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Chapter 1



Chapter I ——————— - m——
Structure of carbons

1.1 Introduction
Carbon is one of the naturally occurring elements and has an atomic weight
12.01 atomic mass units (amu) and atomic number 6. It has six electrons and has an

electronic configuration of:1s¢ 2s2 2p¢ in the ground state. This element exists 1n

1 2

different crystalline forms-diamond. graphite, buckminsterfullerene” and carbyne”.

Carbon also has the ability of catenation via formation of ¢ and © bonds.

1.2 Allotropes of Carbon

1.2.1 Fullerene

Stable carbon cage compounds based on five and six rings have been
identified'. The most stable of these. C¢ has a molar mass of 720 amu which
corresponds to a cluster of carbon atoms having a spherical structure like a tootball
based on a combination of six and tive membered rings. C,y contains 60 vertices and
32 faces. 12 of which are pentagonal and 20 hexagonal. Recent work suggests the
existence of manyv fullerenes based on an even number of carbon atoms within the
fullerene class of isomers. The main species are Cy (shown 1n Figure 1.1) and C4( but

there are many possible cage-like isomers of other fullerenes: for example, Cy.

Ficure 1.1 Buckminster fullerene - Cso!
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1.2.2 Diamond

The structure of diamond 1s shown in Figure 1.2. The diamond lattice consists

of sp? bonds with tetrahedral bond angles linking C-C single bond.

Fioure 1.2 Diamond structure.

The structure of fullerenes and diamond will not be discussed 1n detail in this

thesis since the basic structural units tn carbons are based on ‘graphene’ layers

which are related to the graphite structure®.

1.2.3 Structure in graphite

* carried out structural analysis ot graphite using X-ray

Debye and Scherrer
diffraction. Hull® and Bernal® suggested that the adjacent layers are translated by bond
length. but alternative layers have identical projections A-B-A-B sequence with unit
cells of the hexagonal lattice. The basal layers are held together by van der Waals
forces. The spacing between the lavers 1s ().335 nm, bond length 0.142 nm and crystal
density 2.266 ¢ cm™. Lipton and Stokes’ observed lines in X-ray diffractograms
which could not be attributed to the hexagonal lattice. Thus. these lines were attributed
to about 10% of A-B-C-A-B-C sequence, 1.e. rhombohedral graphite as shown 1n

Figure 1.3. This lattice form 1s thermally less stable and reverts to a hexagonal

graphite on heat treatment between 1173 and 3273 K® The weak forces and

delocalization of & electrons between the planes contribute good electrical conductivity
and lubrication properties in graphite. However pertect graphite 1s a rare form ot

carbon but, the so-called single crvstal graphite also invaniably contains defects and
9

structural faults as well as vacancies and interstitial defects
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Hexagonal Unit Cell Rhombohedral stacking

Fioure 1.3 Graphite structure>’

The structure of active carbons 1s less ordered than that of graphite. Riley10

proposed two different types of structures of active carbons on the basis of X-ray
analysis. The first structure consists of the elementary crystallites, which are two-
dimensional analogous to graphite being composed ot parallel lavers ot hexagonally
ordered carbon atoms. The structure ditfers from that ot graphite as the parallel planes
are not perf’ectlly oriented with respect to their perpendicular axis and the angular
displacement of one layer with respect to another 1s random. overlapping each other
irregularly. This arrangement has been termed as ‘turbostratic structure’. The
mutual orientation of the elementary basal planes relative to each other 1s completely
random. and their dimensions depend upon the temperature of carbonisation. The
following values are typical: crystallite herght, L_ from 0.9-1.2 nm: crystallite width, L,
2.0 - 2.3 nm. The second tvpe of structure was described as a disordered cross-linked

space lattice of carbon hexagons.

Detailed X-ray investigations carried out by Franklin!! contributed to a better
understanding ot crystallites of carbonaceous materials. She divided all carbonaceous

materials. except diamond 1nto two categories: graphitizing (soft) and non-graphitizing

page 3



(hard) as shown in Figure 1.4. Figure 1.4 also shows the structure of a partially

graphitizing carbon.
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Graphitizing

Fioure 1.4 Franklin s models of carbon structures“

During heat treatment certain non-graphitic carbons show a gradual change from

a ‘random layer structure’!?

towards the ordered structure ot crystalline graphite
depending on the nature of the precursor. These carbons are referred to as graphitizing
carbons, whereas other non-graphitic carbons show no evidence tor the development ot
three-dimensional order even after heating to 3273 K. During carbonisation
rearrangement of non-organised carbons occurs in the temperature range 1273 to 2273
K, which results in an increase in the degree ot order 1n the 'graphene’ like lavers in
the clementary crystallites. Experiments conducted by Franklin showed that
polyvinylidene chlonide (PVDC) carbonised under 1275 K contained about thirty-five
percent of disordered carbon, and the diameter of its graphitic-like layer was found to

be approximately 1.6 nm. After being heat treated to 2273 K the disordered carbon

became less than ten percent and the diameter of layers increased to 2.2 nm. The height
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of the elementary crystallites (i.e. the number of parallel graphitic like layers) in this
temperature range was found to be small, whereas with polyvinyl chloride (PVC)
prepared at low temperatures, the number of layers increased considerably, indicating
the formation of a graphitic structure. Thus, PVDC was classified as a non-graphitizing
material and PVC as a graphitizing material. The reasons suggested for PVDC not
graphitizing were that during carbonisation of PVDC strong cross-linking develops
between the neighbouring randomly oriented elementary crystallites, which results in a
rigid, immobile mass, whereas with PVC the elementary crystallites were mobile and
cross linking between them was difficult. Thus, PVC produced a relatively soft, less
porous structure of crystallites containing large numbers of parallel graphitic layers.
Also the tormation of a non-graphitizable structure with strong cross-linking is
promoted by the presence of oxygen or an insufficiency of hydrogen in the original
material. Carbonisation of PVDC - (C,H,Cly), results in the liberation of gaseous
hydrogen chloride during carbonisation, which gives highly porous coke. On the other
hand, PVC having a stoichiometric tormula - (C,H;Cl) contains more hydrogen than
chlorine thus forming a considerable amount of tar during carbonisation while smaller
amounts of hydrogen chloride are liberated. Hence. the carbonisation product remains
viscous up to a temperature of 723 K and develops anisotropic structures. The
resulting PVDC char showed a microporous structure and the diameter of largest

eraphitic layer did not exceed 7.0 nm and the elementary layer was tfound to be 10-12
condensed aromatic rings stacked 1n lavers ot two or three. During the formation of
araphitizable carbons there 1s no general organization of these units except a possible

13

preferred local orientaton Between 1273 K and 1873 K the extent of parallel

orientation increases, hence graphitization can begin: two-dimensional growth ot
aromatic layers 1s tollowed by orientation of aromatic lavers in the hexagonal graphite
structure at temperatures greater than 2200 K. The minimum diameter, L, value.
required tor the onset of this first stage has been estimated as 8.0-15.0 nm 1>
16 1 r e L . . _
Roosky " observed a decrease in inter-layer spacing which was accompanied byv

increasing graphitization and this inter-layver spacing was later measured by Bacon!’

