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=Chapter I 

Structure of carbons 

1.1 Introduction 
Carbon is one of the naturally occurring elements and has an atomic weight Zý 

12.01 atomic mass units (amu) and atomic number 6. It has six electrons and has an 

electronic configuration of: ls2 2S2 ')p2 in the ground state. This element exists in b 
different crystalline forms-diamond, graphite, buckminsterfullerenel and carbyne2. ltý 
Carbon also has the ability of catenation via formation of cy and 71 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, CO has a molar mass of 720 amu which 

corresponds to a cluster of carbon atoms having a spherical structure like a football 

based on a combination of six and five membered rings. C6() contains 60 vertices and 

32 faces, 12 of which are pentagonal and 20 hexagonal. Recent work suggests the 
-0. 

existence of many fullerenes based on an even number of carbon atoms within the 

fullerene class of isomers. The main species are C60 (shown in Figure 1.1) and C70 but 

there are many possible cage-like isomers of other fullerenes: for example, C76- 

Figure 1.1 Buckminster fullerene - C60 I 
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1.2.2 Diamond 

The structure of diamond is shown in Figure 1.2. The diamond lattice consists 

Of Sp3 bonds with tetrahedral bond angles linking C-C single bond. tp 

Fi(, T;, Lire 1.2 Diamond structure. 

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

thesis since the basic structural units in carbons are based on 'graphene' layers 

which are related to the graphite strLictLire3. 

1.2.3 Stmcnire iii graphite 

Debye and Scherrer 4 carried Out structural analysis of (-Traphite using X-ray 

diffraction. Hull 5 and Bernal 6 SLIg(Tested 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 is 0.335 nm, bond length 0.142 nm and crystal 
7 

(T density 2.266 CM-3. 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, i. e. rhombohedral graphite as shown in 

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

graphite on heat treatment between 1173 and 3273 K8. The weak forces and 

delocalization of )T electrons between the planes contribute good electrical conductivitv 

and lubrication properties in graphite. However perfect graphite is a rare form of C Cý 
carbon but, the so-called single crystal graphite also invariably contains defects and 

structural faults as well as vacancies and interstifial def . ects9. 
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The strLICture of active carbons is less ordered than that of graphite. Riley" 
01 

proposed two different types of structures of active carbons on the basis of X-ray 

analysis. The first strLICtLire consists of the elementary crystallites, which are two- 

dimensional analogous to graphite being composed of parallel lavers of hexagonally 

ordered carbon atoms. The structure differs from that of (Traphite as the parallel planes Zý 

are not perfectly oriented with respect to their perpendicular axis and the angular Z__ 
displacement of one layer with respect to another is random. overlapping each other 

irregularly. This arrangement has been termed as 'turbostiwtic struchire'. The 
I Z-1 

mutual orientation of the elementary basal planes relative to each other is completely 

random. and their dimensions depend upon the temperature of carbonisation. The 
followinLTvalUes 

are typical: crystallite height, L from 0.9-1.2 rim, crystallite width, L 
I zzý Ca 

2.0 - 22.3 rim. The second type 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 tý II 
understanclincýT of crystallites of carbonaceous materials. She divided all carbonaceous 

materials. except diamond into two categories: graphitizing (soft) and non-graphitizing 
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(hard) as shown in Figure 1.4. 
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Figuire 1.4 Franklin's models of carbon structuresll 

DUring heat treatment certain non-graphitic carbons show a gradLial change from 
I Z: ý 

a tratidoin layer structure' 12 towards the ordered structure of crystalline graphite 

depending on the nature of the precursor. These carbons are referred to as graphitizing 

carbons, whereas other non-arraphitic carbons show no evidence for the development of 

three-dimensional order even after heatina 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 of order in the 'grapliene' like layers in 

the elementary crystallites. Experiments conducted by Franklin showed that 

polyvinylidene chloride (PVDC) carbonised under 1273) 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 rim. 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 relativelýf soft, less 

porous structure of crystallites containing large numbers of parallel graphitic layers. 

Also the formation of a non-araphitizable structure with stron(y cross-linkino, is 

promoted by the presence of oxygen or an insufficiency of hydrogen in the original 

material. Carbonisation of PVDC - (C-, H3C1_1)n results in the liberation of gaseous 

hydrogen chloride during carbonisation, which (Tives highly porous coke. On the other 

hand, PVC having a stoichiometric forMLIkI - (C, HICI)n contains more hydrogen than 

chlorine thus forming a considerable amount of tar during carbonisation while smaller 

amounts of hydrogen chloride are libemted. Hence, the carbonisation product remains 

viscous up to a temperature of 723 K arid develops ani. sotropic structures. The 

resultin (T PVDC char showed a microporOLIS structure and the diameter of lar(Test 

graphitic layer did not exceed 7.0 nin and the elementary layer was found to be 10- 12 

condensed aromatic rings stacked in layers of two or three. Durina the formation of 

graphitizable carbons there is no general or(Tanization of these units except a possible 

preferred local orientationI3 . 
Between 1273" K and 1873 K the extent of parallel 

orientation increases, hence graphitization can begin. two-dimensional growth of 

aromatic layers is followed by orientation of aromatic layers in the hexagonal graphite 

structure at temperatures greater than 2200 K. The minimum diameter, La value. 

required for the onset of this first sta(-Te has been estimated as 8.0-15.0 =14,15. 

RooskNr16 observed a decrease III n inter-layer spacin-L, which was accompanied bY 
17 

increasing graphitization and this inter-layer spacing was later measured by Bacon 

Among the non-graphitic carbons in which graphitic structure is as yet undeveloped, the II 
interlaver spacing was found to be constant at 0.344 nm which is very different from 

II 
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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, 

which is directly related to degree of mutual orientation of the layers". Several 

workers 19,20 demonstrated that the presence of surplus oxygen hindered the growth of 

graphitic layers in elementary crystallites. 

Carbon can be classified into either non- graph itizable or graphitizable, which Z: ) 

refers to the convertibility to a three-dimensional graphitic structure on heating to 3273 

K. However, there is a continuous range of materials between graphitizable and non- 

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

the following section. 

1.3 Origin of Carbons 

-able carbons 1.3.1 Formation of graphitiA 

The (Traphitizable carbons are 'cokes' formed by carbonisation of coal tar and 

petroleum pitches as well as from the fusion of bituminous coali (cakin(T and coking' 

organic compounds, example decacyclene. anthracene, acenapthylene. Certain 

thermoplastic polymers like PVC also form Uraphitizable carbons. The graphitizable 

carbons owe their inherent embryonic graphitic structure to the formation of - discotic 

(disc-like), nernatic, aromatic liquid crystals, i. e. 'inesopltase' within the isotropic 

melt of coal or pitch dUring carbonisation. 

1.3.1.1 Mesophase 

Brooks and Taylor2l described mesophase as a nernatic discotic liquid crystal. 

which can be distinguished from other forms of liquid crystals on the basis of the 

molecular stacking. i. e. their constituent molecules are stacked approximately parallel to 

each other rather than smectic or cholestric crystal as shown in Figure 1.5. 
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RIZUre 1.5 Structure of liquid cTystals 22 

These polyarornatic 1110leCLIles possess properties of mobility within the fluid 

phase and dynamic, reversible associations can occur 23. Miring the pyrolysis, small 

nioleCLIles and side chains of functional grOLIPS are lost as volatiles like oxygen. 7) 

nitrogen etc. and C-H, C-C produce free radicals, ring closure and condensation In_ - 

reactions leading to the formation of large polyaromatic MOleCLIleS. When the molar 

mass of polyaromatic compounds is high (around - 600-900 anlu) 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 surface enercyy. These spheres (Trow in size at the 

expense of the surrounding isotropic flUid and, on contact with another sphere. 

immediate coalescence occurs reSLIltinc-T in the reorientation of the material to form a 

, er sphere as shown in Figure 1.6. new, larc Z7 
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This process con6nues until all pitch matrix has been converted into mesophase 

of approximately 1-5 ýt diameter. These units interlock-, but the extent of coalescence 

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

molar mass increases with 6me and temperature and reaches a point where the cohesion 

energy increases. This leads to a higher order in the liquid crystal phase, resulting in I- 
the creation of planar macromolecules consisting of sheets of hexagonally linked carbon 1ý 1. ) 
atoMS24 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 reSUltin (T coke-, hydrogenation has the opposite effect. 
I In I- 

The morphology represented by Brooks and Taylor2l represents the most Z-1) 
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 LewiS25 (Figure 1.10). 

Work carried out by Hutt 111 (T er et (11.26 011 co-carbotilzation pitch with carbon black 
111ý 

indicated a special type of mesophase. Its lamellae i-noleCLIleS were fOUnd to be 

arranged concentrically around the carbon black particles giving rise to an 'onion-skin' 

morphology as shown in Figure 1.11 
It! 
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The formation of graphitizable carbons has been explained on the basis of 

Marchand'S13 model which considers the initial anisotropic carbonaceous material (i. 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 
Z: ý 

coalesce to form larger regions of local molecular orientation (LMO). The ability to 

graphitize is predetermined by the size of LMO (i. e. domains). The smaller the LMO in 

a carbon the less likely it is to graphitize. Around temperatures of 873-1773 K, very 

few heteroatoms are left and most of them are bound laterally to the aromatic molecules 

characterised by distorted columns (Sta (T e 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 defects (heteroatoms, sp. ý 

bonds, twists and dislocations) located at the periphery of the SU. The continuous 

elimination of defects results in the (T rowth of rigid two-dimensional parallel graphitic 

lavers at temperatures > 2273 K (as shown in stage 3). The two-dimensional structure 

is generally referred to as 'grapheyies' in order to avoid confusion with 'true 

graphite'. The graphenes do not possess a three-dimensional organization of 

stacking and might be quite parallel to a certain dearee of perfection, but thev undergo 

arbitrary changes relative to each other. i. e. translated or rotated. Hence, there is no 

fixed relationship between the position of two carbon atoms belong in (--T to adjacent 

(T raphenes. This kind of structure is referred to as 'turbostratic'. The next step 

comprises of having order in this turbostratic stacking. There is dewrinkling of layers 
Z: ý 4tý 

and development of three-dimensional order by ell rYlInation of in-plane structural defects 

to form stiff, structurally perfect lavers (stage 4): this is referred to as the graphitization 

stage. Non-graphitizing carbons do not graphitize because of structural factors such as Zn 
II 

cross- link-in (T, small (Train sizes etc. Temperature and pressure both play an important 

role in the transformation of three-dimensional gro-%;., th of aromatic layers into 

orientations of aromatic layers in the hexac. , onal arraphitic structure. 
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Figure 1.12 Schematic bUllding of graphitic structure13 

1.3.27 Formation of no it -graph ilizable carbons 

Non-graphitizable isotropic carbons are essentially chars obtained from 
Z 

materials which decompose during carbonisation without passing, through a plastic 

stage. The majority of non-graphitizable carbons originate from wood, cellulose or 

lignin, nut shells or specific cross-linked structures of (C-0-C bonding) of low rank 

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

polyvinylidene chlonde 

It is the polymenc cellulose or lignin within the natural -occurr-in g materials such 

as wood, nut shells etc. which is pyrolysed. These polymers lose heteroatoms dunn(-: T II- 
carbonisation by pyrolytic decomposition leaving behind the basic skeleton of polymer I Zý 

which eventually cross-links thus preventing fusing. The voidage created by loss of Z7 I 
small molecules, including hydrogen, carbon dioxide, water and carbon monoxide 

(1273 K) constitutes porosity and high surface areas within the carbon 27,28. The 

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

However, Mrozowsk, 29 showed that the early stage of carbonisation involves the 

cleavagy-es of bonds within the macromolecular system to give free radicals. Electron 

spin resonance (ESR) studies show a rapid increase in free radical concentration around 
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the HTT of 973 K. The early stages also involve release of volatiles in the form of Z: ý 

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 imperfectly. 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 30 
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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 is laid upon the fundamental principles of adsorption which is the basis of the 

adsorptive gas separation processes operating in the carbon molecular sieve materials L 

and it is this which falls within the context of this thesis. The fundamental principles of 

adsorption are discussed separately under section 1.5. 

1.4.1 X-ray diffraction 

This technique is used to determine the average bulk structure of carbon 

material. This technique provides a measure of the amount of ordered material present 

and can be used to give an indication of the size of crystallites in the ordered structure. 

The X-ray diffraction pattern is 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: 

d('X)2 - interlayer spacing; Lc - apparent stack or crystallite height- L,, - apparent stack or 

crystallite width. 

In general, the do()2 distance is the average spacing between two adjacent basal 
Z: ) -- 

plane carbon - carbon lavers (0.3354 nm in (graphite). La represents an apparent 

crystallite dimension in the case of 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 in carbons. This is basically for two 

reasons. Firstly, the broadening of diffraction lines of graphitic carbons is 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 C CI) 
broadening hence diffraction is interpreted in terms of sizes of notional crystallite, L Z7 C 
and La- Secondly, X-ray diffractions 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 in 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 it 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 

isotropic carbons with a quite random arrangement of constitute lamellae as in the 

porous active carbons. Oblerlin'S31 review on electron microscope observations 

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

is summarised below: 

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

made up of small basic stnictural units (BSU) less than I nm in size. 

(2) These BSUs must align approximately parallel in large areas (elemental domains of 

bulk mesophase) before the semi-coke stage (brittle solid staiTe). In all cases, the 

leading parameter seems to be the ziz-za(T teXtLire which allows defect mobility. Z: ý I 
either interstitial or in-plane defects, with a mininILIM energy. Z-- 

(3) Various carbons studied showed a continuous process, as explalned 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 (ý! I 4m) forming the 

bulk mesophase of graphitizing carbons and small domains (less than 5.0 nm in 

size) forming the bulk i-nesophase of non-graphitizing carbons, with only the first 

showing anisotropic domains in optical microscopy images. This implies two 

groups of carbon - graphitizable or non-graphitizable and represents extremes of 

continuous availability of carbons in 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 is a 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 for crystalline hexagonal graphite displays lines at 1580 cm-1 (G), 2245 cm-1 

and 3248 cm-1. For carbons with structural disorder, additional lines appear at 1360 

cm-1 (D), 1620 cm-1 (D) and 2960 cm-1. The 1360 cm-1 and 1620 cm-1 bands increase 

in intensity with increasing structural disorder while the 2710 cm-1 band shows the 

opposite trend. The band centred at 2710 cm-1 becomes a doublet at 2735 cm-1 and 

2685 cm-1 when a high dearee of structural order is developed. This occurs below a 

d002 spacing of 0.338 nm. 

1.4.4 Optical properties 

Optical microscopy is used to study the optical texture of the carbon structure. 

The specimen to be studied IS MOLInted in a resin block and the surface polished using 

alumina. This sample is examined by reflected light microscopy using a half wave I C) 
retarder plate between the specimen and the analyser 

33, 
as shown in Figure 1.13. 

Under this microscope configuration the polished surface may give rise to interference I 
L- 

colours due to orientation of the graphitic lamella at the surface. The polished 

anisotropic carbon surfaces appear with various colours from yellow, blue to purple of 

different sizes and shapes whereas the isotropic carbon is independent of the angle of 

rotation of the specimen stage. Isotropic carbons appear purple under the optical 

microscope under all orientations, this is due to the lack of stnictural anisotropy created 

by the surface %vhich is optically inactive. The characterisation of appearance of 

anisotropic or isotropic carbon in terms of size. isochrornatic areas and orientation of 

stackingTof lamellae relative to polarized texture of carbons is classified into different 

sizes as shown in Table 1.1. By point counting the individual components on the entire 

surface, optical textures can be identified. The optical texture index is 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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Figure 1.13 Polarised light optical microscopy and interference colourS30 
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Table 1.1 

Nomenclature Used to-describe optic, -il texture 33 

Class 

Isotropic 

Solid Is 

Plastic Ip 

Anisotropic 

Fine Mosaic F 

Medium Mosaic M 

Coarse Mosaic C 

Granular flow GF 

Standard flow type SF 

Broad flow BF 

Plain solid P 

Patterned solid Pa 

Organic inerts In 

S ize 

No optical activity 

No optical activity 

<0.8 ýtm diameter 

>0.8-2.0 ýtm in diameter 

>2.0 4m in diameter 

>2 4m xI 4m 

>20 x >2 wn 

>20 4m x >10 4m 

various 

variOLIS 

Optically inacfive 

or variegated c 
lar(-Te > 50ýtm 

small < 50 ýtm 

Optical index factor 

0 

0 

1 

3 

7 

7 

20 

30 

This technique is only comparative and the material characterised as isotropic 

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

Principles of gas adsorption 

Adsorption in the present context, i. e. gas/solid interface is the enrichment of 

one or more components in an interfacial layer 34 
. The amount of gas adsorbed at 

equilibrium depends upon pressure, temperature and the chemical nature of the solid 

surface. 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 of adsorption-, namely, physical adsorption (physisorption) 

or van der Waal's adsorption, and chemical adsorption (chemi sorption). The main 

distinguishing characteristics of the two kinds of adsorption are summarised below in 

Table 1.2. 

Table 1.2 

Distinction between r)hvsical adsormion and chemisomfion 

Physical Chemical 

Heat of adsorption 20-40 U/mol >80 k-J/mol 

Rates of adsorption At273 K fast At 1-73 K slow 

Desorption Easy Difficuit 

Specificitv Non specific Very specific 

Coverage Multilayer Monolaycr 

1.5.2 Classification of pores 

Active carbons and carbon molecular sieves (CMS) owe their high adsorption Z-- 
capacity to the existence of a micropore system, although a wide range of pores may 

occur in the material. The porositY of a solid is a measure of its volume accessible to 

the specific vapour under investigation and is 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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Inter-national Union of Pure and Applied Chemists (IUPAC) classification of pores 

according to their effective width. 

