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SUMMARY

This thesis deals with the changes in the physical
structure and the adsorptive properties of porous ecarbons heat
treated at tempsratures from 800° to 3,ooo°c under an inert
atmosphere,

A comprehensive review was undertaken of the literature
related to the structure and formation of heat treated porous carbons,
The final properties of a carbon were found to depend to a large
extent on the history of the carbonization and heat treatment steps,
It was established that heat treatment decreased the adsorptive
capacity and surface area but little attempt had been made to follow
the change in the physical structure with heat treatment and so
elucidate the mechanism of sintering, A recent article on the
properties of sintered cellulose carbon and its possible commercial
applications, emphasized the need for further study of the aintering
process,

Carbons were prepared from the polymers cellulose agetate,
cellulose, phenol-formaldehyde, polyvinylidene chloride and polyvinyl
chloride; a commercial activated carbom, Cal Carbon (prepared from
coal) was included for purposes of comparison, Heat treatment of
these carbons produced a marked drop in the surface area - the largest
drop in surface area generally occurring at temperatures between 1,000°
and 1,200°e. ¥hile steam activation of the garbon prepared from
polyvinylidene chloride considerably inereased the surface area, heat
treatment of the activated carbon reduced the surface area by an amcunt
comparable with that of the unactivated carbon,

Results obtained from mercury demsity, helium density, pore
volume, average pore size and pore size distribution determinations
indicated that heat treatment produced constrictions in the pores, the
smallest pores becoming blocked, i.e, the maximum in the pore size
distribution tended to move towsards higher values of the pore diameter,
Generally, the helium density and pore volume decroased with increased
temperature of heat treatment, On the macro=gcale there was little



change, with the mercury density {or bulk demsity) romaining
practically constant,

in extensive study of the kinetics of adsorption of argon
on heat treated cellulose acetate and polyvinylidene chloride carbons
supported the contention that heat treatment reduced the proportion
of pore volume residing in the smaller pores, For the cellulose
acetate carbons, the effective diffusion cosfficient calculated from
an appropriate solution of Fick®s Second Law incressed with increased
temperature of heant treatment, A similar result wss obtained for
the polyvinylidene chloride carbons except that at 1,400°C, the value
of the effective diffusion ccefficient decrcased instead of increased,
The marked reduction in the rate of adsorption for the polyvinylidene
chloride carbon heat treated to 1,400°C was attributed to a
combination of a very uniform pore size distribution and a growth of
constrictions sufficient to retard the passage of molecules into the
pore volums,

Values of the heats and enfropies of adsorption of argon
und benzene suggested that the surface of the carbon becomes more
heterogeneous with increased temperature of heat treatment., It was
postulated that surface imperfections arose from growth steps and
dislocations accompanying crystallite growth,

Several possible sintering processes wore exaudned such
as sealing of cracks or the irreversible thermal expansion of
erystallites into the pores, However, the only process which could
secount for the bridging of pores spproximately 15 £ in diameter,
involved the growth of crystaliites into the pore space to fomm
constrictions, 'Thus ecrystallite growth is presumed to be
accommodated in the pore space as for reversible thermal expansion,



I hereby cariify that thias Thesis contains
no material which has bean actspied for the award of
any other Degree or Diploma in any University and that,
tc the boet of my knovliedge and belief, thiz Thesis
containg no material previously published or writtem by

another person except when dus reference is made in the
text of the Thoesis.

DsR.G. VILLIAMS.



1. INTRODUCTION

In contrast with the many investigations dealing with the
activation of carboms, the sintering of porous carbons - usually
involving a reduction in surface arez and pore volume - has received
limited attention, and only recently has some attempt been made to
elucidate the sintering mechanism,

The industrial significance of the sintering of porous
carbons serves to emphasize the need for a more detailed investigation
of the sintering process, Porous carbons used as adsorbents are
vevivified periodically to remove adsorbed impurities by heating at
temperatures above 6§60°C. I the sintering temperature is exceeded,
the adsorptive capacity will be reduced, A similar restriction
applies to the manufacture of carbons for subsequent gasification,
Loss of surface area on sintering will deerease the accessibility of
gases to inner surfaces of the carbon and consequently the rate of
goaification, Heat treatment of a porous cellulose carbon reduces
its permeability fo an immeasurably low value and produces a novel
material of construction., The sintered carbon possesses other
important qualities such as high stremgth and impact resistance, which
mske it suitable for 'canning' fuel elements in high temperature
gas-cooled nuclear reactors,

In examining the sintering of porous carhbons, it appears
that particular reference should be made to changes in adsorptive
capacity, pore size and crystallite dimensions resulting from heat
treatment, Moreover the porous cerbons should possess strictly
reproducible physical and chemical properties,

In the investigation therefore, it is proposed to use
carbons prepared from polymers of known chemical composition; their
properties, as opposed to carbons made from other raw materials,
should be reproducible, The experimental work would include:

1« The preparation of porous carbons heat treated at
various femperatures,



3.

4.

5.

The determination of equilibriunm adsorptive eapacities

using adsorbates of warying physical characteristics,
The determination of rates of adsorption and eorrelation
with pore sizes,

The measurements of pore volumes by the displacement of
helium end mercury,

The measurement of erystaliite dimensions by X-ray analysis,
This thesis is concerned with the physical structure and

adsorptive properties of heat treated porous cerbons and is divided
into five sections, Pirstly, the literaturs is reviewed and
recommendations made for investigating the sintering process,
Section 2 outlines the scope of the experimental programme and the
experimental procedures to be adopied; the results are given in
section 3 and discussed in ssction 4, In the final section
conclusions are drawn and recommendations made for future work,



2, LITERATURE REVIEV

The reviev commences with an account of the theory under~
lying the formation and structure of earbons and graphites, This
is followed by a survey of the sintering of porous carbons and
graphites, The next scotions deal successiveiy with the neamire=
nent of some of the characteristic properties of carbons such as
erystalliite size, surface ares, pore size, gassous diffusion
coefficients and heats and entropies of adsorption. In the final
sectlon progress in the field is summarized snd recommendations
made for future experimental work,

2,1 Structux rmati £
An anelyeis of the factors invelved in the formation of a
carbon from its parent polymer is essentisl %o an understanding of
the effect of heat treatment on the properties and the character-
istics of carbons, Pirstly, the crystal structure of the carbens
is discussed with particular reference o the structural defeots,
The section deals with the evolution of the garbon crystal struc-
ture during the pyrolysis of typical carbens. The last section is
concerned with the development and growth of the orysial structurs
and the removal of structural dofects during heat treatment,

2.1,1 Crystel Structure of bon and ¢ 3 3

2.1.1.1 Jdeal Graphite Isttice

}'Imra have been two mein ideal lattices propesed for
graphites The first is the hexagonal layered lattice preposed by
Bernal® ang is shown in Pig. 1(a). It is composed of aromatic
parallel layers with a C=C distance within each layer of 1.42 2.
The parallal layers are weakly held together by van der Vaals
forces and exhibit a comparatively large intorlayer spacing of
515 &,  the stacking sequence is of the type ABAB..., whare (1)
half the earbon atoms in one plans are directly above atoms in the

layer beneath, and (2) all the carben atoms in alternate layers are
directly above one another,
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The second idcal letitcs (Fig. 1(b)) was Lirst suggestod
by Debye and warma, where the packing sequence is now rejvre-
sented by ABCABC..e4s, de®s carton atoms in any ons layer are
directly above thoeo im the feurth layer. This rhombehiedral fora
wes suggested to account for cerinin faint lines found in Z-rmy
powdor phetegraphs. Beocause tho hexagenal foxrm s nore stadlag
only o few per cent of the rhonbohedral form inp usually found in
grayhite’.

2.0.1.2 Bgg actures 4 emd_tyaphites

The stz of carbons and graphites ie usually far
roubved from the ideal graphito lattice due to the presence of
dofocts. It Lo these dofects wiich promete such diversity of
proporties amongst cerbens mnd graphites and thorefore it is of
fundemental imporinnce that thene defeots be carsfully studied in
conjunctien with odserved physicel and chemical propertiss.
Ubbglohde and Lwia‘ in their axbtensive review of graphito havoe
systemntieally cluussified the defacts under threc convenient
hoadings, vis. layer stacking dafests, carbon notwork bend defecis
and grosa defects, Under these headinge, only thoee defects eof
particular interest in this project will be deals with in detail,

(s) Laver Stacking Defooka
gxbostratio Peokire Becmuso the interlayer aitraction foroes ars
comparatively weak, it is usual for & large psremutage of the
layere to be randomly orientated sheut sn sxis perpendicular to the
plane. Biscos snd Hmﬁ have tomed this type of lattice
secaatry 'surbogtratiet.

There is some cenfueion of terms in this field and it is
éppropriate at this stage to defime nore clearly soue of the
anblguous ones, @mphiﬁntms should mean the process wheroby
the turbestratic structurs Feverss %o the stadle threse~dinensionally
ordered ideal graphite lattice. Hovever, the $em graphitizetion
generally refers to hest treatount at temperaturca above

REIMCERTan I LaYben:

aid Y ;‘»,Au'ﬁME




‘ A
veby ‘
(b)
hexagonal rhombohedral

Fig. 1 = Ideal Tattice Structure of Grarhite

(a) (v)

thole! Telaw!

Fig, 2 = tHole' and 'Claw! Defects in Carbon Hexagon Networks4
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approximately 2,‘0@0%, 80, to be consistent with current usage in
the literature, this is the meaning that will be implied vhensver
‘“he vord graphitization is usod in this pro ject. To avoid
ambiguity, all carbonaceous solide will be considered as carbons,
unleas the carbon pozsesses & near-ideal graphite lattice.

Interlayer Spasine Associated with the graphitisation of turbo=
stratic structures is the gradual decresse in the interiayer
spocing d, from & valne of approximately 3.44 | to the ideal
spaoing of 3,35 £.  Various empirical equations have beem devele
opéd to relate the change in interlayer spacing d with the
propertion of diseriemtated 1aytrs?.

Crystallits Sizes An assembly of layers of finite size is terned
& crystallite and a useful appraisal of the degres of ordering of
a carbon can be made in terms of {1) L and L,» the average dimen-
sions of the packets of layers parallel and perpendicular to the
layer planes, (2) 4, the interlayer spacing, (3) p, the propertion
of disoriemtated layers, snd (4) the proportion of aiscrganized
material. A further set of porametars introduced by Stevard and
ook ere M, and M which rafer to the alze of layer planes over
which there is roasonable continuity and regularity of atomioc
arrangenent, 1.0 ila and _,ll' denote a nacro-unit ol erystallites
vhich are roughly aligned. PFor low teaperature carbons, vhers the
degree of ordering iz far remcved from that of highly graphitized
carbons, both the orystallites and the disorganized phage must be
considered am gross defects,

{») Cazrbon Netwo; lond Defects

It is interesting to sider graphite 2a the liuiting
tarn of the homologous aromatic series, the numbor of fused benzene
rings in a typical graphite layer being of the oxder of 1,000,
Another concept is to regard carbons as thermosat high polymers
containing fuaed aromatie rings, whose mutual erientations conform
approximately to that of the ideal graphite lattice. It 18 %o be
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expested that in such large systems there will exist bond defects.
Principal types include sdge defeots, internal structure defects
and chemical defects.

Bdge Defects Por carbtons composed of smell erystallites the
proportion of edge atoms will be high and their properties will
thus exert & correspondingly large influence on the carbon strug-
ture as a vhole. In the layered lattice type strugture, carben
forms strong trigenal type G bonds, l.es in the execited state
the G hybrid bond utilizes only two of the three 2p orbitals.

2,2 _ ; .
ground state exgited atate

The remaining Epz orbitals protruding from above and below the
plane, laterally overlap and form a T -bond. YThe carbon stoms
on the edge of the layer will thorefore possess & free bond and
be adble to combine with foreign atons or groups such as ~H, -OH,
-C=H, etc, euu}.san}‘n has shown that the situation is not
negessarily as simple az it &ppears; for instance, he suggents
that cexrtain edge atoms may soquire a partly triple-bond character
and certain other edge atoms revert to a divalent state.
mmn has ﬁaéa seme interesting ealeulations of bond order and
Iree valence for aromatic ring systoms of increasing sizae.
Pullman's caleulations indicate that certain edge atoms will
possess relatively large values of free valence compared to others,
However, as the free valence for carbon atoms in the edge positicn
iz greater than 0.5 compared with a free valence value of less than
9.2 for carben atoms in the centre of the layer, it is olear that
the edge atoms are in the mest favourable position for chemisorp-
tion of foreign atens.

¥hen a carbon is initially prepared from s polymer by
Pyrelysis, nen-carbon atoms present in the eriginal polymer or in
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the surrounding atmosphere may become bonded to unsaturated carbon
atous around the peripheries of the layers. 4 carbon prepared
from polyvinylidene c¢hloride by pyrolysis under an atmosphere of
nitrogen to 800°C will contain some 17% oxygen, 4% chlorine and
24 nydrogen (by weight). Although oxygen is strictly excluded
éuring the carbonization process, 1t is apparently rapidly chemi-
sorbed when the cooled carben is exposed to the atmosphere. It
is well known that the presence of these foreign atoms exerts s
consliderable influence on the adserption of polar mole-

culestZr 23s 14 15 and on the alectronic pmpertieals of the
carbons, Further detailed evidence of the nature and reactions
of surface complexes may be found in the comprehonsgive reviews of
Culver and Watts'', smitn® ana Veiss'®,

Two interesting types of edge defect thet have been
proposed by Ubbelonde'? are 'hole! and 'claw! defects. The 'helef
defect is caused by the presence of unsaturated carbon atoms at
internal points of layers and an example of a maphthalene gap is
shown in Fig. 2(a). The second structure, Fig. 2(b), is the
result of a re-entrant thole! vhere the carbon atoms designated by
'e! are bonded to foreign atoms, The repulsion between these
forelgn atoms causes the layer to buckle into the shape of a claw,
A clav defect could alse present an ideal site for the beginning
of a spiral growth mechanism,

Internal Structural Defects Rlectron microgrephs of graphite have
Wmmgm
revealed a variety of topographical features such as pyramidal

growih, conical zrowth by & screw mechanism and laninar cleavage
along bassl p:lanesm” a, 22. While it is well known that such
defects and dislocations have a8 prefound influence on the chemical
8nd physical properties of metals end inorganie erysta1323’ 24,
there is at present little evidence as to how these defects
influence the properties of graphite,

Chemical Defects There are four different types of chemical
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impurities in carbons and gmghiteszst substitutional impurities,
ordered impurdities, disordered impurities and inpurities chemically
wonded to free valencies around layer edges. The last inpurity
has already been congidered in the secticn on layer stacking
defeots.

A smubstitutional impurity ecours where a carbon atom in a
leyer is directly replaced by & fereign atom. Relatively littie
is known about the effects of substitutiocaal inpurities, mainly
because of the difficulty of introducing foreign atoms inte the
layer. To date, the only substence that can be reliably placed in
substitutional position is boron-°? 27,  Because the electren
structure and the size of the boron atom (the atomic velume is 0.7
that of carbon) is different from that of carbon, & boren stom in
& carbon layer will prefoundly influence the surrounding network
structure., Yoné tautomerism at *hese sites may explain why
carbona containing boren can be more easily graphitized thsn
carbons without boron.

- Ordered impurities result when verious sompounds ferm
monomolecular layers between graphite layers, These ocnpmnds‘
are called cryestal compounds, lamellar compounds or intercalation
compounds. These compounds can generally be recovvered without
any alteratien to the essemtial structure of the arematic layers,

Disordered impurities are formed from thermal er cheme
ical decompesition of lameller oowpounds. & small fraction is
sometimes tenacicusly held by carben and cannot be removed intact
without desitruction ef the sarbon structure. Hazmigga suggested
that these disordered impurities were retained at structural
defects, such as twin lines and erystallite boundaries.

(e) Gress Defects
Pyrolysis of carbon containing polymers results in the
fornation of a grossly defective carben structure containing vary

small crystaliites, a diserganized phase, lattice strains and
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pores. These defects play a major role in determining the prepers-
tles of porous carbones and will therefore be considered in detail.

Crystallites Crystallites heve been previously defined in
Section 2.1.1:2. They can be regarded as gress defects because,
in the initial stages of carbenization and heat treatment, their
8ize is extrewely small. FPor instance, Franklinzg found that for
& pelyvinylidene chleride carben prepared at 1,‘06000, the erystall=-
ites have a layer diameter of 16 | and the number of stacked layers
is egual to {two. The average number of hexagons in a layer of
this diameter is approximately 24; the average nunmber of poten=
tially unsaturated border carbon atoms is approximately 26,
compared with the total number of carbon atoms of approximately 72,
Thus about 36% of the carbon atoms are potentially unsaturated and
it can be expected that these carbon atoms around the peripheries
of the layers will profoundly influence inter~erystalline linkages.
The ussomblage of the crystallites in the bulk phase has
an important influence on the reaction of carben to heat treatnent,
By the assemblage of erystallitcs one means the alig,nme;zt of crys=-
tallites, their orientation, and strength and degree of cross=-
linking. Por instamce, soft carbons (ecsily graphitized carbons)
are generally formed frou rav materials which remsin fluid duxing
the initial decomposition process. This allows the arematic
layers to take up positions faveuradle for erystaliite growth at
higher temperatures. On the ¢ther hand, carbons which are formed
fror rav materials which solidify early often possecss a very rigid
structure. It ie assumed, in this case, that the aromatic layers
have not had the opportunity to slign in favoursble vositions,
There are several models of the assenblage of orystalle
ites which are worth considering. The first model is one that
has been widely accepted since its propesal by Biscoe and Harrens
in 1942, It consists of neat packets of layers in randem positions
which are connected by a disorganized phase (see #ig. 3(a)). The
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difference in the ease of graphitization of sof$ carbons and hard
carbons was explained in terms of the degree of alignment of the
erystallites. To explain the low thermal expansion of carbons,
xmmski?’o aiightly modified the arrangement of the layers to give
& ring type configuration (see Fig. 3(b)). TFig. 3(b) illustrates
a closed ring configuration while Pig. 3(::) illusirates the more
likely random ring confignration.

Mizushina’* suggested that the medel of neat crystzllites
vas too idealized, firstly because layers will generally be eof
unequal length, end secondly, becmmsze the interlayer attraction
forces are too weak to form iselated packeis of layers. The
model propesed by Miznshima is shown in Pig. 3{d). It cornsists o
irreguler piles of sheets randomly connected with each other at
their edges, For this model the values of I’a and T o' obtainad
from X-ray measurements, will refer te a pile of leyers of suffieo-
ient order to produce coherent interference effectis in the
diffracted beam. A plan view of this model (s2e Pig. 3(e)) shows
the presence of microscopic voids orested by misfite between layers.
Mizushima admits that even this model is idealized, since there
will remain & certain amount of diserganized phase anmongst the
sheets. A somewhat similar model has been suggested by Castle o,

Pavidson and Losty~’ found that the mechanicsa) behavieur
of carbons could be satisfactorily explained in terms of shear of
the orystallite layers. The carbons accommodste an applied etress
by movement of one layer over the next, rather like eards in &
paak. They supported this suggestion by showing that the modulus
of rigidity inereased with the degree of neutren irradiation and
decreased with inecreasing temperature of heat treatment. Fentron
irradistion is known to produce interstitial atoms and these PID~
vide a resistance to layer movement. Heat treatment on the other
hand, is said te remove irregularities in the layers and thus lower
the force needed %o produce shear movement of the layers. fThese
theories were applied to the model of Biscoe amd h!arren5, in vhich
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for a single crystal. It is suggested that the discrepancy
results from the rigidity of the structure and expansion of some of
the crystallites inte pore spaces. Mrozowski% has suggested that
the combination of anisotropic thermal expansion, coupled with the
great rigidity of some carbon structures, produces large latiice
strains. It is thought that these lattice strains promote layer
rearrangement and lead to orystallite growth., This driving force
for erystallite growth will be discussed more fully under

Section 2.1.3.3.

szowski% has further pestulated that carbons will
possess freozen-in stresses. When a carbon is heated, thermal
expansion of the orystallitea will occur, and, depending upen the
rigidity of the structure, the crystallites will exhibit a certain
degree of deformation. On cooling down to roon temperature,
contraction of the ecrystallites will be restrained, creating frozen-
in stresses. These stresses will be accentuated if the carbon is
heated above the viscous creep temperature of approximately
2,300° - 2,500‘3(:. The gradual rclease of froeozen-in stresses as
the temperature increases accounts for the increase of the mechan~
ical strength of carbons with temperature until the viscous oreep
temperature is resched.

Blacknan and Ubbelohde " recently diseovered that pyro-
lytic graphites are deposited from the gas phase with considerable
strain energy and that on anmeaiing recrystallization takes place
which, under suitable conditions, can yield graphite of high
cryvatal perfection. In fact, on cvccasions, the recerystallization

was se rapld that the propagation took the form of a 'weak'! detona~
tion.

eres One of the mwain features of carbons and graphites is thely
iarge pore voluue. The formation, structure and determination of
the pore volume of carbons will be described in Section 2.4, 2.
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2.1.2 Carbonization of Polymers
It is well known that the ease of graphitization of

carbons depends mainly on the composition of the original organic
polymer, Por instance, two closely related organic polymers are
polyvinyl chloride and polyvinylidene chloride, and pyrelysis ef
these polymers te high temperatures resultas in the formation of
carbons with widely different physieal propertias, The carbon
prepared from polyvinyl chloride has a well erdered erystal stirue=
ture approaching that of the ideal graphite lattice, while the
carbon from polyvinylidens chloride still possesses relatively
small erystallites in which the majority of layers are randomly
orientated about the axis perpendicular to the plane of the layer,
¥While the carbon from pelyvinyl chloride is solt, dense and of low
porosity and surfece area, that from poelyvinylidene chleride is hard
and of high porcsity end surface area. It is considered that,
because of interlocking of layers by strong c¢rosa-links, polymer-
izatlion of various organic molecules ean lead to quite different
carbons, according to the conditions prevailing during the early
stages of increase of molecular siz e59. Thorefore, the initial
process of carbenization is importsnt, as it rlays a dominant role
in determining the high tempersture characteristics of the carbens.

As the process of carbonization is not well understood,
it is desirable to deal with the carbonization of individual
polymers end then finally summarize in more general terms. The
polymers and the corresponding carbons are typical of those
reported in the literature.

There sre, however, soversl terms in use which need
definition. Carbonization usually refers to the formation of
carbons from organic or inorganic origin whers the final temperature
is in the range 700° to 800%c, & goke is a carbon formed frem
materialas which fuse before deconposing while & ghar is a carben
formed from materials which decompose without fusingm.
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fellulose Tang and Bae‘onﬁ have recently made a comprehensive
study of the pyrolysis of cellulose. Using modern technigues such
&5 infra-red analysis, differaential thermal anslysis and thermo=-
gravimetric analysic, they vere able to characterize the process by
the following steps:
(1) desorption of physically adsorbed water,
(2} the removal of chemically held water from the
cellulese molecule,
(3) chain seissions, or depolymerization and breaking of
C~0 and C~C bondas within ring units, accompanied
by evolution of more water, carben monoxide and
carbon dioxide, and
(4) aromstization or formation of graphite~like layers.
Yron the third stage it is sugzested that a Pouremember carbon
radical is formed and that this becomes the building bloek for
aromatization. Tang and Bacen wers slso sble o show from I-ray
orientation studies,; that the fbrous nature of the original poly=-
mer is preserved despite carbonization. _
Chemical snalysis of the 20114 residues by Smith and
H&w&rﬁ"a demonstrated that aromatization occurs ot quite low
temperatures. They charred cotton cellulose ef temperatures from
190° 4o 400°¢, and subjected the products to exhaustive oxidationm
with alkaline permanganate; the magnitude of the yields indiea‘ta&l
progressive argatﬁaﬁon a8 the charring temperature increaseds
3, 4

Z=ray evidence indicated that at temperatures hetween 4:00°

and 5o'e°c the residue was beginning o assume the erystal structure
of layers of hexagonal netwerks. Heatingw to 800% produced a
fairly rapid inorease in the La dimension of the crystallite frem

9 %o 18 2, while the LG dimension remained rractically constant at
about 10 3. At 800% the crystallites comprise 4 40 5 layer
planes each contzining an average of 33 hexagons.
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Cellulose Acetate Kipling and Hilaenm appear to have been the
only vorkers who have investigated the pyrolysis of cellulese
acetate, which unlike cellulese, forms a coke., The suthers sugges-
ted that cross-links beiween adjacent chains were prevented from
formming by a blocking action of the acetate groups. The structure
during the initisl decomposition was therefore less rigid and wvent
through a fluid stage to form a coke.

Phenol-formaldehyde Ouchi and Henda*® have extensively investi-
gated the thermal oracking of phenclformaldehyde resins. The
gascous products given off at various temperstures are shown in
Fig. 4(a). The authors proposed a three stage mechanism of decom
position. TPirstly, water is fommed by the condensation of ~OH
radlcals. Secondly, methane, carbon monoxids and hydrogen are
formed from the reaction of ~cn2~ bridges with weter. Thirdly, at
higher temperatures the hydregzen stems directly tonded %o the
benzone nuclel begin to split off in the form of hydrogen snd, at
the seme time, the size of the aromatic nuclei inereases sudd enly
by a partial rearrangement accompanying strong thrso-dinénsional
bonding.

Polyvinylidens Chloride This poiymer is unigue in that it decome
poses quantitatively into carbven and hydrogen chleride. This is
cne of the simplect of carbonization protesses and has been cares
fully studied by seversl workers'(® 48» 49,

The loss of hydrogen chloride occurs in twoe stages,
corresponding to the loss of two units of hydrogen chloride per
unit of polymer. fThe initiel step In the conversion is the loss
ol one molecule of hydrogen chloridey; by a procese which follows
first order kinet1os®®* 3, Iy 1o senerally sgresd that the
mechanism invelves the loss of cne hydrogen chloride molecule per
palr of carbon atoms, which leads to the formatien ef a linear
polyene chain, The removal of the remaining hydrogen chloride
almost certainly ocours by the cross=linking of polyene chains by
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& Deils~Alder type mechaniam. The mechanism proposed by Winalow

et ale 51 is as follovws:
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The ring structure then loses hydregen chleride to form an aromatie
ringq’?’ 48.

X-ray patterns of solid residues’>’ 47 heated between
250° ana 800%C, are very diffuse and show little change in the
degree of ordering of the structure. Indeed, Franklin' 329 X~xay
measurements for polyvinylidene chleride carbonized to 1,006"%’.’,

revealed that the crystallites are only 16 i in diameter and twe
layers thick.

Zolyvinyl Chleride Polyvinyl chloride initially decomposes on
pyrelysis with a quantitative loss of hydrechleric aci&sz and

further heating to 900“6 produces gaseous pmduubst‘s}' as shovwn in
Fig. 4(b). Tne carbonization of polyvinyl chleride is kuown te
be effected by the composition of the atmosphere; under nitrogen
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polyvinyl chloride forms & coke, btut under oxygen it forme a char
Furthermore the presence of an oxygen atmosphere during pyrelysis
markedly increases the yield of solid>>, It seems likely that
possible effects of oxygenation are to¢ cress-liuk the initial resi~
due and to remove hydrogen. Beth of these processes would moke it
more difficult for fragments te break avay from the solid.
According to ¥Winslow ot al. 51,, thermally stable oross-
links develop in pelyvinyl chlaride only at temperatures above
m"‘c,' hence aromatic regions have more chance to re-order, at
least in the critical eurly stages of pyrolysis, $his probably
explains why, for a pelyvinyl chleride carben-’, the orystallite
dimensions rapldly increase as the temperaturs is raised above
800°C.,

Sumpary Carbonization of polymers is best sunmarized under the
two headings - thermal degradation and polymerization (roem £ emp ex~
ature to 500°C) end carbonizatisn (500° to 800°C).

Ihermal Degradation and Polymerdization Prom the study of individ-

ual polymers it is clear that the initial product of carbonizstion
contalns low molecular weight fragments, a proportion of which, by
& process of molecular condensation, form a great variety of higher
boiling peint compounds. As the tempersture rises, arematization
c¢f some of thase compounds ooccurs with the development of a system
of cross-linked, planar, condensed benzene ring molecules,

Purther rise in temperature removes unbonded hydrecarbons and the
residue rapidly polymerizes and cross-links still further to form
& kard nass.

The properties of the final carbon do not appear 4o be
influenced by the campacity of the polymer to form a coke or a char;
the main factor seems to be the degree of cross-linking. 4
Hmztuak155 suggests that, at this stage of development, the carbom
acoous mess possesses both the short range order of the groupa of
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aromatic layers and the long range order due to cross-linking
between the molecules,

Carbonization Continued condensation and cracking ocour with the
release of gases such as €0, Ka, EG2 and CH 4 eround the peripheries
of arematic planes. The resulting unsaturated valency causes
further bonding and shrinkage with the mass beooning harder and
stlffer. Crystal growth oceurs mainly in the L‘ direction,
supposedly by the incorperatien of some of the surrounding disor-
ganized aater:}.alzg.

Porosity contimmally develops and normally reaches &
paximm at approximately 890033 Pige 5 shows some results
obiained by Dacey and :Barraﬁas‘s for a polyvinylidene chloride
carben; <+<he pore volume, calculated from argon adsorption ise~

therms, is pletted agsinst the percentage decomposition of the
pelyner,

2.2.% Heat Treatuent of Carbens

In the previous sectien we have considared the formation
of s0lid carbens with their typical grossly defective structure,
Purther heat trestment progressively removes lattics and chemical
defects, and the structure approaches that of near ideal graphite.

The developuent of order in the crystnl lattice is
cenzidered in Section 2,1.3.1, while Sections 201e3.2 and 2.1.3.3
deal with the namture and mechanism of erystallite growth, respect-
ively. Assocciated with heat treatment, of ocourse, is the thearmal
expansion of crystallites and the bulk specimen; <+this subject is
Giscussed in Section 2.1.3.4.

2¢103.1 Development of tho Ideal Graphite Latiice

X~ray studies have been meinly respensitle for an under—
standing ¢f the crystaliographic changes on heat treatment.

Therefore it will be appropriaste to follow the changes by refer—
ence to a series of typical X-ray intensity curves ebtained by
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War.rans, showing the effect of heat treatment on a Spheron carbon
black (see Pig. 6). The curve for the un-heat treated sample is
typical of diffuse reflections given by carbon pyrolysed to soe”c.
The intense low angle scattering inereases rapidly with
decreasing angle and is interpreted in terms of veids, eracks and
other in-homogenities. Biamonds&, rranklinzg and others have used
this part of the ocurve to obtain a measure of the size of the pores.
The crystalline (00/) reflection, (002), is normally the
nost prominent peak and arises from the stacking of aromatic layers.
The peaks (11) and (10) are two-dimensional (hk) reflections and
are produced by individual graphite layers taking independently all
orientations in -apacee. The erystallites develop rather perfectly
only in two dimensions, with growth in the third dimensien being
sxtrenely small. Since the (006’) reflectiona show there are
lsyers parallel to each other, it is the absence of the {(hk/)
reflections and the presence of (11) amd (10} reflections, which
shoevw that these layers must be randemly orientated about the normal,
The two-dimensional reflections are easily idemtified from (00Z)
reflections by the way the former slowly fall off at high angles,
Now as the orystallites grow, the peaks become progress=-
ively narrower, and it is basically this change in peak breadth
which constitutes the measurement of crystellite dimensions.
Heat treatment to 1,500°C considerably sharpems the {(00£) peak
which indicates an increase in the average mumber of layers in &
parallel layer group. The (10) reflection also sharpens, tut
8till retains its characteristic shape, showing that, although the

layer diameter has increased, the layers are still orientated at

randonm about their normal, A further rise in temperature sharpens

the reflection still further and a more detailed analysis of the
(10) reflection shows the development of modulations eorresponding
to the layers re-ordering about their normal to form the ideal
graphite configuration®, Both the (10) and (11) reflections split
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up and begin to form orystalline three-dimensionally ordered
modulations.

21e3.2 Crysial Grewth

An impertant result of heat treatment is the increamse in
size of the crystmallites. rranklinzg investigated 8 series of
heat treated carbons preparsd from polyvinyl chleride, polyvinyl~-
idene chleride, and a variety of petreleum anl cosl cokes and
suggested that carbons, in relation to their ease of crystallite
grovth, can be divided into two classes - non-graphitizing and
graphitizing, %he graphitizing carbons exhibited a rapid growth
in both I.‘ ard I’a dimensions in contrast to the non~graphitizing
carbons which, even &% high temperatures, failed to approach the
size of ecrystallites in graphitizing earbons (see Pig. 7 and 8).
Since Franklin's werk was published, the sharp divisien inte tweo
clpssses has been quesmnedf’?‘ on the evidence of carben blacks
exhitd ting intermediate properties., It is still useful, however,
to retain this classification as ropresentinz the two pessible
extremea of response to heat trestment.

Apart from the difference in crystallite growth, the two
classes of carbons can be further distinguished. For instance,
non-graphitizing carbons are hard, perous, and usually formed frem
subsiances of either low hydrogen or high oxygen content. Graph-
itizing carbons on the other hand are soft, compact, and formed
from substances rich in hydrogen. There is a strong tendeney in
graphitizing carbons for crystallites to roughly sligny conae-
quently, electron pho‘ke-microa-aphaﬁs reveal the existencs of &
plate-like struecture of particles. Nonwgraphitizing carbons,
however, oxhibit no fine structure, vith the result that particla
edges are jagged. The marked difference in response to heat treat-
ment of non-graphitizing and &raphitizing carbons has been explained
in terms of the rigidity of the low temperature carbon. Inna
substance such ae polyvinylidera chloride, pyrolysis soen results in
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the formation of a strongly cross-linked structure which resista
any further re-aligument and growth. Por graphitizing carbons,
however, pyrolysis of, say, polyvinyl chloride, results in &
relatively mebile residue with few cross-links. The presence of
relatively large mmounts of hycrogen tends to destroy cross-links
either by reduction or by bending impediately 4o the edge carben
atous, and thus prevemting further tonding between carbon atoms.
Layer growth and development iz then facilitated by partially
aligned crystallites with few cress~links.

Observations reveal that crystallite growth is dspendent
upon the follewing factors during carbonizations (1) maximum
tenperature, (2) rate of heating, (3) holding time, (4) the atmos-
phers above the polymer during pyrolysis, (5) the catalytic nature
of container walls, {6) the physical state of the substance, and
(7) the chemical structure of the substance,

The maximun temperature of carbonization is the most
dominant factor for any particular earbon and ie discussed in
Sections 2.1.3.1 and 2,1.%. 3.

Bates of heating have been found te influence the oxygen
content of cellulosze charasg, but it is only for very high heating
rates that marked differences ocour in the physical preperties of
ehars” ? m. _ On the other hand, for seft cokes, the results ef
Okada ot al.*" show that rapid heat treatment at the rate of 930°C
per mine has little effect on crystalline rarsmeters such as inter-
layer spacing and ecrystallite size. A recem: study by Hogan
et 81.52 nas shown that rates of increase in temperature up ts
300°C per hr. in the zone 25° to 1,200%C produced no difference in
the propearties of the graphites investigated.

Kinetic studies->? O1» 63 shov thet crystaliite growth
ocours with messursble speed over the temperature range 800° to
55000°C and that equilibrium is remchod vithin 15 o 30 min.

ﬁrozavski"'e and lﬁizushimaas founi that for suberdinate parameters

such as electrical resistivity, thermal conductivity, and real



density mest of the change ecours within 20 mine

A mall percentege of oxygen in the atmosphere during the
pyrolysis of non-exygen containing pelymers car have & marked
effect en the firal properties of the carboms. Kipling and
Wilson' have found that if polyvinyl chleride is carbonized in
nitrogen it fuses and the residual carbeon takes %he shape of ihe
contalning veasel. Ify hovwever, polyvinyl chloride is carbenized
in air, it does not fuse, but chars and retains the outline of the
original ssmples The explammtion oﬂ‘era_dm is that oxygea is
taken up at the temperature of the imitial decoupesition and helps
tc form cresa~liuks beilween orystallites, tius resulting in « nors
rvigid atructars.

There is evidence that the surfaces of containers effect
the pyrelyeis reaction. Por the themal decompositicn of hoze=
nethylenetetramine, Stansk:!.s* found that various phase bouniaries
(glasses, guertz, selid 'hexa'!) act as catslysts during the initial
Induction period.

ihe physical siate 0f the erganic compound during
pyrolysis oan have & marked effect on the ease of graphitizatien
of the carbon’”? ®©, Iy the 1iquid state organic compounds sueh
as Yg9=bianthryl or anthracens produce chars at 500°0 which readily
graphitize at 3,000°C. In the vapour phase, however, & wide
variety of organic coumpounds produce sphericel carbon black part~
icles which resist gravhitization evan at 3,9@00&- On the other
hand, if the vapours are impinged on solid surfaces at 900° o
1, mz"c, graphitizable carbons are producede In this latter casze,
it is interesting te ncte that for high temperatures, the structure
of the initial waterial nas little effect oun the structure of the
carboen formed.

" 21e3¢3 Mechanism of Crystal Growth
Obaservations reveal that erystal growth sccurs at a

measurable rate over a wide temperature range. This suggests that
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any structural change that results must render further development
progressively more difficu}.tag. This type of mechanisp would
require a contimiously increasing activation energy as the temper—
ature increases. Hizushimﬁs has, in fact, found that activatioa
energies for eleotrical resistance, thermal conductivity, and
crystallite growth contimually increase in the temperature range
800° to 2,400%. Furthermore, the mechanism must explain the
difference in the rate of growth of erystallites between soft and
bard carbons. Fig. 8 is a summary of data on cxrystallite growth
and olearly shews the marked difference between soft and hard
carboena,

There ies strong evidence against erysial growth ocourring
by atomic diffusion, i.e. carbon atoms breaking carben-carbon bonds
and migrating from smaller to larger crystallites through the
vapeur phase or by surface diffusion. !‘ranklinzg has pointed out
that, as this process invelves breaking strong carbon-carben bonds,
it would of necessity be a high temperature rezction and ocour over
& narrow temperature range. If growth did ooccur by atom migration,
then it would not be possible to explain the observed differsnce in
bohaviour of various carbons on heat treatment. The mode of
aggregation of the erystallites, the degree of cross-linking and
the poresity would not effectively inhibit erystal growthe
Ficldman et al. 65 and Iantaw“ nave shown that for graphites,
diffusion of atoms through the bulk phase is negligible at tenpor-
atures belew 1,800“0.

How then do corystallikes grow? It is generally agreed,
although not substantiully proved, that the initial growih of
crystallites occurs by the incorporation of the disorganized phase
from the surrounding matrix. ?ranklinzg found on heating carbons
above 1,060”(2, that, along with a decrease in the percentage of
disorganized carbon, the crystallites grew mainly in the a8 diree-
tion (see ¥ig. 7).  This growth is said to be facilitated by the
fact that most of the hydrogen has already been evelved at 1,000"(;



thus allowing the resulting unsaturated carbon ctoms around the
peripheries of the crystallites to ecombine with other carbon atoms.
Yhen this dieorganized phase is exhausted, continued growth must
occur at the expemse of other crystallites, The data of
rmnklinzs, for a non-graphitizing polyvinylidene chloride carden,
indicate that this change probably occurs at a temperature gregter
then 2,000%C; for soft earbons, Yrozowaks ¥ suggests a temperature
of 1,300°¢C.

It is most unlikely that the incorporation of diserganized
material could acoount for the increased rate of growth for soft
carbons a#';bempem‘h:res above 2,000°C. The mechanism proposed by
?ranklingg is that enbire layers or even groups of layere coalesce
with their neighbours. - Kleoctron micrograph and electron diffrag—
tion patterns of the sub~siructures of soft cﬁkeaﬂ show that
g~axis directions of the crystallites are nearly perpendioular to
the grain. Consequently on heat treatment the layers do not have
to move far before they become mutually parallel, Diamond? 368
results for carbonized coals support this mechanism, which fer coals
eperates at temperatures above 600°C. It is also possible that a
more effective rearrangement is promoted by plastic defermation of
the disordered phase, $g§169 has found direct evidence of ecarbon~
carbon bond deformation at temperatures above l,seo@c. Yor
temperatures above 1-,500"3, uizushimsl contends that the size of
the erystallites-for seft carbems is tee large to allew displacenent
and rearrmngement. PFurthermore, at 1,.5oo°c, most of the hydrogen
from around the peripheries has been evolved, s0 that crystallites
are bound te each other through covalent bonds. These suggestions
are supported by the fact that % approximately 1,5010,00 there is a
marked change in the rate of change in realstivity. Bslow 1,506“3,
the change in resistivity is completed in several mimutes while at
2,100°C the change may take sbout 15 mimites. Por the above reasens
Mizushima supposed that crystal growth preceeds by an atomic process,
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The final stage in crystallite grewth is the re-orienta~
“ion of the layers about their normal to form the ideal graphite
lattice. It has been established by many invéatiga‘herazg’ Sy 70,
that this will not occur until the diemeter of the layer plane is
appreximately 100 L when it is presumed that there is sufficient
decresse in binding energy betwesn the twe parallel layers. Foxr
reasons already mentioned, Hizushi.mﬁ considered that retation of
such & large layer would be imprebable. Instead, resrdering would
take place through movement of beoundaries or arrays of disloostions.