Among the non-graphitic carbons 1n which graphitic structure is as yet undeveloped, the

interlayer spacing was found to be constant at 0.344 nm which is very different from
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that in graphite 0.335 nm. Intermediate values were observed for all partially graphitic
carbons and the spacing tends to decrease as the degree of graphitization increases,

18

which 1s directly related to degree of mutual orientation of the layers Several

workers'”?? demonstrated that the presence of surplus oxygen hindered the growth of

graphitic layers in elementary crystallites.

Carbon can be classified into either non-graphitizable or graphitizable, which
reters to the convertibility to a three-dimensional graphitic structure on heating to 3273
K. However, there 1s a continuous range of materials between graphitizable and non-

graphitizable carbon. The differences between these types of carbons are discussed 1n

the following section.

1.3 Origin of Carbons

1.3.1 Formation of graphitizable carbons

The graphitizable carbons are ‘cokes’ tormed by carbonisation ot coal tar and
petroleum pitches as well as from the fusion of bituminous coals (caking and coking)
organic compounds. example decacyclene. anthracene. acenapthylene. Certain
thermoplastic polymers like PVC also torm graphitizable carbons. The graphitizable
carbons owe their inherent embryonic graphitic structure to the tormation of - discotic
(disc-like), nematic. aromatic liquid crystals. 1.e. 'mesophase’ within the 1sotropic

melt of coal or pitch during carbonisation.

1.3.1.1 Mesophase
Brooks and Taylor21 described mesophase as a nematic discotic liquid crystal.
which can be distinguished from other forms of liquid crystals on the basis of the

molecular stacking. 1.e. their constituent molecules are stacked approximatelyv parallel to

each other rather than smectic or cholestric crystal as shown in Figure 1.5.
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Nematic Smectic Cholesteric

. ; : 9,
Figure 1.5 Structure of liquid c:[ystals'z

These polyaromatic molecules possess properties of mobility within the fluid
phase and dynamic, reversible associations can occur™. During the pyrolysis, small
molecules and side chains of tfunctional groups are lost as volatiles like oxygen.
nitrogen etc. and C-H, C-C produce free radicals, ring closure and condensation
reactions leading to the formation of large polvaromatic molecules. When the molar
mass of polyaromatic compounds 1s high (around ~ 600-900 amu) at about 673 K, they
possess the required cohensive energy via van der Waals forces of attraction to
overcome their kinetic energy becoming aligned parallel and adopting a spherical shape
due to the requirements of minimum surtace energy. These spheres grow in size at the
expense of the surrounding i1sotropic tluid and, on contact with another sphere.

immediate coalescence occurs resulting in the reorientation of the material to form a

new, larger sphere as shown in Figure 1.6.
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Ficure 1.6 Showine different stages of coalescence21

Before contact

Just after contact

Short ame after contact

Type of complex interval
structure formed when composite

of two or more spheres contacts to
one large sphere.

This process contnues until all pitch mamx has been converted into mesophase

of approximately 1~5 (L diameter. These units interlock, but the extent of coalescence

and re-orientation which occurs depends upon the viscosity of the mesophase. The

molar mass increases with ame and temperature and reaches a point where the cohesion

energy increases. This leads to a higher order 1n the liquid crystal phase, resulting in

the creation of planar macromolecules consisting ot sheets of hexagonally linked carbon

atoms?* within the isotropic pyrolysate as shown in Figures 1.7 and 1.8.
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However. the chemical characteristics of the environment (reducing or

oxidising) plays an important role in determining long term effects on the carbon,
particularly during mesophase formation. The action of oxygen leads to the prevention

of graphitizablility of the resulting coke: hydrogenation has the opposite etfect.

The morphology represented by Brooks and Taylorzl represents the most
commonly found mesophase as shown in Figure 1.9. The lamellae molecules are
stacked parallel to an equatorial plane. Alternatively less common mesophase
morphologies have been proposed by, for example, Kovac and Lewis® (Figure 1.10).
Work carried out by Huttinger ¢t al*® on co-carbonization pitch with carbon black
indicated a special type of mesophase. Its lamellae molecules were tound to be
arranged concentrically around the carbon black particles giving rise to an ‘onion-skin’

morphology as shown n Firgure 1.11.

Pole
Trace of
lamellae dlrcctlne
Pole

' . | 9,
Ficure 1.9 Morpholoey of mesophase spheres (Brooks and Ta flor"ll

®

Fioure 1.11 Morphologv of

Kovac and Lewls™) mesophase spheres (Huttinger®®)

b

Fi“llre 1]0 Mo hO]O(T\r ot

ase spheres
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The formation of graphitizable carbons has been explained on the basis of
Marchand's’® model which considers the initial anisotropic carbonaceous material (1.e.
mesophase) to be composed of small ‘structural units’ (SU) below 873 K. The SU
comprise of molecules of less than 10-12 condensed aromatic rings; their size is of
order 0.8-1.0 nm and they are stacked in groups of two or three as shown in (stage 1)
Figure 1.12. There is no general organisation but a possible preferred orientation.
which could extend throughout the solid. During the carbonisation process the SU
coalesce to form larger regions of local molecular orientation (LMOQO). The ability to
graphitize 1s predetermined by the size of LMO (i.e. domains). The smaller the LMO 1n
a carbon the less likely 1t 1s to graphitize. Around temperatures of 873-1773 K, verv
tew heteroatoms are left and most of them are bound laterally to the aromatic molecules
characterised by distorted columns (Stage 2). Above temperature 1773 K the distorted
columns coalesce to form wrinkled layers (stage 3). This two-dimensional structure
occurs at the expense of the gradual removal of various detects (heteroatoms, sp3
bonds, twists and dislocations) located at the periphery of the SU. The continuous
elimination of detects results in the growth of naid two-dimensional parallel graphitic
lavers at temperatures > 2273 K (as shown in stage 3). The two-dimensional structure
1s generally referred to as "graphenes’ 1n order to avoid contusion with "true
graphite’. The graphenes do not possess a three-dimensional organization of
stacking and might be quite parallel to a certain degree of pertection. but they undergo
arbitrary changes relative to each other. 1.e. translated or rotated. Hence. there 1s no
fixed relationship between the position ot two carbon atoms belonging to adjacent
araphenes. This kind of structure 1s reterred to as 'turbostratic’. The next step
comprises of having order 1n this turbostratic stacking. There 1s dewrinkling of layers
and development of three-dimensional order by elimination ot in-plane structural defects
to form stff. structurally pertect lavers (stage 4). this 1s reterred to as the graphitization
stage. Non-graphitizing carbons do not graphitize because of structural factors such as
cross-linking, small grain sizes etc. Temperature and pressure both play an important
role in the transtormation of three-dimensional growth of aromatic layers into

