬁ

The adsorption isotherms were obtained at 195°K using carbon
dioxide as the adsorbate. The apparatus is designed so that the
adsorption chambers can be evacuated and then supplied with carbon
dioxide at a measured pressure (Fig.A6.).

Adsorption is measured using the principle of the McBain-Bakr
Spring Balance (104). Two tubes A and B are the adsorption chambers
and are mounted vertically. The use of two adsorption tubes permits
two samples of carbon to be examined simultaneously. The tubes are
connected witﬁ cone and socket ground glass joints to the gas supply
line at C and D. The samples of carbon are placed in small glass
buckets E and F which are hung from slings attached to helical silica
springs G and H. The springs are suspended by glass hooks from
bridges I and J, situated across the neck of the cones C and D.  TIwo-
way taps 1 and 2 isolate the adsorption tubes from each other and from
the gas supply line. The springs are calibrated by adding standard
weights to the buckets and measuring the extensions produced with a
cathetometer to‘i 0,005 cm. Buoyancy corrections are leés than

10-35. and can therefore be neglected.
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The aasorption tubes and the gas supply line may be evacuated
to 10-7cm.Hg.by opening teps 1 to 9, to the main vacuum manifold K.

The vacuum is obtained using an oil diffusion pump backed by a rotary
oil pump. A liquid air trap freezes out volatiles from the gas étream
pumped from the adsorption tubes., Solid carbon dioxide is placed in
trap P and distilled under vacuum to Q. P is surrounded by a salt~ice
“bath to retain less volatile impurities. From Q the carbon dioxide is
redistilled into the reservoir R.

Carbon dioxide is admitted to the edsorption tubes via the dosing
system S, the dose being regulated by careful manipulation of taps 7 to
14 whilst noting the pressure in S by means of the manometer T.

Low pressures in ‘the adsorption tubes are measured by McLeod Gauges
U and V, which have ranges of 10“7 to 10".2 cn.Hgeand 10-2 to 1 cm.Hg.
respectively; higher préssures are measured by the Uétube manometer W.
The Mcleod Geuge U is 2lso used to measure the pressure in the main
manifold K.

Weight and pressure measurements obtained at low pressures
(¢ 10-1cm.Hg.) using this experimental arrangement, are subject to errors

_ of thermal transpiration due to the temperature gradient in the adsorption
tubes. However, the maximum error in weight due to this effect is pf
the order of micrograms (105) and can therefore be neglected in the
present work since weights are only measured to'i 10”35.

Corrections to pressure readings.due to the effect of thermal

transpiration may be applied using Liang's empirical equation as described
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by Bennett and Tompkins (106). The errors in pressure readings at
various pressures due to this effeét are shown in Table A.1. for the
present work. It can be seen that the error is less than 1% above a
pressure of 4973cm.Hg. and cen therefore be neglected above this pressure.

Tsble A1,

Corrections to.Préééﬁréhﬁééainég Aﬁe.tb Théfmai Tfahégifatidn

Pressure Reading - Error in Pressure
(cm.Hge) . .. . Reading (%) . .. ..
1072 0.1
1072 ‘ 1
1074 13.6 .

Eggerimehtal-frocédufe for-fﬁe‘béfefhin§¥ibﬂ bf Adsotpt16£ fsbfhérhg

previously deseribed. Tubes A and B, .and the gas supply line are
evacuated to {0-7 cm.Hg. Heating coils are placed round the adsorption
tubes so that the samples of carbon are surrounded. The curreat in the
coils is adjusted by means of a rheostat so.that the samples of carbon
are heated under vacuum to a temperature of 250°C in order to remove
adsorbed gases, After several hours outgassing a pressure §f 10.-7 cm.
Hg. is reached. The adsorption system is isolated from the vacuum pumps
and the heaters are replaced by baths of splid carbon diogide (2t 195°K).

Carbon dioxide is then admitted to A and B at a pressure just below



10-30m.Hg., and the system allowed to equilibraté. Vhen equilibrium
is attained, the extensions of the springs and the pressure in A and

ﬁ are measured and tabulated. AThis procedﬁre is repeated at regular
intervals of pressure, until the pressure in A and B is approximately
40 cms. of Hg.