&mzulmn discussed orystal growth from the standpoint of
the dislecation theory. Dislocations can be produced by buekling
and twisting as crystallites anistropically expand on heat treat=
ment, On the other hand, stresses formed by anisotropic expensien
are sxpected io promote rearrangement of the crystallites and alse
ceystal growth. This suggesis a close connection between erystal
growth and tho presence of dislecations. Balow 1,100'6, crystall~
ites were considered too mmall te centain dislocations, dut as the
temperature is raised, gradual grewth can generate dislocations at
boundaries. At higher temperatures tho movement of dislecations
tends to relax the themmsal gtresses, thus forming a more ordered
strmcture.

Reeently, Bizushimas"' studied the rete of graphitization
by measuring the rate o¢f change of thermal conductivity, electriecal
conductivity end crystallite size at various temperatures. Calcu~
lation of activation energies showed that ¢ryetal growth occurs by
two rather distinct &roups of processes. The first process has an
activation energy of 100 X eal. per mole and scours at approxe~
imately 1,400 €, while the second has an activation energy of
200 keal. per mole at a temperature of approximately 2,290 C. The
first process ie associated with the healing of the disordered
lattice and seems to correapond to the model suggested by Davidsen
and I.ostx3 3 The second process is responsible for growth aof
orystallites mainly in the & direction by the movement of
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boundaries between adjacent layer planes. Accerding to I‘rauklinzg
the driving force for 1&3«:}3 movenment arose frow the increased thermal
energy as Ythe temperature increased. Rmzaw&i% questioned thias
theory on the g:rcnz:xt?@j that this energy would be insufficient and
suggesied that additional energy is available from stresses produced
by anisotrepic expansion of crystallites. Mrozowski gained some
support for this argument Ifrom ovidence that fine grinding before
heat treaiment lowered the resultant crystallite growth. The
particle size; being of the order of 1 micren, could not impose &
limitation on crysial growth, btut would probably lower the thermal
stress, l'mzukan concluded that three driving forces could be
expegted to be effeotive in produsing orystalliite gxrewthe. These
ares
(1) surface tension tending to lower total inter—
facial energy,
(2) stresses resulting from anisetrepic expansion
(graphitization stresses'), ani
(3) aiffercmce in strain energy betweon adjacent
crystallites.

2ele3e4 Thermal Expansisn
It is important to define the previous higtery of a

specimen when referring to the thermal expansion of carbems. A
carbon previousiy heeted %o 3.,10006 will exhibit reversible expan~
sien up to this temperature on rszheating, but, if the carbon is
then heated %o a higher temperature, it will exhibit irreversibls
expansions The irreversible expansion can eceur in two ways.
Firstly, gases are evolved, even above 3.,1co°c, 80 the carben
structure will slightly cealesce = this is known as shrinkage.
Secondly, as the temperature rises, the crystallites will tend to

expand and, because of interlocking aroumd peripheries, this

expansion will be somewhat constrained. It is therefore inevitable

that on ooeling the erystallites will not freely contract back te
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their original position,

Reversible Expansion As mentioned in Section 2,1.1.2, the ideal
graphite lattice is markedly anisotropic with regard to thermal
expansion, thermal expansion in the g-axis being about 28 x 10.6
per °Q, and in the g~axis about 1 x 10.6 per “ﬁ. The thermal
coefficient of polycrystalline carbons, however, is much lowver,
Por instance, the thermal expansion coefficient of a graphitized
lamp black® is 4 x 1078 per %, end for a reacter araphite?

I x 10'6 per °%‘:. There is aleo wide variation in the thormal
expansion coefficients from different carbons, the valne depending
upon various fastors such as seurce of the carbon, methed of prepar—
ation, presence of binders, ete.

Loch and Ausﬁn72 attempted to explain these problemes in
two ways. Pirstly, it is thought that the low lk thermal expan-
slon is partly the result of crystallites expanding into pere
spaces. Loch and Austin found that for the carbons they investi-
gated, a linear relationship existed between thermal expansion and
micre~pore volumey as the micro-pore volume inoreased, the thermel
expansion coefficient decreased, Anslysis of the thermal expansion
of some reactor graphite by Sutton and Hauard73 showed that accommo~
dation of thermal expansion was associated with the crystal S~axis,
some 37% of the graxis expansion contrituting to the ulk expansion.
The authers suggested that acconmedation can be attributed to
cleavage micre~cracks in the reactor graphite, Secondly, it is
expected that rigidity of the earben structure restrains the move~
nent of individual erystallites. The nature of the restraining

forces and the consequent formation of lattice strains has been
previously discussed in Section 2.1.1.2,

Irrevergible Expansion Gcllinau measured dimensional changes of
polyorystalline carbons during heat treatment. The data refer to
samples made with binders, but are nevertheless worth mentioning,
Goft cokes prepared fronm petrelsum coke and a ceel tar bindex
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preheated to 1’,1GG°G showed reveraible expansion on reheating te
this temperature. With further rise in temperature, expansion was
irreversible; shrinkage was observed between 1,3.00° and 1,400“9
and from then on there was a gradual expansion. A hard carbon
prepared from phenol~benzaldehyde (nsing the same resin as a binder)
and preheated to 1.‘,100“3 exhibited a ruch smaller reversible. axpan—
sion than the soft coke on reheating to 1,100°C. Prom 1,100° to

.706 Cy irreversible expansion was only relatively slight, dbut
after 1,'?69 €y the carben shoved an appreciable continuing shrink-
age,

Davidson and ,Lostv"s found that the shrinkage in the

length of a cellulose carbon on heating from 800° to 1,800°¢
anounted to less than 2f of the original value.

2,2 gintering of Carbens and Graphite

Heat treatment of certain carbons abeve approximately
800% produces a marked chenge in the adsorptive capacity and
density. A change in the adsorptive capacity has also been
observed for graphites subjeot to severe neutron irradiation.
While the circunstances for sintering of graphites and poreus

carbons appear unrelated, it is possible that a similar mechaniem
causes sintering in beth cases.

2.2.1 Ihe Change in the Msorptive Capacity of Porous Carbons

on Heat Treatment

Until recently, the less in surface area of porous carbens
on heat treatment has been treated as a side issue to the main
investigation, Consequently, while some observations extend back
over 50 years, there has been little or no work especially directed
towards the subjeet of sintering in carboens.

¥hilst investigating the removal of celour and impurities
by active carbon, early workers such as I.emon76 soon establishad
the fact that heating the carbon adsorbent above approximately
800° C decreased the adsorptive powar. A similar deduction was
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made by Howard and Hulettw; they were mainly interested in sub-
stantiating the use of helium to measure real densities, but, in
the course of their work, discovered that adserption ef nitrogen on
their ceconut cher was consideradbly reduced when “he char wes hoated
from 900° to 2,000°C; in fact, the amcunt of nitrogen adserbed fell
from 8.2 Y0 0.2 ceCe per Be

MceBain and Sesaic.ns?a in their early work on perous sugar
carbons found that the iodine valus, i.e. the quantity of iedine
adsorbed per g. of carbon, increased with incressed heat treatment
to a maximum at 800°C, ut rapidly decreased thereafter.

Loter, 5131‘&:79, investigating the formation of carbons
from various organic meterials such as hexachlorobenzene, inesitol
and barium mellitete found that the surface area, as measured by
nitrogen adsorption, reached s maximum at BOG°O,‘, vut then gquiekly
decreased at higher temperatures,

However, it was not uatil 1958 that this sintering phenem=-
eénon was deemed worihy of further investigation. Boscock and
Koldmomae. in their extensive review on tie carbonization of
polymeric meterials, noted the case of cellulese in which the
micro-poresity increased between 100° and 1,QGO°¢ and then deoroased
4o almost zero at 1,600"6. They suggested that closed pores were
actually developed in the material during heat treatmant.

Lster a paper by Yynnae-Jonesm' focused attention on the
phenomenon of sintvering in peorous carbons. The resulis obtained
on a cellulese caurbon are shelm in ¥Fig. 9. There is a sharp drop
in surface area from 500 n. per g. &% 1,00(3 C to 25 m. per g at
1,500 Cs above 1,5@6 €, however, the surface area remained prac~
tically constant. It has been miggested that at ‘emperstures abeve
3.,900 C the decrease in hydrogen content nay cause the welding
together of crystallites, with a consequent decrsase in surface
areas In the opinien of Uynne-Jnnasm, however, the large drop
in surface area must, at least in part, be the consequence of the
sealing off of pores, rather than their disappesrance as the result
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of particles fuaing together,
Among the Russian workers in the adsorption Tield,

Kiselev et 81.82., 83y B4 yeore apparently the first to deliberately
measure adsorption on heat treated porous carbons. From adsorption
isotherms of rnitrogen on carbons, both untreated and heat treated at
1,70006, they found that at saturation the amount adsorbed had
decreased at least by half, They ooncluded thst henting the carbon
at 1,700°C destroyed part of its pore structures amd so considerably
reduced the pore volume.

| In more detailed work, Dubinin et a1.8% 86 heat treated
activated samples of phenol=-fermaldehyde (carbon A) and poly-
vinylidene ghloride (carbon ¢) and then measured crystallite grewth
and adserption of benzene, c¢yclohexane and nitrogen. To the adsorp~
tion isotherm, Dubinin et al.Z7* 83 89 piiioq J4near equations
developed from the potential thwrygc, the constanis of whiech
refleet such structural factors as limiting edsorption, pere velume
of micre— and transitional pores and the size of micro-peres.
They found that for both carbons, the miero~pere size increased
while the macro-pore size decremsed, the net result being an over—
all deorsase in the average pore size. The rete of adserption of
benzene on the carben € heat treated to 1,?50"4: was extremely slow,
50 it was difficult for the authors to obiain an eguilibrium
isotherm. According to mbininas, the change in micro-porous
structure of carbon € on heat treatment te 1,750°C was distinguished
by a narrowing of micro-pore inlets and decrease in micro-pore
volume, In further experiments the liquid phase adsorptive
capacily of carbon A was measured for acids and bases. The results
indicated that the chemical nature of the surface apparently
remalned unchanged during heat {reatment.

2.2,2 %he Change in the Density of Porous Cerbons on Heat
Ireatnent

Howard sand Kulettw vere probably the first investigsators
to measure the effect of heat treatment on the helium density of a
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carbon. They observed a change in density from 2.22 %0 1.35 g
per c.c. on heat treatment of a cocomut charcoal from 1,000° to
2500366. This decrease in density clearly indicated that a consid~
erable portion of the pore volume of the heat treated carbon was no
longer accessible te helium molecules.

Franklin®® heat treated various carbonized coals and
measured densities in helium and various liquids. She concluded
that the accessidiliiy of the pores and immer surfaces %o liquids
and gases decreased with increasing carbonization temperatures in
the range 600° to 1,600°C, and was governsd by the width of fine
constrictions in the pere system, rather than the mean diameter of
the peres.

Later, E‘ran‘klinzg neasured the densities of some heat
treated polymers by the fleatesink nethod, le.c. a liquid density
nethod, Por the non-graphitizing earbon, polyvinylidene chleoride,
the density decreased from 1.59 to 1.19 g. per cec. on heat treat~
ment from 1,000° to 2,160°C tut then increased o 1.38 g. per o.ce
wvhen the temperature rose to 3,00006. Por the graphitlizing carben
polyvinyl chleride, the density incrcased from 1.99 %o 2,25 g« per
CeCo on heat treatment from 1,000° tc 3,000%.

In & recent article by Davidson and Isnsty75 s helivn
density, bulk density amd helium permeability heve been measured on
& heat itreated cellulose carbon, and the results are summarized in
Figs 10, The interasting point is that the helium density reaches
a maximm at 9oo°c, but then rapidly decreases so that at 1,76636 '
it equals the bulk density as messured with mereury. Furthermore,
it is seen that the helium perneability reaches a very low figure

and, in faot, is less than that exhibited by bLoresilicate and fused
siliea glamses.

24243 The Change in the Adsorptive Capacity o2 Graphites
on Irrsdiation : '

Sintering nay be produced by neutron irradiation as vell
as by heat treatment. Because grayhlte has been used in various
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types of nuclear reactors, its susceptibility to damags from neutren
irradiation has been closely examined. Spalaris et al, 2! 97
found for an artificisl graphite that surface area, pore size and
true density decreased with increasing exposure to radiation. A
4ypical reduction in surface ares, 28 measured by nitrogen adsorp~
tion, vas between 12 and 404 of the original area. Pore size
distributions shoved an overall decrease in the average pore size
and this was supported by the resulits of rate measurcments, in which
the time elapsed for the adsorbed gases to reach equilidbrium was
three to four times longer for irradisted samples than for non=-
irradiated samples. Another interesting poeint wasz that vhereas
the crystallite size inoreased by about 15%, the overall bulk
dimension only increased from 0.2 to 0.6%, indicating that crys~
tallites probably expanded into the pores. Phis suggestion would
account for the loss in pore volume and surface area on irradiation,
The mechanism of crystallite growth is not fully understeod, but it
is prepo sedgz' that neutren irradistion preduces a large number of
imperfections and defects, which cause the erystallites to expand.
Unlike heat induced sintering of porous cerbons, neutron induced
sintering can be almost entirely removed by annealing at quite
moderate temperatures (ca. s06°¢C b It ie interesting to note that
charocoal irradiated with 1 MeV eclectrons showed xo change in
adaerptive capaeityg“'.

2,2.4 The Industrial Significance of Sinter in Carbons

and Gyraphites

From an industrial view-point the sintering of carbons
can be either a disadvantage or an advantage. Yor a process
depending upon oarbons posasessing their maximum surface area,
gintering is clearly a disadvantage, e.g. adsorption and gasifica-
tion processes. On the other hand, sintering has been used to
advantage in the preparation of low permeability carbons for use
in high tomperature, gas-cooled, miclear reachors, as both a canning
naterial for the fuel and as a moderating material.
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It has been known for some time thet, in the production
of a porous carben from ravw materiasls und also during its revivifica-
tion, there is a maximum temperature which should not be exceeded if
the carbon is to retain its adsorptive capacitygs’ 96. A gsimilar
restriction applies to the manufacture of carbons for subsequent
gasification. The rate of gasification will depend upon the
accessibility of the oxidizing gases to the internal surface of the
carbong";» therefore, it is impertant that during the mamfacture of
carbon the temperature be kept sufficiently low to prevent loss of
surface area with the censequent decrease in the accessibility of
gases to inner surfaces. Yor an Australian coalgs, the maximum
surface area is developed at a carbonization tempsrature of 600° ¢
higher temperatures cause & marked drop in the surface srea,

Thus, if the coke is lo be used for the production of fuels, it is
esgential that the coking temperature for the preparation of the
carbon does not exceed 600°C.

While sintering of porous carbons is normally a disagvan-
tage, navidsangg recently proposed a novel use for highly sintered
cellulose carbons. A tremendsus effort has tieen made in recent
years to make artificial graphite impermeable to gases so that it
¢an be used as a canning material for fuel elements in high temper-
ature gas-cooled nuclear reactors. Host of the research effort
was directed towards filling the pores of artificial graphite with
an impregnating fluid such as furfuryl alcohol and afterwards
carbonizing. The method used by the Genoral BElectric Labora=-
toriesd? 10» 99 t2 produce solid tubes of cellulese invoives
centrifugal slip-casting followed by carbonization in two stages.

In the first stage the eellulose is slowly heated to 1.080&6 to
allew evolution of gases and tars without disrurting the structure.
At the coupletion of the Ffirst stage of heat treaiment, the carbon
possesses a high porositly with an average pore size of approximately
50 Ao During the second stage tae tempersture is raised to betwaen
1,500% and 2,600°%¢ and, elthough still possessing a rdlatively low
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density, the carbon beoowes ulte imperueadle to gEooe.

mvidmngg suggests that orystallites grev and blook the pores at
tho constrictions and so prevent the flow of gas thoough the struo=
P de

2e3

Zhe ‘mree t@f@m&ga@s awas.lahle for iﬁ%sﬁgaﬁ:&g the
crystal structure of carbons are I-ray diffraction, neutron diffrao-
tion and electron diffraction. ¥=-raoy methods have been the nost
useful in elucidatiag the crystal structure of carbons and graphites,
in faot, graphite was one of the firet substamces to be anelyzed g
xﬁrayaz. i~raye are scattered by alectrens and thercfore cennod
gve sny information as to tho pesitien of impurity stome such as
sydrogen and oxygen in ihe gruphite latvicss  Heutrons, novever,
are svatiered by the alou oucleus sn?d aovt by the slectrons and thus
wonerual peutron difirsction sechnicue: “'72 Lave been helpful in
dedernining the rele of impurities in %he graphite struciure.
Hliectron &iﬁmﬂianmﬁ hag beon wwed in studying the naturs of
setiics defects in carben snd grophito.

AE=ray mu&tarixsg Lrow onrbons mey be conveniently divided
inte thyes regiouaz B
(1) mttmng at lew angles for wiiohk

angm < G-Iﬁgﬁl;

(2) sestiering at nedisn angles fsr whioh
815 < & < 0.4 i"l.
{3) fcottevinz at high angles for wbieh
s >4l
Tow anle seattering provides ilnlprzation regarding the vorocity and
honogeneity of the asterdisly hewoevar, tho necauregent of low angle
seattering reoquires speeial tochaicues. The sedinn =nd high range
angles have besn cerefully stulied apd have yielded the buli of
information on the cryrtalline stmctore of corbons. Hethods of
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analysis of high and medium range scattering can be divided inte
the following:

(a) Radial distribution analysis.

(b) Anslysis based on the two-dimensional random layer

lattice theory.

(¢) ZLeast squares analysis.
These methods all ultimately involve the comparison of a curve
derived from experiment with one calculated for a hypothetical
structure. g

(a) Badial Distrilution Anslysis

Radial distribution snalysis specifies the density of
stoms as & function of the radisl distance from any reference atom
in the systen. nebyoe in 191% showed that the intensity in
electron units seattered by a nem—corystalline array of atoms at
the angle & 1is given byt

IaZmet sin 8 r_
m N & o

4 T ein 0 ;

>\ *
fn & fn = respective atomic scattering factors of
the mth. and nth. atons,

where 8 =

Tun = the magnitude of the vector separating
these tvo atoms,
and A\ = radiation wavelength.
A structure for the unknown spscimen was assumed and the theoret=-
ical scattering calculated as a funotion of s from equation above,
Phis was ooupared by a trial and error procedurs with the observed

exp erimental scattering. The method was tedious and, in fact, not

entirely successful. A more direct approach was to convert the

experimental scattoring to electron units and to invert these data

using the Pourier integral theorem. Yhus, the radial distribution

function of the specimen was obiained without any a priori
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assumptions as to its stmetureml.

Application of this method to the determination of the
structure of carbon does not directly give information concerning
the size of the leyers, but rather gives the information that atons
are arranged, as in graphlite; on a hexagonal net. 3‘1*3:3?&.‘!.:{:1:“}2
analyzed the (10) end (11) reflections of a carbon obtained from
polyvinylidene chloride and compared the results with thoss obtained
fron the atomic distribution function., While the only direot
irformation was that the carbon contained graphite-like layers, she
was able, by approximate methods, to estimate the layer size and the
porcentage of carbon in graphite-like layers.

(b) Analysis Based on the Two=Dim ensional Randem Layer
latiice Theory

It was generally recognized that the X-ray patterns of
carbon blacks were essentially a 'washed out' graphite patte:ms,
but despite radial distribution analysis showing that graphite~like
layers were present, the relative arrangement o¢f the layers could
§till not be uniguely determined. By heat treating some carbon
blacks, Biscoe and ‘diam'en5 were able to follow the development of
the X~ray pattern to a stage where the pattem definitely indicated
a random layer structure, i.e. crystallites consisting of single
graphite~like layers stacked equidistant from each other, but with
each layer being randemly orisntated about the layer normal. The
patterns showed the stacking bands (00/) and the two-dimensional
bands (bk), but no three-dimensional band such as (nxt).
warren1°3" 104 was then able to derive a general theory for diffrac~
tion from randomly orientated layers and develeped equations giving
toth the form and abzolute intensity of the (hk) bands in terms of
the layer dimension L, and the position 8,» of the related (hko)
reflexion. The amalysis procedure involves fitting the theoretical
curve to that obtained from experiment, I‘ranklinloa used this
methed to determine the structure of a polyvinylidene chloride
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carbon and found it yielded more precise infermation than radial
distribution analysis.

Varren also derived a simple equation relating the peak
breadth to the layer diameter, viz.

8'300397 . » ® (1)

where E = peak breadth et half peak height

and § = Bragg angle.
Excopt for the rumerical coefficient this equation is, in fact, in
the same form as the equation for crystallite particle size devale
oped by Scherrer105.

(e) Lemst Scuares Analysis
biamondﬁg' 106 suggested that no single ocurve of the

Warren type would fit the observed curve obtained from a specimen
centaining & wide distritution of molecular sizes, The larger
molecules contribute heavily tn the sharp maxima and are principally
responsible for the height of each peak, while the smaller molecules
tend to produce broadening at the base. To overcome this weakness,
Diamond proposed the methed of least squares to estimate melecular
size distritutions in carbens. The principle of the method is to
calculate exactly the X-ray scattering from randomly orientated
aropatic molecules of particular sizes by the use of the Debye radial
distribution function, and then to £it a linear gombination of such
curves to the observed intensity curve for a particular specimen.
The coefficients in such a combination provide an estimate of the
molecular size distributiony the distribution is usually presented
in histogram form in whioch the terms represent fractions by weight
of material in particular size groups. The utility of the method
hes been demonstrated by Diamord 56 for the snalysis of diffraction
data from some carbonized coals, and he has listed seven distinct
advantages for using it over the preceding mathodsms. One of the
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interesting advantagoes is that it is posaible to take into account
scattering from impurities such as oxygen, especially if they can
be treated as roentgenamerphous material®,

Por the upplication of radial distribution analysis and
tuwo~dimensional layer lattice theory, the experimental curve has te
be converted to electron unitsg herein lies o potential source of
oTT'OLs After correscting the intensities for absorption and polare
izetion, the curve is generally converted to absolute units vy
equating the experimental intensitios at large values of s with the
cilculated total thasretiocal independent scattering. The principle
of this method is that for non-crystalline materials, interference
effects at large sngles are negligible, and the cbaerved intonsity
is then approximatsly equal to the sur of incoherent and coherent
scattering. For carhons101, interference from hands becomes
negligible at s values from & to 10, To reumove difficulties of
working at angles of 20 > %G, 2 shert wavelength radiation such
28 KoKoc is useds A scaling factor is then sbiained, which con=-
verts the experimentally observed MoK X curve into el ectron units,.
As s leonger wavelength radiation such as Cuk o produces widex
banis, some authorsi®’s 108 then compare similar btends in the MocC
and CuK X traces and so convert the Cul o trace into electren
units. Unfortunately, a small error in the scaling factor at high
angles, producss a large error in the absolute intensity at lew
anglese Furthermore, this procedure calls for long range consise
toncy in both theoretical and obaervational data. In the lesat
scuares analysis method of DimnunleG, these errors are avoided asz
the experimental data have only 4o be corrected for absorption and
polarization.

The cheice of diffraction peaks for analysis is important.

* Substances showing ne crystalline nature whatever.
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For the determination of L , one is limited to the {nk) vands (10)
and (11). The (10) band is said to be affected over its entire
length by the nearby (00/) reflections, (002) ard (004). In
order to utilize the {10) band to determine two-dimensional crdering
it is necessary to correct for the effects of these (601 ) reflec=
tions. To avoid unnecessary computation, both Franklint®® ard
Dianond %8 have used the more remote (11) vand. However, as the
lzyers begin to order themselves inte the idesl graphite latticey
modulatiens (the splitting of the two-dimensional reflection bands
inte the three-dimensional ordered bands, e.g. the (10) band
splits into (100) ard (101) bands) sppear and considersbly distort
the band shape. ﬁarrens has ehown how to evaluate the (hk) bands
when such modulations occcur.

Informaiion concerning stacking of layers in orystallites
is obtained from the {00/) reflections such as {002), (004) and
{006)s  ®here are at present two main methods available for
analyzing these bands. The first method proposed by Scherrerm‘j
is relatively simple and involves only the determinamtion of peak

broadening at half-peak helght. Substitution of the peak breadih
in the equation

€ A
I:q = "—m . o . (2)

where C = constant,
A = wavelength,
8 = Bragg anglae, and
/2 = peak breadth,

yields a value for the height I’c of the erystallites. The second
method involves calculation of the intensity of (004) reflections
by the theory of the simple diffraction grating"C.



2+4 %The Determination of Surfoce Area and Pore Size

The first part of this section is concerned with the
application of adsorpilon theories to the determimation of the
surface area. The second part deals wiih the conputation of aver-
8ge pore size and pore size distribution, molecular sereening and .
other indications of pore size changez.

2¢4e1l Fhe App lication of Adsorption Theories to the
Det

ermination of Surface Area

There are basically two methods of obtaining an estinmate
of the surface area (Z Jofa solids The first methed invelves
the determination of the monolayer capacity, i.c. the amount of
substance adsorbed to give an even monolayer coverage over the
coplete surface area. Then, from the area of the adsorbete

molecule, one can calculate the surface area of the solid from the
equaiion

Z = 2 G;n . ® . (3)

ﬁ’a#

where Vm = monolayer c¢apacity,
V = molecular volume of adsorbate,
¥ = Avogadro's nuamber, and
G;n = area ocoupied by an adsorbed molecule.

The second method yields the surface area directly without having
4o introduce a value for G n®

2.4.1.1 Betimates of the Honolayer Capacity L

(a) Langmir Theory
The assumptions, underlying the derivstion of the Langmuir
equationlo, have been clearly stated by rawlaa'llgs

“Necessary ang
sufficient assumptions . . . . . are that atoms {or moleoules) of

the gas are adsorbed as wholes on to definite points of attachment
on the surface of the adsorber, that each point e attachnent can
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accommodate one and only one adsorbed atom, and that the energies
of the states of any adsorbed atom are imdependent of the presence
or absence of other adsorbed atoms on neighhouring points of
attachment™  On the basis of a partiecular kinetic theory, Langmuir
obtained the equation

Y = V¢ hp s . » (4)
"y T o

‘where p = pressure
¥ = volume of gas adsorbed, and
b = constant for a particular tempcrature snd
absorbent.

Lster, anlernl Gerived the same equation by the spplication of

statistical mechanics to the ghove model.
Equation (4) can be rearranged to give

2 ] g .‘.a.l» . & - (5)
v ?’m b\*m

Cn plotting p/?f versus p, a straight line should be ebtained with
slope 3‘/?n and intercept 3‘/hv a ¢ (Generally, the equation is a
poor f£i%, sxcepi for some systeme which exhibit Type I isotherms
(2runsuer's”® eclassitication )y ®oze charcoal.

(v) Zhe pPeint B Method

Samett and Brunauer™* investigated o series of Iype IT
adsorption isotherms and considered 2 number of points on the
isotherm which might conceivably correspond to completion of the
monolayer. They found that the point at the begimming of the
middle linear portion of the isotherm, Point B, gave the most
consistent resuits for a series of different gases and temperaturass,
¥urther evidence in favour of using Point B was provided when Kumett
and Brunauer'*% found that heat of adsorption for ome of their
specimens reached a maximum at en amount adsorbed corresponding
very closely to the menolayer capacity.



{c) Zhe BET Method

Brunaner, Bumett and Teller >’ generalized langmuir's
treatment to take into account the formation of multi-layers.
The adsorbed melecules in the first layer are assumed %o act ag
gites for the adsorption of molecules in & second layer. Similarly
the second layer molecules seot as sites for the third layer molo-
cules and so oun. The concept of localization still prevails for
the first layer and must therefore alse apply for the rest of the
layers. DBrunauer, Emmett and Teller were able %o derive the
following equation Ly analyzing the kinetics of evaporation and
condensation on the above model

P 1

— e * SZIR . . . (6)
OCEY 2®  Vuoo,

where ¢ = constant
and p b ™ the saturation vapour pressure of the pure
adoorbate.

It can be seen from equation (6) that a straight line should result
from the plet of T-E—ﬁ versus p/p and that valucss of ¥
po- P L+ n

;an be caleulated Zrom the siops '° = 1};’?ne and the intercept
/' v Re'

While squation (4) applies for an adsorbed film that is
infinitely thick, Brunauer et alall" developed an equation for the
lore general caso where adsorption is restricted to n layers,
(eege for adsorption in small capillaries).

e sy

» ° . {7)

where x = p/pe .
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Substitution of n = oo yields equation (6 ), vhile substitution of
n =1 yields the Langmuir equation (equation(4)).

While the BE? equation, (usually referring to equation (6)),
hag been used with outstanding success to reduce a variety of
isotherm types to straight line plots, it is now generally agreed
that the originsl assumptions are so crude that the equation must
be regarded as semi~empiricial in nature. In fact, Heaswlls
suggests that Point B alone has physical significance in Ym deter-
minations, and that the BE? eguation is merely a convenient
graphical method of lecating Point B on the isothorm.

() galculation of V from rate measurements

The foregoing determinstions of surface area have relied
upon appropriate theoretical treatment of equilibrium measurements.
Jura and ?aaallus have shown how ?m can be obiained from measure-
nent of the rates of gaseous adserption. The specific rate of
gdsorption of water vapour on anatase was found o decrease markedly
on completion of a momolayer. Prom a plot of rates of adsorption
at various coverages, the wvalue of ?u wag obtained from the point
where the marked change ocourrad. The value of ?n cbiained by this

method vas about 20% lower than that obtasined by equilibrium memsuree

Pierce and wthn7
plet of entropy of adsorption versus amount adsorbed. They
suggested that the ninisum corresponded to completion of a meno~
layor, when the molecules had reached a state of maximum order and
orientation. Hill et al.’’® foumd that for high values of tho BEP
constant ¢, the integral entropy gave a minimum which fell near
V= vt. The minimum was ascribed to the relatively small number
of possible configurations of the system as the first layer was
completed. V¥hile there have boen many exmmplos of the minimum
oceurring very close to the BEPF valus of ?‘m, %*he method is not
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sufficiently precise or convenient to be regarded as a practieal

means of determining Ymo However, it does offer a useful confima~
tion of BEY Vm values.

2.4.1.2 Methods Leading Directly to Surface Aree
Direct methods of determining the surface areas will not
be considered as they have not been used in this project; +the

reader is referred to the reviews of ccm:.;llg and Young and

Growelllm.

2.4.1e3 QOther Mothods of Bstimating Surface Aream

0f the sumerous oither methods of determining surface
area of solids, only one will be mentioned here, namely, the X-ray
methods Detalls of other methods may be found in the roviews of
ﬂannc.rug, and Young and Gravelllzoo

The X=~ray method involves the determination of the average
crystallite size from the X-yay pattern, and it is presumed that
the calculated surface area of the srystallites 1s an indication of
the true surfacs ares, irnell and .'Baranlm have compared the
areas calenlated from X~ray diffraction data with those obtained by
the normal BEP method for a serios of progressively activated
cocormt~shell charceals. They found the specifie ¥~-ray surface
area (ca. 2,700 n? PST O.C. ) remained unchanged during activation,
but that the BE? surface ares increased from 1,120 %0 2,750 x?
per c.ce of charcoal. It was suggested thenm that the apecifie
Z-ray surface aren represented the potential surface area and that
activation progressively removsd discrdered m&teri&ll from around
crystallites. Por progressively sintered varbons prepared from
phenol=formaldehyde resin, Dubinin et al.as obtained the results
shown in Table 1,
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TABLE 1

Surface area values for a Slightly Activated
Phenol-formaldehyde Carbon

Temperature of X-ray BET
Heat Treatument Surface Area Surface Area
(°c) ‘ngex gs) {m, zger ge)
950 2280 1130
1750 1550 610
2000 1230 130
2300 1030 6
3000 740 6

It is clear from the above table that the X=ray surface area is not
indicative of the area available %o adsorbate molecules.

2.4.1.4 Z%he Selection of Yalues for the Molecular Area
Por those methods in which ?n iz caloulated, it is
important that a proper selection ie mads for the molecular area of
the adsorbates G, is usually esleulated from the density ef the
bulk liquid adsorbate (d; ) and Fumett and Brunsuer 12 used the
expression

w73
Op = 1.00 (‘i‘a"; « = » (=)
where ¥ = melar volume of adsorbate

and ¥ = Avozadre's number.
¥hile this equation assumes hexagonal close packing of sphericel
moleoules, other muthors (ref, 120 Pe 226) have assumed different
types of packing with corresponding changes in the packing factor
of 1.091s On the other hand, if the neasureuent of ? was con-
ducted at tempergtures where the normal bulk adsorbate would be in
the solid phase, then a value for the correspondiing demsity would
be substituted in the sbove equation. Por simplc gases such asg
&rgon, nitregen amd oxygen, the valuc of 0‘m celculated by the
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above method ylelds consistent results, but for meny adsorbates,
particularly poly-siomic moleocules, the values of G' yield
unusually lov 2 values. To ovarcome this ﬂi:rﬁmlty some workers
(ref. 120 p. 227) have obtained & Z value by using nitrogen and
then by a converse process have obtained a value of T " for a poly~
atonic molecule, so that the same value of = is cbtained. This
method gives reasonably consistent results and is useful when,

(a) the adsorbate molecule presents a different value of G
according to its orientation, or (b) when a molecular sieve a::;feat
prevents the larger poly-atomic molecules from penetrating inte the
smallest pores. A helpful selection of G‘ values has besn talm~
lated by Young and Crowe11}29,

2:4,2 The Determivation of Pore Size

In the caleulation of pore size, it ie first necesaary to
adopt a model which is most apprepriate for the perticular solid.
FPor instance, the eimplest wodel is a pore ayatem of long; nonw
intersecting, cylindrical ocepillaries; in this caze, calculations
yield values for pore diameters. Wwhile it is unlikely that solids
will pessess such a simple structure, it has been assumed that
simple models give a 'general picture' of the porous structure.
In some instances the picture is completely frlse 175 Evermlzz
has analyzed a mumber of geometrical models and considsred the
problems that arise in trying %o identify a varticuiar model with
adsorption measuranents.

Pore size analyses may be conveniently grouped unier the
following headings:

(1) Average Pore Size.

{2} Pore Size Distribution.

(3) Pore Size and Molecular Sercening Effects.

(4) Other Pore Size Eutimates.

(5) Indications of Pore Size Changes.
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2.4.2,1 Average Pore Size
The structure of a porous body may be desoribed in terms

of (a) total pere volume VP, (b) surface area > ani (o) pore size
distribution. An indication of the average pore size r o* can be
obtained from the equation

- v

rp B E . - . (9)

b

The pore velume ?p can be caloulated either from density measure~
mentsla or from the amount adsorbed at the saturation vapour

pressure of the aﬁsorbatelzﬂ viz. 3"’/1)6 = 1,0,

2.4.2.2 Pore Size and the Moleeular Sereening Bffsct

Molecules can act as molecular probes for the determina-
tion of the size of pores in porous media. A4n example of this
method of determining pore sizes has been given by Breck et 31.125
for a zeolite type A. PFrom sorption measurements they found that
the apparent pore size was between 4.2 and 4.?5_2. This was oon-
firmed by X-ray data which suggested that the diameter of “windows™
in the zeolite corystal structure was approximately 4.2 ge

The dimension which controls the entry of a molecule into
& pore is c¢alled the critical dimension. Tor a spherical molecule
such as argou, the critical dimension is its diameter. Similarly,
for symmetrical molecules such &s carbon tetrachloride, the criti-
cal dimension will be the diameter of the circle circumseribing the
triangular base of the molecule, A list of critical diemeters for
other molecules has been prepared by both Bsrrermﬁ and Breck
et 9.1.125 .

Dacey and mhomaalz? have used the method of molecular
probes to determine the approximate pore size in polyvinylidene
chloride carbons. fThey found that n~pentane, benzene and nitro-
gen were adsorbed rapidly and gave approximately the same saturation
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volumes; neo-pentane, however, was adsorbed extremely slowly and
eventually gave a saturation volume much less than that of
n~pentane, etc. This effect was even more marked for the larger
molecul e tetra~ethyl methane. Dacey and Thomas suggested that the
carbon possessed pores that were fine and uniform, slot~like in

cross section and beiween 12 and 15 ﬁ in vidth at their narrowvest
dimension.

2.4.2.3 The Calculation of Pore Size Distributions from

the Kelvin Bguation
The application of the Kelvin equation® < %o adserption

isotherms allows the pore size to be calculated as a function of
the relative pressure. Although its application to pores of
molesular dimencions has been severely ariticizedln', there is; at
present, no other method which can give such consistent results.
It has long been recognized that capillaries f£ill according to the
conbined effects of layer formation and capillary condensation.
Hence most applications of the RKelvin equation %o desorption iso-
therms are based on the assumption that desorption cceurs from an
inner oapillary of diameter corresponding to the Kelvin radius Tyr
8o that an adsorbed layer is left on the walls, i.o. the Kelvin

radius T ;‘ rp, the pore radius, Corrections can be applied to
allow for the thickness of this layer.

(a) Zhe Corrected Kelvin Equation

Wheel ”130 introduced a composite theory for adserption
which combined the BETR multilayer theory and eaplllary condensation
view pointss Application of this theory to an experimental iso=
therm ylelded an expression from which the pore distribution could

be determined, viz.
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V-V = /R(r~t)2i(r)dr

where ¥ s ™ volume of gas adsorbed at saturation,
V = volume of gas adsorbed at pressure p,
L(r) dr = total length of pores whose radii fall,
between r and (r + ar),
R = corrected Kelvin radius, and
t = multilayer thickness at pressure p.

Wheeler considered the radius of the pores to be equal to the sum
of the pultilayer thickness calculated from the BED theory and the
radius normally czloulated from the simple Kelvin eqguation. It
Was also suggested that pore size distribution could be Aapproxi~
mated by a simple Maxwellian or Gausgian distribution,

Barrett, Joyner and Halenda' * considered that this
assumption of a simple distridution was inadequate and developed
8 tabular integration of the equation proposed by Wheeler, In
this computation (1) the peres are treated as cylinders, (2) the
Eelvin equation is spplied to the desorption isotherm, and
(3) the f£ilm thickness remaining on the pore walls after the inner
capillary volume has been removed is equated %o that adsorbed on a
non-porous body at the same relative pressure, This methed (knewn
ac the BJH method ) leads to a pore volume distribution curve which
gives the pore volume 4V in the pores of radiuns between r and
(r + ar).  Pierce'>? nas suggested a similar computation exeept
that a value of one of the constants in the BJH method is taken as
effectively equal to one. Although slightly less accurate, the
caloulation is considerably shoerter.

Cransten and Inkley133 éeveloped a more exact method than
that of Barrett,Joyner and Halenda, but again used the same prin-
ciples. The novel features of their method include (1) the
cumulative area is almost independent of the BET area, (2) the
computation can be applied to either the desorption or adsorption
branch of the isotherm, and (3) differences between BEF and
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cumulative areas are not necessarily asceribed to errors, but rather
to the nature of the pores.

For adsorbents possesaing the bulk of the pore volume in
pores of diameter greater than 25 %, the cumilative areas derived
from the pore size distribution according to the methed of BJH,
Plerce, and Cranston and Inkley agree very closely with the area
calculated from the BET equation.

{v) he Uncorrected Kelvin Equation
Juhola and 9113134 have applied the Kelvin equation

directly to water isetherms and obtained pore size distributions
for a number of active carbons. fThe molal volume ¥ of the adserbed
water was obtained by helium displacement vhile the value of 02O,
referring to the desorption isotherus and used in the Kelvin equa-
tion, was taken as 0.49. In a later study, Juhola, Palumbe and
anith135 found that the above method failed to give consistent
results for carbons which exhibited a relatively large amount of
vater adsorption at low pressures. It has been well sstablished
tha%, because it i:c a polar compound, the adsorpilion of water is
markedly effected by the chenmical nature of the surface. Fox
instance, oxidation of carbon at temperstures at which the pors
gtructure is not altered considerably changes the shape of the
vater adaserption izotheml?.

Bierci end ?escattilas attributed hysteresis to Yink=
bottle' shaped pores in the adsorbents. Using the Kelvin equation
they were able to develop a method (similar %o that employed by
Bleorci and Pescettl in their analysis of magnetic hysteresis) for
calculating a pore size distribution in terms of the two radii,
ry and r, of the ink~bottle model, the velues of T4y T, and V being
presented simulimneously on a three~dimensionsal plot. The method
was applied to the adsorption isotherms of alcohol on a silica gel
and water on 2 sintered charcoal. At present the validity of the
procedure has not been confirmed.
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204024 Other Estimates of Pore Size

Other methods of determining pore size are generally
specific for a certain range of pore size, Jilu‘n:i.n:‘t.nlz3 has
suggested that pore sizes can be divided into three ranges:

(1) nacro-pores where r > 5,000 1,

(2) transitionsl pores where 200 > r > 25 X, and

(3) micro-pores whers r < 25 %.

(a) Mieroscope Techniques
It is possible for the maoro-pores to be examined by means

of an optical micrescope. A photo micrograph shown in the paper by
mhininu} clearly illustrates the presence of pores of a size com~
parable with that predicted by other methods.