orientations of aromatic layers in the hexagonal graphitic structure.
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Figure 1.12 Schematic building of graphitic structure >

1.3.2 Formation of non-graphitizable carbons

Non-graphitizable 1sotropic carbons are essentially chars obtained from
materials which decompose during carbonisation without passing through a plastic
stage. The majority of non-graphitizable carbons onginate from wood, cellulose or
lignin, nut shells or specific cross-linked structures of (C-O-C bonding) of low rank

coals, peats, lignites, synthetic resins like phenolic resins, polyfurturyl alcohol and

polyvinylidene chloride

It 1s the polymeric cellulose or lignin within the natural-occurring matenals such

as wood, nut shells etc. which 1s pyrolysed. These polymers lose heteroatoms during

carbonisation by pyrolytic decomposition leaving behind the basic skeleton of polymer

which eventually cross-links thus preventing fusing. The voidage created by loss of

small molecules, including hydrogen, carbon dioxide, water and carbon monoxide

: . : ) . 7
(1273 K) constitutes porosity and high surface areas within the carbon‘7’28. The

detail of the collapse of macromolecules during carbonization is not fully understood.

.29 ol
However, Mrozowsk1™” showed that the early stage of carbonisation involves the
cleavages of bonds within the macromolecular system to give free radicals. Electron

spin resonance (ESR) studies show a rapid increase in free radical concentration around

page 11



the HTT of 973 K. The early stages also involve release of volatiles in the form of
water, methanol, methane and carbon dioxide. Such elimination causes fissures, cracks
or spaces within the macromolecular system. Fourier transform infra-red (FTIR)
Investigations indicate the presence of aromatic lamellae when Phenadur resin is
carbonised under nitrogen at temperatures around 623 K. The aliphatic side-chains are
linked to developing aromatic domains by mixtures of ketonic and ether linkages.
During the process of carbonisation simultaneous elimination of small molecules and
subsequent re-arrangement of the carbon atoms to form six membered rings of carbon
lamellae, albeit impertectly. Aliphatic carbon groups are removed in the form of tars at
around 823 K. and at around 1073 K the specimen is no longer transparent to Infra-red

(IR) radiation and the carbon has been formed=".
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1.4 Carbon Characterisation

Several techniques are available for the analysis of the structure of isotropic and
anisotropic carbons. Some of these techniques are discussed briefly below but more
stress 1s laid upon the fundamental principles of adsorption which 1s the basis of the

adsorptive gas separation processes operating in the carbon molecular sieve materials

and 1t 1s this which falls within the context of this thesis. The fundamental principles of

adsorption are discussed separately under section 1.5.

I1.4.1 X-ray diffraction

This technique 1s used to determine the average bulk structure of carbon

material. This technique provides a measure of the amount of ordered matenal present
and can be used to give an indication of the size of crystallites in the ordered structure.
The X-ray diffraction pattern 1s recorded in terms of angle of scattering and interpreted
in terms of positions and widths. The parameters usually quoted from X-ray

diffraction experiments are as follows:

dgyo - Interlayer spacing; L. - apparent stack or crystallite height: L, - apparent stack or

crystallite width.

[n general. the dy, distance 1s the average spacing between two adjacent basal
plane carbon - carbon layers (0.3354 nm in graphite). L, represents an apparent
crystallite dimension 1n the case ot disordered carbons caused by the wrinkling of

layers.

This technique has drawbacks and there are limitations to the information
obtained for developing a model of structure 1n carbons. This 1s basically for two
reasons. Firstly, the broadening of ditfraction lines of graphitic carbons 1s a result of
two structural phenomena - small notional crystallite size and strain within the lattice
resulting from defects. The size broadening can not be separated from strain
broadening hence diffraction is interpreted in terms of sizes of notional crystallite, L.
and L,. Secondly. X-ray diftfractions result from those parts which show Debye

diffraction conditions. A part of the structure may be highly disordered and therefore
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not contribute to the X-ray diffraction data. This structural aspect is not included 1n the

model.

1.4.2 Electron microscopy

X-ray diffraction is unsuitable to distinguish clearly between non-graphitizable
and graphitizable carbons in the range of HTT up to 1273 K. Electron diffraction
makes 1t possible to resolve the more complex crystalline components of graphitizable
carbons by making use of dark-field imaging. In this technique the more ordered
regions of graphitizable carbons show up as bright spots on the microscope screen.
The high resolution fringe imaging enables a clear distinction between non-graphitizable
1sotropic carbons with a quite random arrangement of constitute lamellae as 1n the
porous active carbons. Oblerlin's®! review on electron miCcroscope observations

related to carbonisation and graphitization of a4 wide range of carbonaceous precursors

1S summarised below:

(1) The initial carbonaceous material which can graphitize 1.e. mesophase, must be

made up of small basic structural units (BSU) less than 1 nm 1n size.

(2) These BSUs must align approximately parallel in large areas (elemental domains ot
bulk mesophase) before the semi-coke stage (brittle solid stage). In all cases, the
leading parameter seems to be the ziz-zag texture which allows defect mobility.

either interstitial or in-plane defects, with a minimum energy.