Aggéfétus'fbr the Determination-bf Meréﬁr& Densities

The apparatﬁs is shown in Fig.A7. It consists of a burette,
which can be attéphed to vacuum and pressure supply lines b& a cone and
socket joint K. A U=-tube manometer adjacent. to K is used to register
pressure in the apparatus. The main body of the burette AB is made of
0.3 mm. bore, thick-walled capillary tubing, and the sample rests in
the bottom of this limb, i.e. in CB. The side arm D is made from
0.1 ﬁm. bore capillary tubing, and is joined to the tip of the burette
T with a length of 0.05 mm. bore capillary tubing which has a mark M1
etched on it. Anofhef mark Mé is situated just below A. The tip of
the burette dips into a weighing bottle containing mercury which is

isolated from the burette by a tap E,.

Egperiménféi Procedure for the.Determinatibh bf.MéfEurx'Deﬂsifiés

The samples of carboﬁ are gently broken into particles of ca.imm.
diameter on a filter paper.

A weighed amount of sample is then carefully poured from a filter:
peper into the socket of the burette and allowed to fall into the space

between C and B. ' The burette is then attached to the vacuum line.

The burette is evacuated to a pressure of ca.i mm.Hz. with tap E closed.
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E is opened and mercury from the bottle is allowed to rise until M&
is reached. Tap E is closed and the bottle of mercury weighed. The
bottle is replaced, E is reopened and mercury admitted to the burette
until level Mé is passed. The vacuum is then isolated and compressed
air is gdmitted until the pressure is about 30 cm. above 1 atmosphere,
The mercury is thus forced around the grapules of carbon; the mercury
level is then lowered to Mé by opening E. E is closed and the bottle
of mercury reweighed. The volume between NH and Mé, without any
sample present, is obtained from previous blank experiments. A known
weight of carbon displaced a known volume of mercury, and the density
of the sample in mercury may be calculated.

Using this method, mercury densities of carbons may be calculated
to withinli 2% for coarse grained samples of carbon. For fine grained
samples of cafbon, the mercury'is not alwa&s able to penetrate the
small spaces between the grains and error may be introduced, resulting
in low densities. For polyacenaphthylene and cellulose triacetate
carbons which had undergone fusion, the samples were coarse and presented
no difficulty; for cellulose carbons, however, the particles tended
to be fine and prone to powdering. Hence some unknoﬁn error may have
been present in the determination of the mercury densities of cellulose
carbons. The determinations of mercury denéity were in all cases

reproducible within.i 0.02 g.em.-j.
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Appendix ¥ | ‘

Table A2.

Infra-red Abséggtion Freguencies of.Polxacenaghghziene

Frequency .

(cm-1 . Band Assignment

3050 (m) = C = H stretching

2910 (m) - C = H stretching

1625 (m) _

1600 (s) § conjugated C = C stretching (aromatic)
1510 (s) ;

1440 (m) ) 6 membered ring deformetion

1380 (s) g (characteristic of polyacenaphthylene)
1175 (m) )

1020 (m)

975 (m) 1, 2, 3, aromatic substitution

780 (s) . .

680 (m)

820 (s) , not assmgned (characterlstlc of polyacenaphthyu

...... e lene)

(s) = strong (m) = moderate
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Primary Date from the Determination of the Isotherms

" series (i)
Cellulose Ca.rbon Cellulose Ca.rbon Cellulose Carbon
B s B0 CRGR BQL
Pressure Amount Pressure Amount Pressure Amount
P.cm,Hgx . Adsorbed P.cm.Hg x Adsorbed P cn,Hg x Adsorbed
107 Wegfe x  gg7 | Teglg x 107 Vegfgx
10 10

0.014 0.012 ..b.013 0.028 0.003 0.027
0.033 - 0.027 0.116 0.119 0.013 0.031
0:dkd 0.146 0.237 0.237 0.116 0;145
.0.286 0,167 0.343 .  0.308 0.237 0.200
1415 0.477 0514 0.442 0.343 0,234
5.00 0.987 1.85 0.859 0.514 0.340
145 1.49 1,89 1411 1.85 0.70%4
52 1.69 3.38 1433 2,89 0.926
105 1.91 6.23 1.73 3.38 "1.18
0 2,02 10,2 2,08 6.23 1.58
320 ' 2,08 31 2,54 10.2" 1495