Electron microscope technigues have been used successfully
to confirm the presence of pores in the transitional ran33123 s in
fact, for a sample of alumina, the surface area calculated from the

pore dimensions agreed very closely with the ares derived from the
BET equationr‘”?.

(v) Mercury Penotration Measurements

A rapid; convenient and accurate means of determining pore
sizes in the macro~ and transitional pore ranges is the mercury
penetration method suggested by washbumlaa. This involves the
neasurement of the pressure required to forece a known volume of

mercury inte the pores. The relationship between the pressure p
and the radius of the pores is given bys

o B J cos 8
e

wvhere ) = surface tension
and & = contact angle.

® » . (10)

The measurement of the volume of mercury forced inte the poreus

solid at various pressures emables ihe cunulative pore volume teo be
plotted as a function of pore radius.
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Ritter and Hrakelsg wvere amongst the first verkers to use
this methed to determine the size of pores in porous materialse
Since then it has been widely adopted for pore studies. A typical
high pressure porosimeber developed by Inglesl‘w
pressure of 45,000 p.s.i. and is therefors capable of measuring pore
diameters down te 50 R. The largest pore size that can be acour~
ately measurzd will depend upen the accuracy of the pressure
measurement. For the high pressure porosineter mentioned above,
the maximum pore size that can be measured with reasonadle acouracy
is approximately 40,000 2.. Por larger pore gizes a low pressure

apparatus capable of measuring pressures below ons atmosphere is
reguired,

can operate at a

2.4.2,5 Indication of Pors 8ize Changes
mbinmS?—»BS has develepoed an expression - based on the

potential theory of Polanyi’® - by means of which adsorption iso-
therm date for a variety of carbons may be reduced to straight line
plots. YFrom a large amount of experimental evidence, Mbinin8?"89
has shown that changes in certain constents in the equations refleet
changes in the pore volume and pore size.

Holmes and mmettlﬂ have judged the pore size alteration

of activated carbone by the change in shape of low temperature
nitregen sdsorption isothernms.

2.5 Kinetics of Adserptien

2:5.1 DITransient Flow of Adsorbed Gases in Porous Solidg
There are six factors which control the rate of flow of

gases through peorous med:i.al42. They are:

(1) the nature and magnitude of the driving forces,
(2) the other gases present in the mixture,
(3) the pore structure of the porous media,

(4) the manner in which each gas interacts with pors
walils,
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(5) ‘the mean pressurc of the system, and

{6) the mean temperature of the system.

If it is assumed that no thermal gradients exist within the porous
solid then the twe driving forces present will be

(1) normal bulk diffusion resulting from a pressure

gradient, and

(2 ) pressure diffusion resulting from a pressure

gradient.,

Gas molecoules will enter the pore volume of the solid as a
result of their random kinetic motions and, if thore is no registe
ance to their flow, molecules will move at the molecular transla-
tional velecity of /8 ky 2/ m, where ky 1s Boltzmann's constant
and m the mass of the molecule. At normal roem temperatures, this
velecity is approximately 1&5 Clls per sec. However, there will
rornally exist two resistances to the movement of gas molecules in
2 porous bndy143 3

(1) molecules will collide with each other, and

(2) molecules will collide with the pore walls,

The first resistance has been described in the usual texts on the
kinetic theory of gases. The second resistance is of ma jor
importance for flow in ¥orous solids and will be considered in
detail,

de Bc,wsar:("M has shown that a molecule impinging on e surface

can either rebound instantaneously or remain on the surface for

time T before being desorbed. In the formor case, the direction of

reflection of molecules will depend upon the direction o

£ incidence,
but in the latter casge,

molecules will desorb agcording to the
cosine law, This law states that the nunber of molecules evapoT-
ating from the surfage in g certain direction is proportional 4o the
cosine of the angle the direction makes with the normal to the
surface, Thus, & molecule will traverse a

capillary by a 'random
walk®'® mechanism. de Boer“"“

has convincingly demonstrated how this



62
random walk mechariem cen considerably slow down the rate of flow
of moleocules through a capillary.

It is generally agreeduﬁ that the two driving forces
mentioned previeusly can produce three distinet diffusion processes,
ViZe

(a) bulk or ordinary diffusion,

(v) molecular or Kmudsen diffusion, and

{c) surface diffusion.

These will now be considered.

(a) Bulk Diffusion

If the mean free path of molecules is considerably less
than the pore diameter, then molecules will collide with each other
far morc often than with pore walls. Hence the diffusion

coefficient will be independent of the pore radius and may approach
that for normal bulk diffusion.

(b) Esudsen Diffusion

At very low gas pressures or with capillaries of smmall
radius, where the mean free path of gas molecules is many times
greater than the pere diameter, the number of collisions of gas
molecules with pore walls will greatly exceed the number of

cellisions amongst themselves. Por this type of gas flow,

xmu:}t.ﬂnexul46 shoved that the rate of flow of molecules for a parti-

cular gas was dependent upon the radius of the capillary, the

temperature and the pressure gradient; and independent of the total
pressure or concentration in the gas phase.

(c¢) sSurface Diffusion

if the gas molecules are adsorbed to any sxtent on the
surface of the solid, then an additional type of flow pattern may
exists Indeed, the theory of Enudsen diffusion assumes that
adsorption takes place, since a molscule must be adsorbed for a

finite time T %o undergo a aiffuse reflexion. Values of the
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Knudsen diffusion coefficient obtained by Clausing and Demkohler
for gases adsorbed by porous solids vere usually lower than those
for gases which were not adsorbed. Simarly Wicke and Yoigt175
found from permeability experiments using diaphragms of sintered
glass and charcosl that adsorbed gases frequently gave an enhanced
rate of flov. The explanation genernlly accepted is that along
with Emudeen flow, there is a parallel flow due to surface diffusion.

2.5.2 Mathematics of Diffusion
As the rate of physical adsorption on a plane surface may
be considered instanftanaoual 44, it is clear that the rate controll~
ing factor for adsorption in porous media is the diffusion of
molecules to adsoerption sites. & non-steady state diffusion '
process may be described by Pick's Second Law in the form

d¢ o) Doe
'5""' = ) X ( * a-"x') L3 . * (11 )
vhere ¢ = concentration in moles per unit volume of

the medium in which the diffusion takes
place,

{r]

-g-- =  concentration gradient,

= diffusion coefficient, and
= time,

U - I

This equation refers to the accunulation of matter in an dlement of

volume dx as a function of time. Unfortunaiely, the conditions

used in the derivation of this equatianH? are not often complied

with vhen the eguation is applied to a particular problem. The

following points must be kept in mind if this squation is to be
solved for values of D,

(1) Equation (11) was derived using the principle of
continuity ard so is ideally applied only to non~-steady state
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self-diffusion processes. However, for Enudsen diffusion, wheres
the flow of molecules in either direction is unaffected by the
presence of other moleoules, it ocan be expected that the equation
will apply.

(2) EBquation (11) was derived using a fixed frame of
reference for the centre of mass of the system.

(3) There has been some eriticiam®Sr 149 regarding the
validity of using concentration as a measure of the driving forca
for diffusion. ¥hile it is generally agreed that chemieal
potential is a more suitable measurement of driving force, it has
yet to be shown that such an equation (it is usually more compl ex)
leads to a better correlation of datalﬁo.

(4) 1% is First necessary to assume that equation (11)
does, in fact, describe the process bveing investigated; equation
(11) will only 2pply where the rate of flow is proportional to the
concentration gradient, Results obtained by Benson and Tnmpkinslﬂ
for the sorption of ammonia by dehydrated potash alum initially gave
indications of obeying Pick's law of diffusion, but further examina-
tion of the unusual variation of the diffusion coefficient with
congentration, suggested that the diffusion theory was inadequate,
Instead, they develcped a theory based on the concept of different
types of sorption sites.

(5) The difPusion coerficient cannot be simply related

te a theoretical diffusion coefficient and must be regarded only as

an effective diffusion coefficient D K Indeed, erankl47 has shown

that when diffusion is accompanied by an adso

bg.iienry'a Lew, Pick's Seocond Law becones,

De,

rphion procesz governed
for a constant value of

o) 30 agc

o
]
+
-
o/
]

A

vhere K = Henry's Law constant.
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The effect of instantaneous adsorpiion is to slow down the overall

diffusion proceas. For a non-linear adsorption isotherm of the
form

V = z.‘e’“

cranklﬂ has shown that the process is formally the same as
diffusion governed by a diffusion coefficient, which is not
constant, but dependent upon the total concemtration of diffusing
substance, free and immobile,

(6) If the accumulation of gas is measured as a weight
gain, then it is necessary to assume that the velght adsorbed is
proportional to the pressure, i.e. Henry's Law should be obeyed.

Ejuation (11) as 1t stands is difficult to solve
explicitly for B.w If, hovever, De can be assumed {0 be indepen~
dent of concentration, then equation (11) reducss to

2
de QO “e
>t *© ”oaxz" . . . (12)

Purthermore even when D . varies with concentratianlﬂ, methods are
available for solving the equations.

To solve equation (12) it is first necessary to adopt a
suitable model, and standard texts on the mathuaaﬁcs of diffuw
siont47» 152, 153 give solutions for a variety of geometrical
shapes such as eubes, spheres, plane sheets, cylinders, eotc.

2:5.3 Experimental Methods

There are several metheds of measuring the rate of
adserption. Thay include:s

(1) +the constant pressure method,

{2) +the constant volume method,

(3) the flov method, and

(4} the frequency response method,
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In the first method the pressure is maintained constant and the rate
of adsorption followed by weighing the adsorbent. In the second
methadl 54 the volume is maintained constant and the rate of adsorp-
tion followed by measuring the change in pressure. In the flow
metho&ls'j’ 156 an inert carrier gas containing a certain partisl
pressure of adsorbate is flowed past the adserbent and the rate of
uptake of adsorbate measured gravimetrically as in method {1 I8

The frequency response method empley; the techniques of automatic
control analysis. By measuring the phase lag and attenuation of
an induced pressure disturbance, Eaphthali and Polinaki157 vere

able to separate the contributions of fast and slow adserption
ratesn,

2.5.4 Obgervations of the Einetics of Adeorption on Poreus
terials '

Zeolites are known to possess a very uniform pore
structure in comparison with most othor porous materials while other
porous materials such as charceals (porous carbons ) and silica gels
are known to usually possess a broad distritution of pore sizes.
Thus, the mechanism of gaseous diffusion in zeolites might be
expected to be simpler than that found in porous carbons. It will

be convenient to deal with the kinetica of adsorption under two
headings:

(a) Zeolites,
(b) Carbons and other Porous Materiala,

(a) Zeolites

b T ey
The earliest recorded investigatienlsa of the kinetics of
adsorpiion invelved polar molecules such as anno

adsorbates, Generally, results ebtained were difficult te analyze
in terms of the diffusion theory, Barrerlsa found that the

nia and water ag
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propane, butane and iso-butane, and measured the rates of adserption
at constant pressure. The rates of adsorption showed tha®
adsorbates could be divided into three groupay viz.

(1) molecules that were rapidly adsorbed,

(2) molecules that were adsorbed slowly, and

(3) molecules that were excluded.
The rate of adsorption depended mainly upon the size of the molecules
smaller molecules such as methane were rapidly adsorbed, while iso~
butane molecules were practieally excluded. (see Seetion 2, 4,2, 2
for molecular sieve action. )

Barrer and Ibbitson found that the initial part of the
rate curve corresponded to the parabolic diffusion law

A¥Y
""""'i = Lk r't_ . . ™ (13)
A¥eo

Over the later stages of adsorption the relation

Ait

———— g ] - e‘k"t . ® ® (}.4)
AV
152

was applicable, Barrex was later able to show that equation

(13) is an approximate solution to Pick's Second Iaw and independent

of the shapsleo of the adsorbent particles whether cub es, spheres or
parallelopipeds.
When Avtf AVo  was plotted against Jt it was noticed

that for short times, the straight lines failed to pass through the
origin and intercepted the Avt/ AVeo  axis. Barrer used the term
tfoot' to describe the intercept value., He suggested that the
'foot' was the result of very rapid van der VYasls adsorption upon

¥he external crystal surfaces. The modified form of equation (13)

is thenlso
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Avm = k ¢t* 4+ . . . (15)

vhere A represents the "foot' on the Avt/ AYo azis. Barrer
and Breaklm have used the value of A to calculate the external
surface area of the zeolite exystals, They found that for certain
zeolites, values for the surface area were in reasonable agreement
with two other independent methods.

Values of k in squation (13) are a measure of the diffusion
coefficient and were found to decrease with increasing concentration
of adsorbate. Barrer and Rilexlsl suggested that the change in
diffusion coefficient should be proportiomal to the fraction

of all available sites occupied. Thus equation (13) vecomes

1 Av,

where 4€ = constant depending upon particle size, and n = D when
f = 0. Thus the initial retes of adsorption should deo.raase

linearly with 6 ., por propane, Barrer and Riley found that a

plot of the L.H.S5. of equation (16) versus the adsorbate concentrsw

tion; gave two straight lines, suggesting that there existed two
kinds of adsorption sites within the zeolite,

The in:!.tial rates of adsorption increase with increase in
temperature and when ‘t/ AV / ' is plotted agninst ‘/1‘,
straight line is obtainallm. Thus it is apparent that sorption

occurs by an activated diffusicn processy the diffusion coefficient
¥ill then obey the relation

P = D exp~ E/RT

vhere B is an independent temperatures factor and B the apparent
energy wf activation, Because the channels through which the
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sorbate molecules move are so narrow, the molecules can be expected
to always move in the periodic potential energy field of the

erystale. Barre:rlsa found that, for a particular zeolite, a linear
relationship existed between the activation energy B and the orcsg-
sectional radius of the sorbate moleocule; +the larger the molecule,

the higher the activation Energy.

{(v) Ccarbon and other Porous Materials

The diffusion of gases through coal is of fundamental
importance in many aspects of coal technology. naggslﬂ, and
Zvietering et a1.7%% snoved that results for the adsorption of
gases by coals could be explained if the coal material possessed an
ultra~fine pore structure and that gases penetrated the material by
an activated diffusion process. Zvietering et al. 163 and Jeyl65
found that the diffusion rate of nethane under conditions far
removed from equilibrium, was linearly related to /%, Bolt and
I:mesm6 fitted an exponential equation to their data for the
diffusion of 002 through coal; +then by comparizon with the theo=
retical exponential equation obtained by solving equation (11) for
& specific model, they were sble to estimate a value for the
effective diffusion coefficient,

Dacey amd Thomasl"ﬂ measured the kinetics of adserption
ef molecules of various size such as nitregen, n~pentane, and
neo-pentane (see Secction 2.4, 2, 2) on a carbon prepared from poly-
vinylidene chloride. Neo~pentane was the only adsorbate which waa
studied extensively and the activation energy for this molecule was
found %o vary from AH/3 to AH/2 where AR 4is the heat of
adsorpiion. This suggested that neo~peniane molecules migrated
from site to site in close proximity to the surfzce, i.e. the pores
were probably so mmall that molecules were continually within the

potential energy force fields of the surrounding carbon atoms of
the capiliary,
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lLater, Dacey, Young and Hc}:tougallm? measured the rate of
adserption of n-heptane at constant pressure on a nen=porous carbon
black, Spheron 6 (2 = 131 m.> per 8 )+  The initial rate of
adsorption conformed to the parsbolie diffusion lawy but the
diffusion coefficient obtained from the slopes of the straight lines
increased with increased concentrstion of adsorbates. The calculated
activation energy for adsorption was not significantly different from
the heat of adsorption, suggesting that the rate determining step
involved deserption of n~heptane molecules from the surface, From
the size of the Spheron 6 particles and the packing density, the
size of the interstices would be about 500 g, thus alloving Knudsen
diffusion to be the predominant flow mechaniam,

2.6 Zhermodynamics of Adsorption

Heats and entropies of adsorption often provide valuahle
ivtormation concerning the rature of the adsorbent surface and the
nature of the adsorbste-adsorbate interactions. However, in the
past, these thermodynamic funotions have not been clearly defined.

The situation has been clarified by the work of
1111168 169 and Everettno, which has been recently reviewed by
Young and Crowe11l?C,

Young and Crowell have shown that the most useful functions
are derived by methods of solution thermodynamics. Consider the two
component systenm conalsting of B, moles of adsorbent and ng moles of

adsorbate in equilibrium with the unadsorbed gas. At a pressure P

and temperature %, the internal energy U of the system is given by #

* & modified forn of Young and Crowell's'® potation 1s used
in this thesis to describe the thermodynanmic functions,
Capital letters (P,%7,) refer to total thermodynamic funo=
tlons, small capital letters (s, h) refer to molar
quantities and small capital letters with a bar (5,H,)
refer to differential molar quantitiaz,
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dd = %48 -~ PdV + ,u-&dnA + /A—sdns : (a7)

vhere 5 is the entropy of the system, V ia the volune, M is the
chenical potential of the adsorbent and Mg is the chemical

potential of the adsorbate. Generally, however, the adsorbent can
be regarded as inert and, as }1113.168 has shown, thermodymamic

funetions of the adscrbate can be separated from equation {17)e 1In

the absence of adserbate, ng = dng =0, and equation {17) reduces
to

Uy, = T68,, = PdV,, + egpdm, (18)

vhere UQ A SOA’ etc. refer to pure adsorbent in the same state of

subdivision,

¥ow if the thermodynamic functlons associated with
formation of an adsorbed f£ilm are defined as

Ss = § = So A Hs = H - B
ard equation (18) is subtracted from equation (17), then

Wg = T8y - PaVg + (o) = M) amy + ueging

" . 5 (19)

As B, is proportional to the surface area > , equation {19) vecouss

W, = Ta8g - PV ~ Paz «+ Sfging

. p . (20)
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vhere ¢ 1is defined as ( 3

L 4

2 8g¥gng
Polloving the treatment used by Young and Orawolllzo,
the Gidbbs free snergy Gs can be defined as

Gg = U+ PV, ~ T8, o & ¥ (21)

Substitution ¢f equation (20) in eguation (21) gives

4@, = =B,0% + VAP~ P A2 + Mdng (22)
By definition let
o8 oV,
. 'SR A
3 !,!’ 8 r’t’

where 33 and ¥

g Bre differential quantitiea., Therefore, from
equation (22),

dug = - 34T + T aP - (—2- a2z +

°s Bs'p,,
(-g—g

For a change at constant P,T, and ng, equation (23) reduces to

?f” . . ° (23)

dh o = =B AT + v ap . . (24)
s 8 ns'z 8 ns,i

Por the gas phase

Qpe = = g.af + wvydp . . (25)
ns’z ¢ ns’i
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vhere Ma is the ghemical poteniial of the gas phass molecules,

¥,
and By = :9? and Y -2 are %he molar sntropy and wolune of the
g T
gua phnse, ru@wﬁvely. At equilibyius, 4 s ™ é Py and
assuming thet P = p aquatfons {24) and (25) coubine %o give

-

Sh,, mwEm - - -

In the usual mppreximation of a perfect gas, v, 3> ;s and
pvy = RE, and equetdon (26 )} becomes

g~ ; » - ® 27
(.....-"z&_l.)‘s’z - iﬁ.—é (21)

This is the squation from -which tae differentinl thermo-dynanio
functions can be determined from adsorption Lzvtherms.

it is ovident from 'khe literature revier that changes in
surface area during heat treatm:nt have beon noted for o numbsr of
oarbons, but 1itils has been mohieved towards on understanding of
the processen by vhich the surfpce area diminishor and the pore
structure is altersd. Furthermore, there has been uo atteampt o
survey the proeess of sintering for a number o2 different types of
carbons with the visw to establishing whether or not sintering is
an isoiated phenomencn applriag only to the fev carbone investigated.
While Davidson and Iﬂa%:' have suggested that the growth of
crystallites forms constrictions in the porss and =0 reduce the
surface area amd pore volume, no Sefinite svidsnoe has been
greamted for eithsr the formation of econstrictions or the inter—
relationship betwesn cxystallite growsh apd sinsering.

Thus the nechanism of siatering of porous carbons and the
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accompanying change in pore siructure requires further exanimstion
and it is logical to extend the knowledge in this field by studying:
(1)} the changes in the physical structure of 2 series
of ecarbons on heat treatment, and
(2) the effect of sintering on the adsorptive
properties and derived thermodynamic quantities.
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EXPERIMENTAL
3.1 Sgope of Experimental Vork

The following is a statement of the sxperimental work

planned to implement the recommendations suggested in the previous
Section,

le.a8, Preparation of carbons from the polynsrs ccllulese acetate,

be
Ce

2:80

-

4o

be

cellulese; phenol-formaldehyde, polyvinylideme chloride and
polyvinyl chloride, Carbons prepared from these polymers
possess a wide range of surface areas, pore sizes, densities,
crystallise growth etcs Por instance, the area of a poly-
vinylidene chloride carbon is extremely high compared with the
area of a phenocl-formaldehyde carbon; a polyvinyl chloride
oarbon exhibits a much larger crystallite growth on heat
treatment than other polymer carbons. 4 commercial
activated carbon, Cal carbon, made from & high grads cosal,
was included for purposes of comparison,

Steam activation of carbons,

Heat treatment of carbons at temperatures betveen 800° ana
3,000°¢.

Measurement of adseorption isotherms and calculation of

(1) surface area, (i1) adsorptive capacity, (1ii) pore
volume, (iv) pore size, (v) pore sizo distribution, and

(vi) heats and entropies of adsorption.

Heasurement of adsorption isotherms for a series of adsorbates
of varying molecular size und shape ('molecular sieve' experi~
ments) to obtain additional information concerning the pore
size and shape.

Chemical analysis of tho original polymer and heat treated
carbons,

Determination of helium end mercury densities and caloulation
of pore volumes.
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Bea Calculation of the pore size distribution by high pressurs
mercury penctration measurements.

6o Measurement of gas permeability of carbons.

Te Measurement of rates of adsorpiion on the carbons and the
caleulation of diffusion coaffioclients.

8, Determiration of the crystallite grovth from X~ray diffraction
measursments. '

%2 Preparation of Carbon Sanpleg

302.1 Raw Materials
The soures and physicel condition of the polymers used for

the preparation of carbons ars &iven below.

Cellulose Acetats

Source: Colonial Sugar Refining Chemicals Pty. Iid. of Australia.
Physical Conditions flake,

Cellules
Source: VWhatman Aghless Quality powder.
Physical Conditions fibrous-low bulk demsity,

Ehenol-formaldehyde Resin

Source:s Monsanto Chemicals (Australia) ILtd.
Physical Conditiens solid lunps.

ol lidene oride

Sources Dow Chemical Co. s UeBslo3 trade name Saran B118.
Physical Conditions fine powdey,

Polyvinyl Chleride
Source: Imperial Chemical Industries of Aust. & §.2Z. Ltd.
Physical Condition: fLine povder.

A sample of an industrial type of activated carbon was
included for purpsses of comparisen,
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a1 carbon
Source: Active Carbon Divisianlw

Co., U.B.4.
Physical Condition: gramlar,

Chenical analysis (see Section 3.3) of the raw matericls
is given in TABLE 2, '

s Pitisburgh Coke and Chemical

TABIE 2
Chemical Analysis of the Rav Materials

Per Cent by Waight

Raw Material Carbon Oxygon Hydrogen Chlorine Ash
Celluless
- & * td 00

acetate 48.0 4500 5.9 y
Cellulose 44,1 49. 4 6e1 - <015
Phenol~formal- =

dehyde resin 76.5 161 6,05 ‘ Oe2
Polyvinylidens , ,

ehlorid & 260 5 Gas 2.4 70‘ 9 < 00 2
Polyvinyl _

chloride 39.1 1.0 4.9 54,4 03
Cal Carbon 759 * 2.3 - 665

* The percentage of oxygen was difficult to deternmine
directly because of the large percentage of ash
preosent.

Analysis also rovealed that the cellulose acetats polymer was in the
forn of the

tri-acetate with the percentage of acetyl radical egqual
to 41.5%.

Preparation of the carbons from the above polymers took

place in three stages, viz. carbonization, reheat and heat treatment,

& sample of polyvinylidene chloride carbon was also steam activated
after reheating and prior to heat treatment.

The experimental procedures of carbonization, rehoat,
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activation and heat treatment will now be discussed in detail.

34202 Carbonization and Rehigating

The carbons were prepared by heating the polymers under an
inert atmosphere of nitrogen. Bxcept for the preparation of some
dises of cellulese carbon, the polymers used for carbonization were
in the same physical condition as obtained from the source. The
cellulese discs were prepared by pelletizing cellulose powder in a
1% diameter die under & pressure of 10,000 poundas. Details of the
apparatus used for carbonization are shown in Appendix X. A
polymer was placed in a silica tube and the system evacuated. A
flov of 'oxygen free' nitrogen was then passed through the silica
tube and the heating cycle commenced. The temperature was gradually
raised to the Gecomposition temperature and held there for a period
of at least 4 hours. After this period, the reaction subsided and
the temperature was increased %0 a naximum of 800°%¢ for at least 3
hours. The silica tube was then rapidly cooled to room temperature
and the carbon removed and crushed to pass a 16-mesh B.S.S. sieve,

To stabilize the carbons and to remove unwanted reaction
products, the carbon samples were reheated to 800°%¢ in a transparent
silica tube under high vacuum for 3 hours. Representative samples
were then chosen by conventional sampling techniques.

3.2.3 Activation
The stean activation apparatus was similar to that used by
Morgan et 31.179, and Culver and Heath124¢ It consisted of g long
vertical silica tube heated by twe 2,7-kW furnaces mounted in series.
The lover half of the silica tube wag packed with silica chips,
while the upper half contained the carbon sample supported on a fine

stainless steel mesh (see Appendix J). A 200-W flash boiler
supplied steam to the base of the tube,

free’ nitrogen to act as a diluent.
rough vacuum and then purged with
the furnace was raised to 90006.

along with a supply of ‘oxygen

The system was evacusted to g

nitrogen while the temperature of
Steam was admitted and the quantity
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oi nitrogen adjusted to fluidize the bed of carben and activats it
in approximately 10 minutes. Fluidization of the bed was

oLserved through & cight tube at the top of the silica tube and

the flow of gases adjusted to give a reasonable degree of nixing

of particles in the bed. fThe degree of activation was measured by
the change in weight of the sampls before and after activation,

&g, an 80% activetion corresponded to an 80% burp-up of the sample.
At the completion of activation the sample waz cooled to room
temperature in a stream of ‘oxygen free! nitregen.

5.2.4 Heat Tresotment
The rehcated carbon samples were heat treated by one of
two different methoda, depending upon the maximum temperature
roguired.

(a) Induction Heated Purnace - meximum temperature
: ,7eo§c","'-""‘"" S

Details of the apparatus are shown in Appendix K. In
brief; the carbon samples were loaded into a graphite crucible
inside an evacuated transparent silica tube. Surreunding the
vutside of the silica tube near the graphite crucible were 4 turns
of 3% copper pipe supplying the pover from ths induction heator.
The system was evacuated teo 106'5 mm. of mercury and the temperature
raised gradually vhile the vacuum was maintained throughout the
heat treatment cycle. It is known®> that arystallite growth in
carbons is complote in approximately 15 min. aud, to ensure attain-
ment of equilibrium, the maximum temperature wos held for 30 min.
Ihe sample was then cooled under vacuum and stored in a glass Jar.

The temperature was messured with a Cambridge Optical
Pyrometer which was sightod onto ihe carbdon sample through s hols
in the graphite crucible lid, Unfortunately, the pover of the
induction heater limited the naxinum temperature to 1,700’3.
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{v) 2¢e ~ maximum texparsfure greater than

3,000°C
This furnacs was housed at the Austraiian Atomic Eaerpgy
Commi asior Setablistment at lucas Helghts, Jew South Vales.
Destaile of the furrace and suxiliswy apparatns ars shown in
Appeadix %o  Briufly, the furnace comsisted of a graphite tube
elogeut heated by 2n dlectric ourremt. The carbon sample vas,
placed in a graphite crueidle which vas then positioned in the \
cantre of the graphite tubes A stroas of dry argon was passed
thaough the tubs %0 remove oxidizing &asen end the heating eoycle
counaieed. Temperatures were measured with a Gambridge Optieal \ ‘j\,
Fyromoter sighted direatly onto the graphite orucible. The AN
Baximun temperaturs ves maintained for 30 min. \ -

1t vwill be convenient ‘o designate the carbonm samples by
the folloving ablroviationss

- Cellulese soetate gardon CA
Callulose cexbon CEL
Phanol=formaldekyde corbon rp
Polyvinylidene chloride carbon SA
Polyvinylidene chlorids cardon

{aa#:&atﬁ} BAA
Polyvinyl ohloride caybon VG

Buwders after the lettara will refer to the heat treatment teupera-
Turey eege CA-l0 rafers to cellulose acetate garbon heat treated
to 1, 200%.

335

; AN ga.2 03 Carbomns

Chemical enalysis of the samples Gz. polyners and carbons
vas carried out by the Micreanslyiionl Iaboratosy, Divirion of
Organic Cheaistry, CeSeI.Re0ay ths limit of erwer wos atatsd to be
laeg than -8‘-.35;

ey Ak e



3e4 Weight Loss Measurements

During the reheat stage of the preparation of carbon
samples, & considerable amount of gas was evolved in the temperature
range 500° to 800°¢C. It was important to find out whether this
quantity of gas alterod the adsorptive characteristics of the
carbons. The following procedurs was used to determine the effect
of degassing on the adsorption isotherm of a cellulose acetate
carbon,.

A sample of carbonized cellulose aceiate was placed in a
silica bucket on one arm of the microbalance. The operationsl
Toatures of the microbalance zre described in Section 3.,5; but, for
the high temperature measurements; the hard glass balance tubez vere
replaced with iransparent silica tubes of twice the length,

Extended suspension wires and suitably pleced reflectors prevented
the high temperature in the vieinity of the specimen from affecting
the normal operation of the balance., While the samples were
heated, a pressure of at least 10 e mme of mercury was maintained
in the balance. fThe following operational sequence was employeds

I The sanmple was heated for 24 hours under vacuum at
350° C; an argon adsorption isotherm was measured at
~196° €; the procedure was repeated twices

II The sample was heated to 900°¢ and the weight loss
raeordad; an argon adsorption isotherm was measured
at -196° C; the sample was heated to 500° C, cooled,
and exposed to the atmosphere for 24 hours,

III The sample was heated to 900° C and the weight loss
recoerded; an argon adsorption isotherm was measured
t -196° C: the sample was heated %o 900° €y, cooled
and kept in a vacuum of at least 10 =3 mme lge

IV ‘The sample was heated to 900°¢ and the weight less
recorded,
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35 Measurement of Isothernms

3+5.1 Argon end Nitrogen Isotherms
To determine & point on the adsorption isotherm, it is

necessary to know the amount of gas adsorbed per gran of adsorbent ¥
at a pressure P and temperature %, The apparatus consiructed for
this purpose is shown in Pige 1l. 'The weight of gas adsorbed by
the adsorbent was first measured gravimetrically by a silica spiral
spring balance and later by a torsion wire null~point microbalances
Prossures were measured by a MclLeod gauge P, an 0il U-tube manometer
G, and mercury U-tube manometers I and B, The temperature of the

sample was maintained constant by a cryestat with an operating range
of =183° to ~196°¢,

(2a) Yeizht Measurement

There are several advantages tc be gained by using a
gravimetric method to measure the amount of adaerption.

(1) In the gravimetric method, the prossure and amount of
adsorbate are determined independently; the sorbate ig vweighed
directly, whereas in volumetrie methods, it is calculated indirectly
from changes in pressure, Errors in the measurement of pressure
cannot influence the readings for the welght of sorbate.

(11) A sonsitive balance can vield more accurate results
for the measursment of an adsorption isothern, Propagation of

érrors or the accumulation of errors from point to point is elimin-
ated,

(i41) fThe accuracy is independent of volume, i.e. the volume
of the system does not have to be calibrated,

(iv) Adsorption of gages on the inside walls of containers
or on lubricants does not interfere with the measuranents,

{v) the appreach to equilibrium can be measured contin-
ueugly,
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(vi) fubes with a large diameter can be used so that the
time taken to evacuate the system is considerably reduced.

(vii) Mors than ona balance can be operated simultancously.

The operation and the characteristics of the silica spring
balance and the micro~balance will now be digcussed in detail,

Silice Spiral Spring Balance

Tho ducket containing the adsorbent vas suspended from a
siliea spiral spring by a long guartz fivre and the asseably mounted
in a jacketed glaes balance casc. The lincar extension of tha
spring was calibrated with known weights s0 a c¢hange in the woight
of the adsorbent was measured ze a change in length of the apring.
The extension of the spring was measured by focusing the crossg=
hairs in the telescope of 8 cnthetometer onto the curved hook a%
the bottom of the spring. A single auartz Lidbre, hanging down
from the peint of suspension of the spring, provided a point of
reference.

Most of the silica spiral springs ware madelao in the
depertment, but some were obtained from Thermal Syndicate Limited,
England, The cenaltivity of the springs lay between 70 and 80 Clie
Per g«  Constant genaitivity of the springs was maintained by water
Jjacketing the balance case; the variastions in temperature waa
X 0.1%c. Dell and Yheelerls’l have shown that, if the temperaturs
varlation of the 8pring is kept within thess linits, the thermal
expansion of the spring is neglizible,

On the cathetometer, the normal adjusting sorew was
replaced vith a metric micromstar having a total available extension
of 2 eme Por most adsorption ieotherms, the total extension of the
spring vas well within 2 Clley 80 that the high acourecy of the

zicrometer could be utilized over the complets adsorption isothorm.
With suitable illumination of the hook,

the extension of the apring
ceuid ba measured to & 0.001 em.
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Reproducibility of the springe is known to be excellemt,
HeBain and 833&10315132 have tested a series of springs in different
organic atmospheres and observed no appreciable permanent stretching
even after a perlod of 20 years.

The buoyancy effect on the bucket and sample - calculated
by the method of Dell and Whedl erlm' - vas less than the minimum

cbserved weight change, even at stmospheric pressures.

Sartorius Micro Balance
The Electrono I Vecuum Electronic Micre Balance, manu=

factured by Sartorius-¥Werke Goeltengen, Germany, has several
features vhich make it ideally suited to the measurcment of adsorp=-
tion isetherms and rates of adsorption. The technical details and
operation of the balance have been described by Gastet &1.1830

(1) Ysizhing Principlo

The description of the principle of operation is directly
quoted from the operating instructions issued with the balancae

' "Phe Hlectrono operatos on the principle of automstic
compensation by an electrically induced counter force of a torgue
mouent induced by the ioad.™

The essential element of the balance ig shown in Pig. 12,

"Ive arms of a quartz beam (1) are fused onto 8 quarsz
ring (2) which; by virtue of a wire coil wound around its inside,

forus a rotating coil. The ring is suspended on two sides on
Platinum-Iridium Yorsion wires (3),

lsads to the coil.

These also serve as current

The coil surrounds a cross magnetized ceramic magnet (4)
whose lines of force mre horizontal in the vicinity of tvhe coil.

The ceramnic magnet, of high specific resistance and
vacmm equivelent Permeabidditys supports anothes asil (8) Hxough
which eciveulates = high frequency alternating current, Coil (5)

is part of an oseillator eircult which produces a frequeney of

approximately A80ke., in the regulator, The rotating coil is
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exposed to this high frequency magnetic field. Superimpossd on the
latier is the constant wagnetic field of the ceramic magnet. In
tho rest positien, il.es with the bulance at eguilibrium, the coil is
net exposed to the lines of the HF fields If thes bean deviates
because of an external force (weight change), thea s high freguency
signal induced by the HF coil originates in %the rotating coil, This
signal, whose nagnitude and polarity depemd on the angle of torque,
is amplified in the regulator and returned to the rotating coll,
after rectification, phase adjustment, and repested anplification,
The counter torque moment thus induced is practically equal to the
force applicd and returns the beam almoet te ite rest positicne
This counter torque moment is proportional to the product of the
field intensity H of ths ceramic magnet and the current I. Since
tho intensity of the field of the ceramic nognet is known to be
constant, the counter toraque moment is strietly proportional 4o the
current I. Thue, the direct current as indicated on the messuring
instrument is a measure of the torque acting on the beam, i.c. the

veight sought. The weighing is thus convertsd to an el ectrical
measurement, ¥

(2) zechnical Dats

The wetal campacity of the balance was 1 g. on each arm.
With a range controel adjustment the folloving ranges and aeale
divisions were availabhles

Raige Scale Divigion
0e2 ngs 0,002 ng,
Oc§ mge Ce004 mg,
1.0 nge 0,010 mge
2,0 nge 0,020 mge
4.0 uge Co040 mge
160 mge 0100 mg,

204D Bfe 020 Mo
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Pine external tering of the bzlance was accomplished by applying a
sxall torque to the torsion wires. The motion of the taring knobs
was transumitted through the glass wall by multiple polarized dise
magnets. The maximum range of the torsion taring system was 4 mge

Vith 2 velght compensation device, maximum semsitivity
could be obtained over the entive weight range. The device
consisted of twoe resistance decades which compensated for excess
weight snd, in effect, provided a suppressed zero.

The 20 mg. weight renge was often inadequate to cope with
the weight increase for a 1 g. sample. An additional device was
fitted to the balance by means of which a rider could be placed on
the left hand arm of the balance. The addition of this rider
doubled the range capacity of the balance. There was no neoad to
return the rider to the same position on the balence, as the weight
of the rider was automatically moasured as a waight difference
during a run.

The response time of the balance was not stated; however
the addition of a small wolight to the balance resulted in an almost

incstantaneous change of reading with no sign of overshcot or
hunting.

{(3) Pactors interfering with Measurenent

Various factors cen interfere with the weighing and these
either have to be eliminated oxr accuwrately knowne

Electrostatic Charpe Ihere was ne evidence of electrostatic
charges vhen the Jena glass balence tubes were employed. However,
for temperalturecs above SOOoc, transparent silica tubes were substie
tuted for the Jena glass tubes and there vas strong clectrostatic
reactien between the silida tube and the bueket. This was
effectively counteracted by coating the silicu tube with a thin
layer of platinum chloride and neating the tube to red heat to
deposit a layer of platinum on the tube surface.



Radiatieon Twe polished platinum reflectors were suspended at
intervals above the bucket to dissipate thermal radiation from
axternal surfaces.

Vibration The Lalance was piaced on the rubber mounted stoel
platform shown in Appendix 0O, which reduced the effect of extransous
vibrations on the balance to o minimum.

lewperature The balance was kept in a room air-conditioned to a
temperature of = 1°C, Radiation onto the balance vas eliminated

by a sheet of aluminium foil wrapped around the balance oase
enclosing the beams,

Buoyaney The balance was counterpeised with transparent silion
chips of a density comparable with that of s dense carbon

( P=2.21 g cotot)s Hovever, for the less dense carbens,
there was a difference in the volumes of &as displaced by the
ocarbon and the counterpoise, The resultant upthrust waz acourately

calculated from the density of argon displaced and an appropriate
correction applied to the readings,

To test the validity of the calculations, a sasple of
silica was placed in one pan and counterpoised with pletinum foil,
The pressure of argon was increased to one atmosphere in stops and
the change in weight recorded. As the experiment was conducted at
f-oom temperature, the observed velght change could be assumed to be
solely due to buscyancy effects. It was found that the caloulsted
buoyancy agroed with the ebsearved buoyanecy to within at least 1%,

(b) ZPressure Measurement

Pressures from 10-5 ms to 2 mm, of mercury vere measured
with a calibrated Jena MecLeod gaugee The calibration of the gauge

was checked against a standard Mcleod gauge constructed according
to Barr and l&nharnls‘.

Higher pressures ware neagsured with the neyrecury U=-tube
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manometer Do The manometer was constructed from 2.0 cm. I.D. glass
tubing of length approximately 100 cms VWith a black~above~white
background and a diffuse light source, the levels were read by a
cathetometer to an accuracy of ¥ 0.02 nme

Meroury and oil vapours from the manometers were prevented
from reaching the sample by a U-tube cold trap Ho The use of large
diameter tubing throughout the system eliminated the effect of
thermal transpiration on the measured pressure.

All pressures were corrected to cm. of meroury at o“c.
The saturation pressures of argon and nitrogen at specific tempers-
tures were obtained from the data of Din (ref. 185 Vol. II) and
Amstronglas, respectively.