(3) Various carbons studied showed a continuous process, as explained in Marchand's
model in section 1.3.1, for formation of graphitizable carbons. All the possible
intermediates were found between the coarse mosaic domains (2 | um) forming the
bulk mesophase of ¢graphitizing carbons and small domains (less than 5.0 nm 1n
size) forming the bulk mesophase of non-graphitizing carbons, with onlyv the first
showing anisotropic domains 1n optical microscopyv images. This implies two
groups of carbon - graphitizable or non-graphitizable and represents extremes of

continuous availability ot carbons 1n terms of graphitization properties.
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1.4.3 Raman microprobe spectroscopy

The use of Raman microprobe spectroscopy is based on the vibrational
characteristics of carbonaceous lamellae. The advantage being that it 1S @ miCroscopic
measurement capable of a spatial resolution of a few square micrometers and can
identify structural heterogeneity within the sample. Raman spectroscopy of graphite
and various carbon materials has been reported by various investigators32. The Raman
spectrum tor crystalline hexagonal graphite displays lines at 1580 cm! (G), 2245 cm™
and 3248 cm’!. For carbons with structural disorder, additional lines appear at 1360
cm! (D), 1620 cm’ (D) and 2960 cm’!. The 1360 cm™ and 1620 cm™* bands increase
in intensity with increasing structural disorder while the 2710 cm™ band shows the

1

opposite trend. The band centred at 2710 cm™! becomes a doublet at 2735 cm™ and

2685 cm™ when a high degree of structural order 1s developed. This occurs below a

d()()z SpaCing of 0.338 nm.

1.4.4 Optical properties

Optical microscopy 1s used to study the optical texture of the carbon structure.
The specimen to be studied 1s mounted 1n a resin block and the surtace polished using
alumina. This sample 1s examined by reflected light microscopy using a halt wave

retarder plate between the specimen and the :an:'.llyser33

, as shown in Figure 1.13.
Under this microscope configuration the polished surface may give rise to interterence
colours due to orientation of the graphitic lamella at the surface. The polished
anisotropic carbon surfaces appear with various colours tfrom yellow, blue to purple of
different sizes and shapes whereas the isotropic carbon 1s independent of the angle of
rotation of the specimen stage. Isotropic carbons appear purple under the optical
microscope under all orientations: this 1s due to the lack of structural anisotropy created
by the surface which 1s optically inactive. The characterisation ot appearance ot
anisotropic or 1sotropic carbon in terms of size. isochromatic areas and orientation of
stacking of lamellae relative to polarized texture ot carbons 1s classified into different
sizes as shown in Table 1.1. By point counting the individual components on the entire

surface, optical textures can be 1dentified. The optical texture index 1s the sum of the

percentage of each class of optical texture multiplied by its own optical index factor.

This number gives an empirical measure of the overall anisotropy of the carbon.
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Table 1.1

33

Nomenclature used to describe optical texture

Class Size Optical index factor

Isotropic :

Solid [s No optical activity 0
Plastic Ip No optical activity 0
Anisotropic :

Fine Mosaic F <().8 um diameter 1
Medium Mosaic M >().8-2.0 um 1n diameter 3
Coarse Mosaic C >2.0 um in diameter 7
Granular flow GF >2umx 1 um 7
Standard flow type SF >20 x >2 um 20
Broad tlow BEF >20 um x >10 um 30
Plain solid P Various -
Patterned solid Pa VArious

Organic inerts In Optically inactive

or variegated
large > 50um

small < 50 um

This technique 1s only comparative and the matenal characterised as isotropic

may not be so at a ditferent level of spatial resolution.
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1.5 Porosity in Carbons

1.5.1 Principles of gas adsorption

Adsorption in the present context, 1.e. gas/solid interface i1s the enrichment of

one or more components in an interfacial layer’*. The amount of gas adsorbed at
equilibrium depends upon pressure, temperature and the chemical nature of the solid
surtace. However, if temperature and pressure are kept constant, the amount adsorbed

will depend on the nature of the solid surfaces: for example, surface area, porosity and

the chemical nature of solid surface.

There are two types ot adsorption: namely, physical adsorption (physisorption)
or van der Waal's adsorption, and chemical adsorption (chemisorption). The main
distinguishing characteristics of the two kinds of adsorption are summarised below in
Table 1.2.

Table 1.2

Distinction between phyvsical adsomtion and chemisorption

Physical Chemucal
Hcat of adsorption 20-40 kJ/mol >&8(0) kJ/mol
Rates of adsorption At 273 K fast At 273 K slow
Desorption Easy Dilficult
Speciiicity Non speciiic Very specilic
Coverage Multilayer Monolaver

1.5.2 Classification of pores

Active carbons and carbon molecular sieves (CMS) owe their high adsorption
capacity to the existence ot a micropore system. although a wide range of pores may
occur in the material. The porosity of a solid 1s a measure of 1ts volume accessible to
the specific vapour under investigation and 1s usually classified according to the pore
sizes. The pores vary in size from cracks of micrometer or macropore dimensions to

those which are closed even to helium at room temperature. Table 1.3 gives the
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International Union of Pure and Applied Chemists (IUPAC) classification of pores
according to their effective width.
Table 1.3
[UPAC classification of Pores>*

Micropores width less than 2 nm
Mesopores width between 2 nm and 50 nm
Macropores width greater than 50 nm

These classification limits are somewhat arbitrary as the pore shape, the size of
adsorbed molecule and nature of adsorbate-adsorbate interactions dare critical 1n
determining the adsorption characteristics. In micropores the walls are very close so
that interaction is very high leading to enhanced adsorpuon at a given relanve pressure.

[n mesopores, adsorption is by capillary condensation showing a hysteresis loop.

Ficure 1.14 shows the different pore types found in the solids™.

QiHerent types ¢t porosity in 3 coreus sofid.
Q - apen pores: C - closed poresit - lranscon pores: S - bling pores.

Fioure 1.14 Dafterent tvpes ot 0res3°

Open pores denote pores which are connected to the external surface of

solids and allow the passage of tluids. vapours into and out of the solid through these
pores. Closed pores denote a void and are 1solated from the external surface of a

solid. Besides open and closed pores 1t 1s often useful to refer to the solid surface of
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solids as either internal or external surface. In most cases, the distinction 1s not
clear; fissures and cracks which penetrate deeply into the interior contribute to internal
surface area, whereas superficial cracks which are wider than deep make up the external
surtace. The external surface refers to open pores, but this is difficult to define as solid
surfaces are rarely smooth on an atomic scale, whereas the internal surface surrounds
the closed pores. Transport pores are pores which connect different parts of the

external surface of the solid to the microporosity. Blind pores are connected to the

transport pores.