Table 1.3 

rUPAC classification of Porcs 34 

Micropores 

Mesopores 

Macropores 

width less than 2 nm 

width between 2 nm and 50 nm 

width geater than 50 nm 

17hese classification limits are somewhat arbitrary as the pore shape, the size of 

adsorbed molecule and nature of adsorbate- adsorbate interactions are critical in 

determining the adsorption characteristics. In rnicropores the walls are very close so Iz 
that interaction is very high leadin (T to enhanced adsorption at a given relative pressure. 

In mesopores, adsorption is by capillary condensation showin (T a hysteresis loop. 
I 

t-1 

Fi, (, TLire 1.14 shows the different pore types found in the solids 
35 

01 

Olerent types of p-crazity in a said. 
0- open pares: C-c! osed pc: es: t- transpon pores: t- bind pores. 

E, mire 1.14 Different types of pores 35 1 

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

solids and allow the passage of fluids. vapours into and out of the solid through these 

pores. Closed pores denote a void and are isolated from the external surface of a 

solid. Besides open and closed pores It Is 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 is 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 

surface. 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 Zý 
structure of porous materials. The adsorption isotherms are studied in order to provide 

the following information: (1) estimation Of Surface area, (2) estimation of pore 

volumes in porosities present, (3) fundamentals of adsorption processes and (4) 

assessments of efficiency of industrial carbons employed in separation and purification 

techniques. 

The extent of adsorption on a surface (Tenerally depends on the natUre of the 

adsorbent and the adsorbate and IS a fLinction of adsorbate pressure (p) and 

temperatUre (T). If 'n' is the quantity of gas adsorbed, this is expressed as36 

n= (p, Tgas, solid) (1.0) 

For a particular gas-solid system at constant temperature equation (1.0') 
01 

simplifies to: 

f (P)T, 
gas, solid (1.1) 

If the gas is kept below its critical temperature and the pressure of the gas 

increases the gas wiH liquify. The pressure at which gas liquifies is the saturation 

vapour pressure. 

If pressure is expressed in terms of relative vapour pressure, i. e. p/pO (p. is 

saturation vapour pressure of the adsorbate) then equation 0- 1) becomes: 
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n= f(PIPo)7*, 
gas, solid (1.2) 

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

various adsorbates can be readily compared. 

The relationship between the amOLIIIt of substance adsorbed at any given relative 
pressure and at constant temperature can be represented graphically by means of an 
'adsorptioii 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 
C0 

observed. 

C 
9. - 
9- 

9- 
9- 

C 

C 

C 
9. - 

IV 

VI 

Relative presSLire, p/p,, 

., O[ptioll isothemis. Figure 1.15 Showing 61ITerell, ; 16, 
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Type I isotherm is characteristic of the microporous carbons (i. e. active carbons 

al and carbon molecular sieves) and gives a good indication of the approximate tot-A] 

microporous volume of the solid by directly reading the amount of vapour at the plateau 

of the isotherm. In contrast, Type 11 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 isotherm are its 

hysteresis loop and limiting uptake at high p/p, These features are associated with 

capillary condensation occurring in mesopores. The remaining isotherms are less 

common: Type VI represents stepwise multilayer adsorption on a uniform non-porous 

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

interactions. 

1.5.4 Deterinittatioyi 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 i (Tnore structural features of the adsorbent, except for distribution of 

adsorption energy or pore width. Information regarding SUrface area, pore size 

distribution and micropore VOILIIIIe etc. is incorporated within the isotherm and 

extractin (-T this information is a matter of debate. Hence. all eClLIatIO11S are based on 

assumptions made from these models and then matched ýJ(Tajnst an experimental 

isotherm, rather than data being used to create a model. The adsorption theories used in 

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 brief summary 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 Langinuir model 

The Lanumuir model is based oil three assurnptionS37 (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 is reached when a 

monolayer is completed and, (3) interaction does not occur by either repulsion or 

attraction between the adsorbed molecules. Using these assumptions, Langmuir38 

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

p 

+ 
Vmb vm 

Where V is the amount of aas sorbed per (Tram of sorbent at equilibrium pressure P, V : -D Z: 5 M 
is the amount sorbed per gram of sorbent to complete a monolayer, b is the an 

adsorption coefficient specific to each sorbate sorbent system. If the experimental data 

satisfies the isotherm equation, a graph of P/V aninst P will give a strai ht line and V 1ý 19M 
the saturation value is calculated from the slope. The specific surface area A is 

calculated using the equation: g 

Vln All, L (1.4) 

Where A is the average arca OCCLIpied by ýl 1110leCLIle of the adsorbate in the completed m 

motiolaver, L is the Avogadro constant. and V is expressed in moles of adsorbate per 

gram of sorbent. 

It has been shown that disagreements occur in Vm Values calculated from 

37 Lan (Tmuir equations plotted from different pressure ranges of the adsorption data 

Values of Vm calculated frorn isotherms obtained at the higher pressures are higher than 

those calculated from isotherms of lower pressure conditions. The disaareement in Vm 

values is a result of the first aSSUIIIption in the LangMUir model which overlooks the 

fact that only 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 adsorption occurs at a wider rancy-e Ct 

of energetic sites so that Vm has higher values. 
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1.5.4.2 The Bru nauer-Em in ett- Teller model (BET) 

The BET method is still the most widely used model despite receiving Z: ý 

considerable criticism. It was first proposed by Brunauer, Emmett and TelleP9. BET 

is an extension of the kinetic model of adsorption process proposed by Langrnuir to 

account for multilayer adsorption. It assumes that (1) the adsorbent surface is an array 

of energetically homogeneous sites, (2) no interaction occurs between adsorbed 

molecules, (3) each adsorbed molecule in the monolayer is an adsorption site for 

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 is assumed to be equal to that of liquefaction and the total amount adsorbed is 

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

The BET equation is usually expressed in linear form: 

pI C-1 p 
(p, ) - p) NmC NmC PO 

Where n is the alTIOUIlt adsorbed at equilibrium pressure p, Nm is the monolaver 

capacity, p,, is the satUrated vapOLir preSSLire and C is a dimensionless constant which is 

related to adsorption energy and is expressed as: 

exp 
(ql-q2) 

RT 
(1.6 

Where (, ql-q2) is the net heat of adsorption and q, = heat of adsorption In the first 

adsorbed layer, q2 = heat of adsorption in the second and subsequent layers, i. e. the 

molar heat of condensation. For adsorption data that obeys the BET equation. a (Traph 

of p/n(p,, -p) a(Tainst p/p,, will give a straight line with slope. s= C-l/N, 
"C and 

intercept. I I/N,,, C. Solution of these two simultaneous equations (gives the values of 

N and C. The surface area is calculated using Nm, L and Am, as shown previously M 
for the Langmuir method. 

In practice the value of C can be used to charactense 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/NmC 

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 ori (Ti n. Under this situation an 1--) tD 

approximate value of Nm can be obtained by using only one point in the range p/pO 

0.2-0.3 and drawing the line from that point through the origin. This constitutes the C) 
so-called one-point method of surface area measurement. 

Although the BET equation has succeeded in describing adsorption data for a 

large number of systems the deviation from the BET equation in the low relative 

pressure region p/p,, <0.05 and in the high relative pressure region p/p,, >0.35 must be 

recognised37. The deviation in the low relative pressure re (Tion is caused by the C 
assumption of 110MO(Teneous surface which is not valid. The deviation in the higher 

relative pressure region IS CILIsed by the ISSLImed absence of lateral interaction between 
Z-- I 

adsorbed molecules, an ýISSLimption which is not valid especially in a multilayer 

adsorption system. 

The BET method is probably the most widely accepted for determining- the 

monolaver capacity. However, the BET model has been sub'ected to number of 

criticisms such as (1) an ener(-, eticalIV 1101110(-elleOLIS Surface never exists, (2) 

adsorbate-adsorbent and adsorbent-adsorbent interactions are not taken into aCCOLIIIt, 

(3) enthalpy and entropy terms predicted by the model do not agree well with those 

measured experinientalIV40,41,42 and, (4) purely localised adsorption is unlikely to 

43, since the adsorbate molecule has surface translational energy. occur above 77 KIIb 

1.5.4.3 Empit'ical pi-ocedlires 

As prevIOUSIV stated that there is no Current theory for adsorption that can 

provide an exact mathematical description of in experimental isotherm over a complete 

range of p/p, Tvý,, o different procedures can be used to analyse the isotherm data. The 

first one is to apply a semi-empirical equation - the Fren kel-Hal sey -Hill (FHH) 

equation. This particular mathematical form depends upon the ran-ge of the isotherm to 

be fitted and the nature of (Tas/solid interactions. The second procedure makes use of 

standard isotherms on selected non-porOLIs reference matenals. 
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(I) FHH equation 

The FHE equation is usually stated in the forM 44: 

pk 
In 

( 

PO) nr 

where n is 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 loc, 

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 zn Zý 
c arbo n S45,46. The effect of mesoporosity decreases the value of r, whereas 

microporosity tends to increase it. 

(11) t-plot and a, - plot inethod 
A standard isotherm provideS Useffil information regardin(T a number of points. It) -- 

such as (1) making allowance for the thickness T of the adsorhate 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 its extension provide a simple means for comparison of the 

shape of a given isotherm with that of a standard on a non I ltý -porous solid. The BET 

procedure enables construction of a t-curve (t azainst p/p,, ) by measuring the isotherm 

on a non-POFOLIS sample of the Substance, expressing reduced form of n/nrn (where 

n is the amount adsorbed at relative pressure p/p(, and nn is the monolayer capacity) 

against p/p(,, and then Using the conversion t= (n/n,,, ) (T. where u is the thickness of a ltý It! 
single molecular layer. A number Of Studies conducted by several work-erS47,48 

showed that the isotherms of a variety of substances fell sufficiently close together 

5%) enabling the t-CLirve to be used in routine pore calculations. z: 

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 (Figure 1.16 a), the isotherm under test must be identical to the 
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standard isotherm; 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 c and 1.16 d, 

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

n 

t 

oool 

n 

D 

E 
t or a 1ý 

n 

D 

E 

Fio-ure 1.16 t (or (X, )plotS34 
ltý 

t 

or (X 

However. the common t-curve can produce misleading results. The small ltý 
differences between the reduced isothen-n of different substances, which are immaterial 

in pore size calculation, can no longer be ignored. Hence. it becomes essential that the 

reference isotherm for the t-plot be measured on a non-porOUS sample as similar as 

possible in surface structure to the substance under teSt34. In the comparison of 

isotherms involvement of t and n, "n gives rise to complications. Sing49 proposed the 

use of Ot, in the place of t, where (x, =n/nO., 4 (v-rhere no.. 4 = adsorption at p/p. = 0.4). A 
S -1 

curve of as against p/pO and an (xs-curve can be derived from the appropriate reference CI: 

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

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

reference material. Since nm is not involved, the (x, - plot may still be used if C is very 

small and the BET monolayer capacity is therefore unreliable. When the isotherm is of 
Type 111, BET the t-plots are unsatisfactory. 

1.5.5 Assessment of mesoporosity 

This form of porosity is 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 I- 
rise to adsorption/desorption hysteresis at high relative pressures due to different 

mechanisms of filling and emptying of the pores. 

Capillary condensation 
The characteristic mechanism of adsorption in mesopores is capillary 

condensation which is illustrated by a Type IV isotherm. As the pores are much larger 

than the adsorbate molecule. at low relative pressure, layer by layer adsorption Occurs. 

The adsorbed film acts as a surface upon which further adsorption can eventually Occur 

resulting in capillary condensation. The low pressure region follows the same path as 

that of a Type 11 isotherm indicating a monolayer covera (T e, but at a certain point it starts 

to deviate and, as the relative pressure increases, enhancement of adsorption occurs 

givin (T rise to a multilaver fomiation and a further sorption occurs resulting in capillary tý ltý I tý 

condensation. As the pressure increases the multilayers increase until they combine in 

the narrowest cross-section of cylindrical or wedge-shaped pores and form a meniscus I- 
of condensed adsorbate, which is concave when the adsorbate condenses at a pressure 

lower than the saturated vapOLir pressure of the gaseous phase. 

Capillary condensation occurs because the equilibrium vapour pressure. p, over 

a concave meniscus of an adsorbate which wets the surface, is less than the saturated 

vapour pressure, p, of the gaseous phase. i. e. even less than unity. I 

There are t\A,, o forms of capillary co tide n satio n-revers ible 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 processes 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 

'itik 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 is still reliable for calculatin(-, the motiolayer coverage, since I- 
capillary condensation occurs above the monolayer region of the isotherm, i. e., above 

p/po= 0.4 provided there is no micropore filling in the lower region. 

1.5.5.2 Computation of inesopore size 

The mesopore SiZe IS LISLUIlly calculated by using Kelvin eCjL1, ItIOI1 in the f6ml 34 : 

In 

(p)-- 2YVL 1 (1.8) 

PO RT rm 

Where p/p,, is the relative pressure at temperature T, VL is the molar volume of liquid 

adsorbate. R is the (-Tas constant, r is the CLirvature of the hemispherical meniscus and M 
is the surface tension. 

In order to calCUlate the mesopore size from a physisorption isotherm it must be 

assurned that the (1) pores are rigid and of uniform shape, (2) the micropores are 

absent (or can be taken into account independend. v), (. ) ing 3) there are no pore blocki 
t, 

effects and (4) pore size distribution does not extend continuously into the macropore 

ran ge. Z 
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1.5.5.3 Hysteresis 

In the gas physisorption isotherm, con den sation/evaporation usually gives rise 

to hysteresis in the multilayer region. Hysteresis is not always observed for 
t: ) 

mesoporous solids-, for example, in tapered pores closed at the narrow end, adsorption 

initially produces a hemispherical meniscus which advances up the pore until the whole 

pore is 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 in 

Figure 1.17 
34 

. 

C: 

I) 

C 

C 

Relative preSSLire, P/R) 

Fi gure 1.17 Classification (-)f hysteresis loopS3 

Although adsorption isotherms can provide a good indication of the porous 7 

structure of a carbon, sometimes a mixed isotherm is obtained ýxhich is difficult to 

analyse due to the different types of pores present. In order to obtain more information 

it is useful to study the desorption isotherm which generally does not coincide with the 

adsorption isotherm over the entire pressure range. The hysteresis loop may be present 

over high or low relative pressure. Hysteresis loops have been found to exhibit a wide 

variety of shapes which are associated with a specific pore strLICtLire. Type H, and H_j 

refer to two extremes types. where as type H, and H -nediate 3 may be regarded as inten 

between the two (i. e. H, and H-4). Type H, is often associated vvith porous materials 

known to consist of a. (! T: )zc--Ylomerates or compacts of apprommately spherlcal particles of 
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uniform size and hence have a narrow distribution of pore size. Type H2 loops anse 

from some corpuscular systems, in which the distribution of pore sizes and shape is not 

well defined. Type H3 and H4 are associated with adsorbents having slit-shaped pores. 

In the case of H3 the slit shaped pores are derived from plate like particles. The Type I 

isotherm character, when associated with H4, indicates the presence of 

microporosity 
34 

. 

1.5.6 Assessineitt of microporosity 

1.5.6.1 Micropore fillitig 

Micropore filling is a phenomenon that gives rise to the Type I adsorption Cý 

isotherm (refer Figure 1.15). Micropores are filled with phys'sorbed molecules before 10 

capillary condensation begins. Hence, the process of micropore filling does not take 
It) 

capillary condensation into LICCOLInt, but the mechanism of pore filling is dependent on Z: ) 
the nature of tile adsorption system and the ratio of pore width (dp) to molecular 

diameter ((T) i. e. d, 
)/(T rather than the absolute Value of d, 

). 
Pores of molecular 

dimensions (i. e. dlý(T = 1-2) ire filled preferentially at very low p/p, whilst the wider 
SO 

rnicropores (d, ýG are filled by a cooperative process at higher p/1)(, 

Enhanced adsorption OCCUrs in narrow micropores due to overlap of the 

potentials from neighbouringwalls only a few molecular diameters apart. The initial In I 
part of the isotherm is associated with micropore filling rather than surface coverage. 

Hence, it is inappropriate to use the BET method in order to evaluate the specific 

surface area of a rnicroporous solid. however. the BET method can still be applied to 

find the apparent specific surface area. 

Evaluation of microporosity depends upon the evaluation of micropore volume. 

In order to assess the micropore Volume it is necessary to understand the phenomenon 

and different types of adsorption occum n (Tin 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) 1= 
which are distinguished by secondary micropore filling 

36 

, although the terminology for 
34 

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

there is 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 

results in a pore filling mechanism for adsorption in micropores 
51,52 

. 

The mechanism of adsorption ill SLIPeMlicropores is attribUted to cooperative 

effects. Ultramicropores are several moleCLI1ar diameters smaller in width than 

SLIperi-nicropores and enhancement of tile adsorption potential ill SLIpernlicropores is 
less than that in ultramicropores. The nature of secondary process in superri-iicropores 

call be explaincd by a simplified model of I slit as shown in Figure 1.18. Once tile 

monolayer has been formed on walls, and If nlOleCLIleS ( 1) and (2) happen to condense 

opposite to one another, the probability that molecule (3) will condense increases. The 

increase in tile residence time of m0leCLIles (I ), (2) and (3) promote the condensation of 

molecule (4) and still further molecules, as shown in Figure 1.18. The critical 

parameter in the enhancement of the adsorption energy is not the pore size itself bUt the 

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

Fi gure 1.18 Model of cooperative adso[ption in a slit shaped-POFe36 
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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 rising temperature. The apparent activation energy can be given by the Arrhenius 

equation: 

A -Ea/RT (1.9) 

Where Ea = apparent activation energy, k is the rneaSUred rate of uptake at temperature 

T and A iS the pre-exponential factor. 