(¢) Zemperature Conirel
The temperature of the semple was controlled by a

cryostat based on the design of lopez~Gonzalez et al.ls? and shown
in Fig. l4. Zhe outer Dewar flask and the inner copper vessel
contain either liquid oxygen or nitrogen depending upon tho desired
temperature. By varying the pressure over the liquid in the Dewar
flask the temperature could bo maintained at any value between
-183° and -196°C.  The pressure controller consisted of a emell
U=tube manometer containing a pair of contacts which operated &
solenoid valve between the Dewar flaek and a mechanieal vacuum pump,
Despite the introduction of surge tanks into the vacuum line leading
to the Dewar, large pressure fluctuations ocourred when the valve
was activated, and caused temperature variations of up te Oasoco

To reduce the pressure fluctuations, the imner copper tudbe was
lagged with glass tape and a heater C (see Fig. 14) placed between
the coppar tube and the glass tube containing the sample, The
heater = in the form of a fine wire mesh soreen - was controlled by
the oxygen vapour pressure thermemeter shown in Fige 15, A pair of
contacts K in one arm of the thermometer and an adjustable mercury
level, emabled the temperature to be set at any desired value. A
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thyratron relay with an adjustable current output was connected to
the contacts K end to the heater in such a manner that a falli in
temperature broke the cireuit and supplied power to the heaters
During the operstion of ithe cryostat the outer bath

tenperature was kept slightly below the desired sample temperature.
The level of mercury in the vapour pressure thermomocter wes adjusted
%0 the 'set point® and the thyratron relay J swiiched on. As the
oxygen vapour pressure thermometer was vary sansitive to temperature
changes, the inner bath tomperature could be conirolled to st least
Z 0.00%.

- Por adsorbents requiring a long time to reach equilibrium,
i% wvas necessary for the supply of liquid in theo outer \Bewm' to be
replenished, %o do this a modified liquid level controller’'!
sonsed the level of the liquid in the outer Dewar. The sensing
device was initially filled with oxygen and then partially filled
with mercury to the levels shown in Pig. 16, The device vas
uwounted 8o that when the level of the liquid fell below & certain
point, the oxygen in the buld ¥ expanded and thereby raising the
level of the mercury to close the circuit through the contaosts Z,
The contacts enesrgized a relay R which opened a2 solenoid valve ¥
above the supply Dewar flask T (ses Pig. 17). Iiquid was forced
over inte the outer Dewar flask of the cryostat until the oxygen

in the bulb of the sensing device contracted and allowed the
mercury to break the eireuit.

(4) Zemperature Measurement

Temperatures between ~183° and -196°C vere measured with
the oxygen vapour pressure thermemeter used %o contrel the bath
temperature, The oxygzen vapour pressure thermometer was constructed
according to Sandwsonma. The pressure in the manometer wus read
wvith a ecathetometer to = 0:24 mm. of mereury; the resulting
temperatures calculated from the oxygen vapour pressure tables of

363'9189 vwere acocurate to 2 000106.
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(e) Haterials

Argon was supplied by Comuwonwealth Industrial Gases in
cylinders and contained 10 pepom. of oxygen and 20 pepo.me of water
vapour. From the cylinder, the argon was passed through a cold
trap containing ccepper turnings to remove condensables and then
through a tube containing bright copper turnings at 400°C to rewove
oxygen. The purified argon wvas stored at atmospheric pressure in
four 10 1. ballast tankse

t0xygen-free' nitrogen containing 10 pe.p.me of oxygeu and
20 pep.ms of water vapour was purified in the same way and vas
stored in ballast tanks,

(£) ZIsotherm Determination

A sample of carbon was weighed and placed in either the
platinum bucket of the spiral spring balance or the silica bucket
of the microbalance. The system was evacuated and the sample
degassed for 24 hr. under a vacuum of at least 10‘5 mume of mercury
at a temperature of 350°c.

After degassing, the sample was cooled and the cryestat
placed around the balance cass. The mercury level in the oxygen
vapour pressure thermometer was adjusted to the 'set point! and at
least 2 hr. allewed for the aystem to reach a constant tempersture.
Tups T3, T11, 714, 715, T16, T17 and 718 were closed and gas
admitted to the sample (for the spring balance) through Taps T16
and 1l The extension of the spring balance was noted wvhen no
further weight increase could be detecteds The pressure and

tenperature were then measured and recorded. Admission of gas in

steps was continued until a complete isotherm up te 9/‘9. == 1,0 was
obtained.

3e5¢2 Orgenic Adgorbate Isotherms
The apparatus used to measure argon and nitrogen isetherms
contained greaged high vacuum taps and was thercfore not suitable

for the measurement of organic adsorbate isotherms. The apparatus
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constructod (ses Fig. 18) contained mercury cut-offs of convemtional
ﬁesign184 and a special greaseless valve for fine conirvol of gos
flov (for details of valve see Aupendix M), The amount adserbed
was measured with a silica spiral spring bdalance of the ssme design
as that used in the argcn/nitrogan apparatuse The cop F was
senled to the balance case E by 2 dry ground glass joint immersed
in mercury.

(a) Progsure Mensgurement

Tho pressure was measured with the mercwry U~tude
nazometer D conmtructed from glaes tubing of 2,0 cme I.Ds The
morcury levels were measured with the cathetometsr as for the
ergon/nitrogen apparatus.

An sttempt was wade to measure pressures below the rangs
of the U=tube uanometer, viz. pressures less than 1 x 107} mu. Hge
A Pudﬂingtonlga menoneter capable of messuring pressures as lov as
2 x 1077 pm. Hg. was comstructed, but unfortunately it proved to be
too delicate te cperate continuslly.

All pressure readings were corrected to nmu. of mearcwry st
0“8. The saturation vapour pressures of the various adsorbates at
specific temperatures were obtained from the tables > of the
Anerican Petroleum Institute Research Project 44.

(b) Zeuperature Conjrel snd Measurement

Yor the adsorpiion of bamzene and p-cymena, the temper~
ature of the carbon sample was coutrelled to within z 0.05°c in the
range 1§° ‘o 45“6 by & constant temperaturs water bath surreunding
the bottem of the balance omse. The bath was in the form of &
Jacketed vessel through which water at a constant temperature wae
circulated from an outside bath. Por temperatures frem 15° te
25%, the outside bath terpersture was cooled et a constant rate by
an ilmmersed copper coil connected to a2 refrigoratien unit. The
tenperature of the adsordate brlb B was maintained at a constant
tenperature between 15% ana 45°C in a siniler menner to the sanple,.
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The water from the ocutside bath circulated first through the vessel
surrounding B and then through the vessel surrounding the carbon
sanples '

Por the adsorption of n-butane and nev~pentane, the
carbon sample was maintained at o"c by a stirred 100/ slush bath
in a Dewar flask.

Fo enable the saturation vapour pressurs to be obtained
for benzene and p-cymene at temperatures higher then room tempers—
ture, it was necessary to encloso the complete apparatus in an air
thermostat controlled at a temperature 0,5°C higher than that of
$he bulb B, The apparatus waaz enclosed in a hard-board dox, the
front panel being & sheet of clear ‘Parspex? with suitable mall
doors for manipulation of taps inside the boxe A Jumo merocury-
in-glass thermo-regulator, operating through s Jumo relay,
contrelled the pover input to = demestic *Turbe~-fan' 1oom heater,
By coupling an outside variable resistance to the resistance
winding in the ‘Turbo-fan' heater, the power inmput could de
adjusted to minimizs variations in the air temperature. An
ad¢ditional high capacity clireulating fen installed within the box
provided sufficient air turbulamce to enable the temperature to be
controlled to = 0.65‘(}.

Temperatures were measured with mesroury-in-glass
thermometers with calibrated ranges of 15% to 30%. and 30° to
48% spread over a stem length of 20" in 0.02°¢ divisions. The
thermometers wers standardized against similer thermowmeters
calibrated at the National Physical Laboratory, Bagland, %o an

accuracy of b4 0.02°¢.
(c) Haterials
The organic adsorbates used vers benzene, p-cymene,

n~butane snd neo-pentane. The purity, preparation and source of
the samples are given below.
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Benzene Benzene (A.R. Grade) was supplied by The British Drug
Houses Ltds The impurities ware stated to bae:

Fon-volatile matter 0,002 %

Thiophen 0.,0002 $
Sulphur compds. 0,0003 %
Vater 0,05 %

To remove water the benzene was dried over sodium in bulb B under
vaouum for several weeks,

p~Cymene p-Cymene (M.A.R. Grade) was supplied by The British Drug
Houses Lids The impurities were stated to be less than 0.05%.

neButene and neo~Pentane Both these gases (labelled Pure Grade)
ware obtained from the Phillips Petroleum Compuny in one quart

cylinders. The gases vers stated to have g sinimum purity of 99%
aud contain less than 0.005% sulphure

The ligquids benzene and p-cymene were placed in buldb B
and thoroughly degassed under vacuum by alternate freezing and
boiling. The gases n~butane and neo-pentane vere fed from the
cylinders through a low pressure diaphragm reguletor to s gas
introduction device -0 shown in Appendix Ne FPoilowing a prelim-
inary flushing and evacuatlon of the device, the introduction of

the gases to the high vacuun gystem could be simply and easily
sontrolled,

(2) Zsotherm Determinstion

If benzene or p~cymene wee used as an adsorbaie, it was
placed in buld B and degassed. If n~butanz or neo=pentane was
uged, the gas introduction device was flushed and evacuated.

Zhe sample of carbon was loaded into the balance and
degassed according to the procedure adopted for the argon or
nitrogen isothernm determination. The temperatures of the carbon
sample, adsorbate and air in the box were set and the apparatus
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ailoved to come %o eguilibrium. Tap %1 and mereury cut-off Cl were
closed and adsorbate vapour alloved to enter the gystem from either
bulb B or the gas introduction dovice N, VWhon the desired pressure
had been obtained, the tap Tl was slovly opened and the vapour
allowed intc the balance case. At equilibrium the spring balance
reading was recordad along with the pressure and the temperature.
By appropriate increments of vapour, the complete isotherm up %o
P/po = 1,0 was cbtainod for benzene and p-cymene; in order %o
conserve the gases n-butane and nev-pentane, which vere available

in small quentities only, pressure measurements were limited to
p/ I’g > 9’03-

3.6 Helium Density Determination
fhe helium density of & substance is caloulated from the
volume of helium displaced by a known weight of substance.

3+6,1 Apparatus

The velumetric apparatus is shown in Pig. 19, %The
sample bulb B is connected by a capillary manifeld to a gas
burette G and a constant volume mercury manometer ¥. The volumse
of the aystem could be varied by ralsing or lovering the mercury
in the gas burette G, By measuring the pressure of a gas in the
system at each expansion or contraction, the volume in duld B
could be caloulated by application of the idenl gas laws,

The consiant volume nmercury manometer was constructed
accerding to the mathod of Jo:rnerla‘. The mercury in the right
hand arm was always adjusted to the same level with the aid of &
‘magic eye?! 1ndiea‘ear184. ¥hen the mercury roached the top
tungsten contact, a eircuit was completed, energizing the 'magic
eye®! indicator. This enabled the level to be reset o < 0,01 me
(or to less than % 0,001 cm’. volume variation)s The level in

the left hand arm of the manometer was measured with & cathet-
enoter to an ascouracy of : 0,002 om,



104

High Vvac. Helium High Vac. High Vac

>
=\
1]

//

Fig, 19 ~ Helium Density Apparatus



Be
8
Ge

Mo

B.

KEY T0 FIGURE 19

Sample bulb {volume Va )

t¥esic Bye' indieator

Pine adjustment contrel

Gas burette (volume ¥ s)

Hercury manometer

Fungrten referonce point and contacis
Hercury reserveirs

105



106

Volume Calibration It was necessary to first calibrate the volumes

of ths gas buretts ‘?_s,-. the free space Yr and the buld volume !ig.

Sap Burette Volume V. Values of the cumulative bulb velume from
the top nark of the gas buretts to successive marks boetween the
bulbs were

2,638 c.te

6.536 2ets
15,002 Ggets
194590 <ce0e
32,183 c.to
44,521 o©.t.
73856 co8,
104,883 oc.0s

Those volumes vware calibratedl 4 divectly with mercury defore the
gas burette wes atiached to the appsratus. Errers involved in
the measurements asounted to less than 0,005 oo

Fros BSpace Yolume g’, This volume was contained ia the capillary
tube botween the top of ihe bulb By the manometer and the first

nmark at the top of tho gas Wurstte. As this volume had to be
calibrated indiresetly and was subject to ambient temperature
variations, it was kept to s minimum.

The volume was moasured by adrmitting helium 1;0 the system
and determiniug the pressure for 2 saries of expangions obtained by

lowering the mercury level in the ¥ mm@ tc succeasive uerke.
From the idesl gas laws

T N

vhers i's and !'* refer to the temperaturs of the burette Jacket and

the smbient temperature, respectively. 4 plot of P ¥s yersus

Ts
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pfﬁi yielded a straight line of slops Vg = 8.34 c.o.

] POLE L ; anent  The gas turette and adserbant
bull were water ;}aakutad o a congbtant tamparature of 50- +02°¢.

An gir-conditlioning unit maintained the ambient tanperature of the
rocom to appreximately ¥ 3%. Zemperatures were measured with
mexroury in glass thermenchers.

3.6.2 Experimontal Procedure
The gsarbon sample was loaded into bdulb B and degassed 8t
350°C under a pressure of less than 10”° mm. of mereury for approx—
imately 24 hours. The sample was tnen cooled and bulb B
surrounded by a water jacket.
The dead space velume ?B, or the volums of the buld apart
from the volume taken up by the carbon ssmple, was determined by &

series of gas expancions and pressure measurasents. Prom the ideal
gas law

PV + PV . PV o constant.

SRSGA 0

g % 5

Thus a plet of ( f’__:g + f;fg ) against Q/?B yielde a straight
s 5
line of slepe -VBQ Sudbtraction of ’IB from Vx yidldes the velume of
the carbon sample as measured by the displacenent of helium.
i1t vas nlse necessary to accurately determine the true

velght of the carbon sample. Under normal atmospheric conditiens,
a carbon of high murface area was found te adeorb up to one third
of its weight of water vapour from the atmosphere. Henco at the
coupletion of a density rum, tho buld (containing the sample) was
quickly transferred to a balance and weighode Rnowing the weight
of the empty buld B and assuming that the weight of heljum in the
bulb was negligible, the true woight of the oarbon sample could de



lo8

obtained by difference.

Z¢7 Mercury Density Determimstieon

- The morcury density of o substance is determined from the
volume of mercury displaced by a known welght of substance. Hercury
p@sseasas 2 high surface tension and a contact sngle greater than
96 for carbon; hence it should only outline the particle shape of
the carbon at atmospherice pressure. However, Juhola and iiiig
observed that the interstices between particles vere not completely
filled with mercwry at atmospheric pressure, A pressure of 900 Bite o
for example, was required to effectively outline 30 mesh smooth glass
spheres with mercury.

3¢7s1 Apparatus .

An eppavatus similar t¢ that used by Juhola and Y:!.ig‘l?’ 4
was builld Yo meacure the mmount of mercury foreed into s buldb
coatainiug the carbon under & prossure of 0 to 120 cm. of meroury.
A diagran of the apparatus is shown in Pig. 20, The main feature
of this apparstus iz the use of diaphragn taps monufactured by
Springhem Itd., Bagland. The diaphragn is made of Viton A rubber
which does not contaminate the nercury. These taps provided sn
excellent seal for mercury and allowed fine contrel of the movement
of merawry during the experiment.

3702

The raam&ir * was ini‘i::lally filled with freshly
distilled and degrssed mercuxy. The adsorbent was loaded inte
bulb B and evacunted at a temperaturs of 356“6 undar high vacuun
for approximately 4 hours. On ¢eoling to room temperature, tap 1
van closed and meroury allewed to flow from the Tegerveir into the
rest of the system up to the level of the marks € and A&, Tap 4 was
closed and marcury alloved to slowly flew through tap 2 to emter the
bulb B. * The pressure at ¢ and § was increased 80 that the avarage
pressurs in the buld B was 900 um. The volume of nercury entoring
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Fig. 20 - Mercury Density Apvaratus
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th= buldb B vas neaswred by the change in level in the capillary
burette B. Using a oathetometer to detect thin chenge in level,
the amount of mercury emtering the bulb B could be estimated to an
accuvacy of at laast 0,001 cm. The bulk volume of the adsorbont
was calculated as the difference between the volume of the ampty

buld B and the volume of mercury that entered the buld B containing
the adaorbent.

Some dimensions of the apparatus are:

Yolume of the bulh B X-10 c.c.
Volume of resexrvoir H =T ceCo
Diameter of capillaries Candi & = 0,75 mme
Diameter of capillaxy B = 1,5 mm,

3.8 High Pressure Bercury Penotration Measurements

' The measurements were perfarmed on the high pressure
nercury porosimeter at the Australian Atomic Energy Commission
Establishment at Lucas Helghts, Bew South Wales. This partioulaxr
instrument is similar in design to that of Ingles  ° in which
pressures up to 40,000 pos.i. are applied to a carbon specimen
immersed in mercury by a high pressure ran through the medium of
silicons oil (DC.200). The carbon specimen ic immersed in mercury
contained in the glasa bulb B shown in Pig. 2o A precision glass
syringe, comprising barrel and plunger, is attached to the glasa
bulb via & ground glass joint. Asg the mnercury is forced into the
pores, the syringe plunger SP moves down and is followed by the
-soft iron rod SF, The movement of 5P induces a change in the
voltage across the linear variable differential transfomer, so
that the movement of SP can be calibrated as a function of the
voliage reading on a malii-range galvanometer. The syringe and
bulb are located in a brass housing after which the assembly ie
vlaced in a high tensile steel eylinder,

A sample of carbon was placed in the glass bulb, the
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Fig., 21 - Brass Housing and Assembly for the High Pressure
Mercury Porosimeter
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KEY T0 FIGURE 21
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syringe barrel attached and the sample pumped under a vacuum of
10”5 mu. 9f mercury at a temperature of approximately 3§o°c Tor at
least 12 hours, After ceoling tv room temperature, degassed
merceury was syphsred inte the gloss bulb to & level near the top
of the syringe barrel. The glase bulb and syringe barrel were
then removed from the vacuum system and the plunger carefully
inserted into the barrel: The buldb and syringe were then centred
in the brase housing and the assembly placed in the high tensile
steel eylinder. The zero reading on the galvanometer was noted
and the pressure increased in steps up t0 a maximum of 40,000 peseis
In this nanner measuranenis vwere obtained for the cumulative pore

volume at various prossures. Generally, equilibrium was reached
vithin at least 50 minutos,

329 Influence of P cle Size on the Adsorptive Capneit £
Sintered Carbons

Samples of cellulesc acetate carbon CA-800 and CA-1700
vare ground in an agate moriar to pass a 200~mssh sieve. Argon
adgorption isothorms were then measured at licuid nitregen temper-

atures on these samples by the mathode alresdy outlined in
Section 3.5:1.

3010 Memsuremont of the Permesbility of Sintered Carbons

As compressod celluloss discs retals their shape on
carbonization, it was initially heped that the carbenized dises
could be suitably mounted to allow measurement of the permeability.

Experinental Procedurs

A carbonized cellulese disc was carefully mounted in &
recess in the end of a steel tube with Apiezon wex ¥W. This methed
of mounting, although crude, haas been very succesefully used in
the departwent for low temperaturs - low pressure permeability
experiments with graphites

The results of preliminary permeability measurcments
imnediately indicated the presencs of large pores and an examination
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of the discs under a microscope revealed a number of peripheral
craoks directed towards the centre of the disc, Purther dises
vere slowly carbonized over a perlod of two days, but despite care-
ful preparation, it was apparent that stresses produced during
carbonization hed again been relieved by the formation of peripheral
crackss This line of investigation was therefors discontinued,

3011 Measuremont of Rates of Adsorption
The rate of adsorption ¢of argon on the heat treated
carbons was measured gravimetrically using the Sartorius Micro-
balance described in Section 3.5.,1. The uptake of argon was
meagured at consiant pressure and temperaturse.

(a) Woight Measurement
The change in weight was recorded by a Leeds and Northrup
potentiometric chart recorder directly connected te a take-off
point on the Miocrobalance., The characteristics of the recorder
veres
(1) Speed of response s 1 ses. for full soale deflection.
(2) eacouracy rating 1 £ 0,3% of span.

(3) range s 10 n¥,

(4) dead bana 1 0,158 of span.
(5) chart width : 107

(6) chart speed 1 60" per hr.

(b) Yregsurg Contrel and Me z
The balante and the adsorbent were connecied to & 40 £ .

and Meas:

%

wail SYE R &

ballast so the decrease in pressure during & run was practically
negligivles, large diameter glass tuking of 15 to 20 mm. bore
connected the ballest to the balance so that the pressure change
in the balance case reached the equilibrium value very soon after
opening tap 714 (see Fig, 11).

The pressure was moasured Dy a Mcleod gauge and U~tube
nercury manometer, as for adserption isotherms. A cold trap
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between the nanometer and the balance case prevented back diffusion
of mercury into the balances

(¢) Zasperature Contrel snd Measurement

The following constant temperature bathsz were employeds
(1) dry-ice / acetone mixture; temp. approx. -81°C.
(2) 1iquid exygem $ ‘temp. approx. -183°¢,
(3) 1iquia nitregen 3 temp. approx. ~196°¢.

The tomperature coefficiont of the rates of adsorpiion
wag fairly low so that very accurate control of the bath tenper=
atures was unneoessary. The temparature of the wall-stirred
dry~ice / mcetone mixture did not vary by more than & 0,5°C over
the 30 minute period of the ratc rnm. The variation in tho
tanperature of the liquid oxygen bath was -4 0.1“@ over a l %o 4
hour peried, and tho sorresponding varietion of the liguid nitrogen
bath was & 0.2“(:@

The choice of temperaturs was dictated by the adsorptive
capaaity of the caxlwon. Por cellulese acetate carbons, the
adsorptive capacity at 0°¢ was s low that acourate rate measure=
ments could not be obtained, Similarly, for polyvinylidene
chleride carbons, the adsorptive cupacity was too low for measure-
nents above =183°C,

The temperetures of the liquid oxygen and liquid nitregen
‘baths were measured with the oXyELEn vapeur pressurc thormometer
used to memsure temperatures for adserption isetherms, She t amp e

aturs of the dryeice / seetone nixiure was measured wvith s pentane
thoarmometer to an acouracy af : Om’jgco

(2) Experimentsl Precedure

The sanple was initially ouigassed at BSﬂoﬁ under high
vacuvm for 24 hr, Constant temperature baths wers then pleced
arcund both balence tubes to maintain them st the same temperature.
The sauple was allowed to reach the bath tamperature ever a period
of one hour. $he ballast pressure was adjusted to a predetermined
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value for the first step, the conuecting tap quickly opened and the
recorder chart started. Usually the preassure fluctustion only
affected the balance reading for the injitial 30 seconds. V¥When
equilibrium was reached, the connecting tap was clesed and & slightly
higher pressure built up in the ballast. The above procedure vasg
then repeateds In this manner a series of adeorption steps werve
obiained correspending to the pressure steps Py = Ppr Pg = Py
Pz = Pyr atec. Cranklw has termed this procedure ®the progressive
sorption experiment®,

The size of a step pressure change was determined by the
smallest amount mdsorbed that could be accurately recorded.
Usually the total weight change was restricted to 200 or 400 /4 8o
However, for purposcs of analyzing the rate process, consid erably
larger steps were made in some experiments.

Rates of desorption were alsc measured in several experi-
mentse The same techniques were used except that the ballast
pressure was reduced before the beginning of cach step.

3.12 Jeoray Diffraction Measurements on Carbons
It has been suggested that crystallite grewth on heat
treatment was in some manner respensible for less in surface
areagg.. It wasy therefore, important to measure the increase in

the corystallite dimensions of carbon on heat treatment.
3612,1 X-ray Diffraction Apparatus

Investigations of carbon black structures by Alexander
and Sommerl°7, ‘usﬁn?aﬁ’ and Wmonﬁ,, hove shown that X-rey diffrac—
tometer measurements can equal or surpsss the accuracy of the older
methed of X-ray powder photograph measurement. A Philips I~ray
genarator, type PW1009, equipped with interchangeabdle copper and
molybdenvm targets and their respective nickel and zirconium
filters provided the source of Cuk X and MoK & radiation. A PETE=
focusing goniometar (radius 107), manufactured by Crystal Structures
Ltde, was used with the normal seis of vertical slits and horizontal
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Soller slits. A beam collimater with a slit width of 1° and &
detector slit width of 0¢25° provided sufficient intensity. The
dotector for the CuEx radiation was a Philips proportional

counter and for the MoK « radiation & General Xleetrie seintillation
counters A pulse haeight analyzer helped considerably to filter out
undesired pulses, such ae those resulting from circuit noiase and
background radiation. The intensity was recorded as a function of
the diffractometer angle on a strip chart recorder with a 1 secend
response times A geniometer scamning speed of 22° 20 per hour
gave an 8% trace on the chart recorder. The tinme constant and the
count rate were asdjusted to suit the peak breadih and intensity of
each specimen. Most of the specimens gave broad peaks end the lag
in recorder trace vas found by experiment to be insignificant.

3.12.2 Specimen Preparstion
Carbon has 8 very lov coefficlent of absorption of X-roys
and it is therefere impertant to have a sufficiently thick sample
te fully absorb the incident bemm. The thickuesa of the sample
for maximum intensity is given bywl

5 o
t 2 2—-—4—' sin O

P
vhere /2 = density of the solid material,

/D' = density of the powdered metarial, and

S linear absorption coefficient of the solid
material.

The sample was finely ground in an agate mortar and packed inte &
rectangular cavity of dimensions 2 x 0.8 x 0ud ome in a flat stecl
holdar, the precedure for packing and mounting of ths specimen

being Zg{y gsimilar to that used by !‘iccreerylgze Aloxander and

© Sonmer have already shown theoretically and experimentally that
the use of thiock samples dees not appreciably alter the pesition or
breadth of diffraction lines.
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3,12.3 Calibration of Diffractometer
Specimens of pure tungsten and sodium chloride were used

o obtain values of instrument broadening as a function of 20°,

The line broadening due to the unresolved K o doudlet was neglected;
thue line breadening at specific angles could be obtalned by inter—
polation. In addition, the tungsten and sodium chleoride specimens
provided a check on the accuracy of the angular marker on the
goniometear, Despite the rather poor design of this angular nmarker,

angles oould bs interpolated from the chart to an accuracy of
¥ g.05° 20,
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4. RESULES

4.1 Chemical Analysis of Carbons
Results of the chemical annlysis of the carbons are shown

in Pig. 22.

FYor the polyvinyl chloride carbon, the guantities of
hydrogen and chlorine are soon reduced to less then 0.1%, while,
for the other carbons, these impurities are apparently much harder
to remove. The other interesting point is that at 800‘)6, both the
polyvinylidene chloride and the polyvinyl chloride carbons contain,
respectively, 16 and 3 % of oxygen, despite the original polymers
being oxygen free and the carbonization being carried out under
nitrogen. As suggested by ‘Iiplingw, the carbens must react with

the oxygen vhen thay are sxposed to the atmosphere at room temper~
ature.

402 Veight Logs Meamurements

The amount of gam evolved inm g. per g. of carbon is shown
in Pig. 23, for the thrase heat treatment steps II, IIY and IV,
Section 3.4« The curves are labellod acoording to the experimental
procedure mentioned in Section 3.4. The argon isotherms obtained
in steps I and II are shown in Pig. 24 and are labelled accordingly.

The results of the preliminary experiments in step I,
involving oyeling the carbon at 350‘(: and measuring the argon
adsorption isotherms, gave no svid:sace of any change in the amount
adsorbed, This confirme the gensrally acoepied viawlzo that
heating a carbom to 350°C provides a stable surface for adsorption
measur emanta,

The argon isctherms for the samples degassed at 350° amna
900°G, respectively, (¥ig. 24) show that the amount of gas evolved
has little effect on the adsorptive ompacity.
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4.3 Isothers Data

All the isotherm data refer %o one particular sample of
carbon, 2.g. only one sample of CA-800 was used for the determino-
tion of isotherms using various adsorbates at various temperatures.
Por the same sample, reproducibility of the isotherms was 0.25%.

{a) Azgon and Nitrogen

Argon and nitrogen isotherms for the oarbons

(1) ca-700, CA-800, CA-1000, CA~1200, CA-1400, CA-1700,

CA~2200, CA-2600 and CA~2700,

{2) CEL-800, CEI~1200 and CEL~-1700,

(3) ¥r-800, PF-1200, P¥~1400 and PF-1700,

(4) sA-800, SA-1200, SA-1400, SA-1700 and SA~-2200,

(5) S44~900 and SAA~1T00,

(6) Pve-800, PVC~1200 and PVC-1700, and

(7) CAl-original and CAI~1700

at ~196°C are shown in Pig. 25 to 31, and the data are tabulated in
APPENDIX C.1. Tor SA~1400 the rate of adsorption was so slow that
only a few pointa on the isothern vere obtained.

For the cellulose acetate carbons CA-~800, CA-1200 and
CA=1700, the date for argon adsorption isotherms at teaperaturses
between -153° and -196°C are tabulated in APPENDIX C.l.

(v) Orgenic Adsorbatey

Isotheras for the adsorption of bezene sn the cellulese
geetate carbons CA-800, CA~1200 and CA-1700 at 40°C are shown in
Fige 32, Daia for iasctherms on these carbons at temperatures
betwoen 15° and 45°C are tabulated in APPENDIX C.2. Isotherms for
the adsorption of m-butans, neo-pentane aud p-oymene on CA-800,
CA-1200 and CA-1700 are shown in Pig. 33 to 35, and the data are
listed in APPENDIX C.3 to CeS.
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on Heat Treated Polyvinvl Chloride Carbons
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4.4 Surface Area Values
The data used for the calculation of monclayer capacities

and surface areas were obtained from the argon and nitrogen iso-
therms at ~196°C.

For the cellulose acetate, cellulose, vhenol-formaldehyde
and polyvinyl chloride carbons, the monolayer capacity ': was
determined from the normal form of the BEF equation (equation (6)).
Hovevar, the carbons possessing a high adsorptive capacity such as
the polyvinylidene chloride carbons SA-800, SA~1200, SA~1400,
SAA~B00 and SAA~1700, and the Col ecarbons CAL~800 and CAL~1700, all
failed to yield reasonable straight lines for the plot of equation
(6). cCulver and Heath'®* attempted to £1% equation (7) to the
nitrogen isotherms of sotivated pelyvinylidene chloride carbons,
but found that the results vere inconclusive and that the mono-
layer capacity was best obtained from the seleciion of Point B on
the isothernma. Hence, for these high surface arsa carbons, the
monolayer capacity was determined by the Point B method,

The valuen of the molacular area, G a’ ¥ore those calou-
lated from equation (8) using the demsity of the bulk liguid
adgorbate at =195.8°C.  The values of G, are

Argon 1 G _ = 14,0 X *

» 2
Ritrogem Gyu = 16,2 %

The monolayer capacities and surface areas for the variow
cerbons are collected in TABLE 3.



Monolayer Capacities

Senple

Ci~-700
CA-800

CA=-1000
CA-1200
CA-1400
CA~-1700
CA=-2200
Ci~2600
CA~-2900

CEL-800
CEL~1200
CRI~1700

P-800

»-1200
P-1400
PF-1700

SA-800

SA~1200
SA-1400
SA-1T00
SA=-2200
8h-2600
SA~2900

i*

TABLE 3
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gnd Surface Areca of Sintered Carbons

Honolayer Capacity

v

"
{Gs Lofle )

84
92
91
81
3.5
18,2
8.0
6.5
4.5
55

130
25,2
T.61

8.78
516
0.79
0.70

285

170
1.75
0 20
0.03
0,03

Surface Area
z

@i

316
346
342
304
91.5
68,5
30,4
2402
17.0
208

565
110
32.9

33.0

19.2
2,94
2,62

1070
1090
639
606
075
Os1
0.1



Sample Monolayer Capasocity &w:!azce Area
v .
B 2 -1
icveﬁegrm 2 gﬁ B 2 »
SAA-900 860 3240
SAA=1T00 560 2100
PVC~-800 0.62 232
PVC-1200 0.28 1.04
PYC-1T700 .15 0.56
CAl~original 276 1000
CAI~1T00 69,9 262
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#* Isothern measured with nitrogen

4.5 Density Valuas

Helium Density As mentioned in Section 3.6, the helium density
vag obtained from the slope of the plot of P vﬁ/‘!s + P v!‘/!&
against 9/13.; Couventional graphical methods of determining the
slope, however, were to0 inaccurate go 2 least sgusres method of
analyxis was useds

Values for the helium density for cellulose acetate,
phenol~formaldehyds, polyvinylidene chloride, sotivated polyvinmyl-
idene shloride and polyvinyl chloride cacrbons are presented in
TABLE 4 and the results plotted versus the hezt ireatment tempera—
ture in ¥ig. 36 %o 39

The estimated accuraoy for any one detornination une
¥ 0.005 g. 0.co™l uhile the results for any one carbon vere
reproducidle to t 0.1 &~ ﬁaQ“le

Hercuxy Density Values of the mercury density for cellulose
acetate, phenol-formaldehyde, polyvinylidene chloride, activated
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polyvinylidene chloride and polyvinyl chloride carbons are presented
in TABLE 4, and the results plotted versus the heal treatment temper-
ature in Fig. 36 to 39.

The estimated accuracy for any one determination was
% 0,001 g. coce™ while the results for any one carbon vere
reproducible to I 0,005 g. Coce e

LABLE 4

Helium and Mercury Densities

Sample Helium Density Hercury Density
i He /) Hg
(Zs ogst ) (ge cocot)
CA-~T700 l.66 1.250
CA-800 1.75 le260
CA=1000 1.91 -
CA~1200 1,91 1.253
CA~1400 1.73 -
CaA~1T700 1,36 1.245
CA~-2200 l.27 1.238
CA~ 2600 131 =
CA~2900 1.29 -
PP-800 1.47 1.392
PF=1.200 1.59 1.397
PF-1400 l.46 l.388
FPR=1T700 1.39 1+390
SA~-800 1.63 l.021
SA-1200 l.66 1.020
SA-1400 1.76 1.020

&"1700 lo 96 19020
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Sampl e Helium Density Hercury Density
/" He /g
(g, c.c.‘lz . Coget

SAA-900 224 0.635
PVC-800 1.65 1.660
PYC-1000 173 -
PVC~1 200 2,01 1.655
PYC-1400 2,01 1.683
PVC=1T00 2.05 l.654

4,6 Pore Volumes

The pore volume was calculated by two methods. Firstly,
a value of vg for the pore volume can be obtained from the squation

?_p sz

7}&: s @ & (28)

One of the main difficulties with this method is hat the subirace
tion of two very similar figures is involved, szo the total error
row becomes the sum of the individual errors, In addition,
because a mercury demsity deterainstion does not allow the sample
o be recovered uncontaminated, different samples of the carbon
und er investigution have to be used for the mercury and helium
density determinations, 7The fotal error under these conditions
could amount to = 0,02 Co Co g.*l .

The second method of calculating the pore volume assumes
that at I’/x:ra = 1,0 on the adsorption isotherm the adsorbate
completely £ills the pore volume in the form of capillary conden~
sates Using the density of liquid argon at the tomparature of
the isotherm, ths volume of liguid argon adsorbed can be calenlateds

this yields the value for the pore voelume ?s}; ®
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Values of ‘V? and vﬁ for cellulose acetate, cellulose,
phenol-formaldehyde, polyvinylideme shloride, activeted polyvinyli-
dene chloride, polyvinyl chloride end Cal carbons are listed im
TABLE 5¢ Values of ¥ p and ¥ sL for cellulose acetate and phenol~-
formaldehyde carbons are plotted sgainst the heat treatment temper~

ature in Fig. 40 snd L.

TABLE 5

Pore Volumes caleulated from Density
and Isotherns Heasurements

Carbon LS Vs

Coly o (0.0, g.'l )
CA~T00 0. 20 0155
CA~800 0022 0.210
CA~900 - 0,203
CA=1000 0. 27 0.191
CA~1200 0.27 0.078
CA=1400 0.22 0.067
CA-1700 0.06 0.033
CA=2200 0,01 0.030
CA~2600 0.0% 0,022
CA~2900 0.02 0,026
CEL~800 - 0.236
CEL~1200 - 0.067
CEI~1700 =

0.023



Carbon

PP-800

PP-1200
PP-1400
P=-1700

SA~B00

5A~1200
8A~1400
SA-1700
SA-2200

SAA-900
SAA-1T700

PYVC~800
PVC=-1000
PY¥C~1 200
PVC~-1400
PVC~-1T00

CAl~original
CAL~1700

! Coleo ‘g"l 1
0.04
0.0T

0636
0.38
0.41
0. 47

1.13

0.02
0,11
0.11
0.12

4.7 Pore Size Calculations

4eTe1 Averago Pore Radius
Assuming that the pores are oylindrioal, an average pore

radius rP

o8n be calculated from the equation

v

-1
o o

0.019
0,016

00,017,107
04,015,107

0.361
0.371
0. 255
0023710
0o 240,102

2

l.12
0.741

04180,10"2

0.107.10

A d

0.693,10™

2

0.376
0.176

" (29)
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Values of ¥ p £oF cellulose.acetate, cellulose, phenol-
formaldehyde, polyvinylidens chloride, activated polyvinylidene
¢thloride, polyvinyl chloride and Cal sarbons sre listed in TAELE 6.

TABLE €

Average Pore Radii

Average Pore
Sample Surface Area Pore Volume Radiue
2 VL T
(me? go™1) (6o e goY) &)
CA~TO0 316 0.195 12,6
CA-800 346 0,210 12,1
CA~1000 304 0191 12.%
CA-1200 91,5 C.078 17.05
CA-1400 68.5 0.067 19.5
CA-1700 304 4 0,033 2.8
CA=-2200 24,2 0.030 25.1
CA~-2600 17.0 0.022 258
CA-2900 2.8 0.026 24.9
CEL~B00 56% 0.236 8.4
CEL~1 200 110 0.067 12:1
CEL-1T00 32.9 0.023 14,0
2800 33.0 0,019 11.5
1200 19.2 0.016 16,2
PF-1400 2.54 0,017,107 11.5

FP=1700 2,62 0.015.10™F 112



Average Pore
Sampl e Surface Area Pore Volume Radius
Z \T&l rp

i’ﬁ: 2 Ee -1 2 ‘ Co Co &.12 LX_)
SA=800 1070 O, 351 6075
5A=1200 1090 0.371 6.8
SA-1400 6% 04255 8.0
SA-1700 6,60 0. 2357.10"2 Te2
8A=2200 0.75 0. 240,10~ 6ok
SA-2600 < el — —
&"'m < Qo]. _— —_—
8AA-900 3240 1.12 6.9
SAA~1700 2100 0.741 7.05
PVC-800 2,32 0,180,102 15.5
PYC-1200 1.04 0,107,202 20.6
CAl~original 1000 0376 75
CAL~1700 262 0.176 13.4

4¢Te2 Pore Size D stributions

Eroum Ritrogen Isotherms From the nitrogen isotherms measured at
-195°B on CA~800 and CA=1700, the pore size digtribution was ocaloula-
ted using the method of Cranston and Inkley 2, The results of the
calculations (ses Appendix D.1) ave plotted in Fig. 42 as the
cunulative pore volume versus the pore diameter, Differentiating
the curves in Mg. 42 with respsct to the pore diameter D, yidlds
the pore volume distribution shown in Pig. 43. The value 9 /ap
indicates the pore volume V required to £ill all pores between D and
(D + dp)e  Hence a plot of /4D versus D shovs the extent %o
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which pores of a given diameter contribute te the total pore volume.

Fxom Hish Pressurs Merg From the
ralationship
r = w— . N . . (13}

the pore radius cen be calculated. The gemerclly scoepted value of
the contact angls & ia 140°, Subatituting a value of 480 dyaes
per om. for the surface tension J of mercury, the above equation
reduces to

r = 422000
»

vhere r ia in i and p in atmospheres. Thus, knoving the volume of
mercury forced into the pores at sach pressure, the cumulativs pore
volume ¢can be pletied as a funstion of 2.
The saunpies tested weres
(1) cellulose acetate oarbons heat treated at temper-
atures of 800°, 1,20°%, 1,400° and 1,700%,
(2) polyvinylidens chloride carbon prepared at 800°C,
and
(3) polyvinyl chloride carbon prepared at 800°C.
Flots of cunulative pore volume versus pore radius are shown in
Fige 44 end 45. The results were reproducible to within L 0.5 %,
Unfortunately, time did not permit measurements to be made on heat
treated carbonsz other than CA-800, CA-1200, CA-1400 and CA-1700.

Argon isothermz for the unground snd finely ground semples
ere shovn im Pig. 46 and 47. Values for the momolayer capaciiy amd
surface area are listed in TABLE 7.
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Honolayer Capacities and Surface Areas

v )2
R -1
L28e Lo Be B
Cellulose Acetate Corbon
800 unground 1i8 444
800 finely ground 18 444
1700 Unground 8.0 30.4
1700 finoly ground 14 52.6

The sample of cellulose acetate carbon CA-800 used in this experi-
ment came from a diffarent batch from that used in the rest of the
project and exhibited a slightly larger adsorptive capasity. The
reason for this variation is not known but the sample may havas

become slightly activated by air leaeking into the apparatus during
reheating.

4.9 Kinetios of Adsorption

The roeulss for the rate measurenents vere plotted as
Ve oiv, ~¥, versus t*, vhere V , V, and ¥, are, respestively,
the weight adsorbed at time zero, time t and infinite time. The
rates of adsorption of argon on CA~800 at ~81°C are shown in
Tig. 48, where the curves rafer to adsoxption, in steps, at pro~
srossively increasing pressures. Vithin experimental error, ths
curves for CA-800 vere coincident and similarly for the other
carbons. This neant that, ovar the total prsesure range studied,
one curve represanted the rate of adsorption of argon on a partiou-
iar earbon. ZThus the comparison of the rates of adsorption for
the variouas heat treeted carbons was considerably simplified.