L0 2.11 59 333 31 2,82
213 4..00 .59 3.50

401 419 213 Le92

517

801 .
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'Series (i)
Cellulose Carbon Cellulose Carbon *  Cellulose Carbon
50% B0, U U5EE B0 """'94%3.0. B
Pressure  Amount Preséure Amount ~ Pressure  Amount
P.cm.Hg x Adsorbed P.cm.,Hg x Adsorbed P.cm.Hg x Adsorbed
w07 Melgx g Tefgx ot Telgx
. R A
0.026 0.055. 0.038 0.066 0.080 0.065
0.075 04107 0.125 0:150 0.271 0.134
0.200 0:198 0.260 0.216 - 01 0.243
0.560 0.347 0.590 - 0.359 - 1.6k 0.364
1.35 0.60% ~ 0.900 0.421 5.25 0.469
1.80 0.701 140 0.520 480 0,521
3.30 - 0.965 3,75 10,918 13 | 0.785
480 1.20 5,00 1.06 22 1,03
6.60 1444 7.20 1.38 32 1.55
" 8450 1.63 8.40 1.59 43 2413
22 276 22 2,74 53 2,28
45 3.82 42 3490 T4 2,60
76 482 62 479 100 3.45
157 615 129 6.52 151 "5,16
3% 7022 235 8.05 228 7.05
' 400 8.7k 335 9034

400 10.5
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Series  (ii)

IO L G S Gt Serven
Pressure  Amount  Pressure Amowst Presswre  Anount
P.cm.Hg x Adsorbed P.cm,Hg x Adsorbed P.cm.Hg x Adsorbed
10~ W.g{g x 4o W.g{g x 10~ W.g-/ﬁ x
1 B T R B DU
0.009 0.053 0,009 0.062 0.038 - 0.056
0.029 0. 414 0.029 0.09% - 0.125 0.155
0,069 0.166 0.069 0.159  0.260 = 0.207
0.210 0.323 0.210 0,283 0.590 0.310
0340 0.432 0.340 0.391 0.900 0.376
0.610 0.600 0.610 0,503 1,40 0.422
0.800 0.69% 0.800 0,595 3.75 0.750
1.00 0.764. 1.00 0.69% 5.00 0.836
2,00 1.0k 2.00 0.937 7.20 1012
350 1.35 3450 1.27 8.40 1.27
640 .73 6.40 1.68 22 2.27
7.80 1.85 7.80 1.86 L2 3:46
11.5 2.16 1145 2.2 62 4433
29 2.75 29 345 129 6.38
230 3456 230 477 235 8: 77
345 3.67 345 492 400 10.7

420 3.75 420 497




Series. iii
Cellulose Cagbon ."';e.’n-‘;,l.c.’.s?. Carpon .. ...  Gellulose CarBon
9.6% B.0.890°C. 12,3% B.0.955 Co' """ 25.4% B.0.917 C.
Pressure  Amount  Pressure Amount  Pressure  Amount
P.cm.Hg x Adsorbed P.cn,Hg ®* Adsorbed P.cm.Hg x  Adsorbed
g0t Melgx aeTt | Meelgx T g0l Teglex
D e LR T P IU P UL A
0.015 0.058 0.015 0.068 0.006 0.040
0,027 0.09% 0.027 0.117 0.040 o;,130
0,052 0.170 0.052 0.184 04135 0.245
0.105 0.24% 0.105 0.275 | 0.500 | 0.481
0.210 0.379 0.210 0.410 1.10 0,726
0.385 0.499 0.385 0.538 1.75 0,906
0.560 0.633 0.560 0.683 3.50 1.30
2,60 1.20 2,60 1.32 6.30 1.53
6.00 1463 6.00 1.77 9.00 - 1.96
7430 1475 7.30  1.93 13 2,3 .
14 2,12 1. 2.35 LT 3.1
39 2,52 39+ 2.8, 63 3.61
88. 2,78 88 LR TA 130 4403
174 2.89 17% 3.30 233 4430