Equation 1.9 sLi(-,, (, Iests a plot of In k verSLIS I/T is a straight line of slope - E,, /R and 

intercept = A. A is referred to as the 'pi-e-expoilewial factm' or 'fi-equeticy 

factor' 

Diffilsion in micropores whose diameter is approximately that of the adsorbate 

molecule still has some ambiguities in the estimation of the order of maLTnitude of It) - 
adsorption rate when adsorption is controlled by this type of diffusion. The study of 

CMS is important because they contain a variety of pores. The micropores in the CMS 
(Tr, 

are considered to be slit shaped of around 0.5) nm opening, between , aphitized, laver 

planes. Table 1.4 lists the work camed out on the diffusivity of gases into coal. 

zeolites and CMS materials, only those gases Nvhich have been used to study kinetics on Cý 

CMS materials in this thesis have been taken into account. 
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Table 1.4 

Activation energies of different uses on coal, carbon moleCLIlar sieves and zeolites. 

Gas Material Activation energies Reference 
(kJ mol-1) 

C02 Coal 3.36-16.38 53 
C02 Cms 23.1 54 
C02 PVDC 2 5.2 -22 7.3 55 
C02 Zeolite 42-58.8 56 
C02 Zeolite 0.4 nm 20.58 57 
CH4 Coal 22 1.64-23.52 58 
CH4 Zeolite 0.4 nm 18.9 57 
CH4 Coal 10.5 59 
CH4 Zeolite 0.5 nm 18.48-22.68 60 
CH4 Zeolite 0.5 tim 20.16 61 
01) Zeolite 0.4 nm 10.45 57 
02 Cms 26.04 62 
01, Cms 25.2 63 

0") Cms 25.2 66 
011 Cms 10.08 61 
N2 Zeolite 0.3 nm 12.6 64 

N, Coal 10.5. --16.9 53 

N, Cms 27. 
-') 

63 

N, Cms 15.54 65 
N2 Cms 31.08 66 

C, H4 Cms 20.2 61 

C, H -, Active carbon 10.0-44.5 67 

Molecular sieving is a process that occurs in micropores and linilts the diffusion 

of adsorbate thrOU (T h the rnicropoi-OLIs network- 
68 

. The adsorption of a molecule is 

influenced by the rate at which the molecule moves from one site to another. The rate 

of adsorption is also controlled by the temperature, size and the shape of the adsorbate 

molecule. Work- conducted by Lamond er 611.69 on a series of microporous carbons 

showed that the amount of carbon dioxide adsorbed (at 195 K) was hig-her than 

nitrogen (at 77 K). This was attributed to the close proximities of walls in micropores 

leading to a re (TIon of high potential energy as compared to the surroundi al tý I ing extern 

surface. In turn this increased energy enhances the interactions between the adsorbate 

molecule and the adsorbent, which may be further 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 Dubitzin-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 is 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 I isotherm. The micropore 

volume can be obtained from the amount of adsorption represented by the plateau in the 

isothern-i. If the microporosity is associated with significant external area then further 

adsorption occurs at higher relative pressure and no plateau is obtained. 

Dubinin and coworkers proposed a theory for estimation of micropore VOILIme 

based on the Polanyi adsorption theory. Physical adsorption of gases and vapOLirs in 

micropores has been described by the D-R equation 70,71,72 This Litilises the 

mechanism of pore filling rather than the layer by layer technICILle Used by BET method. 

The D-R eqUatIon is expressed as follows in order to determine micropore volume of 

the solid: 

lo,: 1() V =: lo(TI() V(, -D log, ' 0 (p/p�) (1.1 o) 
c- 

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

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

In a plot of lo(TIOV against log 
I 

Cý a! 10 (p/pO). 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 in Figure 1.19 (b, ) 

and(c) 73. However, McEnaney35 recommends caution in interpreting deviations from 

the D-R equation since some are due to activated diffusion. 
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V) 
ct 

(a) 

(b) 

(c) 

This type of D-R plot is typical of 
a n-ticroporous carbon. The cut-off 
corresponds to the plateau in the 
isotherm reached when monolayer 
covera(Te reached in microporous 
carbons. 

The upwards swing in this D-R plot 
is believed to OCCUr through the occurence I of either: [II supermicroporosity, or 
121 adsorption in mesopores or, 
131 MUltilayer adsorption on non-poi-OLIS 
solids. 

This type of D-R plot is thought to 
occur due to the process of activated 
diffusion or molecular sieving, that is 
the adsorbate is excluded from the 
smallest micropores. 

(d) 

This type of D-R curve occurs in 
microporous solids where the 
microporosity is either developing or 
closing . 

(e) 

Adsorption is a continuous process 
i. e. the ultramicropores are filled 
initially followed by adsorption in 
super- m icropores. 

10 (T 
g 

(P/P. 

predicted 

actual 

Fi gure 1.19 C. mmon deviations from D-R cune 73 
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The surface areas obtained on some adsorbents vary according to the gas used. 4: ) 
Hence, it is not valid to quote absolute values of surface area but to make comparison 

of surface areas provided the same adsorbate has been used. Surface areas obtained 

using the Langmuir, the BET and DR plots give different values as these theories apply 

to different sections of the adsorption isotherm. For example, while the Langmuir and 

BET methods are applied to the relative pressure range of about 0.05-0.4 of the 

adsorption isotherm the D-R equation is applied to a much lower relative pressure 
74 region . It is clear that surface area is valid only for purposes of comparison and for 

this purpose the same adsorbate must be used, also, some theory must be used for 

evaluation of the required parameter. 
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1.5.7 Diffusion ift porous inedia 

Diffusion in a pore system can be considered as a transport process by which 

molecules are transported from one part of the porous system to another part. This 

transport phenomenon also depends upon the ratio of pore diameter to that of the 

diffusing molecule and the sorbate concentration. Generally, carbon molecular sieves 

have a well defined bimodal pore size distribution which consist of microporous 

regions with a macroporous network. The diffusion mechanism begins with free 

diffusion, in which the average path length is large compared to that of the pore 

diameter. If the pore diameter becomes smaller free gas diffusion changes to capillary 

or Knudsen diffusion. This surface diffusion has an Arrhenius temperature 

dependence. When the pore diameter is approximately equal to the diameter of the gas 

molecule, activated diffusion Occurs. This has a higher activation energy than the tn Z-- 

surface diffUsion because of the stron(-Ter interaction forces between the gas molecules 

and the pore walls. Diffusion occurs in this region by activated process and is referred 

to as 'cotifigii ratio ii al difftisiotz' or simply 'inicropore diffiisioit'. 

Quantitative meaSUrements of rates at which a diffusion process OCCUrs are 

generally expressed in terms of a diffusion coefficient. The rates of adsorption and 

desorption in porous adsorbents are generally controlled by transport within the pore 

network. rather than by the intrinsic kinetic sorption at the surface. As there may be 

bulk flow through the pores, it is convenient to consider interparticle transport as a 

diffusive process and to correlate kinetic data in terms of diffUSIVIty, which can be 

defined in accordance with Fick's first equation which states that the rate of transfer of 

diffusing substance is proportional to the concentration gradient into the particle and is Z-- 

represented mathematically as: 

-D 6C/6x (I. 11) 

Where F is the rate of transfer per unit area of section, C is the concentration gadient of 

diffusing substance. x is the surface coordinate measured normal to the section and D is 

the diffusion coefficient. 
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The empirical diffusion equation for rate of diffusion of a gas into a spherical 

particle can be given as 75 (the defination of M, and M. is given below): 

mt 

k tn 
moo 

(1.12) 

The diffusional exponent (n) can be evaluated from a plot of log (M, /M. ) 

against log t. When n=0.5 then the diffusion mechanism is Fickian and if n=I then it 

is described as Case II. If n lies between 0.5 and I then the mechanism is said to be 

anomalous and is supercase 11 if n is greater than 1. 

For most particle shapes, representation as an equivalent sphere is an acceptable 

approximation and the transport may therefore be described by Fick's law for 

dimensional diffusion into a sphere of radius r with D being the diffusivity, the 

eqUation can be written in spherical coordinates as: 

ac 5, c 26C 
+ (1.13) 

at r6r 

If diffusion is constant for a one dimensional radial diffusion in a sphere of 

radlLIS 'r, with a constant sdi ff LisII (T i on coefficient, D, it can be 
ý ven as: 

6c ac )8c 
D-+ 

at 

(r2 

r6r 

The diffusion into a homogeneous spherical particle for isothermal diffusion 

assumina that the diffusion coefficient is constant is given by following equation: 

CIO 

mt 611 exp D il"n 2t 

n=l 
2 M', 71 

Where Mt is the c-Tas uptake at time t, M. is the gas uptake at equilibrium. D is the 
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diffusion coefficient ,r is the radius of the particle. 

The solution for short times: 

00 

mt Dt 1/2 
7r- 1/2 21 iefrc nr 

+ n=l 

M". r2) 4Dt 

3Dt 
(1.16) 

r2 

Mt/M. is the fractional approach to equilibrium. Expansion of the series in 

(1.15) and neglecting the second and hi gher terms gives: Zý t-- 

mt 

M". 

so that: 

M, mt 

m 

exp D 7r'-l t 

7r 

exp Dn t 

Expansion of the series of ( 1.16) and neglectin (-T the second and higher terms 

gives: g 

NI t6D 
1/2 t I/- 

1/2 r 

(1.19) 

Hence for long time behavioura plot of ln((Mc, - Mt)/M. ) against t will have a 

slope of D712 r"', and for short time behavIOUr a plot of '\/It/M,, versus t will have a 

slope of (6D )/7r r. A (Traph of ln(lAIt/M,,. ) a(Tainst time (t) for theoretical Fickian 

diffusion is shown in Fi (T Lire 1.20. The graph is slightly curved at very low values of t 

due to the importance of hI (T her terms at low t values. On the other hand, for uptake 

above 50% and the best least squares straight-line fit for the data, > 50% uptake gives a 
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value of D/r' very close to the theoretical value. This is due to the rapid convergence of 

equation 1.15 the higher terms in the series expansion becoming insignificant. 

0 

-1 

I 
-', 

-3 

-4 -ý- 
0.00 (). I () 0.20 

Time 

0.3 0 

0.632 

0.865 

0.950 

Mt/MOO 

F i!, Ture 1.20 The variation of hi(I -Mt/M-) with time for theoretical Fickian process. 

Lon. g time and short time diffusion behaviour are the two convenient ways of 

stLidv in (TcliffLISion data and of checking both these solutions for consistency. 
I ltý 

The classical idea of a carbon moleCLIlar sieve (CMS) is that it has pores with 

restrictions of a certain size. These restrictions are supposed to be of molecular 

dimensions equivalent to that of smaller molecules enabling them to diffuse in rapidly 

with respect to larger molecules 76 
. 

Selective carbon molecular sieves can be prepared 

I ation conditions and (2) carbon by two methods (1) careful control of the carbon s 

deposition to introduce selectivity into a previously non-selective substrate. In the case 

of the former the selectivity is throughout the material since the carbon structure is 

reasonably homoueneOUS 77 
. The mechanism of diffusion of (Tases in such CNIS 

would tend to aggree with the Fickian diffusion model where the molecule diffuses into 

the CMS pellet through the restrictions in the pore structure. In commercial CMS the 

t%, is Usually introduced by the deposition of carbon on pore mouths during the selectivi , 
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manufacturing process of CMS (refer to Chapter 2 Section 2.2.2 for details). In this 

case the carbon deposition is heterogeneous and particle size reduction leads to a loss of 
kinetic selectivity. The differences in gas diffusivities result in a molecular sieving 

action which is directly related to the size and kinetic dimensions of the adsorbate. 
LaCava et al . 

78have proposed a rate model based on a different view of the structure 

of CMS. This model is based on a conceptual model of sieving action of CMS 

proposed earlier by Nandi and Walker 79 
. According to this model the carbon 

crystallites are loosely cross-linked with other crystallites to form an aperture cavity 

structure. The aperture is considered to be slit-shaped which serves as an entrance to 

the cavity. This model has also been used by Rao et a 1.80 who suggested that the 

sieving action is produced by the interaction of van der Waals potential forces in the slit 

of the molecules. Smirnova and coworkers81 calculated the shape of interaction 

potential between two model graphite layers and an argon atom. For some values of 0 Z__ 
distance between the graphite layers, the calculations showed that the highest energy 

barrier occurred at the slit entrance. LaCava er 611.78 concluded that the rate uptake of 

aases by non-Fickian CMS can be described bv in activated Lanamuir rate model. In 

this model the CMS is considered to have a slit-shaped pore mouth where the slit- 

Molecule interaction potential controls tile rate of entrance of moleCUles into the cavity. 

The slit potential WaS found to be characteristic for each molecular species. The slit 

potential was found to be (-Treater for nitro(Ten as compared to oxygen. Hence, the 

nitroo'en molecule was adsorbed more slowly in comparison to the oxygen molecule. A 

ln(I-Mt/M. ) versus time graphs for this model is a straight line. Hence there are 

similarities with the corresponding graph for the Fickian diffusion model at high levels 

of uptake. However, the graph for Fickian diffusion is non-linear in the initial phase 

up to 5W'c gas uptake. Fickian behaviour is observed for CMS (-Tas uptake kinetics 
I- In 

where the material was prepared by controlling the carbonisation conditions thereby 

producing a material where the pore size distribution is homogeneous. 
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Chapter 2 

Activated carbons and carbon molecular sieves 

This chapter reviews active carbons and carbon molecular sieves (CMS), their 

synthesis, structure, properties and various applications. CMS are a special type of 

activated carbons. In order to have a better understanding of CMS materials it is 

important to understand the various aspects of the synthesis and properties of activated 

carbons. These are discussed in the following section. Z-- 

2.1 Activated Carbons 
Carbon in different forms plays an important role in the fields of industry and 

science. Active carbons Lire synthesised from naturally occurring carbonaceous 

materials like coal, oil, peat. coconut shell and wood by pyrolysis (carbonisation) and 

activation processes. After the removal of volatile components by heating in an inert 

atmosphere to typically 873-1173 Ka highly carbonaceous material - 'cliar' is 

obtained. Generally the char Structure obtained is porous, and a suitable activation 

process is used to increase the available porosity. Hence the term 'activated 

cat-boW is used which in its broadest sense inClUdes a wide rancre of microporous 

carbon-based materials prepared from a wide range of materials which have been 

activated to (Tive a high deggee of porosity and extended interparticular surface areal. Z: ) - 

The pore structure is the most important propertv of an activated carbon and Its 

adsorption capacity is determined by primarily its microporous structure. A hig h 

micropore volume indicates that the carbon can adsorb large amounts of (Tases or 

VaPOLirs. The structure and porosity of carbon, which develops during activation, 

depends initially upon the nature of the precursor to carbon. However, any 

pretreatment which the precursor undergoes prior to carbonisation or variations in the 

carbonisation conditions can change the porous structure and hence, the adsorptive 

properties of the carbon. N-lethods of controlling, pore development of active carbons 
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provide a means of preparing adsorbents suited to a wide range of applications. Some 

applications of different carbons are given in Table 2.1 

Table 2.1 

Different characteristics and applications of some active carbonsl, 2 

Applications Characteristics 

Air purification Removal of slight odours from inhabited 

spaces for exam pi e-hospi tals, offices and 

removal of toxic gases from industrial exhaust. 

RespiratoNs Soi-ption ol'toxic vapours like chloropiciin and 

cyanogen chloride may occur via physisorption 

and chemlsorption (for imprepation carbons). 

Nuclear plant gas hold up Dclayed bed of' xenon, krypton and gases in 

nuclear reactors. 

Beveraocs The removal of (nc(, I, I:,, Ibie) slight oclours like 

aldchydc in raw distillate also accelerates 

matunrig, and used For the regeneration of old 

wines and enhancing the flavour by removal of' 

phenol and colouring matter. 

Medicine Carbon is an antidote to food and chernical 

Poisoning and is also used in the treatment of' 

LTastntis and ententis. 

Gold recovery Adsorption of gold from cyanide leach liquors. 

Waste water treatment The removal of heavy metals, for example, 

cadmium, halomethanes such as chloroform-, 

and pesticides for examplc-DDT, dicldrin, 

aldrin etc. 
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2.1.1 Structiire of activated carbotts 

The majority of non-graphitizable carbons originate from non-fusing coals, for I ltý 
example anthracite or low rank coals and plant material such as wood, nut-shells etc. 

which are used to produce activated carbons industrially. In coking coals the 

development of a thermoplastic phase produces orientation effects which lead to 

anisotropic graphitizable carbons. It is the polymeric cellulose or lignin within these 

naturally occumng materials which when pyrolysed, yields microporous carbon. 