Plots o ' '0o/¥o -V, vermis ¥ for (a) cellulose
ccotate carbons CA~800, CA~1200 and CA-1700 at -81°, -183° ana
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-196°¢, and (b) polyvinylideno chloride carbons SA~800, SA-1200,
8A~1400 and SA=1700 at-196°C, are shown in Pig. 49 to 52 respect-
ively.

The maximum pressure vas deliberately kept well belsow
4he relative pressure correspondiing to the monolayer capacity of
the carbon, =mo that transport processes assoocisted with multi~
layer formation, such as capillary flow, could not complicate the
flov pattern in the capillaries,

Ratios of bed depth to bed diameter from 0.3 to 2 were
uged in several rate measurements and the results indicated that
the rates of adsorption were unaffected.

The accuracy of the rate measuresments depended mainly
upon (1) the accuracy of the time reading obitained from the chart
recorder, (2) the acouracy of the velght reading obtained from the
chart recorder, and (3) the initial delay during the opening of the
top between the balance and the ballast tubess The time vas read
from the chart to within = 3 meo, while the acouracy of the 4ime
base of the recorder was approximately & 0.5 % at the end of a
30 min. periods Phe weight vas read from the chart to * 2 (g,
while the accuracy of #he chart reading vas = 0.3 £ of span.

The time required for the tap lending to the balance to be tumed
from the shut to the fully open poaition was approXe 5 sets Thus
the value of the time ¢ obtaimed from the rate meavurements over
the initial stages of the run was accurate to 2 & sec. vhile the
welght V was acourate 0 = 4 i g.

In the light of the saxparience gained, it appears that
for carbons exhibiting fast rases of adsorption an experimental
technique similar $o that employed by Winfield and Sutherland:?’
might be adopted io advantage. With this techniquoe transient
preasure changes are mcasorel with a high sensitivity - fast
rasponse diaphragm, acting as & tuned condenser and coupled to a
racording oscillozcope.
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4,10 Differentin] Molar Heats and Entropies of Adsorption

(a) Differential Molar Heats of Adsorption

The igothermal adsorption of dns molas of adsorbate will
be accompanied by the transfer of an amount of heat dQ. Depending
upon the path of the adsorption process, various differentisl heats
of adsorption can be defined by

a9,
T @,

If the adserpticn process is conducted at constant pressure and
“emperature, than Qe 0 ths isveterie heat of adsorption, is
de"ined as Esﬁ - !aaa Thus, the isosteric heat of adsorption may
be defined as the heat evoilved in transfering one mol of adsorbate
from the gas at the equilibrium pressurs P to an infinite smarface

at constant surfaco coverage, P and T being kept constant. Substi-
tuting q . in equation (27) gives

oA L = 39-:- e« . (30)
-3 R?

Tho isosteric heat of adsorption snd other derived thermodynanisc
quantities will be referred to the standard gas state of unit
PECBSUr 0

Values 0of the igosteric heat of adsorption were obtained
from the slope of the plots of 1n p versus 1/’:. For argon, q_,
was plotted as a function of Y/Yn and the results are shown in
Pigs 53 TPor benzens, the value of T‘ vas uncertain soc that ¢ gt
values vere plotted versus '/V s (see Fig. 54), vhere ?‘ is the
average saturation capacity of the e¢arbons at the various tempora~-
tures.

For axgom, the estimated accuracy of the heat of adsorption
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below /¥ = 0.9 is %100 cal. mole "~ omd adove '/, = 0.9,
% 10 cal. mole Y. For benzene, the estimated scouracy over the
range of Yﬁ g Values shown in Fig. 54 is X 50 oal. mole *. The

mothod of determining these acouracies is given in APPREDIX G.2,

(v) srential Molar Entropy of Adsorphion

The isosteric heat of adsorption can be expressed in terms
of the entropy of the gas phase in equilibrium with the adsorbate at
temperature ¥, 8y, and the differential eutropy of the adsorbate’ ',

’s’; vize
q_ T _ 2

or . = a2 -~ 9 (31)
8 e 1Y ' ® .

k 4

Yor argon, the entropy of the gas phase can dbs calculated
from the eguation '

%.xm$¢alu&3;%)+%a. (32)

where R = 1,98 cal. mlt“l dasc"l,

k = DPoltzmaon's constant,
R = pnass of the atom and
h = Planck's constant,

Combination of squations (31) and (32) allave ’53 40 be caloulated

from experimentally determined quantities. Por the adsorption of

argon on cellulose acetate carboms, the plots of the entropy 33

varsus v/t‘ are shown in Pig. 55.

Por benzesne, the entropy of the gas phase can be calou-
lated from the squation’*
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3 o
] 0 c 4 o, 2

. . . (33)
wheara ag = moler entropy of dhe idexl gas at & siendard pressure
yg and Somperaiars !ﬂ »
2 = temparature of the sxperinent,

er = heat capleity of the gas at consiant pressure
and o = correction for non~ideality of s gaz phase.
The standard prsscure pﬁ vas chosen as 760 mm. ¢f meroury and the
stendard temperature as 25°C.  The correction for mon-ideality,

X 5 ¥as calevliatad from Berthelos’s aguation of state

3
E2
3 2‘!&5

whede !‘3 = gritical tesperaturs of the bulk phkese
and ’éc = gritical pressure of the bdulk phese
For benzans, £y = 288.5°C and P, = 477 atm. At the temparature
and pressurs onocountered in the measurenent of denrene isothexne,
the value of the correction tern,  p,; was negligible.

The value for the heat ospasity ot constant pressute vas
onloulated fyom the emation
2

§'; = 2+ bR+ ¥

vhere @& = =0,283,
b = 77.936 21077
and  © m =262.96 x 10~ 1. (rofs 191)
Uver the range of temperatuwre of anproximately 30°¢ used in the

neapurenent of the isotherms, the value of GB could be rogarded
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an constant.

The value of sg for benzens at 25°C {ref. 191) was
taken as 68.34 calmole deg. re

Thus equation (33) now hecomes

% = 6803**@,1&'5%' 4‘31&?’ » (34)

Combination of ecuations (31) and (34) allows ;8 to be caleulated.
The values of ;8 for benzene adsorption on the cellulose acetate
cerbone are shown in Pig. 56 as a function of vﬁ

The estimated maey of the entropy of aﬁscrptioa of
argon belov v/? w G0 ip 23 oale mols = dego -3 and abore
"/v ® 0.9, £0.1 cal, mole > deg.”t.  Por benzene the estimated

acouracy of the sntropy of adasorption is 2o.2 sal. 301;1 dqg.'la
4011

The recorded intanas:c&m woare coﬁwtad for polarization
by the factor (1 + cos® 2 8 }/2, giving the experimental data in
sorrected arbitery units. Unfortunately, the (11) line, for most
of the lov teuperanture carbons, was too diffuse for acecurate aaslysis.
An attempt was then made to analyze the remaining two prominent peaks
(002) and (10) by a method similar %o that used by Alexander and
somner™®7,  This first required the conversion of the data imko
elmtron units. The usual mormelization procedure of obtaining a
scaling factor by comparison of he MoK oC curve at high angl og with
the theoretical total independent scattering surve, failed to give
reasonable results. It soon besame apparent that the normalizing
procedure was sensitive to minor variations ir experinental gondi-
tionge Although some effort was made to acoount for these
variations, it was elear that o disproportionate asount of tims
would have to be allotted o cbtaining information on the reaction
of the diffraction pattern to variations in experimontsl conditiona.
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It is jnteresting t¢ note that after thiz work on the
dotermination of erystallite sizes had been completed, a paper by
NMeKinstry and Short'?? was publiched which pointed out the limita~
tiona in the experizental procedure. HoKinatry and &umlgs have
made 4t clear that many authors have failesd to recognise the
impor$ance of clearly understanding the influence of certain
exparimental variables on the X~ray diffraction patiern, especially
thoss variables asasdoiated with use of X-ray diffractometers.
HeKinstry and Short wers concerned with developing a satisfactory
I-ray diffractomster technique for use with Diamond's leass squares
methodms for the determination of orystal size distribution in
turvostratic carbonss They found that the position of the filter
in the secondary beam considerably altered the distribution of
molocular sizes and changed somo values of the valghted distribu-
tion from negative tn positive values. They ulso found that the
Soller slits in the sacondary heam, as supplied by the manufacturey,
vere not wide enocugh latorally %o pass all of the reflected bezms
and that their removal resulted in a useful #ain in intensity with-
out any impairment to accuracy. Veriation in adsorptiion corroec~
tions and scattering factors produced significant alterations in
the mol ecular size distributions; but not necessarily in the
average orystallite size.

After considerable delasy it wac decidsd to revert tc the
sinpler method oi determmining crystallite size from measuranent of
the peak breadih. L‘ was detaruined by applying Warren?! 55 twom
dimenaional particle squation

L = 1882
& 3 eos O

tc the (hk) dauds (10) and (11)s The L, dimension vas determined
from the (002) bamd using Scherrer’sil’ equation
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A
e = B o0sb

and Jénu'lss value of K = 1.0. %he broadendng ¢f a peak is
cauged by the combination of diffraction from amell orystallites
and machine factoras. Neglecting the broadening due to the
unresolved K < doublet, the exparimental broadening at half-peak
height is termed B and the broadening by the mashine factor, b,
By using Jonas'}‘gs correction ourve for the 'mev tyne' spectrom=
etor which plots /3/B sgainst °/B a valus of 4 can be obtained
vhich is froe of machine broadening.

Graphs of the experimental intensity as a function of
the goniometer angle 2 ©  sre shown in Fig. 57 to 63. ‘*The
double peak for the (112) and (006) reflections of PVC~2900 are

the result of the separation of the incident radiation into its
component wvavslengths 041 and o<2 .

Graphs of the orystallite dimensions Iaa and Iag g &
function of the heat troatment temperature are shown in Fig. 64,
and tha data are sumparized in APPENIEX Bs For the polyvinyl
chloride carbons, line broadening of the reflootions dus %o
ocryataliite size at temperatures shove 3.,?6@"3 glosely approached
that of line broadening due $o instrument factors so that values

of Isa and: I'a could not be evaluated to an acceptable degrass of
ACCUTACY e
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Fig, 60 = X~ray Diffraction Pattern of Heat Treated Phenole
formaldehyde Carbons PF-800, PF=1200 and PF-1700
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Fig, 61 =~ X-ray Diffraction Pattern of Heat Treated Polyvinylidene
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Fig. 62 = X-ray Diffraction Pattern of Heat Treated Polyvinyl
Chloride Carbons PVC-800, PVC-1200 and PVC=1400
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5 DISCUSSIOR
5.1 Sintering of Porous Carbons
Selel Adsorptive Lapacity and Suxf:tacg Ares

Por most of the carbons, heat treatment produced a marked
decrease in both the adsorptive oapacity and the surface area (see
Pig. 25 t¢ 35 and PABLE 3). Thore are, hovever, significant
differences in the degree of sintering exhibited by the carbons
which will be considered in turn.

Lellulose Acetate Carbons The adsorptive capacity reached a
meximum at a heat treatment temperature of s00%¢ and then generally
decreased with increasing temperature. The carbon heated to
2,900°C adsorbed slightly more argon than the carbon heat treated
to 2,600°0. This was probably due to the faet that at 2,90006
the oarbon vas so reactive that it was slightly activated by oxygen
present as an impurity in the inert gas being fluched through the
furnace. Vith this particular carbon the surface was much blacker
than for other samples heat treated ot lower teuperatures and
activated carbons generally possess a hlacker surface than unactive
ated carbons,

The change in the surface area with heat troeatment
temperature follows a similar pattern to that obtained by
Wynne~Jones™ for a cellulose carbom (see Pig. 9). Pig. 65 shows
that for cellulose acetate the largest change in surface area
occurs from 900° to 1,2000&

Cellulose Carbong The sintering behaviour is very similar to that
exhibited by cellulese acetate,

mml—fomald%de Carbons Although non~grepnitizing carbons
normally possess a large surface area, it was not surprising %o

find that the surface area of the phenol~formaldehyde carbon

PF-800, was relatively lows The granules of phenol-formaldehyde
carbon vere hard, the surface was

&lassy and there vas no extarnal
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evidence of a fine pore structure.

A large change in adsorptive capacity ocourred in the
teaperature ramgs 800° to 1,400°C, corresponding to & 91 reduciion
in the surface aren.

Polyvinylidene Chioride Carbons The sintering behaviour of this
carbon displayed some interesting difforences vhen conpared wiih
other carbons. The cardon, on heat trsatument at 1,200 C; actually
exhibited a slight increasse in adsmorptive capaocity and surface ares.
Dubinin ot a2.%% # outained a etmilar rewult for & srignuly
activated polyvinylidene chloride carbon heat treated to 1,300°C.
The obuerved slight incresse in surface ares nay be the result of
two opposing factors. Sintering leads to a reduotion in area, but
an inorease in area may alsc be expooted since lavge smounts of
ispurities are remcveod et the same time; chemiocnl analysis of the
carbon before and after heat treutuent at 1,200°C reveals a 14%
deorease in oxygen content and o 2% deorease in hydrogen content,
The isothern for the 1,400°C carben could not be
meagured acourately becauss of the very long tims required fox
equilidbriun to be reached. The points shown in Fige 28 vere
obtained from the rate measurcasnts (Seotion 4.9) and must be
considered az approximate only. Dubinin et alasﬁ encountered
sinilar diffioulties with a partially aetivated polyvinylidems
ohloride carbon heat treated to 1,750°C, where the adsorbats used
wis benzene.
The adsorptive capecity of the osrbon heat treated to

,?00 C was sgcm-emels low; in fact, compared with the carbon heat
treated at 800°C, there was s 99, 4% reduction in the amount adsorbsd
at saturation.. Even lower values were obtained for temperaturss

above 1,?00 C vhare the amounts adsorbei for the carbons heat treated
to 2,6% and %900 C wveres less than 0.05 coce Per ge

Poiyvinylidene Chieoride Carbons {Acgvated} Theres 1s a three fold

increess in the adsorptive capacity on activatiosn, but heat treatment
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at 1,700°C reduces it by approximstely onme thirdo It is interesting
o nots that this amount is comparable with the adsorptive capacity
of an unaokivated polyvinylidenae chlorids carbon heat treated at the
825 SSRPperaITures

ilyvingl pxide Carbong It is ovident from Fig. 30 that,
almm pnlm&nyl shloride oarbons posaess only a vory low initiel
surface area and are renovaed as graphitizing carbons, the sintering
behaviour is similar to that shown by most of the other carbons.

Cal Carbon The original Cal Carbon possesses s high adsorptive
cupaolty and surfsoe areas  Sintering to a temperature of 3.,7%%
reduces the surface area by approximately 74%

S5ele2

In this section, changes in tho mercury ond helium
dengities during heat treatment of various carbons will be discussed
and pore volumes caloulated from these dansitiez will be aompared
with pore voiumes oaloulsted from isotherm dats.

In general, values for tie uercury density remained
practically consiant for inoreasiig teaperatures of heat txroatnent.
As distinot Lrom the stemm activation of carbons, there is no arosion
of the surface or enlargement of the pore volum 3‘9? of a carbon on
bess Sreatment. The belium density of & carbon, hovover, chonges
witn the temparsture of heat treatuwent and this change is by no
&oans consistent Jor oarbons propared from diffarent sources.

One of the main reasons for deternining helium and neroury

densities is the caloulation of pore volumes. However, the size of
the pores to which thia pore volume refors is often overlooked.
The denaity obtained by heliuu tlsplacenent measuramzents refars to
&Ll pores whish can ba penstrated by helium atoms, i.ee pores with
diametere greater than approximately 2.0 £, the aritical diamster
of the helium atom, Now, for the meroury density, the size of

pores penetrated will depend upon the pressure. fThe pressure
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chosen for this series of experiments was 900 mm. of merowry,
eorresponding to pores of diameter greater than 130,000 2. Thus,
the pore volume, caloculated from the difference between the heliwm
ond mercury densities, will refer to pores of diametu- ranging fyom
2.0 § to 130,000 %.

An alternative value for the pore volume can be caloulated
from the saturation value of the isotherm at 1’/159 = 1,0, The
value obtained, hovever, is irfluenced by:

(1) the oritical diaseter of the adsorbate molecule

relative to the size of the poves,

(2) the packing density, and

(3) the possibility that at */p, = 1.0 the larger

rores nay ncot have completely filled,
The critical diameter of the argon atom is approximately 3.8 &, =
it will not pmetrate pores of dismeter less than this Tigure.
Purthermore, it is possible that in pores of molecular dimenaions,
the packing densiiy will be less than the normal liquid density.
This would have the affect of reducing the value of ¥ gz the satur-
ation capacity expressed in c.c. of ligquid per o Lastly, there
10 avidenoe 2C that even at a value of P/yo = 1.0, the larger
macro~pores are not completely filled by empillary condensate.

The rosults obtained for densities and pore volumes will
nov ve considered for cellulose acetate, phencl=formaldehyde,
polyvinylidene chloride and polyvinyl chloride carbons.

Lellulose Acetate Corbon The tremd in the helium density values
with heat tmamsnt (rig. 36) is very similar to that obtained by
Davidson and Lom (2‘15 10) for ocelluloss oarbons. A% first,
the helium densmy inereases, but then, at heat treatment taspersa~
tures above 1,200 Ce the helium dencity deoremces and ultimately
typroaches the marcury density. The overall decrense irn dsasity
w2y bo attributed to the exclusion of helium atornes from the pore
volune. The initial increass in density, however, is more
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difficult to explain and is probably the net result of several
fuctors.

Firstly, as the orystallites grow with heat treatment,
the disorganized phase surrounding the crystallites is incorporatsd
into the orystal 1&%%1«29. As the density of the disorganized
phase is likely %o be less than that of the orystallites, the
removal of the disorganized phese will inorease the overall density.

. Seoondly, the decrease in the interplanar spacing 6‘002
vhich follows the growth of crystallites during heat treatment will

increase the density /P » sinee ﬁw2 and © eare interrelated by
the expression 85

. 6 -1
/.) = i—-b-; = M Be Colle

where z = 4, the mmber of carbon atoms in the el enentary cell,
A = 12, the atomic weight of carbon,
m o= 1,66 x 10 43., the mags of the hydrogen atom,
a8 = b = 2,456 2 consiants of the orystal lattice of
graphite for the clementary plane,
2 dwz, the dimension of the elementary cell along
the g axis,
and dy,., the interplanar spacing in %.
Dubinin et al.85 have shown that heat treatment of 1 polyvinylidene
chloride carbon from 750° %o 1,?50 C inocreased the crystallite
density by approximately 0.2 8s Cota 1.

Thirdly, there is some evidence®®s 102 199 .0 oo
the density determination helium tends to ad-80rb onto graphite
surfaces. Therefore, as the crystallite size increnses, it isc
pessible that more helium will be adsorbed, giving the false
impression that the demsity is inereasing.

Pore volumes calculated from density and 1sotherm
neasurenents are compared in Pig. 40. These results support the

Io
W
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viev that heat treatment produces constrietions im pores, the pors
volumes behind the constrictions eventually becoming inacoessible
%o helium. Initially, the pores contain few couatrictions, allow—
ing argon and helinm atoms to pznetrate the pors volume to the sams
oxtent, vith the results that vz’ is only slightly greater then
?3‘@ However, ac the temperaturs of heat treatment is increased,
the growth of constrictions begins Y0 markedly influemce the
relative penetration of helium and argon, i.e. the carbons act as
2 molecular sieves Thus vhen carbons are heat treated above
aac“e, Fig. 40 shows thet argon atoms no longer penetrate the sume
pore volume, so V., deoreasess For helium, the maximum in V
i#s reached for heat treatment temperaturss between 1,000° and
1,200°C, but ¥, deoreases rapidly thereafter. For carbons heat
treatsd at 2,000°¢, Y, and Vg are once again practically the
same. This suggests that, at ithis temperature, the oconstrictions
have growvn %o such an extent that the proportion of micro-pores in
the total peore volume is quite saall., Thus, the bulk of the pore
volume is contained in lerger pores, which ars equally accessible
%o both argon and helium atomas

Por heat treatment %mpmhires betwasn 800° and 2,060"6,
the difference botvem ’!? and ¥ o is probobly due to the
*aieving' of helium and argon atoms. Boaring in mind the particu=-
lar pore sizea o which Yp and }Ys& refer; the difference
betwveen vp and ?ﬂ' will B¢ the pore volume residing in pores
of dismeter 2.0 to 3.8 g, plus the pors volume in macro-pores not
taken into acoount im V.. 7This can be expressed as

8L
V, - Vg = Vgt V. . & . (35)
vhere vg = pore volume not accossible to argon but acceasibls to
heliwa,

and vm = pore volume in the se macropores not taken into soecount

in ?SL.
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Bow, as VP = Vg at 80&90, it is likely thet for cellulose
acotate ¥m is negligible. fThus equation (35) reduces to

vhers Ys inorsanes from zero ot 200%¢ 40 a meximum of 0.19 c.0.
g."l at 1,200°C, and then decreases to zerc again at approximately

2,000°¢.

Phenol~formaldehyde Carbon Similar results were obtained for the
heat treated phenol-formaldehyde carbons except that the values of

»?p and Y,SB ware much lowver than those for the cellulose ascetate
carbons.

Polyvinylidens Chloride Carbon The results obtained for this
carbon differ from those for cellulose acetate and phenol-formalde~
hyde carbons in that the density inoreased with the heat treatment
temperature up to 1,700°C. %¥hus it appears that the effect of
heat treatment up to 1,?00% is to render the pores more acocessilble
to helium atoms.

¥hile the pore volumes V‘P and 73& are squal fox the
carbon SA=-800 (see TABLE 5), the values rapidly diverge as the
carbon is heat treated at temperatures above 800°¢.

Polyvinyl Chlorida Here again the helium dencity inoreassd with
the temperature of heat treatment up to 1,700°C, signifying an
opening up of pores. This may be due to extansive orystallite
grovth on heat trsatment (see Section 4.11) and the development,
t0 a limited extent;, of a three-dimensionally ordered lattice,
fhe resulting densification of the crystallites would be expected
%o be more marked than for octhar carbons.

For tha omrdons prepared from polyvinylidene chloride and
phenocl~-formaldchyde, as seen from Pig. 36 and 37, the shape of the
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heliur density curves depemds largely upon the value determinsd for
$heo carbons heat treated to 1,700°C, i.e. if the helium densities
for the carbons vere grossly in ezror then the upward trend of the
curves might te roverseds However, to avoid human error the
helium densities of the carbone prepared at 1,700°C were repeated
sawveral times with the value in TABLE 4 for the carbons SA~1700 and
PVC~1T700 being tho average of three separate determimations.

Sele> ZRoxe Sizes

(a) Ayerage Pore Size
The average pore alze may bs calculated from the ralation-

ship
;? w & ™ © . (9)
>

vhere ;P = radius of a oylindriosl capillary. However, as carbons
conelst of amall irregularly shaped orystallites, it is most unlikely
that the capillaries will be c¢ylindrical in shape. To allov for
other shapes, Gverett'>Z has introduced the mmerical fastor )

into squation (9) to acoount for the detailed geometry of the
system. Rquation (9) nov becomes

X "

"
X'.
For oxcmple, Yy = 1 for a cylindexr and ;y refears o the radins
of the cylinder; Lo packed spheres where ':39 rofers to the
radius of the sphere, ) = 0.613. HNow all the suggested models
of the erystallite atructure of carbons (see Section 2¢lels2)
suggest that porer are formed as a result of irrsgular packing of
erystallites, the shape of the pores being best represented as
parallel-gided fissues. Por this model Bvervtt has suggested
thet Y = 1 and that ip refars to the distance apart of the

vallse Aceordingly, the values of 'a"p caloulated from the
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experimental resulis all refer v a constant value of X = 1,
The wvarious carbons and their values of ;p can be
divided into the two groupss
(1) carbons vhere r_ incremses, and

o
{2) ocarbons wvhere r_ remains constant.

Cellulose acatate cax'gon is typical of those in the first
group, vhere Ep increnses with inoreasing temperature of heat
treatment. TPor a heat treatment temperature of 2960003, ;p
reaches a value twioce that for the carbon preparsd st 800°¢,
Sirilurly, cellulese carbon, polyvinyl chloride carbon and Cul
eerbon all exhibit a marked inerease in ;p with the temperature
of heat treatment. As the pore volume is proporiional to the
cquare ¢cf the pore radius, it would at first sight appear as though
the results for ;P contradict ths valve of the pore volume vy
obtained from the adsorption isotherms. However, if asintering
destroys or cleses up micro-pores, the proportion of large pores
will increase, or im other words, it can be expeoted that -;p will
increase.

Polyvinylidene okloride, activated polyvinylidene chloride
and phenol-formaldehyde carbons correspond to the second group whare
the value of ;p remains practically constant as the temperature of
heat treatment increases. Pore size estimates support the view
that the bulk of the pore volume of polyvinylidene chloride carbdons
lies within a nayzow pore size mngelm. If this is so0, closing up
the mioro-pores would only slightly increase the avernge pore sizee

For the activated polyvinylidene chloride carbon, it is
interesting to note that there is only a small inorease in the
everage pore radius on activation despits the large increase in
pore volume and surface area. An extensive gstudy by Culver and
Heath'”' on the motivation of polyvimylidene ohloride carbons,
shoved that about half the measured increase in pore volume waz due
to an increase in i:p, vhile the remainder was due to the orection

of new pores, Sintering at 19?90% produced only a slight increase
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gorntion Isotherms Although she methods of Barrett,
31'51’ and Cranston and Inquwng’ heve been oriti- -
¢lzed on several pointalez, the nsthod of analysis is the only one
available for detaermining the pore size dlstridbution in the mioro-
pore range. For adsorbents vith relatively lavge pore sizeay, this
wethod is known %o give consistent results. For instance, Cranston
and Inklvl” ansiyzed the nitrogen adsorption isotherm for a
silicu~alumina gel and found that the cumulative surface areay
caleulated by thelr pore size distribution analysis, agreed to
witiin 1,58 of the value of the surface ares obtained by the normal
BEP method.

Por both the cellulose acstate carbons CA-800 and CA~1700,
the method of analysis of Cranston and Inkley applied to nitrogen
adsorption isotherms, came to a foreced atop at a pore diameter of
14 X; velov this figure the ealoulstion involved invalid negative
values of the pore volumes. Calculuted BET swrface areas and total
pore volumes are shown in TABLE 8 together with ocumulative surface
areas and pors voiumes obtained from the pore sise distribution
analyeise

IABLE &

Surface Aress and Pore Volumes for Celluloae
Agetate Carbona

=800 EA-1700
BE? Surface Area {(m. 2;."1 )] 473 47.8
Cumulative Surface Arvea (me -ge L) 148 27.5
Total Pore Volume (.o go ) 0.261 0.0527

Cunulative Pors Volume {(c.c. 30.1) O.122 0.0428
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Por CA-800, only 31% of the surface area is accounted for in the
pore size distribution analysis compared with 58% for CA-~1700.
Por the pore volumes, the agroement is somewhat better, with 46%
of the pore volume taken into account for CA~800 and 81% for
CA=-1T00,

The oumulative pore volumes are shown in Pig. 42 as &
funotion of the pore sizes Below a pore diameter of 130 i, the
cumulative pore volume becomes negligible as the pore diameter
approaches 300 £, The marked drop im pore volume as a result of
heat treatment %o 1,?‘%%, is mainly associated with those pores of
diameter less than 60 K.

Differentiating the curves in Fig. 42 yields the differ~
sutial pore size distridution shown in Pig. 435. The pore size
distribution for CA-800 ig narrcv and yields a maximum 'at a pore
dismeter of 25 i, e velue in close agreement with the aversge pore
diameter caloulated from equation {9). Tor CA~1700, the distribu-
tion is broader and the maximum appears at 50 .

On the basis that the cbserved loss of surface area and
pore voluse on heat treatment uf carbons zould be attributed to
grovth of constrictions into micro-pores, the effect of sintering vas
examined for selected geometriocal models with a vieov to determining
$he rosulting chanuge in pore size distribution. In the first model
congtrictions were presumed to form in pores and sot as & barrier to
the passage of moclesulss ihrough: the porese Starting vith the
experimentally obzerved pore disiribution for CA-800, a consiriction
of length 10 £ was assumed to have devoloped in 21l the pores,
reducing the effective pore diamcter by 10 £ and tius altering the
pore size distribution o that given by ourve XX in Fig. 66.
Similarly, curve IXX resulted from the development of a constriction
of length 25 £, The secona model involved the growth of a scircular

constiriotion which vcoupied pors volume proportional to the area of
the constriction,
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Phe size of the constrictions and the resulting pore size distribu~
tion curves are shown in Fig. 67. Caloulations appear in
APPINIEX D.2,

The modols chossn probably represent the two axtrmme types
of constriction. In the first wodel, the constriction aets only as
2 gate and no mecount ia taken of the pore volumme it occupies; the
end result is a relatively severe roduction in pore volume. Por
the second model, the same growih of consiriction has much less
effect on the pore volume than in the first model., Comparison of
the theoretionl and experimental pore size curves for CA-1700,
indioates that, for the first medsl, a comstriciion of approxizately
25 % 1s appropriate and, for the second model a constriction of 40
to 50 £.  In voth ceses the £it of the thoeoretical and experimental
curves is imperfeot over the complote pore size range, and it is

likely that the mechanism of sintering involves some combimation of
both sodelss

Progoure Morcury Penetration Measurements Although Thurstan
have shown that thers are several corrections that must
be spplied to the resulis to allov for the compraession of the
moroury, the glass and the carbon sample, it is uniikely that these
corrections would very betuveon experimentss Thus, for a qualitative
analysis of the resulés these oorrections can be ignored.

Tor cellulose acetate carbons, the results shown inm Fig. 44
indicate that the bhulk of the pore volume lies in pores of radii less
than 100 x. the slopes of ths curves at pore radii less than 100 X,,
indicate that a large smount of pors volume is contained in pores of
radii leas than 30 £. 1t 18 nlso clear that hest treataent has
iittle effect on the cumulative pore volume over the range of pore
redii 30 to 10,000 %o

The resulis for polyvinylidene chloride cardon are typiecal
o€ & finely porous earhern, where the dulk of the pore voluwe lies in
pores of rudius less than 30 i,, Clearly polyvinylidens chlovide
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carbons possess a much narrover pore size distribution than celluloss
acetate sarbons.

Yor the polyvinyl chloride carbon PV0~800, the pore size
distribution curve resembles that of the polyvinylidene chloride
carbon. Howevar, from a oomparison of the measured pore volume
with that obtained from isotherm neasurenonts, polyvinyl echloride
carbons would not be expected 4o possess a large pors volume in
pores less than the 30 4 radius,

The pore volume oaloulated from mercury porosimeter data
for the cellulose acetate carbon CA~1700 is considersbly grester
than the corresponding saturation value obtained from the adsorption
isotherm. There ars two factors which could explain this disarep~
ancy. Firstly, the mercury penetratior data refer %o the dlameoter
uf the eanstricﬁonng in v pore rather then to the overage pore
diameter. Accordingly, the pore diameter generally obtained will
be toe small, or sorrespondingly, the pore volume at a specific pore
diameter will be too large. This would mean that the plots shown
in Pig. 44 and 45 should be shiftel towards larger valuea of the
pore dismeter if appropriate cerrsctions could dDe made. ﬁwwml
has suggestad a mathod of correcting the results, but unfortunately
the method is long and tedious., The failure of the bulk of %he
mercury to move out of the pores wvhen the pressure was reduced at
the conclusion of a run is additional eviderse for the presenca of
congtriotions in the pores of cellulose agestate, polyvinylidene
chloride and polyvinyl chloride carbons, i.e. these carbons axhidited
considerable hysterestis,

Secondly, Holmes and &mcﬁtla have shown that even vhen
nitrogen isotherns are extended %o very high relative pressures,
corresponding pore volumes are much lower than those obtained from
mercury pemetration methods. Eumett-C> has euggested that values
of the pore volume obtained fron nitrogen isotherms are much more
likely tc¢ represent minimum values. Banghan and Razouklga found
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thet, even at a relative pressure of unity, large pores would not

£31l vith capillary condensate; only immersion of the solid ia the
liouid caused the large pores to £ill.

(e) : '
Saturation walues ? obtain‘d from the isotherms sl
I‘:’/p‘° = 1,0 for cellulose acutata are presented in TABIR 9; <the
isotherms for n-buiane znd neov=pentane were not measured to sstura-
tion pressure so it was necessary to use the value 1; at-’/gﬁ
= 0,10 in subsequent oaleulatiocns. The V - volues have been
converted from c.co of gas adsorbed 10 c.c. of liguid using the
density of the liquid adsorbate at the temperaturs of the isothormiZl,
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Comparison of Saturation Values for Cellulose

Callulese
Acotate
Carbon

CA~800
CA~1200
CA~1700

CA~800
CA~1200
CA-1700

CA-~800
CA=1200
CA=1700

Yalues for the critieal diamiwms

Acetate Carbons

Saturation Yalues V .

(00 Qe GC~~’-. )

Hitrogen Argon
gcm Oam
00116 0.075
0,044 0033
Benzens p-Cymone
04280 01390
0,165 Qel25
0.077 0065
E-Butane nco-Pentans
0.143 0.113
0.038 G022
0,018 0s0L7

v (¥,) - ¥ _(ar)

Vi,

22
34
25

v (3) ~ v _(c)

100. _g L Aol
V_{B

&

32
24
13

/ ot
100. E(Bu) -V é?)
‘Y;(Bu}

2
43
8

of tho adsorbates are:

¥, = 3.0 &, Ar = 3.84 i‘, CoBg = 6.0 &, p-oynene = 6.0 £,

n=butone = 4.9 3 and neo-pentane = 6,2 20

¥hile benzene and

p-cymene molecules both have approximately the same eritical diam=~
otor, the molecules of Proymene have a miniwum thicknese of 44 )y
compared with benzene which has a thicimess of approximately

2.5 1.



184

The data bave been arranged so that saturation values for
similar species of molecules con be compared, e.g. mitrogen - argon,
benzone ~ p-cymens, and n-butane - nac-pentans. The percentage
differences in saturation values are shown in eclman 4 of TABLE S
Lens argon is adeorbed than nitrogen; less benzene is adsorbed tham
p-cymene and less n~butane is adsorbed than nev-pentane throughout
the carbon series, but thers i= some inconsistency in the pareantage
difference in ssturation valuecse The percentage differsnce in
saturation values for Yenzens and preymene dearenses with inoreasing
temporature of hoat treatment vhich indicates that the svailable
pore volume is becoming more accessidle to the larger moleculo -
P=Cymene.

The results, while of interest, do not parmit any dafinite
conclusions to be drawn rogarding the effeot of heet troatmont on
the mean pore size of the carbons. It is clear that carbong with a
relatively wide pore size distribution such as callulose acetate

¢arbon, camnot funotion as molsgular sieves and yisla consi stent

resulte. An Bumett" ° has pointed out, the packizg density and

the number of integral layers of adsorbate that can £it into a pore
may, in certailn instances, override the influencs of the ratic of
the exritical diaweter of the adsorbats to the pore diameter.

{a) Indications of ror hans

Using the method of Holmes and Bom 48 for estima$ing
changas in pore eize in carbons on cetivation, the following quali-
tative deductions can be made from the change in shape of the
adsorption isotherns for the sintered carboYis.

The adsorption isotherms of argon on the various carbona
{cee Fig. 25 to 31) all show & decrease in the total adsorption
bolow P/ Pg = Oed, indicating & reduction in the volume of microe
veres (D 40 %) present in the earbon. The slope of the middle
vortion of the isctherms from I’/po = Ced to 0.7 decreases alightly
sigaifying a mall decrease in the volume of the pores in the
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intermedinte range (D = 40 to 100 ).  Similarly, there is only a
minor change in the slope of the final section from p/z: = 047
to 0.99, corresponding %o pores of diameter from 100 to 60@ 2

The decrease in the volume of micro-peres can be more
cloarly illustrated by caloulating the ratioc R of pore volume above
p/po = 0,1 to the pore volume below F/ge = Osle TABLE 10 summar-
izes the values of R obtained from the isotherms of nitrogen, argon,
benzene and p~cymene on the cellulose acetate carbon series.

TABLE 10

Pore Volume Ratio R for Heat Treated
Cellulose Acetate Carbons

Heat Treataant

Pl Ratio R

% Mitrogen  Argon Benzeme  p-Cymeme

T00 - 0,68 - -

8OO Oad4 0.76 Ce95 139
1000 - 0.77 - -
120 1.11 l.61 334 4o 42
1400 - 1.75 - -
1700 1.54 2.23 ReTT 578
2200 - 2.50 o -
2600 - 2.7 - -
2900 - 256 - -

In each case (except for CA~2900) the ratio R inoreasasd with
increased temperature of heat 4rentment; +this indiocates that the
proportion of pors volume in the large pores ircreases with
increasing temperature of heat treatment.



According to TABLE 7 variations in particle aize havae very
little effeoct on the adsorptive scapacity and surface area of the
cellulose acetate carbon CA-800. The increase in external surface
.erea resulting from the decreass in partiocle size, 15 negligible in
comparison with the internal surface aresz. Hovever, for the
sintered carbon cellulose acetate CA~1700, therse is a marked incrense
in both adsorptive capacity and surface area when the particle size
is reduced. The increase in surface area of about 50% is probably
dus Yo previously blocked pores becoming available for adsorption,
In agreement with this theory, Framklin’® found that the helium
density for a secries of heat %roated carbonized coals noticeably
increased as the particle size was reduced. This evidence suggests
that heat treatment produces eonstrictions in the poréa, thus pre~
venting the transport of molecules into the pore volume behind the
constrictions.

Supporiing evidenee¢ that comstrictions in the pores largely
determine the available pore volume, has been obtained by Dacey and
Qhanaslz? from experiments on the adsorption of neo-pentane on &
polyvinylidene chloride carbon. %They found that grinding the
carbon to a fine powder incressed the rate of adserption of neo-
pentane by a factor of at least 100, Cameron and Staoyws finely
ground cokes and chara from conls and diseoversd that the surfsce
area was considerably increased,

5.2 Kinetics of Adsorption
It has besn shown that if the rates of adsorption are
plotted aa '% 'f'rvo versus s function of time then, for a specific
voo s 'g
carbon and temperature, the curves are practically coincident. low
it 1s desirable to examine the r»ate controlling step for the rate of

sdsorption as represented by the curves in Pige 48 to 52. The rate
controlling step could bes
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(1) the rate of adsorption of gas molecules from the
&as phase to the adsorbed phase,

(2) the rate of heat transfer from the adsorbsnt to the

surrounding isothermal bath, oz

(3) the rate of aiffusion of gas molscules through ihe

poroua structure to positions adjacent to Zined
equilibrium sdsorption sites.

There is substantial evideaos ¥ to ghow that the rate of
adgorption from the gas phase to the adsorbed phase is extramely
fast (see Section 2.5).

¥ith regard to the rate of hent transfer, the heat
evolved during adsorption (q;“ = 2,000 calama"l} will cause
the temperature of the specimen to rise in the cbesence of heat
transfer between the sample aud its surroundings. As calculated
by the procedure of Deitz et ‘alam‘, the maximua temperature yise
of the oarbon saiple, assuming no heat transfer, veuld be approx.
5°Ke  This vould not markedly affect the rate of adsorption, the
teuperature coefficient for the adsorptlon of argon being fairly
suall (see Section 5¢2.1). However, there is strong experimental
evidence fox the xate of adsorption being independent or the rate
oX heat transfer. Firstly, for & particular sumple and tenperature,
the rate of adsorption surves for sucoessive pressure increments are
colnoldent, despite at lesst o thousand-fold change in the prossure
oxr 2 hundred~fold change in the umount adsorbed. If heat tronsfer
wves the rate controlling factor in the adsorption process the
disposition of the rate curves would be sxpectasd to depend upon the
total pressure and the amount adsorbed. Secondly, rates of
desorption messured for several ruus vere found %o be nearly the
aome as the rates of adesorption. As deaoxrption is an endothermic
process and adsorption an exothermic procaas, thie weuld only ooour
if the rate of adsorption or desorption wvas unaffected by the =atse
of heat transfer.

The remaining rate conitrolling factor to be oonsidered is
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the rate of diffusion of gas wolecules into the porous stmoture.

To investigate tho possidility that the rate of adsorption is
controlled by this factor, a geometrical model of the adsorbent vwas
assumed and the solution of the relavant diffusion equations compared
with the experimental results.

5.2.1 Mathematics of Diffusion

¥or a diffusion process, FPick's Second Lav can bs assumed
tc be the governing relationship, provided the following criteris
are satisfieds

(1) the mode of gaseous transport is Knudsen fiov, and

{2) the flux is proportional to the gaseous concentration

gradient.

Pirstly, the mode of transport of the a8 molecules depends upon the
ratio of the mean free path of the molecules to the pore diameter.
At atmospheric preassure, the mean free path of the adsorbate
molecules is approximately 1,000 go This figure greatly exoeads
the mean pore dismeter of the carbone, which may be of the order of
25 to 50 £, based on results obtained with the mercury porosimoter
(section 5.1,3). Henco Enudsen flow should be the predominant mode
of transpert of gas molecules.