382 3.06 382 "3.48 380 L.45
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Series ‘iii!, , - Sefié's- ‘1}
Cellulose Cgrbon Cellulose Triacetate  Cellulose Triacetate
18% B.0.903 C. " "~ """ Carbon 0% B.0. " "~ ~ " Carbom 23.5% B.0. " """
Pressure  Amount Preséure Amount Pressure  Amount
P.cm,Hg x Adsorbed  P.cm,Hg x Adsorbed  P.cm,Hg x  Adsorbed
7 Telex a0t Welex g0t Welgx
- 10 10 SRR
0.006 - 0,063 0,014 0.018 0.008 0.022
0.040 0.139 0.033 0.029 0.044 0.097
0.135 0.297 0. 144 0.257 0.150 0,21
0.500 0.587 0.288 04302 0.840 0.584
1.10 0.805  0.570 0.33  0.960 0.638
1.75 0.995 1.16 0.674 1,60 0.831
3.50 1.37 1491 0.633 2,40 1,02
6.30 1.69 5.01 1.00 3.50 1.2
9:00 1.97 14.5 1.33 5.10 1.45
' 13 é.25 52 174 6.60 1.59
3y 2,82 105 2,10 10.7 2.00
63 3.13 - 238 2.27 22.5 2.56
130 3.38, 329 2.43 45 2,99
233 3.55 4o 2.53 59,5 3.18
380 3.66 121 3.54
" 235 3.86
319 4,05

356 4,12
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Series (i)
SR SRDRA S
Pressure - - ‘Amount’ -~ -- -Pressure - ‘Amount' - ‘Pressure  Amount
P.cm.Hg x Adsorbed P.cm.Hg x Adsorbed P.cm.Hg x  Adsorbed
W0 Veelgx w07 Welgx w0t Tefx
' ' ' 40 ' 10 -
0,008 0,053 "0.027; o078 0.027 0.063
0.041 0.101 0.055 0.127 0,055 0.096
0.450 0180 0.110 0,163 0.110 °  0.126
0.840 . 0.470 0.300 0.29% 0.300 0.242
0,960 0.5k 0.720 0357 0.720 0.263
1.60 0.677 1,000 0.478" 1.00 0.372
2,40 0.875 2.45 0.754 245 0.623
3450 1.08 4400 1.00 4.00 0.818
5.0 . 1.30 6.00  1.26 6.00 1.03
6.60 1oy 740 A1 7.50 1.18
10,7 1.92 11.0 1.83 11.0 1.53
‘22,5 2,67 23.5 2.6k 23.5 2.33
L5 345 ¢ 39.0 3.1 39.00 3.09
59.5 3.78 64.0 418 64.0 3.88
121 hoti8 128 5.35 123, '5.31
235 5.05 242 | 6.49 2,2 6.97
- 349 5.33 347 7.01 347 7.61

356 5.40 390 7.17 390 779
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Series (iii)
Cellulose Triacetajke Cellulose Triacetake Cellulose Triacetaje
Carbon 30% B.0.960 C. "~ Carbon 50% B.0.919 C. - Carbon 30% B.0.903 C. '~

Pressure Amount Pressure Amount Pressure A.mouz'rb‘

P.cm.Hg x Adsorbed P.cm.Hg x Adsorbed P.cm.,Hg x Adsorbed
o Welgx gt Welgx a0t Teelgx
ot i Jpc: IUERIII e
0.030 0.074 0.25 0.200 0.25 .  0.257
0,080 0.163 0.54 0.321 0.54 0.442
0.185  0.264 1.00 0.419 1.00 0.636
0390 © 0,403 2.35 0.763 2,35 0.971
0.690 - 0,541 420 0,988 420 1.30
1.15 0.662 6.80 138 6.80 1.66
2.05 0.899 13 1.95 13 2,22
5.40 144 30 ~ 3.06 30 . 3.03
7.50 1,60 61 419 61 3.70
10.5 1.97 131 © 5,56 131 a3k
2 2.59 291 6;70 291 4490
50 3.13 420 7,55 420 5.18
118 . 3.69
265 418
387 bolily
o5 aeniiel