During carbonisation hydrogen and oxygen are released gadually, leaving behind the 

basic skeleton of the polymer which forms cross-linkages thereby preventing fusing Z_7 ltý * 

The pore size distribution of an active carbon depends on the nature of the precursor 

and both the carbonisation and activation experimental conditions. Figure 2.1 shows 

typical pore size distributions of in active carbon and a carbon molecular sieve. 

clfhnl 
nm J 

Fi ý, Ttire 2.1 Typical pore size distribution for a carbon molecular sieve ( ....... ) and an 
3 

activated carbon (-) 

High resolution transmission electron microscopy has confirmed the (general 

picture of the structure of porous carbons. The graphene lavers are disorganised 4 with 

regions resembling crumpled paper, with gaps of varvin(T oleCUlar dii-ne sions ltý n 

between them i. e. the rnicropores are as shown in the schematic diagram in Figure 2.2. C 
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Fimire 2.2 Schemafic representation of microstructure of active carbonS4 

The char porosity is not always accessible to gases such as helium. It is termed 

closed porosity. The pores are often filled or blocked by disorganised carbons 

resulting from the decomposition of tars etc. released in the carbonisation process. The 

way to make this porosity available is by slow activation or partial gasification of the 

carbon. 

2.1.2 Manufacture of activated carbon 
The manufacture of activated carbons is basically a two step process - 

carbonisation and activation. The structure of activated carbons depends upon the 

structure of oruanic precursor material and the conditions of activation. Figure 2.3 

shows a general flow diagram for the manufacture of activated carbon starting from an 

appropriate raw material. The modern manufacturing process involves the following 

steps: raw material preparation, pelletizing, low temperature carbonisation and 

activation. The conditions are carefully controlled to achieve the desired pore structure 

and mechanical strenath. 

Starting with the initial porous structure present in the carbonaceous ra%-,., 

matenal, closed pores are made accessible and pores are widened by the so-called 

I activatioiz process'. The activation process may be divided into two types-(I) 

physical and (2) chemical. After the initial treatment of carbonisation to eliminate the 

bulk of the volatile matter. the heat treated carbons are then subjected to partial 

gasification in steam or carbon dioxide or mixtures thereof at temperatures of 1073- 
Z-1 
1273 K to develop the porosity and surface area. The activation process is usually 
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carried out in fixed beds or rotating drums but in recent years fluidised beds have also 0 
been used. The activated carbons created by this process are used primarily for gas and 

vapour adsorption processes. The chemical activation process is carried out 

simultaneously with carbonisation by using phosphoric acid, zinc chloride or sulphuric 

acid in order to degrade and dehydrate cellulosic materials and to prevent shrinkage 
during carbonisation. All these processes result in production of activated carbons 

which depending on the precursor material are suitable for a variety of special 

applications. A highly microporous activated carbon with a suitable pore size 
distribution can be further modified by pore blocking techniques to synthesise a carbon 

molecular sieve (CMS). 

2.1.2.1 Raw materials 

The structure of a reSLIltin(-T carbon product (char) is a function of the organic 

precursor. Different types of materials used include vegetable by-products (olive 

stones, almond shells or coconut shells), fossil fuel (cwl) etc. Some of the precursor 

mterials , ire listed in Table 2.2 together with the corresponding miount of activated 

carbon production. 

Table 2.2 

Consumption of different preCUrsor materials' 

Wood 1.3 M tons/year 
Coal 0.1 M tons/year 
Ligm i te 0.05 M tons/year 
CoconUt Shell 0.035 M tons/year 
Peat 0.035 M tons/year 
Others 0.01 M tons/year 

The criteria for selecting the ravv materials depends upon several factors some of tý 

which are listed below. 

It shOUld have a high carbon content and lo\\ - in inorganic matter in order to make 

the process economical in temis of reactivity. 

Low cost. 

(3) High density also plays an important role as it contributes to the structural 
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strength of the carbon so that it can withstand size degradation during use. Low 

density woods produce carbons with large pore volumes. Coconut, coal and high 

density wood have high volatile content and they produce microporous carbons 

used for both vapour and solution phase applications. 

2.1.2.2 Carbottisation 

Carbonisation is a process whereby the carbonaceous material is subjected to 

thermal decomposition in an inert atmosphere and is converted to a carbon rich mass. 
This process is generally carried out in a continuous flow of an inert gas. The products 

of this process are either coke or char and tars and gases such as carbon dioxide, water 

etc. Char can be distinguished from coke on the basis that it does not pass through a 
thermoplastic state during carbonisation and is isotropic when viewed throUg h an 

optical microscope. As a result the char maintains its precursor shape although 

shrinkage and loss in strength are generally observed. 

In addition to the nature and physical properties of the precursor, the important 

parameters that determine tile quantity and yield of products are the heating rate, heat 

treatment temperature, carbonisation pressure and the soak time at final heat treatment 

temperature. Low heating rate dUnn (T pyrolysis tends to result in lower devolatilisation 

and higher char yield, increased secondary reactions and better stabilisation of the 

polymeric decomposition products. The basic microporosity is formed around 773 K 

although some of the pores are blocked by pyrolysis products which can be made 

accessible upon further heat treatment to higher temperatUreS5. However, the 

development of the porous structure is a function of temperature. 

NVood materials are dried at temperatures LIP to 443 K. The parti ion 'al de-(Yradat 

be (T ins at around this temperature leadina to evolution of carbon dioxide. carbon- 

monoxide and methanol. When the temperature reaches 54.3-553 K exothermic 

decomposition Occurs leading, to evolution of methanol and tarry substances. The 

primary devolatilization in the carbonisation is almost complete at around 87-33 K. The 

rate of pyrolysis is significantly influenced by the moisture content and temperature of 

carbonisation. 

During the carbonisation of coal two processes play an important role in C 
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determining the porosity in the char. The first stage is the softening period during 

which the macromolecular coal structure begins to decompose. After the softening 

period and passing through the major devolatilization stage etc. the char begins to 

shrink and harden. The shrinkage of char may result in the development of porosity in 

the char, but excessive shrinkage can result in reduction in pore volume, which can be 

later developed during the activation stages. In the case of low rank coal the heating t) zi- 
rate applied should be slow so that gases can escape through the pores in the granules ID 

without collapse or deformation. In the case of sub-bituminous coals and biturninious 

coals low heating rate can promote shrinkage which can lead to a drastic reduction in 

the pore volume, so it is advantageous to by-pass the slow carbonisation step and to Z__ 
activate the chars immediately to enlarge the pores before shrinkage occurs. 

2.1.2.3 Activation 

The aim of activation is to enhance the volurne of the existing, pores created I 
during carbonisation and to create some new porosity by opening, closed porosity. 
Although the mechanism of the activation process is not completek' understood, it can 
be visuallsed as an interaction between the acti,,,, ation a (T ent and the carbon active sites. 
The precise procedures for the activation depend on the carbon precursor and oil the 

require characteristics of the carbonaceOUS material. Nevertheless activation of 

carbonised materials falls into two categories - (I Physical activation and (2) 

Chemical activation 

Phvsical activation 

Partial gasification is generally known as 'physical activation' . The 

activating agents most often used are steam, carbon dioxide, air or combustion products 

at temperatures between 107' )- I' : ý73 ) K. The activating agent gasifies the more reactive 

portions of the carbon skeleton. The products of the activation processes are carbon 

ide and carbon dioxide. The extent of burnoff (gasification) depends on the monoxi Z-- 
carbon properties e. (T. reactivity, particle size etc. and the conditions under which the Ztý 
activating agent reacts with carbon temperature, gas composition etc. This can be 

I-C 
said to occur in two steps: 

Gasification of carbon active sites, (for example-edge atoms [zi(-T-zag sites. Z: ) - 
dangling carbons, arm chair sites), heteroatorns etc. ) in particular, disorganised 
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carbon which, ideally should not exceed 10% weight loss. This results in opening 

of the blocked pores. 
(2) Production of active sites and wider pores as the carbon of the graphene layer 

system starts gasifying. 

The carbon atoms which form the carbonised structure differ in reactivity and 

affinity towards the activation agent. During the activation of the carbonised 
intermediate product the disorganised carbon is gasified, and the closed porosity zn 
becomes accessible leading to the development of the porous structure. The 

gasification of carbon proceeds at different rates on different parts of the exposed 

surface enablin(T the enlar(Tement of pores and formation of new pores. Thus, the Z-1 C 
removal of disorganised carbon and non-uniform gasification leads to the formation of 

new pores and subsequent development of the porous structure. In the later stages the t) 

effect is more pronounced with the widening of existing pores, and the complete burn- 

out of walls between adjacent micropores leading to the prodUCtion of transitional and 
6 

macropores, with the loss of microporosity. Kalback et al. observed that a major part 

of the early pore development Occurred by preferential gasification of single aromatic I-Z: ) 
sheets which constitute active carbon Structure. The pores developed in this way I 
reached a maximum number and then cease to form probably because the exposed 

aromatic sheets were exhausted. This is followed by (Tasification of the wall of the 

layer planes, resulting in formation of lar(Ter pores, which is the first step towards 

development of porosity. In sorne cases further activation is required in order to have 

access to the closed porosity within the porous matenal. This can be done by activatin (T 

with gases like carbon -dioxide, water and oxv(Ten etc. or bv heat treatment methods and IýW 
chemical activation. According to Dubinin 7 when the burnoff is less than fifty percent 

a microporous active carbon is obtained-, when the aasification level exceeds seventv 

five percent a macroporOLIS product is obtained and when the burnoff ranae is between 
Zý 

fifty and seventy five percent the product contains both micropores and mesopores. 

These must be regarded as approximations. 

Activation with carbon dioxide promotes external oxidation and development of 

large pores compared to activation with steam. The relative amount of the internal and 

external oxidation depends Upon how well developed the pores are in the carbon'sed 

material. Gasification of the material with steam and carbon dioxide occurs by 

page 55 



following endothermic reactions over a wide temperature range 8: 

C+ H20 ---- > CO + H2 

C+ C02 ---- > 2C0 

AH=+118.5 kJmol-1 

AH=+159 kJmol-1 

(2.1) 

(2.2) 

The reaction of steam with carbon is accompanied by water-gas formation 

reaction, which is catalysed by the carbon surface as: 

CO + H20 ---- > C02 + H2 AH=-42.3 kJmol-1 (2.3) 

Since the reaction of carbon with steam and carbon dioxide are both 

endothermic, the activation process leads itself to accurate control of conditions in the 

kiln. External heat is required to drive reactions (2.1) and (2.2) and maintain the 

temperatUre. 

The rate of reaction with steam is retarded by the product hydrogen which is Z-1 
stron (. Tly adsorbed on the active centres i. e. chemisorbed and reduces the rate of 

activation by fomiation of C-H sites. Activation with carbon dioxide is also retarded by 

hydro (T en and carbon monoxide. Gasification reactions (2.1) and (2.2) show a strona 

product inhibition. Differences between the reLiction with carbon dioxide and water 

involve the followin (T: 

Differences in carbon activation using carbon dioxide compared with water can be 

ascribed to: 
9 

the slower diffusion of carbon dioxide into the porous systern of the carbon 

(2) the restricted accessibility of carbon dioxide to micropores 

(3) a significantly slower reaction rate for reaction of carbon dioxide with the 

carbon 11 
- 

Reaction (22- 1) is favoured by elevated temperature and reduced pressure and in 

the absence of a catalyst occurs slowly at temperature below 1200 K. The uncatalysed 

reaction is cgenerally somewhat faster than the C-CO, ý (2.2) reaction under the same 

page 56 



conditions. In a practical system the distribution of products will depend upon the 

occurrence of secondary processes such as the water gas shift reaction i. e. (2.3) and 

reaction (2.1). Under practical conditions, with temperatures higher than 1100 K, the Z 
water gas shift reaction is at equilibrium and this means that both reactions (2.1) and 

(2.2) are important, despite the fact that in most cases super heated steam is the primary 

activation agent. 

Rand and Marsh12 observed that the presence of carbon monoxide helps in 

making the gasification rate more uniform. These workers used mixtures of carbon : -M t) 
dioxide and carbon monoxide for Zg--asification of polyfurfUryl alcohol carbon, 

carbonised at 1123 K, and observed that the addition of carbon monoxide in the gas 

stream resulted in the development of more uniform microporOLIS structure as well as in 

decreasina the rate of gasification. In the case of an iron catalysed reaction, the 

development of microporosity was also better when the Mixture of carbon dioxide and 

carbon monoxide was used. The rate of gasification was retarded only when tile iron 4- 
catalyst was rendered inactivel. In actual industrial processes, the activating agent used ý Cý 
is generally flue gTas to which a certain amount of steam is added so that a combined 

activation with steam and carbon dioxide can occur. In the case of activation with 
oxv (T en, the rate of reaction with carbon is more than 100 times faster than with steam 

or carbon dioxide8. 

C+0, 
----> CO� AH=-393.5 kJmol-I (2.4) 

2C + 0, ----> 2CO AH=-221.0 kJmol-I (2.5) 

Both reactions (2.4) and (2.5) are exothermic and the reaction is difficult to 

control. Since there is always some local heating, the product obtained is not always 

uniform. As a result of the exothermic reaction the gasification is not restricted to pores 

but also occurs on the surface of the grains. causing excessive weigght loss, hence the 

method is rarely used commercially. 

Niarsh and Rand 13 
observed that the activation of polyfurfuryl alcohol (PFA) 

with carbon dioxide resulted in the opening of inaccessible porosity and widening of 4-D 
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existing pores. Tomkow et al. 14 studied activation of brown coals in carbon dioxide, 

steam and oxygen. Activation with water resulted in widening of all sized pores at a 

burnoff of 70%. Although the total adsorption volume increased from 0.6 to 0.83 

CM3/g there was not a significant increase in the surface area. Activation with carbon 

dioxide resulted in more uniform porosity, but the carbon produced by carbon dioxide 

activation had lower total pore volume (0.49 CM3/g) than that obtained by steam 

activation. Activation with oxygen at a very low burnoff less than 1% resulted in 

activation of non-porous carbon. The micropore volume increased from 0.002 to 0.2 

CM3/g. There was only a slight increase of 0.23 to 0.27 CM3/g in the micropore volume 

with increasing burn-off from 8 to 25%. On increasing the bUrn-off to 70% there was L_ 

a slight decrease in the pore volume. This indicated that different distributions of 

porosity were produced. Although activation with all three (Tases resulted in ltý It) 
microporOLIS carbons, the highest was with oxygen. A higher degree of mesoporosity 

was observed with steam activation rather than with carbon dioxide or oxygen. At 

higher burnoff levels the effect was inore pronounced. The activation of carbonised 

wood char as a function of weight loss'. Initially the adsorption capacity of tile 

activated carhorl increased as the weight lo,, s increased. SUbSeCluently the porous 

potential of carbon reached a maxinlUni and then decreased. This implies that in the 

initial stacge, the opening of closed micrOPOI-OSIty Occurs but there is a finite linilt to the 

amount of closed porosity. Consequently as the burnoff increases the average pore 

diameter increases. 

N, IcEnaney and Dovaston'-ý prepared a series of carbons from cellulose 

2275 K and activated to 3017c triacetate by heat treatment in temperature ranges 1230--- 

burn-off. The porosity development was measured by mercury density and nitrogen I ltý 
adsorption. Activation at low temperatures resulted in development of mesopores and 

macropores. The heat treatment temperatures (1500-1700 K) resulted in annealing of 

the structure with a loss of porosity. 
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The main factors influencing the gasification of carbon with a gas during the ZD Z-1 - 11-15 
activation process are: 

(1) the diffusion of reactive gases to active sites in the porous structure, 

(2) the gasification experimental conditions, pressure, temperature, particle size, 

flow rate, gas concentration etc., 

Carbon structural characteristics 

(3) the accessible surface area which is measured by TSA, 

(4) the variation in active sites 

(a) zig-za(: r,,, irm chair tl- 
(b) heteroatoms 

(c) inorganic 
I'D 

(5) diffusion limitations due to porous structure. particle size and reaction 

temperature. 

However, no direct proportionality can be found between reactivity and BET 

surface area due to the inability to define the structure precisely and the complex natLII-e 

of the reaction. 

In the case of the measurements Of SLIrfIce area in microporous solids, there are 

problems sometimes because of activated diffusion effects and volume filling/capillary 

condensation effects. Hence, carbon dioxide at 273 K has been used for adsorption 

studies in order to determine a reasonable approximation for the microporous surface 

area. In this case the low (p/p,, ) at pressures up to atmospheric virtually eliminates 

condensation effects and because of the comparatively high temperature and there are 

no activated diffusion effects. 

2.1.2.3.2 Chemical activation 

Chemical activatioit is generally carried out on lignocellulose based 

precursor materials. The starting material is impre(Tnated with chemical agents usually C-I 
by mixing and kneading. The chemical impregnated material is carbonised to 
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temperatures in the range (673-1073 K) depending on the precursor and generally 

washed on cooling to produce the final active carbon. The activating agent is later 

recycled. The basic function of the chemical incorporated is to react with the products 

resulting from the thermal decomposition of the precursor and to reduce the evolution 

of the volatile matter, thus inhibiting shrinkage of the particle and enhancing the yield of 

carbon. The most widely used activating agents are phosphoric acid, zinc chloride, 

sulphuric acid, potassium sulphide, potassium thiocyanate and hydroxides and 

carbonates of alkali metals. Chlorides of calcium, magnesium and ferric oxide have 

also been suggested 16 
C) 

The chemically activated carbons obtained in powdered form possess high 

capacity and are generally used for the adsorption of larger molecules (for example - 
decolourisation). Kadlec 17 observed that the pores obtained by physIcal and chemical 

activation were different. In the case of chemical activation, pores were bottle shaped. 

compared to cone shaped in physical activation. This was attributed to the development 

of bottle shaped pores dLI1-111(1 the course of activation arOUnd temperatures of 573 K 

when the carbon mass IS Underaoin(g, niaJor structural changes. The (Tases evolved 

durin (T thermal decomposition create hollows in tile structural matter and escape through 

it. In contrast, in the steam activation of wood there is a water ', 'ýIPOUI- concentration 

gradient in the particle. The oxidation occurs in the vicinity of tile pore entrance rather 

than in the pore centre, thus leading, to conical shaped pores with wide pore entrance. 