1.5.3 Classification of adsorption isotherms

Physisorption measurements are widely used for the investigation of the
structure of porous materials. The adsorption 1sotherms are studied in order to provide
the following intormation: (1) estimation of surtace area, (2) estimation of pore
volumes 1n porosities present, (3) fundamentals of adsorption processes and (4)
assessments of etficiency of industrial carbons employed in separation and purification

techniques.

The extent of adsorption on a surtace generally depends on the nature of the

adsorbent and the adsorbate and 1s a function of adsorbate pressure (p) and

Coy . . L. 6
temperature (7). If 'n'1s the quantity of gas adsorbed, this 1s expressed 15>

n=f(pT.gassolid) (1.0)

For a particular gas-solid system at constant temperature equaton (1.0)

simplifies to:

n :f(P)T.gas.Solid (1.1)

If the gas 1s kept below 1ts critical temperature and the pressure ot the g¢as

increases the gas will hquity. The pressure at which gas hiquifies 1s the saturation

vapour pressure.

[f pressure 1s expressed in terms of relative vapour pressure, i.e. p/p, (p, 1S

saturation vapour pressure ot the adsorbate) then equation (1.1) becomes:
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n= f(P/Po)T,gas.solid (1.2)

Thus, using relative pressure instead of absolute pressure, the adsorption of

various adsorbates can be readily compared.

The relationship between the amount of substance adsorbed at any given relative
pressure and at constant temperature can be represented graphically by means of an
‘adsorption isotherm’(using equation (1.1) and (1.2)) as shown in Figure 1.15.

In the adsorption of gases on solid surfaces six general types of isotherms have been
observed.

[

-1

1V
[11

VI

Amount of gas adsorbed / mmol

Relative pressure, p/p,,

Ficure 1.15 Showinv different adso

non 1sothermes.
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Type I isotherm is characteristic of the microporous carbons (1.€. active carbons
and carbon molecular sieves) and gives a good indication of the approximate total
microporous volume of the solid by directly reading the amount of vapour at the plateau
of the isotherm. In contrast, Type II isotherms represent the adsorbate-adsorbent
system with unrestricted monolayer-multilayer adsorption on a non-porous Or
macroporous adsorbent. The characteristic features of the Type IV 1sotherm are 1ts
hysteresis loop and limiting uptake at high p/p,. These features are associated with
capillary condensation occurring in mesopores. The remaining 1sotherms are less
common: Type VI represents stepwise multilayer adsorption on a uniform non-porous

surface, whereas Type IIl and V are associated with weak adsorbent-adsorbate

Interactions.

1.5.4 Determination of surface area

A number of attempts have been made to develop mathematical models to
interpret isotherms obtained from porous and non-porous solids. In most cases these
adsorption models ignore structural features of the adsorbent, except tor distribution ot
adsorption energy or pore width. Information regarding surtace area. pore size
distribution and micropore volume etc. is incorporated within the isotherm and
extracting this information is a matter of debate. Hence. all equations are based on
assumptions made from these models and then matched against an experimental
isotherm. rather than data being used to create a model. The adsorption theories used 1n

evaluating surface area from adsorption data are those based on the Langmuir model.

the Brunauer. Emmett and Teller (BET) model and the Dubinin-Radushkevich (DR)

model.

This section provides a briet summaryv of the relevant theories and models

available for isotherm interpretation and only the most widely used are presented and

commented upon.

1.5.4.1 Langmuir model

The Langmuir model 1s based on three assumptions37 (1) the surface of a solid

is composed of a two-dimensional array of energetically homogeneous sites. (2) only
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one molecule can be adsorbed on a site and saturation of the surface 1s reached when a
monolayer 1s completed and, (3) interaction does not occur by either repulsion or
attraction between the adsorbed molecules. Using these assumptions, Langmuir33

denved, by kinetic methods, an equation which is expressed as:

P 1

— — + : (1.3)

Vv V_b Vv

Where V 1$ the amount of gas sorbed per gram of sorbent at equilibrium pressure P, V_
1s the amount sorbed per gram of sorbent to complete a monolayer, b is the an
adsorption coetficient specific to each sorbate sorbent system. If the experimental data
satisties the 1sotherm equation, a graph of P/V against P will give a straight line and V_
the saturation value 1s calculated from the slope. The specific surface area A is

calculated using the equation:

A=V, A,L (1.4)
Where A_ 1s the average arca occupled by a molecule of the adsorbate 1in the completed
monolaver, L 1s the Avogadro constant. and V 15 expressed in moles of adsorbate per

gram of sorbent.

[t has been shown that disagreements occur in V_ values calculated from
Langmuir equations plotted from different pressure ranges of the adsorption data3”.
Values of V__ calculated from 1sotherms obtained at the higher pressures are higher than
those calculated from 1sotherms ot lower pressure condinions. The disagreementin V
values 1s a result of the first assumpuon 1n the Langmuir model which overlooks the
fact that onlv few sorbents possess energetically homogeneous surfaces. At low
pressures adsorption occurs only on more energetic sites which usually have high free
energies of adsorption: however, at high pressures adsorptioh occurs at a wider range

of energetic sites so that V, has higher values.

page 23



1.5.4.2 The Brunauer-Emmett-Teller model (BET)

The BET method is still the most widely used model despite receiving
considerable criticism. It was first proposed by Brunauer, Emmett and Teller’. BET
1S an extension of the kinetic model of adsorption process proposed by Langmuir to
account for multilayer adsorption. It assumes that (1) the adsorbent surtace 1s an array
of energetically homogeneous sites, (2) no interaction occurs between adsorbed
molecules, (3) each adsorbed molecule in the monolayer is an adsorption site tor
second layer molecules so that several layers are built up until bulk condensation occurs
at higher relative pressure and (4) the energy of adsorption of second and all higher
molecules 1s assumed to be equal to that of liquefaction and the total amount adsorbed 1s

taken as the sum of the amounts adsorbed in all layers.

The BET equation 1s usually expressed in linear form:

C-1
L I (1.5)
n(po-p) NmC NmC Po

imn

Where n is the amount adsorbed at equilibrium pressure p. N 1s the monolayer
capacity, p,, is the saturated vapour pressure and C 1s a dimensionless constant which 1s

related to adsorption energy and 1s expressed as:

(q1-42)
C = exp —_— (1.6)
RT

Where (q;-q,) is the net heat of adsorption and q; = heat of adsorption in the first
adsorbed laver, - = heat of adsorption in the second and subsequent layers. 1.e. the
molar heat of condensation. For adsorption data that obevs the BET equation. a graph
of p/nip,-p) against p/p, will give a straight line with slope. s = C-1/N,C and
intercept. 1 = 1/N_,C. Solution of these two simultaneous equations gives the values ot
N and C. The surface area is calculated using Ny,. L and A, as shown previously

for the Langmuir method.