With regard %o the seoond eriterion, as Benson and
%ompkinx‘lﬂ heve shown, it is necessary to examine the trends in
the constants and diffusion cocfficients derived from the solution
of Piok's Second Law. Thus assuming thas, 2 priori, the flux is
proportional to the concentration gradient, rick's Second Law can de
written in the form

&k

Q Qe ,
- 5; (B‘ 5'& ® @ . (37)

where Ba is the effective diffusion coeffioiont and g-g the

concentration gradient of molecules in the £as phagse. Now the rate
of adsorption a2t a2 given temperature on a partiocular sample has been
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found to be irr.ependent of the total pressure and concentration so
the diffusion coefficient must be independent of concenmtration.
Under these conditions equation (37) can be written

2
g w O 6 3T
= a p LB . » . (33)
ot eaxz

Purthermore, for adsorption on ecarbons at ~183%¢ and
~196°C where small inorements of pressure of approximately 0,1 om.
were employed, the concentration of the adsorbate on the surface
can bs assumed to be pre;;orticnal to the pressure without serious
aTTOr. Bven at ~81 Cy vhere the pressure stope vere of the order
of 1 om., Henry's Law was obeysd to a good approximation up o a
pressure of 20 om. Thus, the perameter measuwred in the rate of
adsorption experiments, viz. the rate of welght change of the
adsorbent %% can bea substituted for the rate of change of the gas
vhase concentration 3-;;-

An appropriate geomeirical model for the particles of
carbon is a sphere of radius ¥, since the gramiles of carboyn are

approximately aspherical in shape. Solutionms of equation (38) for
this model are47s 159:

(="
? Yo
6
LA x,? . (39)
oo
gs g zz imcu(-&r* ~ 22t
{ 2 r 2
D=1 ° ®

" = {40)

The series in equation (39) converges rapidly for large values of
{m/z'ﬁa}i » vhile the series of equation (40) converges rapidly for
small values of (Dt/roi')% s A numeriocal solution of these equations
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is shown in Pig. 68 in terms of the dimensionless parameter
(m/:co?)& (ret. 147 p. 90 Fige 644, curve for zero fractional

exhaustion),

Values for the diffusion ecoefficient huve been calenlated
by three methods assuming & priori that the process is diffusion
controlled. Method A assumes that the diffusion prooeass is
desoribed by equation (38), Methods B and € involve certain
approximations vhich reduce equations (39) and (40) to linear foms.

Method & ~ Caloulation of the Diffusion coﬁioigt by
omparise £ the

erirental Curve with

the Theorgtical Curve.

A numerical solution of equation (40) can be calculated
in terms of the dimensionless parameters (m/roa)% wad

:t :0 *+ The plot of this solution is shown in Mg. 68 while the
co” <1

data are listed im APPENDIX P.4. Yor arbitory values of Vi~V 9
Voo V
B, 2,
the theorstical values of { /:l' o vere comparsd with the exper-

inental value of ¥ alloving the determination of values of

2 oo o tunction or V¢V .
1'0 Vw-?

(P By s
If it is assumed that the terms after nsxl in the summ—
ation are negligible, squation (39) reduces to

v¥% =1-6 Bl . . (41)
?00‘." T rez
O‘I’, ’lt 7 2

o - (42)



Voo

1

191

Fig, 68 ~ Theoretical Curve for the
Radius r_ (ref,147 p.90)

0+ OI'S (ll ‘6 07
1
%

rbZ

Diffusion Into a Sphere of

0-8
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Taking logarithms,

log (..ﬁ.........) - log —fr o ol M (43)

T2 2.303 e

V=Yoo

fhus a plot of log (,-i-‘r-) versus % should yield a straight

2
, T
line of sleptn"é.%ég '?'-:'-3.
°
Mothod C -

Por wmell values of (”“/z 2) the ierfo turms behind
the summation in cquation (40) are negligible (re£.247, p.326,
TABLE 2.1)e Thus equation (40) reduces to

e g @b eb o3

m: = 6 (r 2} aL % » 5
° °

. 2 {44)

This equation can be reduced %o a linear form by one of the Pollow-
ing procedures:

(1) by difrerentiating with respect %0 ¢ or t* or

(2) assuming that the last ters is negligible.

In the first procedurs it mstters 1ittle %o the Linal
value of the diffusion coeffioient whether squation (44) is differe
sntlated with respect to t or o Differentisting equation
(44) vith reapest %o %, gives

R R RN

o

v, . (45)

Thus a plot of the left hand side versus t"", ehould yield a straight
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line of slope 1069 o /rg and intercept 3 5/302 .

Yor tho second procedure egquation (44) reduces to

v % 6 o}
L - (r.'z} e e 8)
v,~¥

fhus & plct'oz ?t-?‘-’- Varsus ﬁ%, ghould yielé 2 straight line of

o Vg
s o

slope -_r-;-; }: .

Application of ths abovo equations %o ike expacinental
resulte and the salculation of the diffusion coefficients will now
be discusseds

Celluioce Acetate Carbons

"','30 Fy
Plots of versus t° for the oellulose acetate

Vo Vs
carbons CA~800, CA=1200 and CA~1700 at -81°, ~183° and ~196°C are
ghown in Pig. 45 to 51 Section 4.9

(n) Zempernture 3 =-81°¢.

Values o ¥/r, vere computed for CA-500, CA-1200 and
CA=1T00 by Method A and are listod in TABLE 1l.
¥or long times, i.e. for largs values of (m/zr;‘,}i o

¥ .~V

£e®  values of D¥/r  were obtained by Hethod B for CA=800,
v°°.vo - Yo"V

CA=1200 and CA~1700s. The grsphs of log ('i%'") versus t Loy
O o0

CA-500, CA~1200 and CA~1700 are shown in Pig. 69.

Values of «/:-o for short times were obtained by Method €
trom equation (45) for CA-800. The stratght line plot of
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et o S

~.:_(—-=--) /  versus % is chown in Pig. 70, Thers vere
_ %@Va at

insufliclent data for CA=-1200 and CA-1700 at lov walues of
¥t«-?° 4 |

seeewsm 40 apply this method successfully.

wa"Yo

Values of B%/ro obtained by the above methods are
summarized in TABLE ll.

TABLE 1l

Diffusion Coefficients for the Adsorption of Argon
on Cellulose Asetate Carbons at -81°C

Method vt-.v D*
° ——
of T 2*0
Caleculation © "o _*
_ {min. %)
CA~800 CA~1200 CA~1'700
Method A - by 0,162 O.14 - -
comparison of 0. 235 0e15 - -
experimental 0.310 0.15 - -
curve with the 0.442 0.16 - -
theoretical 0.560 Cel5 Ce 35 -
0@66£ i‘:’yls 0.32 -
0. 750 0,15 0.28 0.55
0880 0.14 0e23 034
0920 0s14 018 020

Method B - for
large values
Dt )ﬁ‘ : -
of (-—-2- = > 0.7 0.13 0el2 0.13%

r
[+ ]
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196

Method V=V, ﬁ
of V-V To
Calculations © "o -§

(min. _*)

£A~800  CA-1200  CA-1700
Method € ~ for
mall values
ot (%;i - < 0.7 0s14 - -

o

equation (45)

Ths velues of h%/za obtained by liethod A for CA-B00 are approx—
imately constant over the complete range of adsorption; +this lends
support to the assumption that the adsorption process is correctly
Gesoribed by Pick's Second Law. Also, as seen in TABLE 11, the
values of Bi}':t'° for CA~800 obtained by Methode B and C are in
reasonable agreement with those obtained by Method A. Hovever,
vaiunes of /ro for CA~1200 and CA~1700 obiained by Methods A

and B do not agree and will be consdered along with the correspond-
ing data obtained at ~183° and -196°¢.

(b) ZTespearatures : -183° and

There ic a marked change in the shape of the plots of

VeVo : 3 o o
Vv Versus 7 at ~i83 and-196 C compared with the plots at
® o

~31% due, essentially, to slower rates of adeorption at the lowver
temperatures. Thus for CA-BOO at -1830635 the plot is approximately
linear up to values 0f %=20 min., whils, for CA-800 at -81°C, the
graph begins to depart from o straight line at %<0.75 min.
Inspection of Pig. 68 however, shows that this behaviour is to be
expacted and the departure of the plot from a straight line rela-

v -V

*ionship depends upon the range of -,:’-3-_-_—*-9# values measured. Thus,
© T .

the graph for CA-800 at -81°¢C isy in fact, approximately straight
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V, -V

cveyr the same range of i‘f.'.?!' values as for CA-800 at -18393.
1 " ;

The s of 3:& versus ti for CA~1200 and CA-1700
e plots T, _

ay -'3.83° and =196°C axe distinguished by the presence of a "foott,
Vhen oxtrapolated, ihe limear portion of the CA-1200 and CA=-1700
YV o~V

plots outs the Voot axis a% some positive vaiue. The proamoe
o g

of a *foot' in such ourves is not unusual emd hus besn secribed %o
an "instantanecus' van der Weals sdsorption on the external surfaces
of the particles 6,262 TABLE 12 shows values of the 'foot', A .
for the oarbons CA~800, 0A-1200 and CA=1700 at ~51°, =183 ana
~196°¢,

PABLE 132

Values of the Instanieneouns Adporption, A * (gefsc)

Carbon Temparature {°¢)
e ~& 387 =196
CA=B00 O o 0
CA=1200 o 0030 0e27
CA~1700 % 0o 40 0.47

* indeterminste
+ estinnte only

The results are not very aGoursie, but, in gmerzl, the values of
A for CA~1200 and CA=-1700 appear to decrease with inoransing
temperature. This trend has been previously reported for the

adsorption of n~CH, ., €401, and (ﬁﬁsizﬁa on various zeolitesiol,
Clearly the presence of the 'foot' must be taken inte
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agoount vhen calculating diffusion coefficients by readjusting the

V.~V
scale on the ,‘:_;' axis to road from O %0 1.0 over the interval
o

from A t0 1.0 Under these coniitions the caloulated diffusion
coefficient refers to the adsorption process following the
'ingtantanecus' sdsorption. Vealues eof Bi/ré, 80 oaloulaved, for
carbons CA~800, CA-1200 and CA~1700 are listed in TABLE 13%.

TABLE 13

Diffusion Coefficients for the Adsorption of Argon
on Cellulose Acetate Carbons at
-18%° ana -196°¢

Method Vv ﬁ
of Vv r,
Calcoulation 0 g - -4
b %6 1Y ')'
Hethod A ~ h?' 0162 30025 hiad -
comparison of 00235 0.028 0.079 Oall
exparimental 0+ 310 0,032 0.,074 0.12
curve with the Ced42 0,032 0.081 0.12
theoretionl 0560 0,032 0.08% 0.13
-183°¢ 0,662 04032 0.087 0.14
0750 0.032 0.088 0.13
0.822 0.032 0.088 0.14
0880 0.032 0.087 0.14
Qe 9& (i 39 032 €. 086 ’3’0-3-4

0.954 0.032 0.087 0.14
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Method V¥ ﬁ
of ¥ =V s
calmlatingj © "o —
mine )
-196°¢ 0,162  0.036 - -
0.235  0.039 0,10 0e24
0.310  0.039 0.10 0.14
0e442 0,041  0.10 0424
0.560 0.042  0.11 0.15
0,662  0.041 o.11 0.16
0.750 0.041 0.12 0.16
0,822  0.041 0.12 0.17
0.880 - 0,12 0.17
0.921 - 0.12 0.17
0.954 - 0.13 0.17
Method € - foxr
mall values
of (a'&')i -
l‘g:
eguation (46)
-183% < 0,7 0.029  0.074 0e12
~196°¢ < 0.7 C.037 0,090 €13

Again the consistency of the results lend support to the assumpiion
4hat the adsorption process is correetly desoribed by Plck's
Second Law equation (38). 4

The discrepancy between ~ /r, values for CA~1200 and
CA~1700 caloulated by Methods A and B can be explained in terms of
the prosence of & '200%' in the vate of adsorptica curves.
Although the value of the 'foot' should be lower st -81°C than at
~183° or-296°¢, its presence would undoubtedly upset the caloulation
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of the values of ﬁ/ro. Unfortunately, there sre insufficisnt
data to accurately extrapolate the rate curves back to the

“¥4/ AV, axio to obtain & value for [ .

The change in the diffusion coefficimt with tenpersture
indicates that the tempearature coefficient is pocitive botwesn
-&81°% ana -moﬂ, end negative between -183° and ~196°C.  The
t@perature cosfficient is generally positivel?0, as 3t i agsociated
vith an activated aiffusion prodess vheredy mcleculos move down &
capillary through the periodic potential energy field of the surround-
ing crystals. Barrert<or 152, however, has reported negative tem~
parature goefficimte for the rates of adsorption of nitrogen and
argon on certain zeolites. He suggested that this could be expected
vhere a rise ia temperaturs reduced the interstitial density of
sorbate molecules more than it accalerated their diffusion,

it 40 interesting %o note that ths zssumption of &
particular geometrioal model, viz. & sphere, for the carbon particles
is not oritieal, if the value of /rﬁ is obiained from the slope
of the initial straight line portion of the plot of '4~Vo versus

'ﬁﬁ;. Barrest®° and Fendert2os 160 have shown that the same result
is obtained for a cube, sphere, parall clopiped or a plane sheot.
odyvinylidene Chiorigd p Carbons

ffucion cvefficients vare ocalculated for the poly~
vinylidens chloride carboms at -2£96°e by similar procedures. Yor
the carbon SA-1700, there vas evidence of a '£00t' s the seale ‘on

v, ~¥

axls vas adjusted for the calounlation of diffusion
coafficients. Values for »*/ro are collectod in TABLE 14.



TABLE 134

Miffusion Coefficients for the Adporption of Avgon
on Polyvinylidens Chleride Carhons as =196°¢

Xethod V-V 2

o~ = To

Caleulation e -
s ()

Method A - by 0,162 0,091  0.091 . 0.057  0.132
comparison of 0,235 0,094  0.094 0,038 0,150
experimental  0.510  0.095 .09 0,039  0.154
curve vith the 0.442 0.098 0.098  0.040  0.167
theoretical 0e560 0,204 0,104  0.042  0.167
0,662 0,109  0.109  0.048  0.167
0.750  ©0.112 0,112  0.045  0.163
0.822 0,113  0.115  0.045  0.154
0.92L  0.115 0,115 0,044 -

equation (46) < 0,7 0.087 0,087 0.036 0.144

Lellulose Agetate Carben Values of the diffusion coefficient chow
that the rate of adsorption of argon st -31°, ~185° and ~196%
incroased vith the temperature of heat treatasnt of the carbon.

Shis indicates that heat treatnent #ither reduced the average length
of the pores through which the £33 molecules diffused or imoreamed
the mean pore size by shifting tho maximum in the pore size
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distribution to higher values of pore diameter. As suggested in
Section 5.1, the formation of constrictions in the pores is the
most likely explunmation for the nlteration in the pore size distri~
bution. In $his svant, changes in pore lengih or dismeter vould
ocour concurrently snd be mutunlly indistinguichabl o,

The change in the pore size distridution with heat treat-
nent also provides a satisfaotory explanation for the 'foot! in the
rate of adsorption curves. Yoy CA~800, the 'instantaneious'
adsorption on the external surfaves and in the RACTO-pPOTES ropreo-
sents only 8 small proportion of the total adsorptive eapacity)
hence a 'foot® is not apparent on the rate of adsorption curve.
However, for CA-1700, where the adsorptive oapucity of the mioroe
pores has been greatly reduced; the adsorption on the axternsl
surfaces and large Baoro-pores comprisce a conaiderable proporiion
of the overall adsorptive capasity,

An analogous series of data has been ohitained by
Lreck et a1.1% (see Fige T1)e In this series of rate neasurements
the same zeolite was used in a1l the runs with five adasrbates,
vize 302, 023 & ezas,. 82 and %ﬁ3ﬁ'§ having eriticul diametors of 2, 8,
425, 402, 3.0 and 4,89 £, respectively. X-ray and equilibrium
adsorption measurazents indicnted that the openings in the zeolite
structure were from 4.2 o 4,75 £ in dlameter.  Although several
otker fastors, apart from the critical diameter, may have influenced
ihe rate of adsorption %o some extont, viz. teuperature ang ralative
proasure; clearly the smaller molecule, ma, diffused through the
zeolits framevork at a much faster rate than soma of the larger
uolscules such as 053 ¢« Thus ohanges in the ratio of critical
uolegular diameter to pore diemctor are reflected in the rates of
adeorption on a zoclite as they are in heat treated carbons.

Reiyvinvlidene Chloride Cardon . The rates of adsorption of avgon
on the heat troated polyvinylidene chlorids carbons are shown in
Pige 52. The isotherms for SA=1200 and SA-800, sre aimost identical,
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as are the rate of adsorption curves. However, for SA-1400, the

rate of adsorption was much lower than for SA-80C or SA=-1200, with
the straight line ralationship between a*/ga and 5 extamding

t0 a value of ¢ eof approxinatdly 40 min. In fact, the raic vas
80 slow, that the final equilibdrium value vag difficult to obtain

vith acouracy. The trend was reversed vith carbon $A~1700 which

exhibited a faster rate of adsozrption than that of SA~800 and

SA~1200,. Extrapolation of the initial straight line portion of
¥,~V

the SA~1700 curve out the ,-,go-;_-,;& axis at 0.24, i.e. the 'foot'
L] 0. 240 o

According to Dacey and Thomas' > polyvinylidene chloride
carbons are characterized by a narrov pore distridbution, the pores
being uniform, slot-like in cross-section, and from 12 to 15 &
across their narrovest dimenmsion. Supporting evidence for this
type of structure is provided by the pronounced rectangular shaps
of the isotherns at -196°C and the estimates of mean pore size.
Using the terminology of mms.ne""ag, the pore size distribution
of polyvinylideao ohloride carbon would be desoribed as monomode.
Wew the rates of adsorption for SA-800 and SA~1200 are ralatively
fast, as would be expected when the ratio of pore diameter to
adsorbate diameter ratio is approximately 3.9 («ssuning that the
eritical diameter of the argon molecule is 3.84 4 ). However, for
S8~1400, the argom molecvules apparently emcounicr considersbdle
resistance in entering the pore siructure which indicates that the
grovih of constrictions has reduced the pore dismetor to molecular
dimensions. This behaviowr can be explained in terms of changes in
pore distribution which sre represented diagrematically by Pig. 72
Here the height o2 the vertical lines repressent the value of the pore
volume at a certain pore size. (It is realized that the aotual
distribution will shovw a Ganssian type ourve, but for the sake of
clarity this diagram will suffice.) For SA-1700, the bulk of the
niero~pores have been reduced %o a size asaller than the argon
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wclecule so thet the adsorptive copacity is very lowe The appear-
ance of the 'foct' on the rate of adsorption curve is in acoord
uith the above model, vhere the oouparaiively fsw transitional and
pacro~pores account for a major proportion of the total adsorpiive
oapacitye.

5¢3 Zhermedyparies of Adsorption

In this ssction the differential heat of adsorption

(tsosteric heat of adsorption) snd the differentinl entropy of

adsorption of argen and benzene on the various heat treated cellulose
agetate carboms will be discussed.

Se3el

adsorption versus the surface toverage for argon snd benzene,
rospectively, on the cellulose ascetate oarbona CA=-800, CA~1200 and
CA~1T00.

The hsat of adworption curves for argon and benzene are
siuilar and typical of high surface aresa, porous, solids vhare the
heats of adsorpiion deorease with inoreased surface covmgumso
Hovever, the arrangement of the curves with respect o the heat
treatment temperature does not follow any simple pattern. FPurther-
more the arrangement of the curves differs for argon and benzens.

¥ov the eharacteriatic shape and arrangement of the curves
must depend upor (a) the interaction between adsorbate molecules,
and (b) the heterogemeous naturs of the surface 0%, Robarts ot
o127, Bverettu111er®® ang sarrer ot az,156 194 have caloulated
that the contribution to the heat of adsorption from the interaction
betusen the adsorbaie molecules iz negligible below I'/:aﬂ = 0.9 to
1.0+ ‘Thus, the shape of the heat of adsorption curves at
3’/1:0 < 0.9 13 lorgely determined by the heterogsneous nature of the
surface.

The obsorved high heat of adsorption at low covorages is



attributed to high energy sites residing in porss, or surface
wpafectiona@s.' 4As the high energy sites are gradually occupied
by adsorbate molecules, the heat of adsorption decresases aud
approaches the latent hsat of condensation of ths adsorbate a%
surface coverages greater than the ronolayer capeoity.

There ic some evidence to show thas pores are associated
with high heats of adsorption. From a comparison of heats of
adsorption on porous and non-porous materials, anm has argued
that the ocolusion of adsorbate molecules by erystal atoms does mot
necessarily give rise to high heats of adsorpiion. Hovever,
Barrer’*®, and do Boer and Custers®? have caloulated heats of
adsorption in pores of such dinensions that molecules sxperienced
attractive forces from the two wallss they found that the heat of
adsorption was several times that of adsorptiom on a plane surface,
Even for pores of diamoter several tines that of the adsorbete
molecule, it has bean mggasteémg that the co-oparative attraotive
forces from the two walls can #%ill affeot adsorption. It follows
that the shape of the heat of adsorption curveas, ot lemst at low
Sovarages, sbould be governed by the pore size distridution.

Culver and Hea‘khxs? have used this argument to support their conten-
tion that steam activation of polyvinylidene chloride carbons
increased tho mean pore sizc.

Surfece imperfections arise from depressions, dislocations
tiod growth stepc. mﬁ has shewn that crystullite growth invar-
1ably follows the formation of dislocations. Vhere s disloocation
emarges from the surface, a growth gtep is formed. Thus, even
though a erysial may be sunealed %o rewove heterogenaities, it ia
most likely thet the surface will contain growth steps. As men~
ticned in Seotiom 2.1.1.2 slectron microscops investigations of the
surtace topography of érephites reveasl the Presaeuce of large numbers
of dislocations and growth steps. Por carbons containing emsll
orystallites and a disorganized phase, one would expect an even
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larger mmber of surface imperfections than for graphite. Field

ot a.l.m have suggested thet growth stops could sot as favoursble
adsorption sites, since an edsorbsd moleculs will be in contact with
surfaces on two sides (see Pig. 73) and be subjeot to binding foxrocea
stronger than those from a single surfaoe.

A = adsorbed molecule
4 B = yurface of adsozbent

7

Pige 73 CGrowth Step and Adsorbed Molacule

Considering the errengement of the curves, evidence
obtained from Seection S.l.3 points to the faoct that the pore gize
distridbution of oslluloee acetate carbons moves %o larger pore diam-
etars with increased temperature of heat treatment. If the heat of
adeorption at lov eoverages vas solely dependent upon the pore aizs
distridbution, them the heat of adsorption should deersass with
increased temperature of heat twoaiment. Hovever, Mg. 53 and 54
shov $hat this arvengement of the ourves is not followed. I% appears,
therefore, that the observed heats of adsorption ore mors readily
accounted for im terms of surfacs imperfections, such as an inevease
in the nusber of growth steps vhich may or may not reside in pores.

The crrangement of the hent of adsorption curves differ for
argon and benzene. This is not unexpected snd thore are several
posaible reasons for this difference in adaorptive behaviour betwoen
the tve molecules.

(1) & benzene molecules has the thape of a flat disc of
thicknese 2.5 £ and width 6 2, wheress an argon atos
is spherical and of radius 1.92 £. Thus bensene
would be adsorbed into a slightly different sot of
pores than argom. %hia is borna out by the 'fsn
values of the carbons CA-800, Ci=1200 and CA=~1700
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for benzene and argon (see TABLE 9, Seation 5.1.3).
(2) Benzone, although non-polar possesees an uneven distri~

hation of Tl~electrons and is therefore sensitive

%0 the presence of surface aomyloxnﬂz. Argon, on
the other hand, has an uneven distribution of
olactrons and is therefore unperturbed by the

preseénce of surface complexas.

5¢3.2 Differential

ySon

By comparing the value of the experimental entropy of
adsorption with the entropy caloulated for theoretical models of
the adsorbed phase, it vas poseible to specity the state of lhe
adsorbed phase. For a monatomic 888, the limiting states of the
adsorbed atoms arals‘a

(1) 3v,

(2) 2v, 1%,

{(3) v, 2¢,
vhere t and v =signify the tranelatiomal and vilsgational COMPOL=
ents, respectively. Por a polystomic molecule the mmber of limiting
st&teen'I will be increcsed as the rotational oonponents becone
affected by the atiraotive surfoce forces. PFor ¢ monatomio go8y
adsorption may reatrict movenent tc such an extent that the nommal
three translationsl degrees nf frsedom possessed by the atoms in the
gas phase are repluaced by three degrees of freedom of vibration of
the atoms ageinst the solid. Similexrly, depending upon the force
of attraotion Lotween the adeurbed atoms and the solid, the atoms
nay lose only two or perhaps one degres of translational freedom.

Tho differentlal entropy of the adsorbed atoms for the states (1),
(2) ané (3) are, respectively

op3

sg = 8, + Sn . . . (47)

;s E ?Ur + “Eth' s ° . (483
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;3 = 2;’ +* ;'ﬁl’“ » * * (49;

Bquation (47) corresponds to localized monolayer adsorp-
tion. ;c is the configurational entropy and arisos from the number
of distinguishable arrangements of N moleoules on t‘ uniform
adsorption aites and i1s given by

Se = R 1&(?‘2—")

viiere ( = fraction of adsorption sites ocoupieds The therial
entropy ;th for a momatomic gas includes ths entropy mainly
origirating from the vibration of the atoms about their mean position.
Bquetion (48) correspondis to mom-localized adsorption with
one degree of translational freedom. The diffsrsntial troanaslation

entropy may be shown to be-i®

1% = 2 la(em )y . in(zle) “t/(fo=1) + & + 12" k/xahz)* |
L4 L ] L 4 (%)

vhers M = molecular weight,
= Boltwmamn's constant,
= PMoaugk constant,
= gag oonstant and
= ogo-length of adsorbed atom.
'Eﬁ’ should possess a value corresponding to the
entropy arising from two degrees oFf vibration frosdom.

Bquation (49) corresponds again to mon~localized adsorption,
but in thie oase, the translational eatropy for tvwo degrees of
Lreadom .isae

2% = B 1 Mma + 1nL) - {’/?/9 )+ rewm(®T /u n?)

g - . {51)
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vhere a = co-area of adsorbed atoms. The thermal entropy 8y, '’
is ths entropy arising from one dogres of vibrational freedom.

All three models require that the surface be homogeneous
or, in other words, the heat of zdsorption should be independent of
the surface ooverage. An inspection of the heat of adsorption
curves for both argon and bensone (Fig. 53 and Fig. 54) reveals that
all surfaces are heterogeneous to some extent. Rmpirical methods e
of dealing with heterogeneous surfaces have been dovelopead :Eor tht_‘
localized nonnlayer, but highly asceurete heat of adsorption data ;
(210 cal.mole™?) are required 17 the caloulations are to be of
valus. However, the systea argon/CA-~800 approximately satisfies
the condition that the surface should ba wniform, snd to a lesser
extent the wstm ai‘gew’c&»lm and argen/CA~1200.  Acoordingly,
values for 'c’ 1% 2’3’ .ta' :“_' and ”%h" have been
saloulated for these systems in APPENDIX G.3. Considering the
results obtained, it appears that in tho system argon/CA-800 the
adsorbed phase can be desoribed by the non-localized model possess~
ing one degree of freedom. This ocorresponds to an atom being
constrained to move through a pove only slightly larger than itself,.
The other two degreos of translational frsedom normally posseased hy
argon atoms are converted to 'looss’ vitrations egainst the enclos~
ing solid.

The relative disposition of entropy curves (Fig. 55 and
56) gives some indication of the change in the state of the surfrcs
of the carbon with heat treatment. The decrsase in differentisl
entropy observed with increasingly heterogensous surfaces has been
discussed by Drain and Morrison -0, and Evereit’'> has examimed the
effect of heterogenity on the configurational and thermal amtropy
in some detail. TFirstly, vhen the adsorbed phase is localized,
heterogenity will reduce the comfigurational mivopye.  Secondly,
a8 Bvexatt haes poinied out, surface hetexogenity affects the thermal
ontropy. If o molecule is strongly attracted o the surface it
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lies in a 'deep potential well® and consequently ite contribuiion

%o the thermal entropy is low. As the overall satropy of adsorption
can be considered as the sum of the configuralional ané thermal
entropy®, the offect of surface hoterogenity is to reduce the over-
ell antropy of sdeorption. As the surfaces of CA-800 and Ca=~1700
are not homogeneous over a wide range of covarage, the data for the
two systems are not strictly comparable. However, it is tempting
to infer from the results cbtained from both the argon and benzene
systoms, that the carbon CA~1700 possesses a more heterogencous
asurface than CA~800,

Couparison of Pig. 55 and #ig. 56 reveals a marked oontrast
betueen the shape of the satropy curves for argon and benzene. For
ergor, the entropy gemerally dscreasss with irereasing surface
coversge vhile for benzene, the atropy generally increases.

These results, lowsver, are not unlike those obtained by Drain end
Horrison=2° for the entropy of edsorption of argon and nitrogen on
rutiie; fLor argom, the eatropy gemerally decreased with ineroasing
surfaoe soverage whereas it inorcased for nitrogen. aurattlm
assceiated the lov initial entxopy of the adsorpiion of nitrogen
with the high initial heat of adsorption. By similar reasoning
the increase in eatropy with surface coverage obnarved for the

adsorption of benzene may be aceounted for in terms of aurfaos
heterogenity.

bt 35.11219 has pointed out that for hetorogenecus
mirfaces, the separation of ;’i into Ee and
;th muet be treated with caution.
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5¢4 Crystallite Growth in Carbons
This discussion is concerned with the development of

the ldeal graphite lattice from the turbostratic crystal structure
during heat treatment and the differences that exist between the
erystallite growth of the various carbons.

In this section, it will be conveniaent to divide the
coxrbons intc two groups — non-graphitizing and graphitizing. A4s
vill be shown later, the crystal growth of graphitizing carbons is
markedly different from that of non-graphitizing carbons.

S5e4el Development of the Ideal Graphite Lattice

Hon-Graphitizing Carbons These include carbons prepared from
cellulose acetate, tellulose, phenol-formaldehyde, polyvinylidene
chloride and sucrose. Hon—-graphitizing carbons are characterized
by relatively limited development of the ideal three dimensionally
ordered graphite lattice. Amongst the non-graphitizing carbons,
hovever, there ls very little difference in the development of the
crys‘tai structure up to 1,709°c. The X-ray patterns for these
carbons {see Fig. 57 to 61) all exhibit the two prominemt peaks
(002 and (10), the (11) pesk being considerably smaller. These
patierna are typical of turbostratic packing of the orystallites,
Even for the cellulose acetate carbon heat treated at 2,90006,
there is no indication of three dimemsionsal ordering of the
orystal lattice.

The polyvinylidene chloride carbons yield a very low
value for the peak height to background ratio for both the (002)
and (10) peaks. Franklin®) has suggested that the high inteaity
background acattering at low angles is a result of the reflection
of X-rays from inhomogenities in the structure, such as pores.
The Fourier tranaforamz" 213_ of the low angle scattering for the
carbons heated from 1000° to 3000°C revealed that the size of the
pores lay betwean 10 and X 3,
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Grophitizing Corbons For the polyvinyl chlorids carbon there is a
rapid development of the crystal struoture on hezt treatment. it
2,200°C, a noticeable modulation in the (10) peak represmts the
beginning of the soparation of the (10) reflection into the reflec—
tions (100) and (301). This means that between 1,700° and 2,200°C
the erystallite layers are beglaning to reorientate themselves into
the three-dimensionally ordersd graphite-like lattice. A% 2,900°C,
the (100} and (101) peaks have become quite distinct. Also, at
2,900°C, the two dimensionally ordersd reflection (11) has separated
into the three-dimensionally ordered (110) and {112) reflections.

5e402 Crystal Growth

Values of Ica and L " for celluloae acetate, cellulose,
phenol~formaldehyds, polyvinylidsne chloride and polyvinyl chloride
carbons are plotted against the heat treatment tsmperature in
Fige T4 and 75,

Hon~Graphitizing Carbons The orystallite growth in the 5,
direction is very similar for all non-graphitizing carbons. This
is remarkable vhem it is realized that considerable differsnces
exist among the properties of these carbons such as porosity,
surface area and hapdness. FPor instance, the phenol-formaldehyde
carbon PF-800 1s hard, glassy, and possesses a surface area of

3% m.2 g."l, while polyvinvliidsme chloride csrbom SA-800 is mueh
softer, duil in appeareance, and possesses & surface crea of

1,070 m.2 g.”L, 1.6 approximately 30 times that of PF-800.
$imilarly, for an activated polyvinylidene chloride cerbon, the
crystal growth on heat treatmeont is the same as that for the
unastivated polyvinylidene chloride carbon, daspite e consideradle
averall incresse in surfacs srse. Thus orystallite growth appears
%0 be independent of porosity. These results are contrary 4o those
obtained by !‘rankli.nag vhoss low zuglie scattering resulis for a
polyvinylidene ohloride carbon indicated thnt varallel layers wore
co~extensive with particle size, It follows that growth of layers
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is limited by the growth of the particles and that the non—
graphitizadility of the carbon is ralated to its finely porous
structure.

While, for the non~graphitizing cardbons, the size of
crystallites in the L, direction is approximately the same at 800°C,
there is a divergonsce in I:c, valucs as the hest (reaiment temperaturs
increases. Agair, however, comparison of the change in surface
area with the growth of oxystaliite size doss not reveal any rela-
tionship between crysial growth and porosity.

The indspendemce of orystal growth from the porosity of the
ocarbons ocan e simply and most satisfaotorily explained by the
erystallite growth mechanism proposed by Pranklin®?. In this
mechanism the disorganized phase lying betwsen the crystallites
is gradually inmcorporated into the cxystallite lattice. The carbon
atons of the disorganized phase attach themselves more readily %o
the layer edges atom by atom rather than to the baoal planes in
groups of atoms bscause the edge carbon atoms have & greater froe
valence than the carbon atoms in the centre of the la.aru'u’ 2;?10
This suggestion would explain why the arystallites grow prefercn~
tially in the I‘a, dirootion rathor than the I‘e direction. Further—
nore, the inserporation of ths atoms of the disorgonized phuse Ly
the erystallites would be independent of the porcosity of the carbon.

As mantioned above, rapid erystallite growth in the I’c
d¢irection could probably cnly scour by the addition of groups of
carbon atoms or even whole layer planes. The ability %o do this
would depsnd upon the degres of alignaent amongst the crystallites
and the ease with which a complete orystallite couid move into a
position parallel %o its neighbour. The disorganized vhase probably
sonsists of cross-linke betwesen the erystallites and these woulad
regtrain any moveuent of a complete orystallite. This ocould be one
reugon wvhy crystallites in ron~graphitizing carbons are reluetant to
grow in the I;g direction. TFoxr instance, heat 4rectment of a
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polyvinylidene chloride carbon, from 800° to 1,100"0’, only adds ons
layer in the &c direction.

@raphitizing Carbons Between 800" and 1,200°C the growth of
mufallitu in the 1‘.& direction is very similar to that for the
non~-graphitizing cerbons. Above 1 Z)Ooc, howvever, there is a
marked increase in growth in the L direction. According to
Hmzevaki’o, the disorganized phase becones axhausted at a tupu-
ature of approximstely 1,3&6 €. Thus at temperatures above 1,390 c,
the encounbering disorganized phese has novw deen romoved, so that
layers or even vhole erystallites can more easily orientate them
salvee into a position to coalesce with their naighbours, TMurther-
nore, clectron micrographs of the structure of t:ax-hons‘js roveal that
crystallites of graphitizing carbone are much mors favourably
aligned than those of now-graphitizing carbons. In this Ranner

thore is a-rapid inorease in the growth of cryatallitcs in both the
L and L directions as they coalesce.

Crystallite growth by coalescence must be preceded by the
siinination of foraign atoms. Data on the chemical compogition of
¢arbons et varicus temperaturss (Pig. 22) reveal that the proporiion
of foreign atoms present in non~graphitizing carbons is greater than
that for graphitizing carbonas. A% 1,?00%, the nroporsion of
fereign atoms such as hydrogeny; cxygen and chlorine in the nop-
graphitizing corbons is approximately 1% compared with less than
0.1% in graphitizing carbons. ¥or polyvinyl chloride the approach
in the proportion of foreign atoms t0 zero coincides with the

beginning of the marked inorease in the erystallite grovwth in the
I-& direction.

5¢5 Mechapism of Simtering

It has bsen shown that hsat 4rsastment of carbons at tenmper~
atures above 800°C has a marked effect on the porous structure.
Furthermore, it has been proposed that the sintering process involves
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the closing off or destruction of micro-pores by the growth of
constrictione into the pore space. The mechanisz by which these
constrictions are formed will nov be disoussed.

Firstly, it will be helpful to briefly review the mechanim
of sintering that occurs during the heat treatment of ceramic
materials and silioa gels, and during the neutron irpadiation of
geaphites.

The sintering of cersmic materials has been investigoted
quite mmaivelym‘. The particles of ceramic materials ars
roughly spherical, the pore wolume comprising the volume between the
particles, Sintering is usually achieved by the application of
pressure and temperature and the particles aggragate by flowing
together at the points of contact, thus reducing the pore volume
and surface area.

Modified silica gels used as eatalysts in the petroleun
industyy show a merked drop in srface area with hest treatmentZJ,
e.g+. for a silica xerogel of surface area 810 m.~ g™, neat treat-
ment to a temperature between 1,000° and 1,100%¢, reduced the
surface area to loss than 10 m.~ gt Ries2P attempted to
explein this decrease in ares by suggosting that the elementary
pexrticles of the silioca were in the form of plateletse 4An idealized
picture of the silica structure io shown in Pig. 76 top wov (I).

The two seta of platelets wers presumsd to fuse together during
sintering. This reduced the specific surface ares and pore volume
of the silica xerogel while the pore disueter remained constant

(row (1X)). Another possibility was that the two inmer plates
fused to the two outer plates so that the specific pore volume
remained constant, the specific surface area decreased and the pors
diameter increased (row (III)). These processes have been repro~
sented on 8 macro-acale but Rien suggested thut in practice sintering
could take place by either surface diffusion or orystal growth.

For neutron irradiated graphites, the loss in surface area
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and pore volume occurs as the result of the formmation of a large
number of defects and imperfections in the orystallites (see
Seotion 2.2.3). This causes the orystallites to expand into the
pors volume and form constrictions. A feature of neutron induced
aintcringgz’ 93 in graphites is that the original surface area znd
pore volume ¢an be restored by heating the sintered graphite to &
temperaturs of approx. s00°¢c.

A comparison of the sintering characteristics of heat
treated porous carbons, with those for ceramice, silica gels, and
neutron irradiated graphites, suggests that a different mechanism
of sintering must be postulatsd for porous sarbons. Porous carbon
perticles do not tend to fuse together, the temperature of sintexr-
ing is conmperakively low, tho mode of aggregation of grystallites
and the stability of the structure iz different Lrom that of silica
gels, and the process of sintering is irreversibis in contrast with
the reversidle neutron induced sintering of graphites.

Por porous carbdbons there are at least three possible
mechanisng by which sintering oceurs during heat treatment.

They aras

(1) closing of eracks or sealing of wedge-ghaped

blind-end nporas,

(2) irreversible expansion of crystallites into the

pore volums, ond

{3) growth of crystullites to form constrictions im

PO GSe
Thess mechanisms will nov Lie considered.

Permozbility meacsurements by Davidson anmd I.osuty75 on
esllulsse carbons (see Pig. 10) cleerly show that hest treatment
to 1,?90“0 narkedly reduces tho permmeability. Thiz would not oceour
i sintering only effected wadge-shaped pores or cracks.

It 1s possible that crystellites expand into the pores
during heat treatment, but ere prsvented from contracting on
cooling. Loch end Austinvz hove shown that ihe reversible expansion
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of orystallites in graphiteas is accommodated in the pore volume.
They showed that a relationship exists between the bulk thermal
expansion of graphites and the porosity -~ the higher the porosity,
the lover ths bulk thermal expansion. Accommodation of the
thermal expansion of the crystallites in the pors volume caused the
overall thermal expansion of the graphite specimenas to be much less
than the thecretical value. Howsver, for porous oarbons, it is
unlikely that irreversihle thermal expansion ¢an acoount for the
formation of constrictions. Comeider a orystallite im a pore of
dieneter 15 X with the layers of the orystallite parallel to the
pora wall to give the maximum thermal expansion. The coefficient

of thermal esx;_;»zxnai«m4 in the direction perpendicular to the layers

o1 4s 300 x 10~ per °C. For a carbon heat treated from 800°
%o 1,706°c, the temperature rise to be considared is 900°C. The
expansion into the pore reguired to partially block the pore would
bs; say, 10 1. Therefore, the size of the orystallite necessary
to give this thermal expansion is

1 = AL
] X A%

= 333 %

vhere AL = 10 1, the crystallite expansion,

L, = size of the crystallite in the g direction,
and At = 9@9 C, the temperature rise.
Ciearly a value of L = 333 % does not sgree with the results
obtained for non-sraphitizing oarbons heat treated at }.,700 Cy viz.
I '\33;2 . 12 the size of orystallite 1s taken as 5k =128,
then °~°/12, or approximately 30 orystallites would hau to aoct
together to produce an expansion of 10 &«  In view of the rigid
nature of the carbon structure of non-graphitizing carbons, this
mechanism must be considered as unlikely.