ýN; eunerberg and O'GrandY 18 obtained active carbons of high Surface area from 

coal. petroleum coke and their IIIIXtUres impregnated with hydrated sodium hydroxide. 

The process involved calcination between 573-673 K and further heating, to 1073 K. 

The resultant product upon washing %', 'ýIS found to be highly microporous and had a 

ca ge like structure. The magnitude of surface areas ranged from 3000-4000 M2 g-I for 

coke to 1800-3000 m" for coal derived carbons. Schafer" synthesised active 

carbons from brown coal ývhicjj wa, ý first heated with hydrochloric acid to remove 

cations and converted into potassium coal by addition of potassium hydroxide. This 

was pelletized and pyrolysed in stream of n* itrogen to a temperature of 1173 K. The Zý 

carbon obtained was later leached %vith hot water and the surface area obtained by this 
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method was of the order of 1100-1500 rn" 9-1. EhrbUrger and co-workerS20 found 

that upon pyrolysis of coals with alkalis like sodium hydroxide and potassium 

hydroxide the microporosity decreased upon small additions of alkali (up to 10% by 

weight) but increased appreciably with the addition of large amounts of alkali. 

Micropore yield was higher in the case of potassium hydroxide. Kwok and Miller 21 

prepared active carbons from petroleum coke by treating with polyphosphoric acid. 

The phosphoric acid-treated coke was treated with steam between 973-1173 K. The 

surface area obtained was about 700 M2 g-1 for these carbons. 
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2.2 Carbon Molecular Sieves 

For many years the separation of air into oxygen and nitrogen was carried out 
by liquefication/distillation. In recent years alternative processes, namely pressure 

swing adsorption (PSA) and membrane separation have been developed. These are 

used on a large scale and are economic for all but the largest capacities. Table 2.3 lists 

some commercial processes, most of which utilise PSA. 

Table 2.3 
Representative commercial gas adsoEption separation 22 

Separation Adsorbent 

I Gas bulk separations. 
Normal paraffin s/iso-paraffi n s, aromatics Zeolite 
N2 from 0-) CMS 
0 from N, ) CMS 22 
CO, CH N,, A r, NH 4, C02.2 3/H Zeolites, Active carbons 
Acetone/Vent streams Active carbons 
C, H, ýVent streams Active carbons 

11 Gas Mirification. 
H-, O/olefin-containing cracked (Tas. Z zi- 

Silica, alumina. Zeolite 

natural gas, air, synthesis gas etc. 
C02, C, H4, natural gas I'-- 

Zeolites 
Organics/Vent strearns Active carbon, others 
Odours/air Active carbon 
NOx/N2 Zeolite 
NOx/SO, CMS 
SO, /Vent streams Zeolite 
Hg/Chlor-alk-ali cell (Tas effluent Zeolite 
Sulphur compound s/natural gas, hydrogen 
liquified petroleui-i-i gas (LPG) Active carbon 

The discussion presented in this section involves the structure and properties of 

the CNIS and the principles of the PSA process for air separation using 
CMS. 

C 
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Carbon molecular sieves (CMS) represent one member of the family of 

activated carbons, which fail into the category of non-graphitizing carbons (for details 

refer to Section 1.3.2 of Chapter One). Carbon adsorbents having the molecular 

sieving properties have been studied extensively since Emmett 23 discovered the 

molecular sieving characteristics in Saran carbon in 1942. In 196924 a 0.5 nm type of 
CMS was developed25. Subsequently a nitrogen generating air separation plant was 
developed by Bergbau Forschung Co. 26. 

Z: ý 

For the production of oxygen and nitrogen from air, it is more economical to 

use PSA than cryog V, Tenic means for production rates below 30 metric tons pe, day. 

Figure 2.4 shows the comparison between the cost of production of nitrogen from 
ltý 

cryogenic and PSA processes. PSA is more economic compared with gas separation 

usin(T a cryogenic process, which is labour intensive and demands a higher ener(Tv 
I'D - Ztý 

consumption. Thus, developments in CMS result in lo\, ver-cost nitrogen production. 

C 

Liquid iiitro(-, cn 

ci-. \, O(Iefllc PSA 

I () 20 30 

I 
Capacity (10 SCF/H) 

Figure 2.4 Cost comparison of nitrogTen: PSA using 0.5 nin zeollte and 

process 
27 

In 1990 US statistics 28 indicated that there had been an II ncrease in production 

of commercial chemicals. Nitrogen is the second largest chemical (57 billion POLinds) 

and oxygen fOUrth largest (39 billion POLHids). At present only 2-517c, of, the latter is I Zý -- 
g, PSA and hollow membnane fibres. The attraction. besides puri , produced Usin II itv 

Of LIS'llIT levels, I ', solid sorbents at CLIStomer sites is the fact that it avoids transportation 

o gases and liquids by trucks. Figure 2.5 shows various applications of n itroggen fC 

obtained from PSA29. Oxygen obtained from PSA is used to enrich air in combustion 
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and waste incineration, steel production and in the removal of chlorine in pulp and 

paper industry etc. 

0 Industry 
E3 Chemicals 
0 Metal treatment 
El Refineries 
D Offshore 
E Laboratories, Hospitals etc. 

Fiý, 'Lire 2.5 Application of tiltro, -, en ohmined from PSA. 

The CILIeStIOll now arises why there is increasing demand of using CMS material 

over zeoiltes'! The reason for this is that artificial zeolites are prepared from 

alUnninosilicates hydrothermally, the advantage being that the size can be controlled 

precisely. However, the major problem with such zeolites is poor then-nal stability, and 

poor acid - alkali resistance. In addition their selective ability with respect to polar 

substances like water is strong and consequently these zeolites do not have a 

satisfactory molecular sieve action in sonieC I FC Umstances. In comparison, CMS ha,,, e 

(1-ood adsorptive capacity and kinetic selectivity as well as possessing well defined 

microporous systern they are also stable materials which can operate successfully for 

many years. 

1.23 Pore size distribution of CMS 

As stated previously CMS are activated carbons. CMS utilised in industrial gas I- 
separation processes in general have a bimodal pore size distribution. The porous 

structure generally comprises of transport porosity responsible for diffusion of the 

adsorbate into the CMS and the microporosity for the gas adsorption capacity of the 

material. Figure 2.6 shows the pore size distribution of various carbons used in rn- 

separation process. However, kinetic separation is possible only with carbon 

molecular sieves because of its pore size distribution. For example in the separation of 
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oxygen and nitrogen from air the separation is due to the result of a slight difference in 2: -ý tD 
the kinetic diameters of the two gases, which results in a high rate of diffusion for 

oxygen into the CMS compared with nitrogen. 
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MX (e) I, X (f) CMS and ((,, ) activated cirh(-)n 27 

2.2.2 Manufacture of CMS 

Within the last decade C,, vlS have been Lised commercially in proprietary 

processes. The average pore size distribution of the adsorbent must be below 0.4 nm 

to effect oxv(, en separation from nitrogen. The average pore diameter can be ad*Usted 

by lKlUld impregnation and VýIPOUr deposition technlCjLleý. In order to be effective for 

air separation by pressure swing adsorption (PSA) the adsorbent must exhibit a hi(-)'h 

adsorption. a high rate of gas throughput and selectivity for appropriate gases. It is 

known that CNAS havin(g, micropores of the order of - 0.4 nm can be used successfully 

for this Purpose. There are several methods used for the production of CMS's the 

manufacture details are outlined bnefly below: 

(I) Synthesis of a nzicroporous carbon with a suitable pore siAze 

distribution 

(i) Thennal treannent 

(ii) Gas acrivarlon 
(II) Introduction of selectiviti, 

(a) Coating 

(b) Vapour deposition 
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(I) Synthesis of a microporous carbon with a suitable pore size 

distribution 

(i) Thermal treatment 

The precursor material like wood, fruit shells, coal and synthetic resins etc. are 
initially carbonized to form a microporous carbon. Carbonisation of polymers like 

polyvinylidene chloride (PVDQ 30 -, cellulose 31 can also lead to the production of 

suitable microporous carbons which can be used to manufacture CMS materials by pore 

blocking'. The pore size distribution of the carbon needs to have a high micropore 

volume with some macroporosity for efficient gas transport. 
I Zý 

(ii) Gas activation Inethods 
Gas activation method using, carbon dioxide or steam are generally employed in 

order to activate porOLIS carbons to increase their adsorption capacities. Fi(-'Lire 2.7 

shows the process used by Ber (T bau ForschUn (T 
Co. for the production Of Carbon 

molecular sieves 
25. Care must be taken not to w1den the m1cropore size distribution 

greatly since it is critical that the pores are not too large. The ease with which kinetic 

selectivity can be introduced is critically dependent on the pore size distrihLition of the 

microporous carbon substrate. 

Carbonisation 

Steam activation Hydrocarbon 

FiTure .7 
Process for production of C\IS of Bergbau Forschung Co26 
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(II) Introduction of selectivity 
Coating metlwd 

Porous carbons like those used in the thermal treatment method are impregnated 

with resins or tars. This is done in order to reduce the pore diameter by coating the 

pore walls e. g. impregnation of active carbons with caking agents like furfuryl 

alcohols32. 

Vapour deposition method 
Porous carbon materials are heat treated at a temperature range of 673-1173 K 

and allowed to come in contact with gas containing selected hydrocarbons like 

ethy lbenzene33 
, methane34 , benzene3_55, propylene36, isobLItylene37 etc. so that the 

decomposition of the vapour deposits carbon on the walls of the micropores thereby 
reducing the pore diameter. 

Recent commercial synthetic methodS LISLially consist of between three to five 

steps depending on the starting materials. CMS here have been produced from 

precursors Such as coal, coconut shell and polymers. Usually the starting material is 

sub . ected to some sort of pretreatment procedure followed by carbonisation and iI 

activation treatment. Table 2.4 uives a S1.11-nmary of the synthetic routes to commercial 

materials. 
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2.2.3 Pressure swing adsorption (PSA): Principle and process 
Air separation using CMS and PSA is a kinetic separation process resulting 

from different diffusivities of oxygen over nitrogen in to the CMS, and is not due to 

equilibrium selectivity. Since the invention of the Skarstrom cycle52 in 1960, PSA has 

emerged as a major technology in the gas separation process. The history of PSA 

commercialisation is given in Table 2.5. 

Table 2.5 

PSA Commercial development highligh tS53 

1960 Skarstron cvcle and Guerin-Domine cycle. 
1960 Dryin(T of air and other (Tases. ZD C 
1961 n-Paraffin. 
1966 Hydrogen purification. 
1970 Oxygen prodLICtion from air. 
1976 Nitrogen prodLICU011 from air LISIII(T 

CMS. 

1977 Nitrouen(and oxv, (Ten) from air by "VaCLIum 

- swing adsorption" using zeolites. 
1977 "Polybed" systems for large scale 

hydro(, Ten prodLICtIOII. 

1980 Sin(fle bed PSA for medical oxy(. 1-en. 

1983 Nitrogen from air by zeolite PSA. 

CMS are generally bimodal in pore size distribution. comprising, macropores 

(needed for gas transport) and high micropore VOILIme for capacity. They are 
54, Ten. Zeolites kinetically selective and. in contrast to zeolites sorb oxvuen over nitro& 

are equilibrium selective sorbents which sorb nitrogen from air, thus, the dimensions of 

the (T ases to be separated play an important role. CMS can be compared to that of a 

mechanical sieve in which small molecules 'pass' through the mesh at a fast rate, 
intermediate size molecules pass through slowly and, the larger remain behind. This is 

represented schematically in Figure 2.8. 
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Fi (, Ture 2.8. Molecular sievimz. 

In the case of oxygen and nitro(Tell, OX, \'(Ten diffuses more rapidly into CMS Z: ý C 
than nitrogen which is a slightly lar(ger molectile. In order to effect separation the 

adsorbent must have pore openings of about the molecufar diameter of the largo'er gas in 

the mixture (nitro(-, en in air). This allows a rapid adsorption of the smaller component, 

resulting in high kinetic selectivity as shown in Figure 
-1.95 -5 . 

Work carried out by 

Knoblauch show diffusion constants (D/r2) of 1.7 x 10--I s-I for oxygen and 7.0 x 10-6 

s-I for nitrogen, where r is the micro particle radius and D is micropore diffUSIVIty 56 
. 

8.0 

4.0 

Time (s) 

19 Graph showing, oxygen and nitroge LiLiptake on CNIS mate *al at 275 K55 Fi(,, Tti re. ý- 1) 
-1-, 
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Figure 2.10 shows the PSA, process developed by Bergb4u-Forschung 

GmbH. The operation is based on a two-step cycle: adsorption and counter current 

evacuation, each lasting 60 seconds. The optimum pressure used for the adsorption 

cycle is between 3-5 atmospheres, and desorption pressure is approximately 0.1 

atmosphere. Compressed air is allowed to pass through one of the two reactor beds 

packed with CMS. As discussed earlier the oxygen molecule being slightly smaller in 

kinetic dimensions diffuses in rapidly whereas nitrogen molecules pass through the 
bed. After a short time the CMS is loaded/satu rated with oxygen and thus cannot 

absorb any more oxygen. The compressed air is diverted into the second reactor and 

oxygen is released from the first reactor by depressurization from high pressure to low 

pressure. The flow rate can be maintained by using two pressure vessels alternatively 

so that a continuous supply of nitrogen is produced. 4n 

Nitrogen Product --. Oo Ballast 
tank 

$-- Compressed air 

Figure 2JO Pn*ncii)le of PSA technique. 
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Chapter 3 



---Chapter 3 

Objectives 

3.1 Overall Objectives 
(a) To assess flow microcalorimetry (FMC) as a technique for characterizing the 

molecular sieving ability of carbon molecular sieves and activated carbons and 

to compare and contrast the results with those of gravimetric uptake studies. 

(b) To measure the adsorption capacity, kinetic selectivity and activation energy of 

adsorption and desorption for carbon molecular sieves using probe molecules of 

different size and shape. 

(C) To investigate the possibilities of preparing from a wide ran e of starting 1 11 c-9 4-ý 

materials active carbons of suitable pore structure and density as preCUrsors for 

the preparation of carbon MOleCLIIar sieves by carbon deposition. 

3.2 Specific Objectives 
3.2.1 Flow inicrocalorimetry (FMC) 

To comp,, -: ue the adsorption of oxygen and nitrogen on CMS materials in terms of t, 

equilibrium capacities, kinetics and selectivity using both (Travimetric and FMC 
C ltý 

techniques. 

(2) To develop a kinetic model for the analysis of FMC data for adsorption of gases 

on CMS materials. 
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3.2.2 Kinetics and selectivity of commercial CMS material 

To measure the adsorption and desorption kinetics, selectivities, activation 

energies and frequency factors for the following gases: argon, oxygen, nitrogen, 

carbon dioxide, nitrous oxide, ethyne and ethene on CMS A3. These data can be used 

to develop models for the adsorption/desorption kinetics and the selectivity process. 

3.2.3 Development and characterization of active carbons from different 

precursor materials. 

3.2.3.1 Synthesis of microporous carbons 

a) To synthesise microporous carbons by varying the carbonization pressure to I 
control the development of the pore size distribution. 

b) To manufacture carbons from a wide range of precursor materials by Z-1 

varying the carbonization conditions to control the development of the pore 

size distribution. 

3.2.3.2 Characterisation of carbons obtained 

To characterise of active carbon precursor and commercial carbon molecular 

sieve materials by the following techniques. 

(1) Surjýce area measurements 

(2) Gravimetric capacities and kinetics 

(3) Helium density 
1 

(4) Molecular probe analysis 

(5) Differential thermal analvsis (DTG) 

(6) Therniogravit-netric analysis (TGA) 

3.2.3.3 Introduction of selectivity 

To introduce selectivity in high capacity carbons either by carbon vapour 

deposition or by impregnation with pitch. 
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Chapter 4 



z-Chapt r4 

Experimental 

4.1 Materials 

4.1.1 Commercial CMS materials and activated carbons 

A total of six commercial CMS materials were used. CMS A and CMS B were 

coconut based coded 7691-58-55 and 7461-77-72 and were supplied by Air Products 

and Chemicals Inc. Four coal based CMS samples EP I- EP 4 manufactured by DMT, 

Germany were obtained by NCRL. Activated carbons like those supplied by Sutcliffe 

Speakman Co. and Chemviron Carbon were also obtained by NCRL. Besides this a 

wide range of precursor materials (listed) below were chosen for the preparation of 

active carbons. 

4.1.2 Carbon precursors 

Precursor material 

(1) Acenaphthylene 

(2) Acridine 

(3) Carbazole 

(4) Cellulose triacetate 

(5) Coconut shell 

(6) Dibenzofuran 

(7) Dihydroxy-napthalene 

(8) Novolak 

(9) Polvether-etherk-etone (PEEK) 

Supplier % Purity 

Aldrich, U. K. 85 

Aldrich, U. K. 99 

Aldrich, U. K. 99 

Aldrich, U. K. 99.99 

Air products, U. S. A. 

Aldrich, U. K. 98 

Aldrich, U. K. 97 

Hoechst Resins. Resinous Chemical, U. K. 

ICI Advanced materials, U. K. 
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(10) Polyether sulphone (PES) ICI Advanced materials, U. K. 

G 1) Pitch (Rut(Terswerke AG, 4620 Castrop-Rauxel). Zý 
(12) Polyvinylidene chloride (PVDC) ICI Advanced materials, U. K. ('viclan' 542) 

(13) Polyvinylidene fluoride (PVDF) Aldrich, U. K. 