In practice the value of C can be used to characterise the shape of the isotherm
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in the BET range. If the value of C is high, i.e. >100 then the intercept 1/N,C
becomes so small that it can be approximated to zero and under that condition the graph
of p/n(p,-p) against p/p, passes through the origin. Under this situation an
approximate value of N_ can be obtained by using only one point in the range p/p, =
0.2-0.3 and drawing the line from that point through the origin. This constitutes the

so-called one-point method of surface area measurement.

Although the BET equation has succeeded 1n descnibing adsorption data tor a
large number of systems the deviation from the BET equation in the low relative
pressure region p/p, <0.05 and 1n the high relative pressure region p/p, >0.35 must be
recognised37. The deviation 1n the low relative pressure region 1s caused by the
assumption of homogeneous surface which 1s not valid. The deviation in the higher
relative pressure region is caused by the assumed absence of lateral interaction between
adsorbed molecules, an assumption which 1s not valid especially in a mululaver

adsorption system.

The BET method 1s probably the most widely accepted tor determining the
monolaver capacity. However, the BET model has been subjected to number ot
criticisms such as (1) an energetically homogeneous surtace never exists, (2)
adsorbate-adsorbent and adsorbent-adsorbent interactions are not taken 1nto account.
(3) enthalpy and entropy terms predicted by the model do not agree well with those
measured experimentally*0#1:42 and. (4) purely localised adsorption 1s unlikely to

occur above 77 K#3, since the adsorbate molecule has surface translational energy.

1.5.4.3 Empirical procedures

As previously stated that there 1s no current theory for adsorption that can
provide an exact mathematical description ot an experimental 1sotherm over a complete
range of p/p,. Two different procedures can be used to analyse the 1sotherm data. The
first one i1s to apply a semi-empirical equation - the Frenkel-Halsev-Hill (FHH)
equation. This particular mathematical form depends upon the range of the 1sotherm to
be fitted and the nature ot gas/solid interactions. The second procedure makes use of

standard isotherms on selected non-porous reterence matenals.
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(I) FHH equation

The FHH equation is usually stated in the form ¥3:

k
In ——E)—- = (1.7)
Po I

where n 1s the multilayer coverage at relative pressure p/p, and k and r are characteristic
constants for a given gas-solid system. The exponent r is obtained from the plot of log
log (p/p,) against log n and is related to the decay of interaction energy with distance
from the surface. For example it has been found that the value of r = 2.70 £ 0.03 for
nitrogen adsorption 77 K on a wide range of porous and non-porous oxides and

carbons*346  The effect of mesoporosity decreases the value of r, whereas

MICroporosity tends to increase 1t.

(1) t-plot and o - plot method

A standard 1sotherm provides useful information regarding a number of points.
such as (1) making allowance tor the thickness 't' of the adsorbate film of the pore
walls. In pore size calculations and (2) in detecting both the onset of capillary

condensation and the presence of microporosity.

The t method and 1ts extension provide a simple means for comparison of the
shape of a given 1sotherm with that of a standard on a non-porous solid. The BET
procedure enables construction of a t-curve (t against p/p,) by measuring the 1sotherm
on a non-porous sample of the substance, expressing 1t in reduced torm of n/n_ (where

n is the amount adsorbed at relative pressure p/p, and n_, 1s the monolayer capacity

against p/p,, and then using the conversion t = (n/n,,) ©. where G 1s the thickness of a
single molecular layer. A number of studies conducted by several workers?7,48
showed that the 1sotherms of a vanety of substances fell sufficiently close together (=

5%) enabling the t-curve to be used in routine pore calculations.

In order to determine the onset of capillary condensation and the presence of
microporosity. one may re-plot n against t. If the t-plot is a straight line passing

through the origin (kFigure 1.16 a). the 1sotherm under test must be identical to the
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standard 1sotherm; an upward swing at C in Figures 1.16 b and 1.16 d, denotes

capillary condensation; and positive intercept as at D in Figures 1.16 ¢ and 1.16 d,

Indicates the presence of micropores having a total volume equivalent to ED.

a b
§
C
( t
C
[
D
E

S

Figure 1.16 t (or a)plots3?

P il L - el _ il

However. the common t-curve can produce misleading results. The small
differences between the reduced 1sotherm of different substances, which are immatenal
in pore size calculauon. can no longer be ignored. Hence. 1t becomes essential that the
reference 1sotherm tor the t-plot be measured on a non-porous sample as similar as
possible in surface structure to the substance under test’*. In the comparison of

isotherms involvement of t and n, gives rise to complications. Sing?” proposed the
use of a in the place of t. where a =n/n, (where ng , = adsorption at p/p,= 0.4). A
curve of o, against p/p, and an o .-curve can be derived from the appropriate reterence

isotherm, and used to construct o -plots which can be used in the same way as t-
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plots.The o, plots are quite useful for comparison of two isotherms; for example. 1n

studying the compaction of a powder and the uncompacted powder can be used as a

reterence material. Since n_ is not involved, the o, - plot may still be used if C is very

small and the BET monolayer capacity is therefore unreliable. When the isotherm is of

Type III, BET the t-plots are unsatisfactory.

1.5.5 Assessment of mesoporosity

This form of porosity 1s an intermediate between the micro and macro porosity.
The pore diameters are in the range 2-50 nm and are much wider than the diameter of
the adsorbate molecule. Capillary condensation occurs in the mesoporosity and gives

rise to adsorption/desorption hysteresis at high relative pressures due to different

mechanisms of filling and emptying of the pores.

1.5.5.1 Capillary condensation

The characteristic mechanism of adsorption 1n mesopores 1s capillary
condensation which is tllustrated by a Type [V 1sotherm. As the pores are much larger
than the adsorbate molecule. at low relative pressure, laver by layer adsorption occurs.
The adsorbed f1lm acts as a surface upon which turther adsorption can eventually occur
resulting in capillary condensation. The low pressure region follows the same path as
that of a Type II isotherm indicating 4 monolayer coverage. but at a certain point 1t starts
to deviate and, as the relative pressure increases, enhancement of adsorption occurs
giving rise to a multilayer formation and a turther sorption occurs resulting 1n capillary
condensation. As the pressure increases the multilayers increase until they combine in
the narrowest cross-section of cvlindrical or wedge-shaped pores and form a meniscus
of condensed adsorbate, which 1s concave when the adsorbate condenses at a pressure

lower than the saturated vapour pressure of the gaseous phase.