In contrast to thermal expansion, crystallite growth over
the temperature ronge 800° to 1,?0003, or even 800° to 1, 299"9‘, is
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sufficiently large 4o considerably reduce the size of the pores.
TABLE 16 lists the increments in the Ba. dimension during crystallite
grovith from 800° to 3.-920900‘ and from 800° %o 1,799‘0 for the aeries
of carbons, along with the average pore radius for the carbons
prepared at 800°C.

PABLE 16
Increments in the Lg Dimension of Crystallites for

Carbons Heat Treated to 1,200° and 1,700°C and the
Average Pore Radius for Carbona Prepared at 80@°¢

Carbdon 5 ip
Sample \
RN ¢ §) | @)
800%-1, 20%¢ 800°-1,700%¢

Gellulose ,

aeshate 11 19 12.1
Ceéliudoae 3 l2 Bed
Phenol=-

formaldehyde 1 16 11.5
FPolyvinylidens

¢hloride 15 25 6.8
Polyvinyl _

chloride 9 42 15.5
Cellulose® 3 9 -

* (ref. 216)

Remembering that Ep is an average pore radius, it is clear from
TABLE 16 that crystallite grovth is generally sufficient to partially
or totally constrict the pores. This mechaniss explains the sudden
decrease in the surface area for most carbone a% a heat treatment
temperature of approximately 1, 200%. Por instance, celluloss
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acetate carbons exhilbit a marked decrease in surface area at a heat
treatment temperature of 1,200°C, Apparently a aystallite growth
of 11 3 constricta or blocks off a major proportion of the smellest
PULrose Ddepnding upon the pore gize distribution, further crye-
tellite growth vill generally become less effective in reducing the
surface area as the pores remaining are relatively large. At &
Senperature of 2.,20006 the pores contributing %o the surface are =0
large that crystallite growth into the pores has little effect in
reducing the surface area.

Yor cellulose carbon, the crystallite growth at 1,200°¢
appears to be insufficient to constrict the pores. However, while
the value of 3 % for the increase in crystallite growth agrees with
the data of Blayden et al”%, 1t 1 possible that this figure is in
exrror by 2 £. In this event, a value of 5 £ for the crystallite
grovih could be considered more effective in reducing the surface
area by 81% at 1,200%.,

If it iz accepted that crystallite growth is responsible
for sintering, then the decrease in surface area with heat treatment
should depend upon the amcunt of crystallite grovwth in relation to
the size of the pores. If the erystallite growth for a series of
carbons is approx. the same, them the greatest decrease in surface
area should ocour for ocarbons possossing the smallest pores,

Figs 77 shows the plot of the parcentage decrease in surface area
on heat trsatment from aeo" to 1,‘?‘“9@"!5 against the average PoOre size
of the carbone prepared at 89096. ¥hile there is some variation in
the crystallite grovih amongst the carbons, the general trend con-
firns the above argument.

Now it has been postulated that a crystallite in the wall
of a pore grows in the & direetion and constricts the pore.
Hovever, the nature of the growth of the orystallites into the pore

space is difficult to acoount for. During sintering, if the

crystallites grov out into the pore, then carbon atoms must be
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trensferred to the leading edges of the crystallite through the
vapour phase or by surface or solid diffusion. As the vapour
prescsure of carbon becomes appraeciable only at tsmperatures greater
than 2,400°C (ref. 4 p.52), it is most unlikely that at 1,200°C =
sufficient number of carbon atoms in the vapour phaso could be
transported to give a orystallite growth of 10 . Similarly, as
pointed out in Section 2.1.3.3, there is no evidencer ® 551 66 o
solid state diffusion in carbon until the temperature exceeds
1,800°C.  Little is known about surface diffusion apart from the
fact that it would probably require less activation anexrgy than
solid state diffusion.

It is possible, howevor, that growth ocours only on the
edge imbedded in the carbon matrix. Under these conditions, the
eryetallite would be pushed out into the pore, the crystallite

growth being accommodated in the pore space as for reversihle
thernal expansion.
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6. COBCLUSIONS AND RECOMM®NDATIONS

(1) Heat treatment of cellulose acetate, cellulose, phenol-
formaldehyde, polyvinylidene chloride, activated polyvinyl-
idene chloride, polyvinyl chloride and Cal carbons produced
a marked drop in their surface srea. These results taken
together with those for other carbons reported in the
literature, suggest that the loss in surface area vith heat
treatment may be a universsl phenomenon for porous carbons.
The porous carbons suscepiidle to sintering have been
prepared from such diverse carbonacecus materials as ooal,
coco~nut, organc-metalliic tompounds and orgenic polymers.
Although activation inereazses the surface area, sintering
the active carbdons still reduces the surface area by an
amount couparable to that for unsotivated carbons. A
marked drop in surface ares ocours at tewporatures between
1,0&0" and 1,260"&' for ali carbons except that prepared
from polyvinylidene chloride. For the polyvinylidems
chloride carbon, it is suggested that the evolution of a
large quantity of impurities at 1, 200°%¢ fopens up! sufficient
surface area to counteract the reduction in the surface area
dus to sintering. However, heat trsatuent of this carben
above 1,7099 C produces & large reduction in surface area.

(2) Heat treatment of the porous carbons produced little change in
the meroury density, indicating a Sorrespondingly small
change in the bulk volume. The change in the helium
densities, however, indicates that for cellulose acetate
and phenol-formaldehyde carbons, heat treatment alters the
pore structure so that ultimately helium atonms penetrate no
further into the pors volume than meraury atoms. In other
words, the carbons are beginning to behave as low density,
non-poroua materials. The decrease in helium density and
surface area with inoreassed heat treatnent temperature,
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suggests that constriotions form in the pores and eventually
block them off. For the polyvinylidee chloride and poly-
vinyl chloride carbons, hovever, the rise in the helium
density with the heat treatmont tempersture implies that

the grovth of constrictions into the pores hap been insuffic-
ient to exclude helium atoms from the pore volume. The
riee in helium density for pelyvinylidens ohloride and
polyvinyl echloride oarbons is attributed to the reduoction

in the interlayer spacing of the erystallites accompanying
orystallite grovth and the possibility that helium atomn nay
be adsorbed onto the orystallite surfaces.

(3) The value of the pore volume caloulated from the mercury and
heliun densities for cellulose acetate snd phenol-formmlde~
hyde carbons generally dsoreamsed with heat treatoent
temperature above 1,@69“0, end substantiated the argunent
that hea$ ireatment closes off or destroye the available
pors volume. The pors volume caleoulated from argon igpo-
therm data differed from that caleulated from mercury and
helium densities, but the difference can b2 attriduted o
the carbon acting as a molacular sieve. At 1,700069 the
two pore volumes were approximately aqusl, suggesting thas
the porss remaining in the carbon were equally accessidle
to both argon and helium atoms.

(4) Heat treatment producecd an inorease in the average pore size
(estimated from the pore volume and surfase area) for
cellulose acetate, cellulose, polyvimyl chloride and Cal
carbonas, while the average pore eize resainsd constant for
polyvinylidene chlorid o, activated polyvinylidene chlorids
and pPhenol-formaldehyde cardons. These results at first
sight appecr $o contradict the previous findings that the
surfage area and pore volume of the ocardons genernlly decwronne
with increaced temperature of heat treaiment. Howevar, if a
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carbon possessed a wide pore size distribution, the forma-

tion of constrictions in the amallest pores would shift the
average pore size to larger pore diameters. On the other

hand, if the carbon possessed & narrov pore size distzribu-

tion, the average pore size would not be greatly altered.

(5) Pore size aistribution enalysis of the nitvogen adsorption
isotherms of heat treated cellulose acetate carbons sxtended
the results obtnined for the change in the average pore aize
quoted above. The analyais revealed that sintering moved
the maxioum in the pore size dtstribution to larger values
of the pore diameter. High pressurs meroury penetration
reasurenents showed that there was no change in the pore
size distritution for pores of dismeters from GO to
20,000 go Similar gualitative deductions were made from
nolecular sieve measurements and from an analysis of the
change in ghape of the adsorption isotherns.

(6) The kinetics of adeorption of argon on the heat treated
cellulose acetate and polyvinylideme chloride carbons vere
successfully desoribed by a solution of Pick's Second Laow
assuming that the carbom particles wers spherical and that
Enudeen diffusion was the dominant mode of transport in the
gas phase: This 1is the firet time to the author's know-
ledge that a complete solution of Pick’s Second Law haus
been successfully fitted o the rates of adsorption of a
gas in a porcus carbon over & range of preasurss and temper-
atures. The diffusion coefficients evoluated from Pick's
Second Lavw for a perticular carbon and tsuperature were
constant for pressures below that corresponding to the mono=
layer capacity. The results for the sellulose acetate
carbons showed that sintering actuslly increased the rate of
adserption. Again these resulis would gppecr to be amomalous
until it is realized ithat the effect of the growth of
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constriotions is to biock the mallest pores and shift the
pore size distributions to larger pore diamsters, so
decreasing the resisisnce to gas flow ianto the pores.

A similar result was obtainsd for the rates of adsorption
on all hesat treated polyvinylidene chloride carbons except
for the saaple heat treaited to 1,49&"6. Yor this partiocu-
lar carbon, the rate of adsorption was silover than for the
other meabers of the series. This behaviour is aseribed
to the narrovw pore size distribution possessed by the
polyvinylidens chloride carbon. During heat treatment a
point vwas reached where the growth of constrictions RAPIOVS
the pore size to such an extent that the argon molecules
only onter the pores with difficuity. Further heat treate
mant above 1,400°C imcreased the rate of adsorption -~ the
rate of edsorption for the cerbon heat treated %o l,m“c
being faster than the carbon heat treated to 800° or
1,200°¢.

(7) The caange in the heat of adsorption for the series of heat
treated carboms was most zeadily accounted for im toms of
surface imperfections. Rather than hest trestuent produc~
ing a more homogeneous surface, it was suggested that heat
treatment encouraged the growih of surface imperfections
such as grovth steps. Phis conelusion vas supported by
corresponding changes in the differential molar atropy
with heat treatment. Comparison of the differsntial molap
entropy of argon on CA~-800 with several theoretical moiols
of the adsorbed state, suggested that adsorbed argon uols~
cules possossed one degrso of translationsl freedon along
with two degrees of vibrational Ireodon.

(8) fThe crystallite eize messurenents clearly demonstrated the
marked difference that existe between the erystallite growth
of the non~graphitizing carbons prepared from eellulose
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acestate, cellulose, phenol-formaldehyde, polyvinylidense
chloride and the graphitizing carbon prepared from poly-
vinyl chloride. Coumparison of the crystallite growth of
ths non-graphitizing carbons with their porosity and surfacs
area values, showed that crystallite growth is apparently
independent of the pore struclure. Purthermore, this
observatior sgrees with the suggestion by Ii‘rankliu%g that
erystallites of non~graphitizing carbons grow by a procass
independent of the porosity, e.g. an increase in the xfﬁ
dimension of the crystellite arises from the incorporation
of the surrounding disorganized material.

{3) Several possible sintering processes vere mmd such as
sealing of oracks or the irreveraibls thermal expansion of
the crysiallites into the pores. However, the only process
vhich can agscount for the bridging of POTes Approx. 1% 2
in diemoter, involves the growsh of oryetallites into the
pore space to form consirictions. Yhis progess satipw
factorily explained Both the sudden decreass in the surface
area for most porous carbons at hest treatment taapersiures
between 1,000° and 1,200°¢ and aleo why tho reduction im
surface area depended upon the average pore size. 4
detailed analysis of tho mechanism of orystallite grovth
revealad that the crystallites must grovw from the edge
imbeddad in the carbon matrix and not from the leading odge
protruding into the pore space. In other voxrds, the
crystallite groush is aeccmmoda;ceé in the pore space in
much thoe same manner as for reversible thermsal expansion.

Thess conclusions suggest the following investigations
2ight be of interegti~

(1) In view of the unexpeoted tremd in the helium density for hesat
treated polyvinylidene chloride carbona measurements should
be extended to carbons heat treated above 1,700°C. It is
likely thet the helium density for polyvirylidere chlorids
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carbons will begin to ﬁwreaaezs at hsat treutnent temuperaw
tures adove 1,70,0"3 and econfora to the pubtitern of heliwm
densities for other non—gravhitizing carbons.

{2) The possiblec industrial applications of sintered celluloss
carbons has beon wentioned by Davidson and Losw'ﬁ. The
remarkable properties of ithils carbon suggestis ithat a careful
survey shouid be made 0f tho properties of carbons prepared
from various polywmers. For instancs, the carbom preparsd
from polyvinylidene chioride possesses o relatively low
bulk denzity (approx. 1.¢) and a high crushing strengthe
If ¢this carbon could be prepared in & machinable form, it
would be an excellent lov density structural or insuletion
material. Unfortunataly the carbdonization of moast polymers
excepting a fev such as sellulose, proceedis through & fiuid
stage so that particular shapes cannot be prepared in &
machinable form.

{3) Rates of adzorption on 8 polyvinylidene chloride carbon heat
treated to 1,4ao°c show that the pore volume is not remdily
agoessible to adsorbate mclocules. As polyvinylidens
ohloride carbons possoss o very narrow pore size distribu-
tion, the correct selection of the heat tractment temperature
could produce a carbor that would act as an efficient
molscular s eve.

(4) Electron micrograpns of hent treated porous oarbons may provide
complementary evidence for the formation of grovth steps and
congirictions. Provious «lectron mlcrosccpe investigntions

have bean mainly concernmed with the surfocs topography of
&raphite exysials.
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A CHEMICAL ANALYSIS OF CARBONS

Carbon Semple

Ceilulese Acetate
C4~T00
CA=-B800
CA~1000
CA~1200
CA~1400
CA=-1700
CA=2200

Celluliose
CEL~800
CEL~1200
CRI~1700

Phenol-formaldehyde
. FP-800
PP-1200
PR~1400
PR=1T00

Polyvinylidene chloride
SA~800
EA=1200
8A~1400
SA=17C0

Polyvinyl chloride
PVC~B800
PVE-1200
PVC~1700
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Poxrcentage by weight of element

£

91.7
90.6
90.9
96.2
971

992
96,8

B89.3
G6el
1C0

93.7
98.9
98.6
98,9

756
S6ed

96.1
9%.0

95.0
99.8
99%.9

[
6.2
6.1
503
3.5
1.7
0e5
De 2

4.8
3.1
Oe4

4.6
1.5
0.9
03

1649
2,8
2.3
1.2

249
trace
trace

B
2.1
1.6
1.3
0.9
0.9
009

o5

1e7
009
0eB

1.7
03
0,2
0.1

2.3
0.5
0.6
003

1.2
0s5
0e5

&

4.0
Nil

Kil

1.3
0e2
Kil

Ash

1.3
0.9
1.0
O3
0.2
0.2

0.3
Qe 2
5 8

0.2
Oe2

0.2

0.2
0.2

0.2
#il
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ISOTHERM DATA: ARGON ON CA-800 DEGASSED AT 350°C
AND DEGASSED A% 900°¢

CA-800 CA=800
Degassed 350°C Degassed 900°¢C
Tav = =195.6°C fav = ~195.6°C
v I’/I*‘,’ v /B,

{gege™™) {geze™) _

04166 0,015 0,165 0.C06

0.176 0.042 0.135 0.053

0.189 0.097 0.199 0.134

0.198 0.1 00210 04220

0.204 0.191 0.7 0.289

0.217 0.305 00232 0.411

0.220 04330 0.247 0.519

00 230 0e429 0. 257 0.623

04 237 0o 491 00280 0.754

0.259 04635 0.297 0.825

0.274 0. 742 00317 0.920

04302 0.871 0332 0.979

0.7217 0.928
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Isotherm Data

Col

Co2

Ce3

Ced

Ce5

Argon, Nitrogen on

(1)

{i1)
(111)
(iv)
(v)
(vt)
{vii)

CA~700, CA~800, CA=1000, CA-1200, CA-~1400,
CA-1700, CA~2200, CA-2600, and CA-2900
CEI~800, CEL~1200 and CEL~1700

PP-800, PP-1200, PF~1400 and PR-1700

8A-800, SA-1200, SA-1400, SA~1700 snd SA=-2200
SAA-900 amd SAA-1700

PVC-800, PVC~1200 and PVC~1700

CAL~original and CAL~1700

at =1 36‘}30

Banzens on CA~800, CA-1200 and CA~-1700 at temperatures
between 15 and 45%¢.

p-Cymene on CA-800, CA~1200 and CA-1700 at 45°C.

n-Butane on CA-800, CA=1200 and CA-1700 at 0°C.

Reo-Pentane on CA~800, CA-1200 snd CA-1700 at 0°C.
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ZH LTA

C.1 ARGON ON CA~T00 and CA~800

CA=700 €2-~800
Tav = ~195.7°C fay = ~195.8°¢C
v P v P
(oo go~%) (mm.) (0e8s gort) (um.)
T1.57 9.0 x 107 0.2 1 x4
78.12 2.6 x 167+ 0.64 4 x107¢
86496 94 1.23 5 x1074
92,76 17.6 2.24 g xai07%
99,21 26.6 3.68 1 x10”
106. 4 40.6 4.85 1.5 x 1072
112.0 54.6 8447 2.3 x 1077
1163 7540 11.8 3.5 x 107>
125.8 990 4 17.1 5.5 x 107>
131.1 114.5 25.9 1.2 x 1072
137.9 1372 3346 2.8 x 1072
143.8 157.0 48.4 7.5 x10"2
148.0 167.2 59.0 2.55 x 107+
154.1 183.1 72.0 1.00
158.2 193.4 79.0 1.87
86.6 3430
101.2 22,51
115.1 48.43
118.7 58452
122,8 72,67
129, 2 99.06
134.3 119.5
144.0 145.6
157.5 170.3
164.0 18103

174.5 197.1



Cel ARGON ON CA~1000

CA=1000 CA~1200
fav = =195,7°¢C Tav = ~195,7°¢
v 3 v P
(e0e_goY) (as,) (egs got) (am.)
63.91 1.0 4.95 1e5 x 1072
7232 4.8 15.19 6.4 x107F
81.65 12,6 20.80 4.33
89.74 2.4 « 23.31 10.81
95461 2940 25.62 23,23
10%3.4 8.4 29.05 41447
107.30 5508 31.92 61.43
112.5 70.1 34,93 85.01
118.3 92.1 39,91 11043
127.5 115.2 45.82 138.5
13644 13847 52,56 165.0
14443 165.5 59.72 187.2

1503 183.7



ISOTHERM DATA

Cel ARGON ON CA-1400 and CA-1700

e

CA-1400
Pav = ~195.6°C

v

.-,1)

C.91
l.20
2,43
5493
Te15
11.52
14.13
17.11
18,62
19.54
.42
2.7
22,80
25.70
26.84
28,83
31.77
36455
39.10
47.21
52,34

P
(ume )

1 x107t
1 x10™0
4 x1070

5.5 x 102

1.0 x10°%

4,6 x .10'1
1.10
3.89
8.66

13.T0
20,16
31.38
40.50
47,70
T0.64
84.32

101.5

132.4

140.5

169.9

188.5
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CA-1700
fav = ~195.6°C
v P
(8oce go~1) (mm.)

0.32 5 x10°0
074 14 x1072
1.27 3.5 x 1072
2.22 1.0 x107*
3.38 21 z10%
5.81 9.2 x 107}
6.76 2.80
8,03 9,91
8.87 21,30

10.14 43.04

12.25 79. 42

13.61 95.96

15.33 113.4

17.15 133.1

18.69 148.9

19.67 156.4

21.43 168.9

24.23 191.5

25,66 200.1



ISOTH DATA
Cel ARGON ON CA~2200 and CA-2600

CA=2200 CA=2600
Tav = =195,8°C Tav = =195,7°¢C
v P v P
(cece 22 )  (ame) (Gece ™) (mm)
0.04 3 xi074 0.10 7 x107%
0,13 5 x10™% 0.25 7 x1077
0.29 2 x10™ 047 2.2 x10™2
‘ 0.52 7 x1077 1.04 8 x10°2
0,83 1.8 x10~2 3,37 5.8 x 107%
1.22 3.5 x 1072 4.2 3,85
2,32 1.0 x 107% 4.45 7.64
2.94 2.1 x 107t 4,80 16.54
4.25 4.5 x 107+ 5,22 29.71
50 41 1.66 5089 47.93
6.02 416 6.86 66.77
6.83 13.75 8.33 88, 27
7.48 24.89 9090 109.7
8455 47.11 10.84 122.6
10.01 70.04 13.76 155.7
12.63 101.0 - 15.71 175.4
14,61 124.2 18.23 199.5
15,65 133.5
17.73  153.7
20.20 170.3

22,64 188.5
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ISOTHERM DATA
Col ARGON ON CA=2900
CA-2900
Tay = -195o6°c
v P
(ce0. g."l) )
0.32 8 x1074
0e 49 5 - x107
0.75 1 x10°2
0.86 2.5 x10™%
2,06 1.5 x 107%
4.13 0.50
5005 2.87
5459 10,33
6.62 35.74
7.02 44.81
7e37 51.65
T+87 60,49
9.02 76.62
10,75 96. 71
12.34 116,5
14.45 139,2
17.49 167.1

20,01 191.3



240

ZS0TH! DATA

Csol NITROGEN OK CA-~BOO and CA-i700

CA=800 CA=1700
Tav = =193.7°C fav = ~194.1%
v P v P
CoCe go ) (. ) M) (mm.)
0.54 15 x 2072 6.51 4.45 x 2072
9.81 28 x 167 8.€2 1.57
50408 2.5 x 10~ 10,73 8.35
92.15 2,37 1142 26457
10043 8.64 12,67 79.84
10642 18,06 13042 133.3
110,35 31.35 14.34 207.0
1146 = 53.22 15.43  311.5
119.0 119.4 16.28 380.4
123.4 182.1 18.64 519.3
129.5 259.1 19.44 546.5
132.8 34445 21.81 645.7
138,24 4846 24495 T8.3
145,3 5671 26,82 T42e4
151.5 7111 30.00 832.6
156.5 805, 6 34,71 923.5
163.0 935.6

167.5 1040
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ISOTHERM DATA

C.1 FITROGER OH CFL1~800, CELI~1200 and CEL~1700

CELI~800 CELL~1200
fav = ~192,1°C Tay = -193.1°¢
v P v P
(oge go™1) am, ) (coge go7Y) (om. )
45.82 45 x 167 18,12 10.1
107, 2 4,06 27.70 96,2
118.7 16,37 30.53 19943
130.9 65041 30. 26 512,0
135,1 15L.1 30024 400.6
137.4 234, 37.63 6013
139.7 323, 4 36498 646.5
143,2 509,9 40,10 825,7
144.6 633.7 43,01 956, 2
147.0 86245
149.8 990+ 3
1506 1050,1

Cont ‘de



IS0THFERM DATA

Cel Nitrogen on CELI~800, CELI~1200 and CELI~1700 (Cont'd.)

CHILL~-1T700
fav = - 192, 20’3

¥ b
(gace 271) (mze)
6420 5.8
8.30 197
11.56 98,5
12.06 181.5
13.11 376.6
13.75 503.7
14.02 656,0
14.10 704.1
14.67 842,3
1505 932.0

15.04 1065

15.22 1140
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ISOTHERM DATA

Gel ARGOW ON PF-B800 and PR=1200

FP-800 PP=1.200
tav = -195,7%¢ Tav = ~195.7°C
v P v P
(eo0e_go 1) (um. ) {e.c.‘ggﬂi) (e, )
2.86 1.6 x 10™2 1.57 9.5 x10™2
3436 5.5 x 1072 2.52 3.8 x 1072
4.70 1.9 x 1073 3,92 1413
6438 0.93 4.70 2.64
7.78 5455 5.15 6.72
8. 41 6.81 5054 11.43
9.93 14.03 6.03 22,35
10.61 24,93 6.82 40.61
11.42 34495 Te 47 6l.21
12,20 57.00 8,36 84.34
12.56 67445 995 122.4
12,82 88,65 10.97 144.2
13.61 125.2 11.91 163.4
13.78 130.6 12,12 181.6
14.39 15649 12.75 196.0

15.01 177.9



ISOTHERM DATA

Cel ARGON OF PPM-1400 and PP-1700

PP-1400
Pav = «195.,6°C

¥
(Ceze g.‘l)
0.04
Oel4
0.29
0. 41
060
070
0.99
095
1.1
1127
1.20
1.34

2
(un.)

8 x10
5.5 x 10
3 x10
1.3 x 10
1.15
432
37446
75.02
108.3
144.1
182, 2

4

3
2

2
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PF-1700

Tav = =195.6°C

0. 28
034
0.39
Oe56
073
0.84
0.95
1.01
1.02
1.03
1e04
1.06

P
tf)- (. )

CaCo Lo

2
4

2.5 x 10
7.5 z 10
3.1 x 107+
1e52
11.40
31045
60480
90.52
116.5
154.5%
169.8
195.8
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ISOTHERM DATA
Cel ARGON OK SA-800 and SA-1200
SA=800 SA=1200
Tav = -195,6°¢C Tav = =195,7°C
v 3 v P
(2e0e go70) (mm.) (ee0e & 70) (mme )

2,26 1 x10™? 1.82 1 x10™2
12.23 1 =xi074 14,01 2 x4
5.2 7 x107t 33.94 3 xi0°4
81457 12 x 1072 118.8 45 x107°

169.5 1.2 x 1072 126.9 6 x107°
223.0 1.3 x 107% 157.7 1.5 x 1072
256.1 147 19547 6 x107°2
273.5 9,10 214.5 2,35 x 1071
282,0 16.65 244, 2 9 xa07}
287.0 29.24 248.9 1.17
287.9 44,67 262,0 1.42
289.6 66020 269.1 4,09
292.4 93.39 282, 2 12,61
294.9 128.8 286.3 19.31
297.0 161.5 291.0 35.15
297.5 180,0 293.8 51,46
298.0 194.3 297.5 82,60

299.8 111,8

302. 2 150.6

304.4 191.6



ESOTHERM DATA

Col ARGON ON SA~1400, SA-1700 and SA-2200

Sh~1400
Tav = -196°C

¥ ) 4
{ 8o Co 80"1 ) (ﬂ‘, 3] )
125 3
167 23
183 75
22 147

SA=~2200
Tav = ~195.6°C
v

P
P (ma,)

«11 Te 55
X 1l.41

8A=-1700
Tay = =195.6°C

246

v P
(2s8e ge~T) (mn. )
0,30 2  x1072
0440 2 z1™
0.78 93
0,95 2:77 B
1.18 8.36
1.38 16.48
1.60 23%.01
l«7T2 35.84
1.77 58,03
1.83 84,06
1.89 12.12
l1.91 15,92
1.96 17.15
2.01 i9.,99



180 DATA

C.1 ARGON OF PVC-800 and PVC-1200

PYC~800

Pay = =195,6°C

¥

2
‘ﬁ&,ﬁg gz- ) ’L‘_!_g.)

041
Ce46
0.5
0.55
0.61
D.6%
G T3
.82
0.89
0o 96
1.08
1.13
1,22
1.9
l.42

1,1 x10°2
4 x1072
1.6 x 107%
6.5 x 10°*
3.02
9.32
26,60
51.50
72.62
97.03
125.9
133.7
1535
170.6

191.5
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PVC~1200
Tav = =195.6°C
v P
(CHN 5;1) (mm, )
0.02 2,5 x 1070
.05 8 x107°
0.07 1.7 x 1072
0.09 4 x1072
0e11 1.0 x 107%
0.15 2 x107}
0e® 50
0.27 2,85
0.29 5.60
V30 9.09
2.1 13.40
0.32 17.83
2.35 29.41
0.38 39,80
0.39 48. 46
9440 56,10
042 62.65
D44 7587
0.48 90.35
.60 123.1
0.68 15043
0.76 167.5
0.85 190.7



ZSOTHERM TAIA
Csl ARGON ON PVC~1T00

PVC~1T700

fay = =195,5°C

v

P

(go0e go~1) (mns )

0.02
0.04
0.09
0.13
0.16
0.18
0.19
0. 28
0.32
0.40
0.52
0.56

2 x10°2

11 x 107%

4.8 x 107}
1.9
11.24
250‘8
38452
50,17
81,03
101.2
131.5
181.0

194.7
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Cel  ARGON ON SAA~90Q and SAA=-1700

Tay = ~195,6°¢C Pav = =195.5°C
v P Y 2
{es00. &g.‘l) (mm, ) (&2:..&':3.) (ma, )
28,95 9 xiot 2.2 1 x1074
500, 8 1,7 x 1072 13.22 3.5 x10™%
340, 2 2.8 x 107} 584 25 5 x1077
405.0 .66 72.61 1 x1072
430, 4 .93 8767 1.6 x 1072
496.1 2.15 116.9 3 x1072
565.5 5041 1174 g x1072
600, 5 7e81 221.8 2.3 xi07t
665,7 13,11 276.6 .87
71,8 18.25 307.1 2,20
76143 25,51 327.0 3,95
80404 35012 363, 4 9.07
831.7 46,18 388, 4 13.23
B844. 2 54,00 439.8 24.00
858.7 69. 40 4TL.5 300 56
868, 9 86.12 519.2 42,05
8747 96,02 54446 51e 45
883.7 116.4 55901 58. 26
892.7 135.9 57047 70.78
900.6 1545 582.1 88, 27
910.6 174.8 585.3 96.71
920,1 195.1 588.0 108.3

Cont 'ds



150THERM DATA

Cel Argon on SAA~900 and SAA~1700 (Coxt'd.)

SAA~1T00
Tav = 195.5°C
v P
CX N (mm, )

594 7 116.5
594.7 132.5
62,8 i55.1
6001 170.0
608, 2 18l1.2
6103 191,0

614.9 20.1



ICOTHERM DATA

Cs1 ARGON ON CAlmoriginal and CTAL~1700

Cal~original
Tav = «19507°C
v P
(gegs 2o7Y) {zme )
1,12 1 xi07?
6,09 3 x107t
35,81 2  xi10”
99.00 3 x1072
157.1 1.7 x107%
183. 4 41 x107t
2217 1.8
256.0 5. 48
292.5 11.12
32,3 .71
328.4 30,82
361.2 43.93
372.9 62.86
375.0 80,60
382.5 105.7
385.% 116.4
405.6 179.1
410.3 197.0

CAL-1700
Tov = ~195.6°¢C

]
1.63
Fe52
22,81
41,67
49.08
54.10
66,22
80.64
%18
7. 91
10%.2
108.8
1175
132. 2
137.0
1436

)

r,
{(mmne )
3 x10
7.5 x 10
5 x10
47
1.34
2.55
13.28
30,68
43,15
60411
80.42
92.74
126.4
163, 2
185.1
194.9
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ISOUHERM DATA

C.2 BENZENE OR CA-800

Tay = 1406°c

adserption

0.1092

0.1344

0.1383

0,1719

0. 2236

0.2384

0: 2511
desorption

0. 2452

0+ 2403

0, 2188

041993

01535

061383

4

(nme.)

1.57

8,19
14.77
25.04
41.67
47.22
57.87

39,90
35457
22,90
16429
9.94
3.28

Tav = 19.9°C
v P
(Bee) (mume )
adsorption
01174 6.00
0.,1269 10,05
0.1362 15.30
0.1528 25,06
0.1738 36434
0.1955 45,62
0. 2250 57.14
0. 2459 T5.11
desorption
0.2416 6732
0. 2380 59+ 46
0.2324 48.71
0. 2266 41,97
0s 2090 30,81
0.1813 23.19
0.1376 Bo.8l1
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ISUTHERM DASA

Ce2

HENZENE OF CA-500

Tav = 24,8°C
v P
(Bege™) (ma.)
rdsorpiion
02074 2:94
0.1296 11.77
0.1467 25,63
0el643 3920
0.1872 5%, 29
0. X024 63416
0. 2349 7729
00,2476 94429
desorpiion
042423 6BeTT
0, 2202 49436
0. 2032 51lel2
0.,2493 is%n
0e1213 3496

Pav = 29.,95°C

v P
(geged) (ums )
adeorption
0.1185 8.01
0,1%64 22.91
0.1480 T4e 30
0.1630 50438
0.1855 66430
0. 2196 82.26
0.2304 93.98
Oe 2454 117.91
descrption
0o 2778 89,02
0. 2328 7B.6%
0,227 69459
0.2183 58,01
0. 2124 53.09
0.1295 44,49
0.3i798 3347

0.1536 21.89
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ISOTHERM DATA

(2 BYNZENE OF CA-30C

oy = "55. 600 Tav = 38, 356
L 2 P | 2

(Eegl) (@n.) (g (mn.)

adsorption adsorption
0,1165 6eT4 001117 6.03
0.1279 14,45 0.1234 17.23
0.1349 21,98 0.1303 #1689
0.,1480 30,64 0613577 39« TL
0.1565 50434 0.1425 46,10
0.1745 70454 0.1520 62.05
0.1842 7941 0.1581 7054
0.1972 90, 26 01697 86,12
0, 2061 9736 0.1786 94. 71
0.2222 16957 0.1915 104.30
06 2365 122:38 0. 2003 116.69
0. 2470 146,59 Ce 2159 127.23
0. 2280 l4c. 22
desorption 042365 160432
G, 2419 108.61 e 2420 17%.12

0.23525 86,78

0, 2157 65.41 desorntion
0.1662 41.07 0.2404 155.61
0.1413 15.96 062296 l1l2.51
0.1284 5.01 0, 2081 76.68
0.1587 49,15

0.1305 .7



LSOTHERM DA

Ce2 BENZENE OF CA-1200

fav = 14.1%

v P
(Gegs™t) (am. )
adsorption
0.0248 1.57
0.0415 11,10
0.,0479 18. 4
0.0563 22459
0.0665 28,33
0.0772 32,83
0.0990 40,59
0.1045 44.37
.12 4T.67
0.1362 52,16
0.150% 56436
desorption
0.1190 41.72
0.1057 31.64
0.,081.4 17.44
0.0383 4.59
0.0321 1.90

Tav = 19,9°C

v
(& 5.-1,)
adsorption
0.0290
0.0420
0.0487
0.,0608
0.0719
0,0810
0.0963
0.1146
0.1207
C.1514

desorption
0.1243
0.1013
0.0650
0.0364

(zn.)

4. 55
16467
24,41
54 70
41,11
46,46
53.43
62,14
65.00
75.03

60.54
3945
17.97

5.52

255



ISOTHERM DATA

Ce2 BEHNZENE ON CA~1200

Tav = 25.5°C fav = 29.75°C

v P v P
(Bege™) (ame ) (Gere™) (mns)

" adsorption ~ adsorption
0.0117 391 0.0312 9.81
0.0312 2,60 0.0385 21,19
0.0381 6062 0.0457 31.74
0.0481 17.15% 0.0506 41,89
0.0553 26,52 0.0572 51.63
0.0664 39. 44 0.0663 62,05
0.0695 49.17 0.0760 T1.39
0.0807 57.54 0.0965 88,22
0.0938 60437 0.1089 9%4.75
0,1125 T7.05 0.1319 109.94
001334 82,33 0.1481 117,22
0.1626 94.92 deaorpiion

desorption 0.1309 102.45
0.1407 80.71 0.1051 Ti.44
0.1%05 77612 0,0947 56.09
0.1163 66.79 0.0705 36.01
0.1087 564 51 0.0435 18.25
0.0962 41.86 0.0324 4.46
0.0686 24,73

0.0535 16.56



ISOTHERM DATA

Co2 BENZENE ON CA-1200

fav = 34.8°¢
v b
(Bege™t) (2m. )
adsorption
0.0231 4.02
0.0354 18.77
0.0424 34.93
0.0520 5463
0.0663% T7.24
0.0859 98. 23
0.,1087 117.93
0.1218 129.18
0.1308 135.41
0.1407 141.74
0.1471 145,57
desorption
O.1281 125,22
0,1151 105.34
0.1008 78,51
0.,0764 45, 43
0.0415 18.09
0.0327 5.60

Tav = 39,7°C

v P
(ege”l) (o) i
adsorption
0.0291 i7.24
0.0336 29.5%
0.0397 45.69
0,0475 66.0%
C.0574 87.27
0.0638 98.07
0.0713 108. 44
0.0875 127.26
0.1009 145.56
0.1146 156434
0.1312 172.11
0.1402 177.79
desorption
0.1119 132,13
0.1027 112,82
0.0872 82.63
0.,0722 66,55
0.0499 51. 43
0.0418 3779
0.0344 16.53



Ce2 BRENZENE O CA~1700

Tav = 15.0°C Tavy = 20.0°C
vy ) ¥ P
) (am.) (k) (@)
adsorption adsorption
00,0144 e 54 0.0114 42
0.0197 10.70 0.0164 12.28
0.0230 17.48 0.020¢ | ZL,12
0.0265 22, T 0.,0241 29,79
0.0307 26,64 0.0270 34432
0.0398 3358 0.0325 39.89
0.0471 3799 0.0406 46,91
0.0553 41.85 0.0460 50425
0.0640 46,65 0.0521 53.92
0.0094 50.33 0.0609 58.56
0.0755 5890 0.0672 65.55
0.0725 7539
desorpiion

0.0719 47.78 desorption
0.0660 38.42 0.,0697 66.25
0.,0617 32.27 0.0603 44.82
0.0514 23.99 run abandoned because
00377 18,73 of leak.

0.0252 14.22

0.0202 10,73

0.0142 l.80
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SOTHERM DATA

C,2 BENZENE ON CA~1700

fav = 25.1°C Tav = 29.9°C
v P L P
(™) ) (Getes) (mme )
adsorption adsorption
0.0111 3. 37 0.0113 Te76
0.0130 9e 55 0,0136 15.61
0.0186 22,03 0.0151 22,07
0.0226 34.70 0.0183 31.33
0.0271 43,91 0.0225 45, 29
0,0310 50,69 0,0283 60,11
0.0386 58, 51 0.0331 67.23
0.0446 62, 44 0.0432 71.67
0.0614 75.02 0.0514 84.57
0.,0669 82,10 0.0607 93,64
0.0726 94.73 0.0659 104,01
0.0704 117.66
desorption
0.,0630 75.92 - desorption
0.0583 53.58 0.0671 99,07
0.0468 38,07 0.0620 76.29
0.0181 19.04 0.0515 56, 42
0.0119 4.42 0.0344 34.14
0.,0156 16,44

0.01.27 778



ISOTHERM DATA

Cs2 BENZENE ON CA~1700

Tav = 35, 9°C

v P
(Bege™) ()
adsorphtion
0.0125 686
0.,0136 14.72
0.0160 29,78
0.0218 49.72
0,0270 71.29
0.0363 88,27
0,0446 99,01
0.0533 108,33
0.0591 115.12
0.0643 122,56
0.0712 146.10
desorption
0.0671 127.74
0.0632 101.60
0.0522 73.89
0.0416 52485
0.0184 34,07

Tav = 41.2°C

v P
(gee™2) (aa)
adsorpiion
0.,0091 Te27
0.0124 20,75
0.,0139 31.01
0.0162 42,67
0.0186 580 22
00213 77.08
0.0236 91.10
0.0281 104.64
0.0403 128,03
0.0466 137.71
0.0524 145.24
0.0595 159.78
0.0665 186.68
desorption
0.0641 156.81
©.0498 121.65
0.0184 52,52
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LSOTHERM DATA

Co3 p~CYMENE ON CA-800, CA~1200 and CA-1700

CA--800
Tav = 45.1°C
v P
(gege L) (am )
0.0353 0.25
0.0510 0.42
0.0629 065
0.0762 1,36
0.0876 1,99
0.0955 2.33
0.1094 2.81
0.1173 3.17
0.1303 3.79
0.1453 4.38
0.1580 5.43
CA=~1702
Tav = 45.0°C
0.0049 0. 26
0.0079 Oe 48
0.0120 070
0.0145 1.04
0.,0156 1.32
0.0185 1.84

CA=1200
Pav = 44.8°¢C

¥ P
(gego~t) (am. )
0.,0006 0.04
0.0159 0+36
0,0322 0.99
0.0336 1.16
0,047 1.72
0.0500 2+43
0.0873 2,90
0.0633 332
0.0695 338
0.0801 4,15
0.1054 5. 27

CA-1700 (Cont'd.)

0.,0253 2,68
0.0295 3.08
0.0352 3662
0.0406 4,11
0.0481 4456

0005‘8 4.88
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ISOTHERM DATA
Co4 n~BUTANE OF CA-800, CA=-1200 and CA~1700
CA=800 CA~1200
Tav = 0°C. rav = 0°C
v B v ?