(14) In house PFA carbons 
(15) Beech Supplied by Robert Duncan Ltd., U. K. 

(16) Teak Supplied by Robert Duncan Ltd., U. K 

4.1.3 Gases 

Gas Stipplier Gra&, 

(1) Argon B. 0. C., U. K. N4.9 99% 

(2) Butane B. 0. C., U. K. NI. 85 98.50% 

(3) Carbon dioxide B. 0. C., U. K. N 3.5 99-95% 

(4) Ethyne B. 0. C., U. K. N5.0 99.99% 

(5) Ethene B-0. C., U. K. N3.0 99.90% 

(6) Methme B. 0. C., U. K. N4.5 99.99% 

(7) Nitrogen B. 0. C., U. K. N4.8 99.99% 

(8) Niti-OLIS oxide B. 0. C., U. K. N4.7 99.99% 

(9) Oxygen B. 0. C., U. K. N2.6(Zero) 99.60% 

4.1.4 Liquids 

Liquid Supplier % Puray 

(1) Chlorofonn Aldrich, U. K. 99.8% 

(2) Carbon tetrachloride Aldrich, U. K. 99.9% 

Dichloromethane Aldrich, U. K. 99.0% 

(4) 2 Methyl butane Aldrich, U. K. 99.0% 
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4.2 Experimental techniques 
4.2.1 Carbonisation 

(1) Atmospheric pressure carbonisation 

Carbon precursor materials were carbonised at atmospheric pressure under 

argon in a silica boat located in a hofizontal tube furnace which was controlled by a 

Eurotherm. temperature programme controller. A heating rate of either IK min-' or 50 

K min-I was used in the carbonisations. The carbon was held at the final heat treatment 

temperature for aI hour soak time and the furnace allowed to cool after this period. 

The materials were carbonised with final heat treatment temperatures in the range 873 K 

to 1173 K. 

(2) Vacumn carbonisation 

VacULIM carbonisation studies were carried out in ý?, n Inconel vacULIM 

carbonisation honzontal apparatus placed inside a tube furnace which was controlled by 

a Eurotherm, temperature programme controller. The carbonaceous material was placed 

in a silica boat. The vacuum carbonisation apparatus was connected to a vacuum pump 

via a moisture trap. The vessel was pumped Out for 20 minutes and samples carbonised 

to HTT's of 8733-1173 K for individLMI samples at heating rates of either IK min-1 or 

50 K min-'. The carbon was held at the final heat treatment temperatUre for a soak time 

of I hour. The vacuum was maintained overnight until the vessel and sample had 

cooled down to room temperature. 

Elevated pressure carbonisation 

A wide raii(-), e of carbonisation pressures was used to investigate the relationship 

between carbonisation conditions and the porous structure of the resulting carbon. The 

samples were carbonised at constant pressures in the range of 6.6 - 12.24 MPa in a 

helium atmosphere at heating rates of either .1K min-' or 50 K min- 1. The final heat 

treatment was 873 K and the soak time was I hour. 

The elevated pressure carbonisation apparatus contained a finite volume of gas 

lb 

page 81 



which, along with volatile matter release, gave rise to a pressure change during heating. 

The initial pressure at 293 K was noted, as well as the final pressure at 873 K. In order 

to combine these into one figure an 'Effective Carbonisation Pressure' (ECP) was 

calculated on the basis that the volatile matter was released at 723 K, an arbitrary 

temperature between the temperature range of 293 K to 873 K. To calculate effective 

carbonisation pressure at 723 K, the difference in pressure between 293 K and 873 K 

was taken and multiplied by 430/580 and added to the initial pressure. 

(ECP) = Pi + (430/580) x (Pf - PI) 

where: P= Initial pressure at 293 K 

Pf = Final pressure at 873 K 

A schematic diaggram of this apparatus can be seen in Fl, (-'Lire 4.1 below. r-- r-I 

P 

Expansion chamber 
and tar condenser. 

Tube fumace 

Sample 
container 

Araon 

Demountable,,, " 
bottom end 

Figure 4.1 Elevated oressure carbonisation apparatus. 
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4.2.2 Gravimetric adsorptionldesorption measurements 
4.2.2.1 Apparatus and procedure 

A CI vacuum microbalance was connected to a Robal balance controller through 

an RS232 interface to an IBM PC which was used to measure the rate of uptake of 

gases in a flowing system as well as the equilibrium capacity of each sample for all 

gases. The reaction tube with a diameter of 2.5 cm (shown in Figure 4.2) was chosen 

in order to cut down the dead volume. A perforated bucket was used for the study of 

commercial CMS materials. The bucket was placed near the sinter in order to reduce 

flushing out time, ensure that the gas flow was distributed evenly and minimise 

fluctuations in flow rate changes during gas change over. The reaction tube was also 

enclosed within a thermostatically controlled water jacket. The system was positioned 

within a heating mantle to facilitate outgassing at 383 K to remove any moisture and 

gases adsorbed on the CMS material. 

To flow meters 

HelIL11T 

Microhalance head 

Gas to be adsorbed 
or helit 

I 

Helium 
Purge flow 

Vater outlet 

Sample h, 
Ilium or cas b be adsorbed 
Heater 

Sinter 

J ack- et /F 

Water at required Gas inlet 
temperature 

n tube for activation enmy determination. 
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The procedure for measurement of gas capacity and kinetics of uptake consisted of 
following stages: 

After zeroing the balance the setting was made to give a2 mg full scale 
deflection on the chart recorder. Approximately 150 mg of the sample 

was placed in the bucket. 

2. The water jacket was drained and the sample tube and heating mantel 

were placed in position with the vacuum joint being regreased. 

3. The sample was outgassed at 383 K under , ý, ()-3 torr vacuum 
for I hour or until the weight stabilised after degassing 

4. A purge flow of 1()() C1,13Mill-l 
ltý of helium was placed through the 1. 

balance head alongwith a pre-adjUsted flow of helium (1()() CM3 min-') 

which was introdUCed through the bottom of the sample tube. After 20 

min the Jacket was filled with water at the required temperature (275- 
333 K) and flowed thI-OLI(, Th the *acket enclosing the SWIlple tube. This 

Ii 
was then left for I hour in order to obtain a steady haseline. 

5. The helium was replaced with oxygen, nitrogen or other , as (aruon, 

carbon dioxide, ethyne. ethene or nitrous oxide), with pre-adjusted flow 

rates of 100 cm-'rnin-'. The weight uptake with time was monitored 

II icrocomputer. and the data stored ý, ia an R232 link. on an IBM n-ii 

Measurements of weight were recorded every second until equilibrium 

was achieved. The gas uptakes were calculated after correction for 
Z-1 

buoyancy effects. 

6. Desorption Studies were carried Out usin-(-T the reverse procedure to that 

used for adsorption. After the sample had reached equilibrium for either 

oxygen. nitro (T en or other gases at a flov., rate of 100 CM3Min-1, the (Tas C 
was switched back to helium at the same flow rate. The gas desorption 

I 
%vas followed gravimetrically in the same manner as the adsorption. I 
Corrections for changes in buoyancy were also required in order to measure 

weight loss during desorption. 
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The initial uptake readings are difficult to measure accurately, as the response of 

the microbalance to the rapid change in density when the gas is changed from helium to 

the gas to be adsorbed, produces an instrument response factor which needs to be taken 
into account. However, the gas uptake can be estimated from the extrapolation of the 

uptake curve to time = 0. Also the initial period of uptake was ignored because the 

experiment needs a finite time to flush out the helium around the sample bucket. 

Usually the initial 20 s of gas uptake was ignored. In this analysis equilibrium uptake 
is more important since it is Weq -W that is plotted, which can be measured more 

accurately. A typical profile of mass uptake for adsorption of a gas on a carbon 

adsorbent is illustrated in Figure 4.3. Z. ) 

Weq 

V 

a -s 

0--ý 

w 
t=O 

Time (s) 

Figure 4.3 A typical uptake profile of (,,, is adsorbed on a carbon adsorbent. 

4.2.2.2 Capacity calculations 
Capacity can be defined as the VOILlIlle, or mass of gas adsorbed by the given 

VOILIme or mass of CMS or active carbon. The difference in densities of the vafious 
(T 

gases give rise to buoyancy effects can be corrected by determinin mass chan(Tes 

experienced by the bucket and han(-, down with various amounts of powdered silica I- 

when changing from helium to oxygen, nitrogen or other crases as appropnate. In the 

case of a perforated bucket the buoyancy corrections ý, ý'ere determined usincr glass r-- Z: ) 
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beads. The graphs of buoyancy correction for a given mass of sample for various 

gases against molar mass of the respective gas are shown in Figures 4.4 to 4.8. 
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Figure 4.8 A graph of buoyancy corTection versus molir mass of variOLIS ý, Tases: mass 

of hLicket (0.49g) + 180 mg, of glass heads. 

The buoyancy correction depends on the density of the material Lised. 

Therefore a comparison was made between the corrections for graph'te and the non- 

porous glass beads. A comparison is sho,, %, n in Fi(! Lires 4.9. There is a small 

difference in the masses of graphite and glass beads used but this was not significant as 0 Z-- tý 
far as the comparison is concerned. It is apparent that the correction for graphite is Cý 

slightly higher (- 0.05m(T or 10%) than the correction for ý-Tlass beads. The difference 

is within the experimental error for the (Tas uptake and is mainly due to the lower 

3 
tv (2.2 5 for the (Traphite compared with the glass beads (2.85 (-Tcm- ). In densi gcm ltý 

addition. small amounts of gas adsorption may occur in the graphite. Therfore the 

buoyancy corrections used were those determined with the non-porous glass beads. 

y=-3.9784e-2 + 1.2472e-2x R, ̂\'-' = 0.947 

40 

0 

0 
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Figure 4.10 shows buoyancy corrections used when changing from various (, Tases as a 
function mass of sample (glass beads). 
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I 

Hence, the adsorption capacities can be determined in two ways. Firstly a 
buoyancy correction relative to helium can be added to the difference between initial 

mass in helium and the mass after adsorption of the particular gas being studied. In 

order to calculate the gas capacity of each carbon sample its mass in helium was 

subtracted from its mass in the particular gas after the equilibrium uptake had been 

achieved; the buoyancy correction was then added to this to give the mass of gas 

adsorbed. This figure was then converted to g (T-1 L-1 ,- of sample. The equilibfiurn capacity 

was determined at STP by multiplying mmol g-1 by 22.4 as shown in the equation k- 
below: 

In summary this can be expressed as: 

Capacity (cc =( MG - MH + B) x 1000 x 22.4 

(At STP) Mass of carbon mw 

where: MG EqUilibrium mass ingas. Z7 
MH = EquilibnLIM mass of sample in helium. 

Buoyancy correction. 

MW = Relative niolar mass of the (Tas. 

(4.1) 

The buoyancy corrections over the ran(ge of temperatures studied ýýere calculated using 

the ideal gas equation and the buoyancy corrections obtained at 2293 K. The (_TaS uptake Cý I- 
was determined as explained in section 4.2.2.1 . but the change over of (Tas from helium 

to the adsorptive gas gives rise to a very rapid mass change due to buoyancy difference 
II-I 

and also a fast uptake of gas on the clean surface of the sample. The progression of ltý 
adsorption to equilibrium implies the diffusion of gas into the porous network. Hence. 0 

in order to determine the gps adsorption kinetics the values obtained by extrapolation of 

gas uptake to time t=0 were used. 
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4.2.2.3 Kinetic measurements 

The rate was also determined from gravimetric gas uptake as a pseudo-first 

order rate constant, k for the gas uptake at atmospheric pressure. The derivation of 

the rate constant is based on a simplied version of Langmuir kinetics, where 0 is 

considered to be fraction of surface that is covered; 1-0 is the fraction remaining. 

- dW/dt =k( fraction of carbon active sites available) (Concentration of gas)n 

where the fraction of carbon active sites = (1 -W/Wcq) =1-0 (4.3) 

W= Weight uptake at time t 
Weq': ': weight uptake at equilibrium (t = oo) 

(4.2) 

The concentration of gas can be considered constant at atmospheric pressure 
in a flowing system and thus can be taken into the rate constant. Hence: 

- dW/dt = k'(Weq-W) (4.4) 

Integrating: loo til ý-c 
(Weq-W) Wt +C (4.5) 

When t=0; C= 111 Wc-q ; substituting the value of C in equation 4.5 

loge (I -W/Weq) =- k't (4.6) 

Rearranging equation 4.7 

Io (-, 
c 

(I -W/Weq) =- k't 

The graph obtained of this obtained loo- i--e (I -W/Weq) versus time 't' was a 

straight line of gradient k'. A graph v,, as plotted as above and a gradient calculated 
from the resulting straight line. The above description is a simplified description 

-tý II 

related to Langmuir's rate model which gives the equation below 

d", '/dt =C kd (k C (1 -0) C (k-a C (1 -0) - kd) (4.7) 
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where 0= fractional surface coverage by species (W/Weq) 
kd = Langmuir desorption rate constant 
ka = Langmuir adsorption rate constant 
k Langmuir equilibrium constant 
C concentration of gas phase species 

The kinetic selectivity for the CMS can be defined as ratio of rate constant of 
oxygen/rate constant of nitrogen = k'02/k'N2. A high selectivity ratio means that 
the sieve readily discriminates between gases on basis of molecular diameter, size 
and shape. 

However there are assumptions in the Langmuir example zero activation 
energy for adsorption and for desorption, the activation energy is equal to the heat 

of adsorption. The adsorption into CMS was found to be an activated process 

which indicates that the above model is not strictly valid although the results were 
consistent with the model in same respect. 

The gravimetric uptake analysis was carried out for all commercial samples. 
An example of results obtained for adsorption of argon for CM. S A3 can be seen in 

Figure 5.2 Chapter 5. The gradient in this case can be seen to be 4.15 x 10-4 S-1. 
The possible errors for the Arrhenius plots were cletemilned using linear regression. 

The desorption kinetics were fitted to in equation involving two exponential 

terms. This equation was of the form: 

mt 

= A, e-EIT + A2 e- E? T (4.7) 

Mr 

This was carried out usin(-, the computer programme 'Origin' supplied by 

MicroCal. 

4.2.3 Flow microcalorimetry (FMC) 
4.2.3.1 Description of apparatus 

FNIC Nva,, Lised to investi(Tate the heats of adsorption at (Tas solid interfaces with 
h (T ity. The samples were examined using Microscal series 3-V microflow igh sensitiv 

calorimeter. A schematic diagram of electronics is shown in Fi(-, Lire 4.11 and sample 

cell is illustrated in Fi(yUre 4.12. Z-- 
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The FMC is housed in a draft proof enclosure and is connected to a control unit 

which houses the amplifier and electronic accessories and controls. A stabilised power 

supply can be used as a heating block. The FMC cell is connected to vacuum pump 

which enables evacuation of the sample cell. The temperature detection can be of 10-5K 

magnitude; the cell has a maximum sensitivity of 4 ý0 and a resolution time range of I 

to 999 seconds. 

4.2.3.2 Procediire 

Firstly a known mass of ground sample (approximately 100 mg) was placed 

into the sample cell surrounding the calibration coil. The recommended particle size for 

this analysis is that retained by a 72 mesh sieve and that which can pass through a 25 

mesh sieve (i. e. 600 - 212 4m). The sample cell was evacuated until no heat exchange 

occurred i. e. endothermic or exothermic. 

A flow of dry hellLin-i was passed over the sample within the calorimeter at a 

flow rate of either I or 14 CM3min-1. Following a steady baseline with helium, 

nitrogen or oxygen was introduced at the same flow rate. The heat of adsorption and 
desorption were recorded as I trace on a flat-bed recorder by following the temperature 

as a function of time. The Output from the calorimeter was stored in the Calmon unit 

until data Could be retrieved by the computer and peaks could be marked and peak areas 

grated. 
Once no further heat change was observed the ", JS Supply Was switched integ Zý 

back to helium and an endothermic desorption peak obtained. The peak area obtained 
for adsorption or desorption is proportional to the total heat evolution as established by 

electrical calibration. This is assessed by passing a known Pulse of electrical energy 

throu(-Th the coil situated in the calorimeter cell. 

4.27.3.3 Calculation of heat of adsorption 

The heats of adsorption of oxygen or nitrogen on a clean carbon surface were ý Zý Z-- 

measured as a heat output thermogram. The total peak area was related to the aMOUnt 

of gas adsorbed, the shape of the peak being related to the kinetics of gas adsorption. 

The peak areas were calibrated by the introduction of a peak of known heat output per 

grain of sample. In all cases the adsorption cycle was repeated until successive peak 

areas were reproducible to within 50 mJgT-1. The two peak areas were then averaged 

and figures quoted to the nearest mJ, cr-1. 
In 
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4.2.3.4 Calculation of the kinetic parameters 

In the case of CMS materials oxygen is adsorbed at high rates giving sharp 

peaks, whereas nitrogen is adsorbed more slowly giving elongated heat evolution 

peaks. The FMC values that arose from the variation in measured peak areas were used 
for the calculation of rate. The data for the peak height, i. e. the heat given out at any 

particular time, can be taken from the microcalori meter and used to calculate the uptake 

kinetics and selectivity of the carbon. Experiments were conducted to obtain peaks for 

both nitrogen and oxygen on commercial CMS materials and activated carbon. 

Considering the adsorption to be a pseUdo first order process then the rate Z: ) 
of heat output should be equal to a rate constant multiplied by the reagent Z: ) 
concentrations. Assuming the concentration of gas to be constant the following 

equation is obtained: 

- dA =V [carbon active sites available] 
dt 

(4.8) 

where A is the peak area which in the case of the FMC thermogram corresponds to Z-- 
the heat output and V is the rate constant. 