Capillary condensation occurs because the equilibrium vapour pressure. p. over
a4 concave meniscus of an adsorbate which wets the surface, 1s less than the saturated

vapour pressure. p,, of the gaseous phase. 1.¢. even less than unity.

There are two torms of capillary condensation-reversible capillary condensation
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and capillary condensation with hysteresis. Capillary condensation cannot occur in the
absence of a solid surface which serves to nucleate the process. Within a mesopore the
adsorbed film acts as a nucleus upon which condensation can occur. The reversibility
and non-reversibility of condensation hysteresis procésses depend upon the shapes of
the pores. Reversible capillary condensation is thought to occur in single pores which
are closed-ended cylinders, wedge shaped or conical. However, capillary condensation
giving rise to hysteresis is thought to occur in slit-shaped pores, open-ended cylindrical
pores and pores with narrow necks and wide bodies. These are often referred to as

‘ink bottle’ pores. Hysteresis may also take place through the presence of narrow

channels connecting larger pores, which effectively reduces the pressure at which pores

can be evacuated.

The BET method 1s still reliable for calculating the monolayer coverage, since
capillary condensation occurs above the monolayer region of the isotherm, 1.e., above

p/p,= 0.4 provided there 1s no micropore tilling in the lower reg¢ion.

1.5.5.2 Computation of mesopore size

The mesopore size 1s usually calculated by using Kelvin equation 1n the form>?:

2V, 1 (1.8)

In |— = —

m

Where p/p,, 1s the relative pressure at temperature T, V| 1s the molar volume of liquid

adsorbate. R 1s the gas constant, r, 1s the curvature of the hemispherical meniscus and

Y 1s the surtace tension.

In order to calculate the mesopore size trom a physisorption 1sotherm it must be
assumed that the (1) pores are ngid and of unmtorm shape. (2) the micropores are
absent (or can be taken into account independently), (3) there are no pore blocking
effects and (4) pore size distribution does not extend continuously into the macropore

range.
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1.5.5.3 Hysteresis

In the gas physisorption isotherm, condensation/evaporation usually gives rise
to hysteresis in the multilayer region. Hysteresis is not always observed for
mesoporous solids: for example, 1n tapered pores closed at the narrow end, adsorption
initially produces a hemispherical meniscus which advances up the pore until the whole
pore 1s filled. Desorption is the exact reverse of this process resulting in the absence of

hysteresis. To this end four types of hysteresis loops have been defined as shown 1n

Figure 1.17°"

Amount adsorbed, n

Relative pressure, p/p,

Ficure 1.17 Classification of hysteresis loops3?

Although adsorption 1sotherms can provide a good indication of the porous
structure of a carbon. sometimes a mixed 1sotherm 1s obtained which 1s ditficult to
analvse due to the different types of pores present. In order to obtain more information
it is useful to studv the desorption 1sotherm which generallv does not coincide with the
adsorption i1sotherm over the entire pressure range. l'he hvsteresis loop may be present
over high or low relative pressure. Hysteresis loops have been found to exhibit 4 wide
variety of shapes which are associated with a specific pore structure. Type H; and H,
refer to two extremes types. where as type H- and Hy mayv be regarded as intermediate
between the two (1.e. Hy and H;). Type H, 1s often associated with porous materials

known to consist of agglomerates or compacts of approximately spherical particles of
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uniform size and hence have a narrow distribution of pore size. Type H, loops anse
from some corpuscular systems, in which the distribution of pore sizes and shape 1s not
well defined. Type H; and H, are associated with adsorbents having slit-shaped pores.

In the case of Hj the slit shaped pores are derived from plate like particles. The Type I

1sotherm character, when associated with H, indicates the presence of

. . 34
MICrOporosity

1.5.6 Assessment of microporosity
1.5.6.1 Micropore filling

Micropore filling 15 a phenomenon that gives rise to the Type [ adsorption
1sotherm (refer Figure 1.15). Micropores are filled with physisorbed molecules before
capillary condensation begins. Hence. the process of micropore filling does not take
capillary condensation into account, but the mechanism of pore filling 1s dependent on

the nature ot the adsorption system and the rano of pore width (d,) to melecular
diameter (o) 1.¢. d/o rather than the absolute value of d,. Pores ot molecular

dimensions (1.e. d /o = 1-2) are filled preterenually at very low p/p,,, whilst the wider

. . . . 50)
micropores (d,/o = 2-5) are filled by a cooperative process at higher P/,

Enhanced adsorption occurs in narrow micropores due to overlap of the
potentials from neighbouring walls only a tew molecular diameters apart. The 1nitial
part of the isotherm is assoctated with micropore filling rather than surtace coverage.
Hence. it 1s inappropriate to use the BET method 1n order to evaluate the specific
surface area of a microporous solid: however. the BET method can still be applied to

find the apparent specific surface area.

Evaluation ot microporosity depends upon the evaluation ot micropore volume.
In order to assess the micropore volume it 1s necessary to understand the phenomenon

and different types of adsorption occurring in the micropores.
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1.5.6.2 Theories of adsorption in micropores

The width of micropores are <2nm according to the IUPAC description.
Furthermore, micropores are often subdivided into ultramicropores (<0.7 nm) which
are distinguished by primary micropore filling and supermicropores (0.7-1.5 nm)

which are distinguished by secondary micropore ﬁlling36, although the terminology for

. . . 34
the ultramicropores and supermicropores needs to be fully established” . However,

there 1s evidence to suggest that adsorption within the micropore follows a different

mechanism depending on the width of micropores.