(Beke™>) (am.) (gege ™) (ame)
0.,0044 0,68 0.0073 1.92
0,0155 2,04 0.0147 13.18
0.0291 4,92 0.01T1 24.30
0.044T 13,02 0.0189 38055
0.0548 27.13 0.0200 49.41
0.0605 39.76 0.0218 60,06
0.0666 61,29 0,0226 73.72
0.0703 79014 0.0241 96.78

0.0747 105,89 0.0252 119.5
0.0272 151.2

.0293 18143

CA~1700 CA=1700 (Cont'd.)

Ay = O°C

 0.0026 1.51 0.0096 38.19
0.0046 3.86 0.0106 64,60
0.0061 8,30 0.0111 76.37
0.0676 15.24 0.0114 88,63
0.0082 18,25 0.0120 106,60
0.0093 31.26 0.0123 138.13



ISOTHERHM DATA

Cs5 noo~PEHTAEE ON CA~800, CA-1200 and CA=~1700

CA=800
Pav = 0°C
v P
(gege™Y) (zm.)
0.0150 .76
0.0299 2.24
0.0431 6464
0.0486 1l.44
0.0528 16.25
0.0%65 23.43
0.0611 32.19
0:0662 47,61
0.0692 560 47
0.0699 65461
0.0724 8L, 46"
0.0753 102,02
CA=1700
fav = 0°C
0.0009 0. 46
0,0016 4462
0.0033 13.40
0.0066 27.88
0,0081 39.88
0.0104 54,90
0.0115 79477
0.,0120 99,55
0.0122 127.01

CA-1200
fav = 0°C
v P
(Bezsd) (s )
0.0005 0.69
0.0036 555
00045 10.53
0.0076 2. 26
0.0114 37675
0.,0134 54.08
0.0153 T1e25
C.0169 9%.17
€.0182 121.28
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APPRNDIX D,

Pore Size Distridbutions

D.1 Calculation of Pore Size Distribution from Adsorption
- Isothorm Data foxr CA~800 and CA~1700.

D.2 GCalculation of Pore Size Distribution from Theorstical
Pore Models.
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PORRE SIZE DISTRIBUTIORS

D.1 CALCULATION OF PORE SIZE DISTRIBUTICN FPROM ADSORPTION
ISOTHERM DATA YOR CA~800 and CA-1T700.

CUMULATIVE SURPACE AREAS AND PORE VOLUMES
{Cranston and Inkley Method >0 )

KITROGEN ON CA-B0OO and CA~1700

CA~800 CA-1700

Pore
Diameter Cumulative Cumulative Cumulative Cumulative

z Pore Vol, Z Pore Vol.
29% - - ol -0004
285 - - .1 .0008
2715 - - o2 .0012
265 - <001 .2 «0013
255 - «001 o2 -0015
245 - «002 o3 «0017
235 - «002 3 <0019
225 - 002 o4 «0023
a5 - +003 o5 «0029
205 1 «004 5 «0033
195 i +004 o7 +0039
185 1 «004 o8 <0045
175 1 +005 «9 «0052
165 1 «006 1.1 »0060
155 1 «007 1.4 +0070
145 2 +008 1.7 »0081
135 2 «009 2.2 «0096
125 3 011 2.6 «0109



266

CA-800 CA=1700
Pore
Diameter Cumulative Cumulative Cumniative Cunmulative
z Pore Vol, z Pore Vol.

&) @22 ™) (ceeo g.2) @2 g™ (c.o. g t)

115 3 013 3.0 «0122

105 4 «015 3¢9 «0145
95 6 «0138 4.9 0168
85 8 «022 6.2 <0196
5 12 «027 8,1 «0232
65 16 «034 10.5 0271
55 23 + 043 14.0 «0319
47.5 29 +050 15.5 0337
42,5 35 +054 17.4 «0357
375 46 «064 19.8 «0380
325 60 076 22,2 «0399
27.5 i 086 23%.0 «0404
22,5 106 «104 25.1 047
19 128 114 26,1 0422
17 137 o118 27.5 0427
15 144 1l 275 0428
13 148 «122 - -

12 - -
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PORE SIZE DISTRIBUTIONS

Ds 2 CALCULATION OF CHANGES IN THE PORE SIZE DISTRIBUTION FOR
TWO HYPOTHETICAL MODELS OF CONSTRICTIOR GROVTR

Commencing with the pore size distribution calculated
from the experimental data for CA-800, the chaunge in the pore size
distributions for two models of comnstrioction grouth vere caloulated.

MODEL I

The growth of constriction into the pore acted as a
barrier and reduccd the pors dismcier by the size of the conatric-
tion. Por an inttial pore diameter of 30 2, a oonstriction of
10 £ reduced the pore diameter %0 20 £. The initial pore volume

of 47 e._c._g.‘l is reduced by the ratio of the square of the pore
dm‘t“!, 10 425 Qoo 30‘1-

MODEL I
The growth of constriction imto %he pore space occuplud
2 volume proportional to its diaweter. The remaining pore
diameter waz caloulated from the remaining pore volume. Tor an
iritial pore diameter of 30 £ the area of o cirele of dismeter
30 %, & = 705 8%, he introduction of a 10 £ dlemeter constriction
reduces the available area by 78.5 X% to A, = 627 8%, e snitta
pore volume is reduced from the initial valus of 47 0.ce ge © by the
retio 2R/ to the value V, = 42 c.o, i s

The new pore diameter
B, is given by Aiz?/?&. 5e



PORE SIZE DISTRIBUTIONS FOR DIFFERENT VALUES OF THE CONSTRICTION
DIAMETER - MODEL I.

SPRP I 3 Expevimeninl Values
P 5 10 15 2 25 30 35 40 50 60 7 80 % 100 110 12

vV 12 25 40 54 66 47 37 30 22 17 13 10 8 6 5 )
* 25 100 225 400 625 900 1220 1500 2500 3600 4900 6400 8100 10000 12100 14,400

STEP II : Introduce a constriction of Bg - 10 A

p, =~ -0 5 10 15 2 25 % 40 50 60 70 80 % 100 110
22 - o 25 100 225 40  §25 90 1600 200 3600 4900 6400  A100 10000 12,100
v, - © 45 125 24 A 19 17 14 12 9.5 7.7 6.3 4.9 42 3o 4
STEP IIT s Iatroduce a'mmmm of 1) = 25 2

By - = = - o 5 19 15 3 35 45 55 65 75 55 95
af s = - o 2 100 225 625 1220 2025 %025 4225 5625 7225 9025

- -] - L 0] 105 3 ;0 2 505 5-‘8 so‘ 5-3. 401 50 4 3 205




PORE SBIZE DISTRIBUTIONS POR DIFPERENT VALUES OF THE CONSTRICTION

DIAMETER - MODEL 2,
STEP I : Experimental Values
by 5 10 15 2 25 30 35 40 50 60 70 80 90 100 110 120
v i2 25 40 54 66 47 b4 30 22 17 13 10 8 é 8 4
9‘2 25 100 225 400 625 800 1220 1600 2500 3600 4900 6408 8100 10,000 12,100 14,&00
A 19.6 T8.5 177 314 430 705 960 1250 1960 2820 3840 5030 6350 7,850 9,500 11,300
STEP II : Introduction of constriction represented by a circle

of diemeter DT = 10 £, giving an equivalent area of

78.5 32,
Ag - 0 99 236 412 o7 882 1172 1872 2742 3762 4952 6272 7,772 9,422 11,202
v, - 0 22 40 55 42 4 28 21 16,5 13 10 8 s 5 4
B: - 0 126 300 525 800 1120 1500 2400 3500 4800 6300 8000 9,65 12,000 14,300
Dy - 0 11e2 173 22,9 28,3 33,5 38.7 49 592 69.3 - 794 89.4 99.2 109.5 120
STRP IIX 1 Introduction of comsiriction represented by a circie

of diametexr B; = 16 2, giving an equivalent area of

200 22
Ay - - - 36 az 427 682 972 1672 2542 3562 4752 6072 T,572 9,222 11,022
?s - s - 601 280 6 moﬁ 26 23 19 150 3 12- 3 9.5 70 ? 6 5 4
2 - = = 4 20 545  BT0 1240 2130 3240 4550 6050 7750 9,650 11,800 14,100
Ba - - - 6.8 16.4 25.3 29.5 350 2 ‘»‘50 2 56.9 77.3 88,0 98, 2 1@30& 1187

675
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STEP IV : Introduction of oonstriction represented by a circle
of dismeter D° = 32 &, giving an equivalent area of

| kT

&: = 800 22
Ay - e - @ = = 160 450 1160 2020 3040 4230 5550 7,050 8,700 10,500
v, - = e *a = - 6.2 10,8 13 12.2 10,3 8.4 . T S5eb 47 3.8
»; - w - - = = 204 S5T5 1480 2580 3880 5400 TI00 9,000 11,100 13,400
354 et -~ - - bt = 14.3 24 38.5 90,8 623 T35 84.3 Sde9 105 ‘ 116

SPEP ¥ s Introduction of comatriction represented by a circls
of ﬁgm« ﬁg = 50,5 3. giving an squivalent area

ot L; = 2,000
*’g s " - . = - - - 0 1050 2340 3860 5500  T,450 9,550 11,500




APPRNLIX B

Influencs of Particle Size on the Adsorpitive

Capacity of Sintered Carbons - Isstherm Data



SOTHERM DATA:

ARGON OF CA~800, FINELY GROUND CA-800 AT -196°C and PINELY

GROUKD CA~1T700

CA~-B800

Pav = ~195,7°C

y P
(e’m.g‘.ﬁl} (==, )
91,2 0.53
102.0 1.8
110.5 4.45
115,9 8.25
122,7 18,52
125.3 25,81
127.2 52,37
129.5 38.50
130.1 47.01
134.6 55063
138, 2 68,07
CA=1700
fav = ~195.7°C
0.12 5 x1072
0.54 5 xo04
117 1 x10™?
3033 2 x210°?
6.19 1l x 107t
8.96 5.2 x 107
10.77 6.2 x 107>

CA~800

{ground to vmrmosh)
fav = ~195.7°C

¥
(es2e58e f}‘ )

9‘9.1
105.3
112.4
119. 4
129.0
i3l.1
1351
137.0

CA~1700 {Conmt'd. )

13.93
15.83
16,74
17.54
18.11
22.42

?
(m=.)
1.24
2.49
be22
15000
35467
45,51
54,32
60.56

237

T4
13. 33
19.45
28,60
42,12
63.30

272
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PEX ¥,

Einetics of Adsorption

Argon on CA-800 at -81°C, CA-1700 at ~183°C and
CA~1200 a% -196°¢,

Argon on CA-B00, CA~1200 snd CA~1700 st ~-&1°, -183°
and ~196°¢,

Argon on SA~800, SA-1200, SA«l1400 and SA-17CC at
-196°c.

Humarical Solution of Fiok's Second Iaw for the Case
of a Sphere of Radius r,



KINEYICS OF ADSORPTION
P.1 ARGOE ON CA-800 at -82°C

L
TIXE A¥0
(Chars) | | | | | |
Units (2t - P2) (»2 - 23) (p3 - P4) (P4 - »5) (»5 - ¥6) (»6 ~ »7) . (P71 - 8)
0
1 » 295 +352 » 377 2596 - s § 44 « 811
2 +397 <453 »489 «498 503 535 <495
3 459 o517 553 +558 <564 597 556
4 o514 568 604 604 +610 639 598
5 «551 «608 »642 o541 - 645 673 631
6 586 +5640 .675 <672 676 705 «657
7 616 665 +703 <698 703 730 .682
8 o644 +689 727 122 721 754 +704
9 +668 « 710 748 o741 750 775 723
10 685 729 «768 +758 778 794 74
iz2 + 709 »TG3 +802 789 803 824 « 765
14 <736 «792 +840 ~818 822 850 ~789
16 «» 760 +816 «856 «840 856 873 «811
18 o TTT + 8353 « 875 «360 876 593 +829
2 798 « 84T +B892 «877 892 nl +843
22 #8185 «860 <905 ~891 905 9% 857
24 832 875 o917 <960 918 938 869
26 846 .888 «928 2909 928 949 +BH0
28 +860 898 +937 .97 937 960 +890



(contd.)

{Chext)

Units

Kote:z

n
P2

P’

P4

Por ease cf tabulation the readings were taken directly from

the recorder ohart,
chart speed was such that
10 'ghagt units' = 3.75 min.

Por the rexainder of the experiments the tize could be read

For tho majority of experinenis the

fron the chart direetly in minutes.

—t
v
(rt - ®2) (»2 - »3) (¥3 - P4) (»4 - 25) (25 - »6) (¥6 - P7) (»7 - 28)
;&66 cgeﬁ s9%5 - 9‘5 - ‘0399
873 +909 <951 - 953 <975 +907
. - .955 969 - « 914
+88C «915 «963 965 - RT3
- . ~968 971 - +927
+907 +928 ~972 974 »996 <934
+945 «955 +985 991 w <966
+990 «979 «995 = +989
0.465,107% e P5 = 1.97 C.
0.130 o P6 = 3.78 OMe.
04267 o, ¥ = 4.70 Tk
0.881 CM. T8 = 3.74 CHe

275



TINE Lvs
A¥0
(m 1 = 22) (P2 = ¥3) (23 ~ 24} (24 = 25)
0
1 »567 +562 «515 «531
2 +633 o631 «5T7 «586
3 «667% «683 521 «632
4 «726 o725 558 672
5 =765 <760 «692 0702
6 o797 « 794 «TLT <751
7 825 <815 « 745 « 756
8 «850 342 TR +780
9 «B67 »863 <790 +801
10 «887 <884 «809 «819
12 <918 «913 » B840 -848
14 942 2936 <865 «875
16 960 «957 «886 +894
18 «973 «368 «907 « 910
2 »982 <578 «927 «924
22 «988 « 386 « 5940 «535
24 992 - «953 «946
26 +995 ~93% « 965 +956
-] - - +97% +96%
30 « 384 »970
32 - "
vhere P1 = 0,151 CM. P4 = 0.453 0.
P2 = 0.215 CM. P5 = 0,821 CM.
P53 = 0.265 QM.
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g;ggg;cs OF Anaagggga!
F.1 ABGON ON CA-1200 at ~196°C

FIMB

(Chart

Units)

WO - e O

MO M
BRBERELR S

EREB RN

45

s
A,

a7

BL-pP2 P2=P5 F3=P4 P4~P5 P5 - P6 P6 - P7

332
371
406
439
467
494
520
545
586
606
626
657
685
70
734
753
770
787
802
814
878
890

+ 405
« 456
«498
«534
«566
> 593
«625
647
672
«633
734
«765
«795
+820
804
«880
«893

+915
957

«972
+985

«346
« 408
+ 433
«478
* 509
«540
+565

+614
«635
674
« 704
731
*762
783
«-817
«835

«860
+888
914
938
»956

<417
464
«501
» 536
+568
«595
+620
+642
«562
«680
716
«743
«767
«792
+807
«825
*836

«856

+ 880

+«910

«433
+ 496
535
o573
«608
+638
«680
+ 718
+738
«TI7
«812
» 340
« 861
«-882
«900
*915
o927
942
«950

+968

«980



{Chart s e - - - - P7
Unﬁm}?l P2 P2~ P3 P3~P4 PA~P5 PS5 ~-P6 P6 - P7

55 908 - - 937
60 95 984 -
65 925 - 94
70 928 -
5 940 -
80 946 +955
85 974 -
20 980

vhere PL = Ix107% o P4 = 0.1Z O,

P2 = (.03% CH. P5 = 0.175 OM.

P3 = 0.075 M. P6 = 0,187 CM.

T = 0.170 0.

3]
&



Po2 ARGON ON CA-800, CA-1200 and CA~1700 at -81°¢

TIHE

{Chart
Unite)

%8§3§£B§%§$5wmqmmgm»n¢'

W
L

L¥e
AV
CA~-BOO CA-1200

* 234 564
+ 340 678
« 403 « 725
»458 « 756
» 505 +780
543 «802
«5T6 «818
» 606 «833
636 «845
662 «857
705 +876
« 155 +850
764 +901

- 912
+810 +92L
+829 927
«842 936
+ 858 + 940
874 +946
900 -
+ 910 <958

TIME
(mo )

R

3
3]
o7
9
1
1.5

LI - Y O T

b B

Avg
AVoo

CA=1T700

|



LIUR

{Chars
Units)

Egsﬁl

A¥o

Ch=-500 CA~L200

*9350 972

280



FICS OF AD o
¥.2 ARGON ON CA~800, CA-1200 and CA-1700 at -183°C

TIMB Ay TINE Ly
AV A¥w
(Chart

(sin. ) CA~800 Units) CA~1200 CA=1700
o ¢
i 086 8 - «531
2 »119 2 456 «586
3 151 3 » 480 632
4 .18 4 506 672
5 « X5 5 526 +T02
6 o228 6 <547 «731
7 249 7 567 «756
8 - 268 8 587 780
9 « 286 9 606 «801
10 «302 10 «624 819
12 333 12 «G54 «848
14 +360 14 682 875
16 o382 16 +703 <894
18 - 405 18 o724 +910
20 o424 20 oT44 »924
24 « 461 22 +T762 946
28 <493 24 778 <963
30 508 26 «792 970
36 -544 28 804 +985
40 +565 30 «818 «992
46 «595 32 .828 -
50 «614 >4 «B840
56 «640 36 850
60 657 38 .860



TINE

{(¥in. )

Ay
OV

CA-200

«6398
«T24
«753
778
877

PINR
Bnits)

83883‘

‘Avx,

282

Ca=1200

+867
=505
524
«943

CaA=~1700



KISETICS OF ADSORPTION

P.2 ARGON OF CA-800, CA~1200 snd CA~1700 at -196°C

TIHE

(uin. )

WO =WV e D

Bt e
o N O

EBHERB B

45

Lvs
AVeo
Ca~E00 CA=~1700
114 «698
«165 «T85
« 208 «847
o242 +890
«273 923
*299 e 943
324 959
+3545 968
+365 «977
+385 «984
«418 «994
462 -
+ 487
«514
«534
582
o617
+654
«682
« 707
o732

WM e W N O

I
- S YR

BARERNSBREREE

283

534

+672
«693
<734
«765

+820
«840

+ 880
+893

==l

«925
*935
«950

974
+98%
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Fo3 ARGON ON Si-800, SA-1200, SA-1400 and SA=1700 at ~196°C

TINE -g%

(Min, ) SA~800 SA-1200 Sk~1400 SA-1700
)
1 « 290 .282 .122 «612
2 «420 <404 169 «740
3 o517 501 212 «805
4 +597 +579 .248 «835
5 660 .644 - 2
6 «T12 «694 « 287 +840
7 <747 «736 <314 872
8 «T94 o TTS 337 «900
9 .825 805 360 -
10 .85 -830 380 -920
12 -891 «872 - -
14 +920 +902 « 460
16 <941 «927 -
is8 956 « 947 «523
20 «968 «962 -
22 977 +972 »562
24 .982 ~981 -
26 «987 -988 «601
28 - «993 -
30 - +665
32 -
34 -
36 «702
38 -
40

«7125



TIME
{in.)

55
70
85

A¥eo

SA-800

54~1200

- Sk=1400

«B06
«857
«884

SA~1700




Fe4 NUMERICAL SOLULION OF FICK'S SECOND LAW FOR THE CASE OF A

SPHERE OP RADIUS r,

Bouation (22) i1s

Vi « Yo
Vw‘-vo

Iet 71 = s’(

5

«45

9
1.2
1.5
1.8
2.1
2.4
2.7
0

72

2566
2566
* 566
+ 566
<566
+ 566
+566
« 566
« 566
0566
« 568

3
«0075
+0168
«03
0675
12
+1875
27
« 3675
* 48
6075
75

«6562
750
-822

-880
«9

«954

Veluee of the function iLerfo x were obtained fron crankla.



Thermodynamics of Adsorption

Gel Differontial Heats and Entwropies of Adsorption of
Argon and Benzene on CA-~800, CA~1200 snd CA~1700

G+2 Accuracy of Thermodynamic Heasurements
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G.1 DIFFSRENTIAL HEATS AND ENTROPIES OF ADSORPRION OF
ARGON ON Ci~800

N, Uat s
{cale mole 1) (cal. moie * dog. 2)

0.091 2,460 23.9
0,183 2,190 25.0
00274 2,120 23.9
0320 2,010 24.3
0.366 2,020 23.4
0o 412 2,060 22.1
04457 2,040 214
02548 1,970 20.0
0.640 1,890 18.7
0.732 1,830 18.1
0.821 1,770 16.7
0.914 1,760 15.1
1,005 1,730 14.0
1.100 1,720 12.9
1.193 1,670 12,3
1.284 1,67 11.9
1375 1,670 11.6

1.46% 1,670 1le4



THERMODYNAMICS OX ADSORPEION

Gol  DIPFERENTXAL HBEATS ANDU ENEROPIES OF ADSORPIION OF ARGON

ON CA=1200
i, L 83
(oals mon:"t) (cale mole ™t deg. ™)

0.187 2,810 13.4
0,281 2,750 12.5
0.374 2,700 11.6
0.467 2,6 112
0.556 2,540 11.0
0,655 2,460 10.9
0795 2,300 1163
0.843 2,120 11e7
0.888 1,990 12.4
1.030 1,895 13.0
1.125 1,880 12.6
1.170 1,853 11.6
1.235 1,895 11.9
1.405 1,765 11.6

1.871 1,710 11.2

0
2
2



DIFFERENTIAL HRATS AND ENTROPIES OF ADSORPTION OF
ARGOE O Ci~1T700

v/vn

0,057
2.103
0. 207
0.315
0414
Ge517
0.620
Cu724
0.827
1.0
1.243
l.451
14662
1,865
2,074

LY
{(cal. mole L)

2,840
2,710
2,640
2,500
2,460
2,420
2,500
2,120
1,95
1,800
1,7%
1,730
1,730
1,730
1,730

aﬁl

(cale. mole ™t

deg.

-1)

155
15.1
136
14.1
133
12.7
12.8
12.6
13.3
12.4
12.4
1i.7
11l¢3
1l.0¢
110



el

IXFFERINTIAL HEATS AND ENTROPIES OF ADSORPTION 0P
BREZERR ON Ci-800

Vﬁ‘

0.499
0,533
Q.571
0.612
0.650
0685
0. 730
Q.77
0,809
0.847
0.893
0.938
0.580

(na;. wole acg..l )

44.7
45.1
454
45.7
45.8
45.9
45.8
45.8
459
45.5
45.1
44.6
44.1
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DIFFERENDIAL HEATS AND ERTROPIES OF ADSORPTIOR OF BENZENE

ON CA=120
/e
vﬁ

0.274
0.307
9.34
Vedl 2
Ve 486
0.545
U606
U684
G727
C.828
U887
0+3953

9,010
B8, 340
8,590
8,550
84320
8,350
8,020
8,010
8,060
8,050

8g

(cal. mole deg. 1)

445
44,7
44.8
46.5
45.8
45.0
453
45.5
45.8
4642
454
46.5



T EMNOTINAMICS OF ADORPTION

Gsl

DIPPEREETIAL HEATS AND ENTROPIES OF ADSORPTION OF
BENZESE OF CA-17800

¥y§‘

0.214
0,266
C. 285
04367
0.425
0.497

04563

0.632
0.695
G794
0.835
0.948
0.971

qﬁt |
( eale mol ﬁ:‘l

)

11,300
10,850
10, 200
18,200
9,810
9,450
9,350
9,120
9,030
8,860
8,810
8, 440
8,240

(_c.&lb 301‘-1 dege

.1}

38.5
40+ 4
w' 9
.2

L3
42.0
42.6
43.0
43.4
44.1
43.8
45.2
45,3

293
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PHERMODYNAMIC S 02} ADSORPTION
Ce? ACC 0F BH 151 4] EASUR BMENT B

{(a) Argon Isotherms |

 The accuracies of the three measured variables tempera-

ture, amount adsorbed and pressure will be considered im turn.
Pemperature: 90 2 ,05°K or approx. 1 in 2,000.
Amount Adsorbed: The weight change is calculataed from the difference
between two cathetometer readings. As the error for one reading ias
< 0.002 om., the error involved in caloulating the extension is
% 0.004 on.  The semsitivity of the springs 1s 80 ome g1, so the
arror in the amount adsorbed on a 0.1 8« sample is : 0.,0004 g.
faking into account spring calibration errors of ¥ 0.0002 g., the
total errcr becomes <+ 0.0006 Ee
Fressure:

(1) Belov a pressure of 2um. Hg., the prassure is read
from the MoLeod gauge o an accurasy of + 26,

(2) Pressures above Zum. Hg. ore read from the mercury
U=-tube manometer. Betvesn p= 2 nme. and p = 1.0 om. the error is
estimeted to be = 0.004 ome Therefore for a pressure reading of
juet greater than 2 mm. the ervor is = 2£. Above P = 1.0 cm. the
error reduces $o < 0.3%. Thuz by far the largest error occurs in
the pressure msasurenents.

The calculation ¢ the heat of adsorption involves
measuring the slope of a plot of log p versus /%, As pointed
above the main error ocours in the pressure messurements. For a

difference in pressures the orror is doubled.
(1) Por pressires below p = Zum.:

Qg 2,500 2 4% cal. mole™

= 2,50 ¥ 100 cal. more~t
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(2) Por pressures between p = 2mm. and p = 1.0 mm,

9. = 2,000 2 4% cnle mole "
=]

= 2,000 3100 cal. mole
(3) For pressures above p = 1.0 cmo
Ggy T 1,500 2 0.6% cal. mole >
= 1,500 %10 cal. mole ™
(b) Benzene Isotherme
Siatlar acouracies ocomr for the measuremsnt of texpera~

ture; amoumt adsorbed and the pressure. However, as most of %he

Us values oorrespond tc pressursa above P = 1.0 Gy the erroy
involved is < 0058

For q., < 9,000 cal, mole " the error is
i 50 sale W’.ﬁ‘ln
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643 HModels of the Adsorbed State
Three basic models that will be exanined are:

{a) & localized momalayer,

(b) on ideal mobile gas, and

(¢) a non-ideal modile gas with one or two degrees

of translational froedom.

The effeot of molecular interactions on the antropy of the lccalized
model has been shown by Garden and Kimgtom~C to be negligible for
the adsorption of argon on zeolite; while for the aon-idesl gas
model molecular interactious do not affect the entropy=P.  Adopt-
ing the methods of analysis similar to that used by Barrer %
Rver “1?0 and Carden and K:Lngtonaa, the charscteristice of the
above mydels willi nov be sompared with the experimental data.

(a) Lecalized Monolaver Mi
This mdel glves riss % Lanmir't dsothorn and the
differential molar entropr 33 is given Yy

sy = 8, + a*h
vhere 'c =R 1ln gl— G= vﬁn and V= momolayor capaciiy.

Values of 33’ '30 and Bth for the adsorption of argom on
CA~B0D, CA-1200 and CA=1700 are listed in PABLE I.

TABLE X

Valuas of the Differontial BEntropy 38’ the

Configurational Entropy ag and tho Themsal
Entxopy ;th for the Adsorption of Argom on
CA-800, CA-1200 and CA~1700,
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CA=B00

o5, ; i

(calemole * deg.™t) (oal.sole > deg. t) (calemole > dege L)

06091 23.9 8.6 19.3
0.183 25.0 2.9 22.1
0o 274 25.9 1.9 22,0
0320 24,3 1.5 22,8
04366 25.3 1.0 22.4
0e412 22,1 0.7 24
00457 2.4 Oed 21,0
0.548 2.0 0,3 2.3
0.640 18,7 2ol 19.8
0732 18.1 1.8 19.9
0,82 16,7 ~3.0 19.7
0. 914 15.1 ~4s5 19.6



0.187
0,281
0.374
0+ 467
0.556
00655
0.795
0.843
0.888

CA-1700

0.057
0.103
0.207
0.315
Cedl4
0.517
0.6
0.724
0.827

{ecu.)

13.4
125
11.6
1i.2
11.0
10.9
11.3
11.7
12. 4

15.5
15.1
13.6
1l4.1
1}05
12.7
12:8
12.6
13.3

(e-u. )

2.8
1.8
1.0
03
0.4
-le2
-2.7
=33
~4.1

Seb
4,2
2.6
1.5
O.7

~0e9
~1.9
"301

th
(cho )

10.6
10.7
10.6
10.9
1l.4
12.2
14.0
15.0
16.%

9’9
10.9
11.0
12.6
12.6
12.7
13.7
14.5
16.4
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According to Garden and Kington> > the thermal entropy must obey
certain criteria if the model of the adsorbed state can be declared
valide The values of the thermal entropy ;th
(1) =must be positive quantities and have & reasonable
physiocal magnitude, and
(2) must be indepenient of 7 .

(v) A Ideal Hobile Gas Model

This model yields a linear isotherm vhere the surface
concentration is directly proportional to the pressure (Hemry's Law).
The isothern for the adsorption of argon on CA~800 is not linear so
clearly this model is not applicable.

(o) MNom-ideal Mobile Model

The preceding model is based on molocules possessing only
a point area and is therefore grossly over-aimplifieds The firast
step is to introduce a co-ares for sach molgscule. The isotherm
corresponding to this model iz Volmer's eguation

b= xS @ G .

The molecules are mobile and may possess one or two degrses of
freedom. The differential molar entropy for one degree of trane~
lational freedom is given by equation (50) vhere 1 = co-lemgth of
the argon atoms. Por tvo degrses of translational freedom the

differential entropy ie given by equation (51) where a, the co-area
of argon atonsam is taken as 11.6 2 o Values of ;s,. .‘;!g 2;!!’
’th' and ;'kh” ire 8iven in TABLE IXI. For one degree of trans-
lational fresdom 'th' can be eguated to

;i' and for two degrees
of transletional freedom ;tn' ' ecan be equated to ,51, vhere

n;v is the entropy associated with the vibration of the atom against

the solid. IZ the model is valid then values of n;v should dbe

independent of J and possess reasonmable positive physical magnitudes.



#20
25
«30
035
-40
«45
«50
295
.60
«65
o T0
#75
.80
85

Values of the Differential Molar Entropy sg

TABLE I1

the Translational Emtropies 1;! and éif
end tho Vibrational fmtropies s  sad r
for Carbona CA-800, CA-1200 and CA~1700.

-

35

(eou.)

25,0
24,3
23.6
22,9
22,2
21.5
20,8
20,0
19.3
18,6
13.0
17.4
16,7
16.0

1%p
(e.un.)

8.4
7.7
6,%
6.3
5.5
4.8
4,1
3.4
2.4
1,3
~0,2
-2,0
4.8

QQY

{e.u,)

16.6
16.6
16.7
16.6
16.7
16,7
16.6
16.6
16.9
17.3
18,2
19.4
21.5

-

25

{e.u.)

13.9
5.4
12,5
1.8
1.1
10.5
9.6
8,9
7.9
5.8
5.3
3.7
1.1
0 |

1%

igv

(eoua)

11.%
11,2
1.1
1.1
11.1
1.0
1.2
11.1
11.4
11.8
12,7
137
5.6
18.7



CA=~1200

0. 20
0.25
0.30
0e35
0.40
0ed5
0.50
0s55
0.60
0,65
CeT0
0.75
0.80

CA-1T00
0410
Cel5
0020
0e25
0+30
0e35
Oe40
Q.45
0450
0.55
0.60
0. 70
0.80

%s

(Qc“c )

13.2
12.7
12.3
1.9
11.6
1l.3
1l.1
11.0
10.9
10.9
11.0
11.0
1l.4

15.2
14.9
14.6
14.3
14.0
13.7
13.4
13.1
12.9
12.7
12.6
12.6
12.7

1%
(ch;)

8.4
T-7
6.9
6.3
5.5
4.8
4,1
3.4
2,4
1.3
“Qe2
=20
-4.8

10,1
9.2
8e 4
T7
649
6.3
5.5
4.8
4.1
Se 4
2.4

~0¢ 2

48

2‘*

(e.u. )

R

4.8
5.0
5.4
5¢6
6.1
65
70
Teb
B.5
9.6
1l.2
13.0
16,2

5.1
57
6.2
6.6
7.1
T-4
T+9
8¢3
8.8
95
10,2
12,8
17.5

2
(Gﬂn’h }

139
13.1
12.5
1le8
1i.1
10‘5
9.6
8.9
?‘%'9
6.8
Se3
3.7
1.1

15.7
14.9
13.9
13.1
12.5
ll.8
11.1
10.5
Ge6
6.9
Te9
53
1.1

302

1%
(Gaﬁa)

0«7
0.5
-0e 2
Col
0.5
0.8
1.5
2.1
0
4.1
5o 7
T3
10.3

=05

0¥
le2
1.5-
1.9
2.3
2.6
33
3.8
4.7

Te3
1l.6
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For CA~800, values of 2;‘, and 13 , &re approximetely constant
over the range & = 0,2 to 0.6, indicating that either the 1%, 2v
or 2¢, 1v states of the adsorbed argon are equslly reasonables
However, the phreionl magnitude of the wibrational entropies for
both states is higher than that predicted from the theoretical
equation for the entropy of vibration, i.s.

;é‘, = R uf{e'=1 e in(i~¢ %) ,
vhere u = D2V/k%, v being the vibrational frequency. At 90°K
Gavden and Kington”'® heve caloulated that 5 for physical
adworption should be approximotely 2 to 3 e.u. The state of the
adsorbed molecules giving & value of ’;? nearest to the thoovet~
icul value is that possessing only one degres of translational
freedome It appoars thet the high entropy of wibration values are
asgociated with a lov heet of adsorption (c.f. the heats of adsorp-
tien of argon on zeolitest’?).

For CA=1200 and CA=-1700 it is evident that values of
:;5' and ‘3* do not comply with the above conditions. Evidently

the surface is sufficiently heterogeneous to prevent a satisfactory
solution.



APPERD B

Crystallite Size Data for Heat Treated Celluloss
Acetate, Callulose, Phenol~formaldehyde,
Polyvinylidens Chloride, Folyvinyl Chloride
and Cal Cardons
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GRYSFALLITR SIZR DATA 3

QRLLULOSE ACRTATE CARBON

CA=T700

CA=~1000
CA~1200
CA~1400
CA=1700
CA=-2200
CA~2600
Ca~2900

CZLLULOSE CARBON

CEBi1~B00

CELL~1 200
CELI~1 400
CELI~1700

800

?-1200
PP-1400
P-1700

CRYSTALLITE SIZB

1’0
&) |

9.8

9¢9
10.6
11.0
1l.2
il.3
233
45.4
505

10,0
10.0
1l.2
12.%

16+3
14,6
18.1
2.6

Ly

®)

27.5
2663
3.8
32
4le5
44.8
51:4
62.2
82

30,2
33

355
42,4

29.4
41.6
42,6
45.0
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POIIVINYLIDERR CHIOHIDE CARBOR CRYSTALIITE SBIzZR
LQ §8
) ()
SA=-800 8.0 22, 2
SA=1200 5.0 35.1
SA~1400 Gl %9.%
SA~1T700 i0.6 47.2

POLYVIRYL CHIORIDE CARBOK

PVC~-800 15.5 28.6
PVC-1200 36,2 3649
PVC-1400 75¢3 50.3
PC~-1T700 227 71.0
PNE=-2200 * 180
PVC=-2600 3 284
PVC~2900 » B

CAL CARBOR
CAL~original 12.4 37,0
CAL=~1700 14.5 45.1

% Reflsotion 00 narrov %0 meamsure with sufficiant acouracy.

I
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APPARATUS

APPEN I

Carbonization Apparatus
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Osrhonization Aprvaratus



A,
B.
C.

¥

G.
E.
1.
de

K,
e
M,

%09

KEY %0 FIGURR

Carbonization Apparatus

Vacuum line

Purnace hood

Condonsate flask

Condenuer

Vacuus gange

Fine conirol needle valve

Cylinder of ‘oxygen free'! nitrogem

Silice tube, lengih 90 om., I.D. = 10 cm.

Stainless steel heat baffles

Four bore silica tubing and two chromel=-
alumel thernccouples

Furnace controller

Temporature indicalor

Furnace



APPERDIX J

Steam Activation Apparatus
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us

A

777

AL .
|—
D*‘/

Steam Activation Apparatus



A,
B.
C.
D.
E.
r.
Ge
H.
I.
Je
K.
Le

KEX_I0 FIGURE
egm Activatinn Apparatus

2, T~k¥ furnace

8ilica tube, length 160 cm., I.D. = 3 cm.
8iiiecx ohips paeking

Stainless stesl mesh

Temperature indicator - top furnace
Chromel-alumel thermocouple

Furnacs controllex

Vacuum line

200~% steam flash boiler

Cylinder 'oxygen fres' nitrogemn
Temperature indicator - bottom furrace
Outlet to atmosphere

32
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APPRNDIX K

Induction Hentsd Purnace

APPEEIIX L

Graphite Furnace
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I
o
8
0
c
o
o
o
=E
Uy

s

O O O ©

Graphite

Furnace

Induction Heated

Furnace




A,
B.

c.
D.

B.
}
G.
H.

A,
B.
c.

By

Ge
H.
I.
Jde

KEY TC FIGURE

Induction Heated Furnace

Vacuun line

Transparent silica tube, length 40 on.,
thickness 0,25 om.y IeDe = 6 oOme

4™ copper coils from generatoy

Graphite cruoible, length 4.5 om.,
thickness 0.25 cm., I.Ds = 2,5 om.

Graphite pedestal

Vatexr cooled base

Tension bolts

Heoprene gaskets

KEY 70 FIGURE
Graphite Furnace

Carbon black insulation

Graphite element

Water cooled brass blocks clamped to
graphite elenent

Brass cover

8ight hols

Inert gas inlet

Inert gas outlet

Water inlet

Vater outlet

Power supply ~ low voltage, high amperage

318
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APPESDIX M

Fine Control Vamouum Valve

APPREDIX ¥

Gas Introduoction Device



m

S~
—&

4 -brass

|| r \— body

\\\\__ _Teftlon’
bellows
L

Greaseless Fine Control Vacuum Valve

to high vacuum
(r"——_
from gas—-——r T

cylinder ‘

1 L

to atmos.

porous
sintered
glass
disc

mercury

Gas Introduction Device

317



szPEAMX ©

Micro balance Antivibration Mounting
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GLOSSARY OF &

L eonoentration

@B heat capacity of the gus at constant pressure

a- interlayer spaeing

dy bulk liquid density

D diffusion coefficient

;B. sffective diffusion coefficient

B sotivation energy

G 8 Gidhs frec energy of the adsorbate

HG molar heat content of the vapour in the standard gas
state = ne/ag

H, @ = molar quantities

> s ditferential haat(oggadmrpnon of adaorbed
molecules = g/ dmg) 2,1,

H, % ~ differential quantitics

85 total heat content of gas phase

ﬁs total heat content of the adsorbed moleoules

H, S = %wial thermodynamic functions

kg Boltzmann's constant

4 Homry's Law constant

L, orystallite size in g direction

‘T‘a orystallite size in g direction

] mass of a moleemla



Glossary of Symbolg (Cont'ds)

=

Yo “&¢ ﬁ”

;ﬁa'ﬂ

o w uﬂl WH

molecular vl ght

denote a nuoro-unit of crystallites which are roughly
alignad

moles of adsorbent

moles of gas in gas phuse

moles of gas adsorbad

Avogedro's number

pressure

proportion of disoriontated layers

saturation pressurs

standard pressure 760 mm. Hg.
pressurs

eritical pressure of the bulk phase
difforential heat

isoeteric heat of adsorption

total heat

Kelvin pore radius

averags pore radius

gas law constant

molar entropy of the zas = s@/ns

sa
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@lossary of Symbols (Conmt'd.)

= @« @« =
-

-
B

HAC

molar entropy of the gas at a standard pressure and
$emperaturse

differential enirvpy of adsorbed moleculss
= (P8g/50,
8) PyTyZ
total entropy of the gas phasa
total ontropy of the adsorbed molecules
multi-layer thickness
tenparaturs
eritical temperaturs of the dbulk phase
internal energy

internal energy, eniropy, etc. of the pure
adsorbent

= YG/nG molar volune of the gas phase

(dov
differential volume, defined as = & 3ng 2,2, T

volums
molaoular volume of adsorbate
volume adsorbed c.c. per g

pore volume not acoessible to argon uti accessible
%6 helium

Bono~layer capacity

pore volume in maocro-pores not taken into account
in V,&
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§lossary of symbols (Cont'ds)

v, amount adsorbed at time zero

Y P pore volume ealculated from heliun and mercury
densition

L saturation capacity

?SI: pore volume calculated from the adsorption isotherm
saturation capacity at T/ P, = 1.0

‘&'t amount adsorbed at time %

Yoo amount adsorbed at time o0

?a average saturation cepaecity

x distance

Greek Letters

correction for non—-ide:dity
peak breadth

surfage conceniration
surface tension

foot?

Bragg diffraction angloe
contast angle

> > v [>e< H W® R

wavel ength

K

chenical potential of the adsorbent, defined as

{ou,,



Glogsary of Symbols (Comt'd.)

Mg

Pﬁc

$ 79 O M
=

Gre etters (Cont'd.)
chemical potential of the adsorbate, defined as
(2 B/on
8) 8,¥yn,
density
helium density
marcury density
surface arean
bond type

mnolecular ares

time spent by a molecule in the adsorbed state

, o

- ' g (

spreading pressures'; defined as / > ;
b3 )ss,v gig

524
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