As in the case of (Travimemc (T as uptake, the concentration of active sites 

available can be taken as one minus the fractional surface coverage. In the case of 

the FMC heat output thermoggrram the fractional Surface coverage can be taken as the 

total cumulative heat output (peak area) to tirne (t) divided by the total heat output at 

equilibrium, thus the concentration of active sites available is given by: 

[carbon adsorption sites] = (Acq - A) 

where: A= the total peak area to time (t) 

Acq -': the equilibrium peak uea. 

(4.9) 

Considering the kinetics in a similar wav to that for the gravimetnc uptake 

case: 
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Firstly: dA. V (A 
cq - 

A) (4.10) 

dt 

Rearranging: I dA =- Vdt (4.11) 

(Aeq - A) 

Integrating: ln(l - A/A 
eq) =- k"t +c (4.12) 

Thus a araph of In(l - A/A )a (T ainst time should be a straiaht line of L- eq Z-) 11ý 

gradient V. The gradient of this linear portion has been taken as FMC rate constant 
for the oxygen and nitrogen and the ratio of the two taken as FMC selectivity factor 

for molecular sieving ability. 

The drawbacks of this technique are the limiting gas flow SLIPPIY to the 

FMC sample cell and heat loss characteristics which gave rise to differences in the 

calibration peak areas at different flow rates. The ln(I-A/A,,, ) graph shows 
deviation at the beginning where the FMC peak- was still increasing due to flushing 

ltý 
out of the reactant gas and the end part of the peak which consisted of sample Z: 7 
cooling, rather than heat evolution. 

4.2.4 Sitiface area measurement 
Total surface area measurements have been obtained using a McBain spring I- 

apparatus. The sample was placed in an aluminium bucket and suspended by a pyrex 

hook frorn a silica spring, as shown in Figure 4.13. The systern was connected to an 

oil diffusion pump and a rotary pump. The samples wereoUt(Ta ssed for about 4 hours Z: - 
at 383 K. The adsorptive carbon dioxide was introduced into the system with the 

sample immersed in ice (2273 K). The time taken for the system to reach equilibrium 

was established by monitonn(-, - weight increases of the carbon sample after admission of 

each volume of gas. The pressure readings were increased stepwise and weight uptake Zý Cý 
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measured until the pressure reached about I atmosphere (0.1 MPa). The extension of 

the pre-calibrated spring was measured using a cathetometer and the amount of gas ZP 
adsorbed on the surface was calculated. The adsorption isotherm was used to estimate 

the surface areas using a value of 2x 10-19 M2 for the area of carbon dioxide molecule. 

The isotherm was plotted for gas adsorbed against p/pO (where po is saturation vapour 

pressure of carbon dioxide, 26144 torr (3.49 MPa)). From the adsorption isotherm it 

was possible to derive a value for the monolayer capacity of the solid. The monolayer 

capacity can be defined as the amount of adsorbate which can be accommodated in a 

completely filled single molecular layer (monolayer) on the surface of a unit mass of 

solid. The surface area was obtained from the following equation: 

Sa= Nm x am xL 

where: Sýl = Surface area /m" g-1 

N= Monoliverc,, tpicity/niniol(T-1 III I Z-- 
'Im Cross-sectional area of molecule 

for CO, = 22 x 10-19 m' 

'13 L Avogadro's number (6.022 x 10ý 
c 

(4.13) 

From the D-R plot eqL1, It1O11 aS given below the number of gas molecules ltý I Z: ) 
adsorbed and (gradient D were obtained: 

I 

loglo V= loglo V,, -D logý (p p,, ) S 10 (4.14) 

where V is the amount adsorbed at relative pressure p/p, V,, is the total amount of 

adsorbate within the micropore systern and D is related to pore size distnbution. From 
V (T 

the plot of 101 ainst log 
,) the gradient D. of the plot and Intercept V. can Tio 10(p/p 

be found. 

Carbon dioxide isotherm was also measured and plotted at O'C (273 K) for 

commercial sample CMS A3 using a Micromeretics digisorb 2600 high speed surface 

area analyser after cle-g', assing the sample for two hours at 393 K. The adso,. rption 
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isotherms were plotted using the amount adsorbed mmol. g-I against p/p. where p. is 

the saturation vapour pressure of carbon dioxide as given before. 

4.2.5 Density measurements 
The helium densities for commercial and laboratory samples were evaluated 

using Micrometerics helium densitometer-AccuPyc 1330. Conventionally helium 

densities of carbons have been determined at room temperature. The principle Is based 

on expanding the volume of helium occupied in a one container into a second container 

of known volume which also contains the sample as shown in Figure 4.14. Z: ý 

Calibrated sample 
Cell VOILime 

v 
cell 

v 
samp 

Výflve 
Calibrated 
Expansion volume 

v 
cxp 

FiLTure 4.14 SIIIIDlIfIed block diaLram of AccoPvc 1330 flelILI111 delISItOTIleter. 

The measured VOILirne of (Tas at known presSUre and temperature was expanded 

to the evacuated sample container and the pressure and temperature of (.,, is in both were 

then measured. The s. ample of known wei(-, -ht was placed in the cell and subjected to a 

series of helium purges and density output obtained. The accuracy of the instrument 

lies within the range of 0.03c1c'. The AccuPyc 1330 pycnometer is a gas displacement Cý 
pycnometer, which measures the volume of the solid. The working equation of the 

pycnometer is as follows: 

Vsamp = Vcell -( Vexý[PI/P2 (4.15) 

where: Vsamp Volume. of sample 
VCeII Calibrated sample cell volume. 
Vexp Calibrated expansion volume. 

PI Elevated pressure - ambient pressure. 

2 P11 Intermediate pressure - ambient pressure. 
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This technique enables us to find the Vsamp of the known mass and hence to 

calculate the helium density (by relation p= M/V, M =mass of sample, V= volume of 
sample) of the sample. The helium density was measured in order to assess the closed 
porosity of the carbons. 

4.2.6 They-mogravinzetric analysis 

(7) Proximate analvsis 
Proximate analysis provides a measure of relative volatile and non-volatile 

compounds, water and non-combustible material by destructive thermal distillation. 

The moisture content, volatile matter, ash and fixed carbon content of the carbon 

material were determined by this method. This was measured on a Stanton Redcroft 

Thermogravimetric STA 780. The method used was an equivalent to BS standard 1016 

part 5D. The procedure involved placing the sample in a bucket Ind flushing with 

nitro(Ten at 378 K to determine the wel(Tht loss oil drying. Then it was heated to 1173 
ZD Zn 

K at a heatin(y rate of 99 min-1 K and held for 3_3 rninUtes to remove tile volatile matter. b 
The sample was cooled to 1073 K Ind the gas switched to air so that the sample 

gasified in air. The moisture, volatile matter Ind ash content were obtained. Tile 

volatile matter content of carbon was equivalent to weight loss oil heating the sample in ltý Z-) 

a covered crucible to 1173 3 K. Tile percentage of moisture, volatile matter and ash can 
be determined as follows: 

MOIStLire Initial weight - Weight at 378 K)/Initial weight) x 100 + 0.16 (4.16) 
C7 C, 

Volatile Initial wei (T 11 t- Weight at 117' KI/lilitial ", e*(Th t) x 100 + 0.14 (4.17) 

matter 

Ash % (Weight at 107' 3K in air/Initial weiaht) x 100 + 0. IS (4.18) 
ltý 

Small corrections were added for 'buoyancy effects' due to the upward flowing 

gas. This phenomenon was previously studied using inert materials to determine 

buoyancy correction factors. These results are designated 'as received'. The data may 
I ltý 

also be displayed on a 'dry basis' or 'dry ash-free basis'. 

'dry basis' = ('as received' percentage x 100*100 -% moisture received) (4.19) 

'dry ash = (as received' percentage x 100)A100 -% moisture as received -% ash as tý 
free basis' receive ) 

(4.20) 
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(2) Qtfferential thermogravimetric analysis (DTG anal-vsis) 

DTG analysis was carried out usin, (, T a Stanton Redcroft Th ermogravi metric 

analyser STA-781. The technique involves the use of thermogravi metric analysis where 

the weight change can be followed as a function of temperature. The samples were 

subjected to pyrolysis at a heating rate of 5K rnin- I to a maximum temperature of 1073 

K under nitrogen (flow rate 50 CM3min-1). The weight loss profile was used to assess 

decomposition temperatures of various precursor materials like polymers and resins; for 

example PVDC, PEEK, PES, Novolak and PVDC with 25% polynuclear aromatics 

under atmospheric conditions in order to assess their decomposition temperature ranges 

so that suitability for blending, could be assessed. 

4.2.7 Prohe molecule adsorption rig 
The pore size distribUtion of carbons synthesised was determined using 

MOleCUlar probes of different sizes. The app', 11-, 'ItUS used for these studies is shown in 
Figure 4.15. The technique followed the Air Products and Chemicals, Inc. analytical 

technique CRSD-A-023-89. In summary this consisted of the following steps: C) 

I. The spring extensions for the empty ýIlLiminium foil buckets were measured. 

2. Each sample was wel gThed into II (T 

, htwei(, Tht aluminium foil buckets before 

being SLIspended from the silica sprin (TS within the adsorption apparatus. 

The initial sprincT extensions were measured before outgassing the samples 

under vacuum at 383 K for a period of four hours, after which the 
outgassed spring, extensions were measured. 

The organic liquid was placed i n1g) and ": p in a vapour tube, attached to the 

subjected to continuous freeze/evacuate/thaw cycles to remove 

noncondensible vapOLirs. 

5. The samples were thermostated at the required temperature of 301 K 
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for all vapours other than bUtane, for which a temperature of 273 K was 

used before admission of the vapour to the required pressure, as shown in 

Table 4.1. 

6. After a period of 24 hours the new spring extensions were taken indicating 

the extent of the adsorption. 

7. The process was repeated for each of the vapours/gases shown in Table 

4.1. 

Table 4.1 

Prohe moleCLIle adsoMtion vapours. 

Chemical Partial Pressure Pore size 
(p/po= 0.5) (n ni) 

at 301 K 

Methylene chloride 221 0.40 

Butane" 380 0.43 

Chlorofomi 100 0.46 

Isopentane 360 0.49 

Carbon Tetrachloride 60 0.60 

(Waterat 273 K) (16) (0-32) 

* refers to 27' )K 

The delonised water adsorption was not studied in this series of experiments. It 

was decided that the carbons would be needed for further study and that water 

adsorption Would be to some extent irreversible. and hence undesirable. The 

calculations are summarised as follows: 

The aluminium foil buckets used weighed approximately 200 mg and for the 

buoyancy correction calculations their volume %--,, as taken to be 0.2 CM3. The volume of 

the sample was taken to be the mass of sample (usually 200 m(T) multiplied by a 

page 103 



constant density of Ig CM-3 

Uncorrected dry weight. = Extension due to outgassed sample / spring 
factor. 

Buovancy correction for da weiaht. = 

dw MVP 
RT 

where: M= Relative molar mass of gas (N2 = 28). 

(4.21) 

V= Volume of load (bucket and sample - see above). 
R= Gas constant (0.082), dM-3 atni K- I mol. -I 
T= Temperature in kelvin. 

P= Pressure in atmospheres. 

3. Corrected dry weight. = Uncorrected dry weight (1) + buoyancy correction(2). 10 1 

4. Weight adsorhed. = 
(OUt(Tassed 

extension - final extension) / spring factor. 

5. Buovancy correction for adsorption. = 

dw mv P 
RTO 000) 

where: M Relative molar mass of vapour. 
V Volume of load (see above). 
P Final pressure in systern/atmospheres. 

R 0.082 dM-3 atm K- I mol-1. 
T= adsorption temperature/K. 

(4.22) 

6. Corrected weight adsorbed. = Welght adsorbed (4) + buovancv correction (5) 

7. Amount adsorbed. = Corrected weight adsorbed (6) - corrected dry weight. 

9. Moles adsorbed/mmol. = Amount adsorbed x 1000/(molar mass of vapour) 

An Excel spreadsheet was constructed incorporating all the above calculations 

and was used to calculate the adsorption of each vapour. 
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=-'ýý--Chapter 5 

Results 

5.1 A Comparison of Flow Microcalorimetry and 
Gravimetric Methods for Studying CMS Materials 

5.1.1 Capacity and selectivity of commercial materials 

The capacity and selectivity were determined for six commercial CMS materials 
and two activated carbons using, the gravirnetric uptake technique as described in It 
Section 4.2.2 and the Flow microcalonmetry (FMC) as described in Section 4.2.3. 

Straight line (T raphs of ln(I-W/Wecl) versus time were obtained from (Travimetric 

uptake rate data for each sample for oxygen and nitro(Ten. The analogous rate data from 
I Z: p 11-D 

the FMC for all samples were aISO CIICLIlated and both are shown in Table 5.1. 

Table 5.1 

Gas adsorption rate constants for CMS and activated carbons. (s- Ix 10- 3) 

Gravimetric FMC FMC 
Flow rate 0 00 cm 3 min-') (31 cm 3 min-') (14 CM3min-1) 
Sample N,, 0-1 N, 0_ý N, 

A. - A. 
02 

CMS A 2.17 12.5 2.15 14.1 1.68 16.8 
CMS B 0.89 15.7 1.46 21.1 1.19 18.4 
EP 1 2.90 34.0 1.32 17.2 101 16.1 
EP 2 1.72 2) 4.5 2.76 17.1 1.39 15.2 
EP 3 1.72 37.6 1.77 17.0 1.20 2) 4.5 
EP 4 1.71 7.76 2.14 21.3 1.10 14.1 
Chemviron 76.6 54.7 3.49 3 5.33 2,51 24.0 
SLItCliffe 162 156 3.2 1 37.6 2.09 29.9 

An example of the rate (T raph of ln(I-W/Weq) versus time (t) for gravimetric Cý zn 
uptake of nitrogen on CMS B is shown in Fi(Ture 5.1 and a corresponding example of 

the rate graph obtained from FMC is shown in Figure 5.2. The ratio of rates of 

adsorption of oxygen and nitrogen gives a selectivity factor for each carbon as assessed 

by each technique. 
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Table 5.2 shows the equilibrium capacity values for oxygen and nitrogen 
obtained by using gravimetric uptake and FMC for each sample. It also shows the 
minimum carbon dioxide surface areas obtained using a McBain spring balance 

adsorption apparatus. In the case of FMC the selectivity was determined at two flow 

rates 3 CM3min-1 and 14 CM3min-1 The calibrated values of FMC peak areas at both 
high and low flow rates were also measured. The heat of adsorption show a decrease 

with increase in flow rate. 

Table 5.2 
EQuilibrium capacities Uptake measurements from gravimetric and heats of idso[ption 
from FMC techniques. 

Gravimetric 
(100 cm 

3 
min- I) 

(mg g- I) 
Sample N, 0, ý 

FMC 

cm 3 min-') 
(mj (T-1) zz N2 02 

FMC 

(14 cm 3 min- 1) 

(MJ g-1 ) 
N2 02 

COT 273K 

surface areas 
(m 2 

9- 
1) 

CMS A 5.5 6.3 3500 5460 4200 7620 250 
CMS B 6.9 8.8 4750 5830 2300 6570 355 
EP 1 5.6 7.0 4020 3480 3270 5640 265 
EP 2 5.3 5.9 3600 6470 2040 3790 341 
EP 3 6.3 6.5 4200 5850 1900 5070 295 
EP 4 6.0 7.6 4400 6680 1870 5970 315 
Chemviron 8.8 9.8 6400 5890 6300 5220 355 
Sutcliffe 5.5 5.3 3590 2980 2680 1970 250 

The selectivity values as calculated from the ratios of rate constants for 

adsorption of each sample by both gravirnetric uptake and FMC technique are 
represented in Table 5.3. The selectivity ratio for FMC varies as the flow rate changes. 

Table 5.3 
0xv gen and nitrmZen selectivity ratios for the carbon molecular sieves and active 

carbons. 

Sample Gravimetric FMC FMC 
flow rate 1 (100 cm"min- 

3 Q cm, min-') (14 CM3min-i) 

CMS A 5.8 6.7 10.0 
CMS B 17.6 14.0 15.0 
EP 1 11.7 13.1 8.0 
EP 2 14.2 6.1 10.7 
EP3 21.9 9.4 20.0 
EP 4 4.5 10.0 12.7 
Chernviron 0.7 1.0 1.0 
Sutcliffe 1.0 1.2 1.4 
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Table 5.4 shows the FMC peak areas and adsorption rates for nitrogen at Z) 

different flow rates for Sutcliffe Speakman active carbon. 

Table 5.4 

Adsorption rates and 2eak areas obtained for various flow rates using FMC. 