In micropores the close proximity of the pore walls and the overlap of
adsorption potentials results in enhanced adsorption at low relative pressure. This

. _— . L 51.52
results 1n a pore filling mechanism for adsorption in micropores

The mechanism of adsorption in supermicropores 1s attributed to cooperative
eftects. Ultramicropores are several molecular diameters smaller in width than
supermicropores and enhancement ot the adsorption potential in supermicropores 1$
less than that in ultramicropores. The nature of secondary process in supermicropores
can be explained by a simphitied model ot a shit as shown 1n Figure 1.18. Once the
monolaver has been tormed on walls, and 1t molecules (1) and (2) happen to condense
opposite to one another, the probability that molecule (3) will condense increases. The
increase 1n the residence time of molecules (1), (2) and (3) promote the condensation ot
molecule (4) and still further molecules, as shown 1n Figure 1.18. The critical
parameter in the enhancement ot the adsorption energy is not the pore size itself but the

ratio of the size of pore to that of the adsorbate.

Ficure 1.18 Model of cooperative adsorption in a slit shaped-pore36
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In narrower pores (i.e. ultramicropores) the diffusion of adsorbate molecules
through narrow constrictions into micropores occurs by an activated process. In such
narrow pores, repulsive forces between the adsorbate molecule and pore wall come into
play resulting in an energy barrier to diffuse through the pore. Hence, in order for an
adsorbate molecule to be adsorbed in a pore beyond a microporous constriction, it must
have sufficient kinetic energy to pass over the energy barrier. At high temperatures the
rate becomes faster and reaches equilibrium faster and the measured uptake diminishes

with nising temperature. The apparent activation energy can be given by the Arrhenius

equation:
k = A e E/RT (1.9)

Where £, = apparent activation energy, k 1s the measured rate of uptake at temperature

T and A 1s the pre-exponential factor.

Equation 1.9 suggests a plot of In kK versus /T 1s a straight line of slope - E. /R and
intercept = A. A 1s reterred to as the 'pre-exponential factor' or 'frequency

factor’

Diffusion in micropores whose diameter 1s approximately that of the adsorbate
molecule still has some ambiguities 1n the estimation of the order of magnitude of
adsorption rate when adsorption 1s controlled by this type of diffusion. The study of
CMS is important because they contain a variety of pores. The micropores in the CMS
are considered to be slit shaped of around 0.5 nm opening between graphitized layer
planes. Table 1.4 lists the work carried out on the ditfusivity ot gases into coal.,
zeolites and CMS materials: only those gases which have been used to study kinetics on

CMS materials 1n this thesis have been taken 1nto account.
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Table 1.4

Activation eneregies of different cases on coal. carbon molecular sieves and zeolites.

Gas Matenal Activation energies Retference
(kJ mol™)
CO, Coal 3.36-16.38 53
CO, CMS 23.1 5 4
CO, PVDC 25.2-27.3 55
CO, Zeolite 42-58.8 56
CO, Zeolite 0.4 nm 20.58 57
CH, Coal 21.64-23.52 58
CH, Zeolite 0.4 nm 18.9 57
CH, Coal 10.5 . 59
CH, Zeolite 0.5 nm 18.48-22.68 6 0
CH, Zeolite 0.5 nm 20.16 6 1
O, Zeolite ().4 nm 10).45 57
O, CMS 26.04 6 2
O, CMS 25.2 6 3
O, CMS 25.2 6 6
05 CMS 10.08 6 1
N, Zeolite (0.3 nm 12.6 6 4
N Coal 10).5.-26.9 33
N, CMS 27.3 63
N, CMS 15.54 6 5
N> CMS 31.08 6 6
C-H, CMS 20).2 6 1
C5H, Active carbon 10.0-44.5 6 7

Molecular sieving 1s a process that occurs in micropores and limits the diffusion
of adsorbate through the microporous network®. The adsorption of a molecule 1s
influenced by the rate at which the molecule moves from one site to another. The rate
of adsorption 1s also controlled by the temperature, size and the shape of the adsorbate
molecule. Work conducted by Lamond er al.®” on a series of MICroporous carbons
showed that the amount ot carbon dioxide adsorbed (at 195 K) was higher than
nitrogen (at 77 K). This was attributed to the close proximities ot walls in micropores
leading to a region of high potenual energy as compared to the surrounding external
surface. In turn this increased energyv enhances the interactions between the adsorbate
molecule and the adsorbent. which may be turther increased if walls contain a polar

species. The degree of interaction once again is dependent upon the pore width in
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relation to that of the diameter of the adsorbate molecule.

1.5.6.3 Evaluation of micropore volume using Dubinin-Radushkevitch
(D-R) equation
Various empirical and semi empirical procedures can be used to evaluate the
micropore volume. In order to quantify the micropore volume it is usually assumed
that the pores are filled by liquid adsorptive. However, this 1s a simplified version as

the degree of molecular packing in pores depends upon the pore size and shape.

‘The micropore volume can be estimated by the Type [ 1sotherm. The micropore
volume can be obtained from the amount of adsorption represented by the plateau in the
1sotherm. If the microporosity 1s associated with significant external area then further

adsorption occurs at higher relative pressure and no plateau 1s obtained.

Dubinin and coworkers proposed a theory tor estimation of micropore volume
based on the Polanyi adsorption theory. Phyvsical adsorption of gases and vapours 1n

8 . . x
70,7172 This utilises the

micropores has been described by the D-R equation
mechanism of pore filling rather than the laver by layer technique used by BET method.
The D-R equation is expressed as follows in order to determine micropore volume of

the solid:
log,y V =logyy V, - D log?, (p/p,) (1.10)

where V is the volume filled at relative pressure p/p,, V, 1s the total amount of

adsorbate within microporous systems and D relates to the pore size distribution.

[n a plot of log,yV against log=,, (p/p,)- the gradient can be used to obtain V.
However deviation from the predicted plot can occur depending on the extent of the
micropore volume. pore size distribution and on the deviation from Gaussian

distribution. Some common deviations from the D-R plot are shown 1n Figure 1.19 (b)

5

and(c)”>. However. McEn.aney3 recommends caution 1n interpreting deviations from

the D-R equation since some are due to activated diffusion.
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(Amount of gas adsorbed) / log (n)

log

(a)

(b)

(C)

(d)

(€ )

log™ (p/po )

Adsorption is a continuous process
l.e. the ultramicropores are filled
initially followed by adsorption 1n
SUPETr-mICropores.

This type of D-R plot is typical of
a microporous carbon. The cut-oft
corresponds to the plateau 1n the
1sotherm reached when monolayer

coverage 1s reached 1n microporous
carbons.

The upwards swing in this D-R plot

1s believed to occur through the occurence
of either: [ 1] supermicroporosity, or

| 2| adsorption 1n mesopores or,

[ 3] multilayer adsorption on non-porous
sohids.

This type of D-R plotis thought to
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