Flow rate Calculated Adsorption 
(100 %= 14 CM3min-1) rate constants (s-1) 

Measured peak 

area (mJ g-) 

100% 6.7 x 1()-2 2620 
90% 5.6 x 1()-2 1749 
80% 5.4 x 10-2 2824 
70% 4.6 x lo-? 3056 
60% 3.8 x 10- 1 3304 
50% 4.4 x 10-ý 3179 
40% 4.6 x lo-? 3111 
30% 5.2 x 10- l 2883 

The reSLIltS clearly show that the adsorption rate determined by the FMC and the 

measured peak areas are strongly dependant on the floxv rate. This indicates that both tý 
the adsorption rates and capacities vary with flow rate. This is due to heat and mass 

transfer effects and the corrections are complex. 
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5.2 AdsorptionlDesorption Kinetics and Gas Uptake 

Capacity for CMS A3. 
5.2.1 Assessment of adsorption capacity 

The adsorption capacities of the carbons for the various gases studied can be 

determined by two methods. Firstly a buoyancy correction relative to helium can be 

determined and this can be added to the difference between the initial mass in helium 

and the mass after adsorption of the particular gas being studied. In practice, it is 

difficult to measure an absolute buoyancy correction relative to vacuum with the system 

used because of the two flowing systems for the balance head and the sample container. Z: ) 
The buoyancy corrections (BC) for various gases are related to their molar mass and 

have been shown earlier (Figures 4.4 to 4.9). A graph of buoyancy correction versus 

mass of sample for various gases is (Tiven in Fig Lire 4.10. The accuracy of BC can be 
ltý Zý 

checked by extrapolation of the effect of mass of sample to BC =0 should give the 

mass of the bucket and han (Tdown. A (Traph of BC relative to helium against molar t: ý 10 t) 

mass should pass through zero at mass four since there will be zero BC in helium. Tile 

main problern with this method is that for adsorption of gases SLIch as argon, nitro (T en 1-1) -- 
and oxygen the BC is lai-(-, -e as compared to the difference in the masses in helium and 

the (, TaS Studied. The alternative approach is to extrapolate the gas uptake curve in the 

time re (Tlont> -"Ostot=O. 
The (TaS uptake curve in the time range t=0- 20 s is tý II. D 

subject to errors due to (1) the mechanical response of the balance to a rapid change in 

density and (2) gas flushing, out effects during the change over of gy-ases. Comparison 
tý -- 

of the results of both techniques shows that there is a systematic discrepancy with 

capacities calCLIlated from the BC method being systematically higher. This can be 

explained as follovvs. After the carbon has been degassed and flushed Out with helium, 
I 

the surface is initially free of adsorbed species. When the adsorption kinetic experiment 

is carried OLIt, the chan (T e over of gas from heliLIM to the adsorptive gives rise to very 

ra i uptake of gas oil the easily accessible clean external surface which rapidly reaches pid II 

equilibrium. The kinetics that are measured represent the dlffLIsion of eras into the L- 

porous system. Therefore. the capacities quoted in this thesis refer to the maxi Imum 
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capacity as determined from the BC method. The gas adsorption kinetics refer to the 

diffusion into the porous structure and the uptake value obtained by extrapolation of the 

gas uptake to time t=0 was used since this is more appropriate in this case. 

5.2.2 Probe molecule kinetic studies 

Adsorption and desorption of a range of gases were studied on a commercial 

carbon molecular sieve CMS A3 over a temperature range of 275-333 K. These gases Z) 1-1) 

were selected on the basis of their molecular shape and dimensions. The 'probe 

molecules' chosen were spherical, linear or planar in shape. For some of the gases the 

time required for total desorption was very long. For these gases desorption studies 

were, therefore only carried out to >90% capacity and the equilibrium adsorption values 

for individual gas were taken in order to determine the kinetics for desorption. The 

results for each of the gases used are discussed in the following section and are Z: ) zn 

presented numerically in Table 5.5 (page 142). 

5.2.2.1 Argon adsorption1desorption 

A typical UMS Uptake profile for carbon CMS A3 is shown in Figure 5.3. It is 

apparent that the adsorption kinetics are relatively slow. A (T raph of ln(I-W/Weq) 

against time, where W is mass uptake at time t and Weq is the total Mass uptake at 

equilibrium, is shown in Fi(TUre 5.4. It is evident that the graph is a straight line 

demonstratin (T that the kinetics follow a first order kinetic rate law. The corresponding 

desorption graph is shown in Figure 5.5. It is apparent that the desorption follows a 

similar rate law but is significantly slower. This is true for all measurements carried out Z-- 

in the temperature range 275-333 K used in this study. The kinetic rate constants and 

adsorption capacities are given in Table 5.5. The adsorption capacities are markedly 

dependant on temperature. The experiments were carried out in the temperature range 

275-3.33 K, which was above the critical temperature (150.8 K) of argon. The data for 

both adsorption and desorption capacities shows good ageement over the complete 

. , e. As expected the adsorption capacities decrease with teniperature 1 an I 

temperature as showing in Figure 5.6. The activation energy graphs for adsorption and 
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desorption of argon are shown in Figures 5.7 and 5.8. It is apparent that the activation 

energy for adsorption of argon (39.1 kJmol-1) is high. The activation energy for 

desorption (45.4 kJmol-1) is slightly higher. In comparison, there is a change in the 

pre-exponential factor from 2592 s-1 for adsorption to 25084 s-1 for desorption. 
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0.4 

0.2 

0.0 
2000 4000 6000 

Time (s) 

8000 10000 

Fi gaire 53 A typical profile of W against time for adso[ption of argon for CMS A3 at 

303 K. 
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Figure 5.8 AlThenius graph for desoEption of argon on CMS A'i. 

5.2.2.2 Oxygen adsot-ption1desorption 
A graph of In(I-W/Wecl) against time, where W is mass uptake at time t and 

Wecl is the total mass Liptake at equilibrium. is shown in Figure 5.9. It is evident that lt7 
the graph is a straight line dernonstratinu that the kinetics follow a first order kinetic rate 11ý - tý 
law. The corresponding desorption graph is shown in Figure 5.10. It is apparent that Z7:! -- 
the clesorption follows a similar rate law but is sign ificantly slower. This is true for 

31-3 K used temperature range '175-1) 1 11 in this study. The kinet' 1 ic rate constants for 

adsorption and desorption are given in Table 5.5. It is apparent that the overall kinetics 

are relatively fast and the adsorption capacities given in Table 5.5 are rnarkedly 
dependant on temperature. As expected the adsorption capacities decrease with 

increasing temperature. The experiments were carried out in the temperature range of 

275 - 31-3 K which are above the critical ternperarure (154.58 K) of oxygen. The data 

for both adsorption and desorption capacities shows good agreement over the complete 

temperature range as shown in Figure 5.11. The activation energy graphs for 

adsorption and desorption of oxygen are shown in Figures 5.12 and 5.13. The 

activation energy for adsorption of ox ygen is 30.9 kJmol- and 43.2 kimol- I for 

1ý 
I 

desorpfion. In comparison there is a change in the pre-exponential factor from 3905 s- 

for adsorption to _169535 s-1 for desorption. 

y= 10.132 - 5460.3x R, '12 = 0.935 

a 

13 

El 
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-ptiotildesorption ... -. 3 Nitrogen adsoi 

A (graph of Iii(I-W/Wecl) against time, is shown in Fi(, TLlre 5.14. The 
1. -- 

corresponding desorption graph is shown in Figure 5.15. It is apparent that the 

desorption follows a similar rate law but is significantly slower. This is true for all 

measurements carried out in the temperature range 275-333 K used in this StUdy. The 

critical temperature of nitrogen is 126.2 K. The kinetic rate constants for adsorption 

and desorption are given in Table 5.5. The adsorption capacities given in Table 5.5 are 

markedly dependant on temperature. The data for both adsorption and desorption 

capacities shows good agreement over the complete temperature range. As expected the 

adsorption capacities decrease with increasing temperature as shown in FILT Lire 5.16. 

The ArrhenlUs energy (-Traphs for adsorption and desorption of nitrogen are shown in 

Fi ýTures 5.17 and 5.18. The activation energy for adsorption of is 34.6 kJmol-1 and 

36.3 k- Jmol-l for desorption. In comparison there is a chan (T e in the pre-exponential tý 
factor from 646 s-1 for adsorption to 796 s-1 for desorption. 
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5.2.2.4 Carbon dioxide adsorptiorildesorption 

Fi&'Lire 5.19 shows a graph of In( I -W/Wecl) against time, where W is mass c 
uptake at time t and Wecl is the total mass uptake at eCjL11librIUm. The overall rate for 

carbon dioxide adsorption is fast as compared to argon and nitrogen and the graph for 

adsorption is I straight line as shown in Figure 5.19. This demonstrates that the 

kinetics for adsorption follow the same kinetic rate law as ar (Toll, OXv(T en and nitrogen I Z-1 tý 

over the temperature ran IT e of 275-3333 K. It is evident that there are differences in the 

kinetics of carbon dioxide desorption compared with argon, oxygren and nitrogen 

desorption. The desorption graph of ln(l-W/Weq) against time is non-linear as shown 

in FiZUre 5,20. The desorption rates for carbon dioxide are slow. and as a 

consequence, the desorption expenments were only carried Out until > 90% desorption 

and the capacity for adsorption NA, as used to calculate the kinetic parameters for 

desorption. A mathematical model based on two exponentials of the form W/Weq = 

Al e -kiT + A2 e -UT was fitted to the experimental data of fractional mass loss against tý 

time, where W is the mass desorbed at time t and Weq is the total mass desorbed at 

-9 
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equilibrium, in order to obtain rate constants for fast ki and slow k', - desorption 

processes as shown in Figure 5.21. The kinetic rate constants for adsorption and 

desorption are given in Table 5.5. However, it must be remembered that the extent of 

surface coverage is substantially higher for carbon dioxide compared with oxygen, 

nitrogen or argon (see Table 5.5). This is a consequence of the higher relative pressure 

(p/p, 
)). The experiments were carried out in the temperature range 275 - 333 K and the 

critical temperature of carbon dioxide is 304 K. The adsorption capacities show a 

decrease with increasing temperature as shown in Figure 5.22. The activation energy 

graphs for adsorption and desorption of carbon dioxide are shown in Figures 5.23 - 
5.24. The activation energy for adsorption of carbon dioxide is 12.6 Uniol-1. This is 

much lower than the activation ener(, 'es for aruon, nitrogen and oxygen. The activation 

energies for desorption for the first and is 10.7 Urnol-1. In contrast the pre-exponential 

or freClUency factor varies from 1.03 s-1 for adsorption to 0.2 s-1 for the first process of 

desorption. 
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5.2.2.5 Nitrous oxide adsorPtion1desorption 

A graph ot'lii(I-W/Wecl) against time. where W IS lllýISS Uptake at time t and I- 
Weq is the total mass uptake at equilibi-11.1111, IS ShOW11 in Figure 5.25. The overall rate 

for nitrous oxide adsorption is fast compared %vith argon and nitrogen but slower than 

oxygen adsorption and the graph for adsorption is a Straight line as shown in Figure 

5.25. This demonstrates that the kinetics for adsorption follow kinetic rate law similar 
to ar (Toll, oxygen, nitrogen and carbon dioxide. It is evident that there are differences 

in the kinetics of nitrous oxide desorption compared with those of argon, OXY(T en and 

nitrogen desorption and similarities to carbon dioxide desorption as shown in FicTUre 

5.26, since the graph of In( I -W/Wecl) is non-linear. The desorption rates for nitrous 

oxide are slow in the temperature range studied, and as a consequence, the desorption 

experiments were only carried out until > 90% desorption and the capacity for 

adsorption used to calculate the kinetic parameters for desorption. A mathematical 

model based on two exponentials was fitted to a graph of fractional mass loss against I tý 
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time in order to obtain rate constants for the fast (ki) and slow (k2) desorption 

processes as carried out previously for carbon dioxide. The kinetic rate constants for 

adsorption and desorption are given in Table 5.5. However, it must be remembered 

that the extent of surface coverage is substantially higher for nitrous oxide than for 

oxygen, nitrogen or argon (see Table 5.5). This is a consequence of the higher relative 

pressure (p/p,, ). The experiments were carried out in the temperature range 275 - 323 

K, and the critical temperature for nitrous oxide is 309.5 K. The adsorption capacities 

show a decrease with increasing temperature as shown in Figure 5.27. The activation 

energy graphs for adsorption and desorption of nitrous oxide are shown in Figures 

5.28 - 5.29. The activation energy for adsorption of nitrOLIS oxide is 11.6 Urnol-l 

For the desorption process the activation energy was 8.4 Urnol-l for the fast process. 

The pre-exponential factor varies from 0.99 s-1 for adsorption to 0.095 s-1 for the fast 

(ki) process for desorption. It is apparent that there is an order of rna(TnitUde difference Z-- 
in the pre-exponential factors for adsorption and desorption. 

0 

-1 

-7 

-3 

-5 

-6 

y=0.12325 - 6. -)-ý03e-3x R,, 2 = 0.999 1-0.6 

31 

0.865 

- 0.950 W/Weq 

- 0.982 

- 0.993 

0.998 
0 100 400 600 800 1000 

Time (s) 

Fi gure 5. !5A graph of In(I-W/Wecl) for adsorption of nitrous oxide for CMS A3 at 

275 K. 

page 125 



0 

-1 

moo> 

IIr0.982 

-4 11 
0 2000 4000 6000 

Time (s) 

Fiaure 5.26 A urar)h of In( I-W/Weci) for desorntion of nitrOLIS oxide for CMS A3 at 

275 K. 

. 

2.0 

1.6 
E 

1.4 

. 

0.632 

0.865 W/Weq 

0.950 

0 Adsorption 

1.2 iIIIIIIIIIi 
270 280 290 300 310 320 330 

T (K) 

Fap h of adsorption capacities of nitrous oxide aýainst increasing 

temperature for CNIS A3. 

. 

0 

page 126 



-4.2 

-4.4 

- 4.6 
x 

-4.8 

-5.0 

y-9.0166e-5 - 1400.4x R112 = 0.941 

14, El 

12 

-5.2 11111111 
0.0030 0.0032 0.0034 0.0036 

(T- I /K- I) 

Fi(-, tire 5.28 ArrhenlLIS (. 1 ., raph for adsorption of nitrOLIS OXide on CMS A3. 

-5 

-6- 

-7 

-8 

-9- 

-10 

. 
. 

13 ln(kl) 

1007.1 xR Al 
= (). 864 

. 3504 

0.0030 0.00310-0032 0-0033 0.0034 0.00350-0036 0.0037 

(T- I/K- 1) 

-nius graph for the fast (ki ) and slow (k2) desoEption processes of 

nitrout-, olxide,, on (C, ', M., S_A3 fromLthe m2, ýithematical rmode 

13 

13 

page 12 7 



5.2.2.6 Ethytte adsorptiotildesorptiott 

Figures 5.30 - 5.32 show a variation of ln(I-W/Weq) against time, where W Is 

mass uptake at time t and Weq is the total mass uptake at equilibrium. The overall 

kinetics for ethyne adsorption are very slow and the rate plot for adsorption deviates 

from linearity for adsorption at 283 K as shown in Figure 5.30. In contrast the kinetics 

of adsorption at higher temperature of 323 K as shown in Figure 5.32 is significantly tý otý 
faster and the rate plot for adsorption is close to a straight line demonstrating that the 

ltý tn 
kinetics for adsorption follow a first order kinetic rate law. It is evident that there are 

differences in the kinetics of ethyne adsorption at low temperature compared with those 

of argon, oxygen, nitrogen, carbon dioxide and nitrous oxide. Figure 5.31 shows the Zý t: ) Z: ) tý 
variation of ln(I-W/Weq) against time for first 22.5% of the mass uptake. This was 

carried out in order to determine the rate constant for the initial adsorption at low 

surface coverage. A mathematical function with two exponentials of the form W/Weq 

=Aie -k IT + A2 c- k2T was also fitted to a (-Traph of fractional mass uptake ýjg ainst time in 

order to obtain rate constants for the fast (k i) and slow (k-, ) for the adsorption process. 

The rate constant (ki) for the fast adsorption process showed an increase as the 

temperature increased. In contrast, no trend was observed for the slower rate constant 

(k,, -) 
for the adsorption process. This was probablý, due to limitations in the accuracy of 

the data. The desorption rate for ethyne is slow and as a conseClUence the desorption 

experiments were onlýl carried out until 90% desorption and the capacitý, for adsorption 

used to Ct. IICLIIate the kinetic parameter. A non-linear graph of the variation of In( I- 

W/Weq) against time is shown in Figure 5.333, where W is the mass desorbed at time t 

and Weq is the total mass desorbed at equilibrium. A mathematical function with two 

exponentials was fitted to a graph of fractional mass loss against time in order to obtain 

rate constants for k-i and k'-) for the desorption process as carried out previously for 

carbon dioxide and nitrous oxide. The kinetic rate constants for adsorption and 

desorption are griven in Table 5.5. The extent of surface coverage is substantiallý, 

higher for ethyne compared with that of nitrogen. -oxygen etc. and similar to those of 

carbon dioxide and nitrous oxide (see Table 5.5). This is a consequence of the higher 

relati've pressure (p/p(, ). The experiments were conducted in the temperature range of 

283 - -2- K and the critical temperature for ethyne is .3 )08.5 K. The capacities tend to 

show a decrease with increasing temperature as shown in Figure 5.34. The activation Zý C 
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energy plots for adsorption for the initial rate is shown in Figure 5.35 and Figure 5.36 

shows the activation energy plot for the fast adsorption (ki) process, Figure 5.37 

shows activation energy plots for desorption. The activation energy for adsorption of 

ethyne for the initial 22.5% mass uptake was 24.5 kJmol-1. The activation energy for zn 
the ki process from the mathematical model was 30.4 kJmol-1. The activation energies 

for desorption for ki and k2 were 31.0 kJmol-1 and 36.1 kJmol-1 respectively. In 

contrast, the pre-exponential factor varies from 2.33 s-1 for adsorption for the initial 

stage to 27.46 s-1 for fast process ki for adsorption from the mathematical model based 

on two exponentials. In comparison, the pre-exponential factor for the desorption 

process varies from 41.06 s-1 to 38.63 s-1 for the fast and slow desorption processes 

respectively. 

Theoretical first 
order rate profile 

wo» 

- 

-6 

Time (s) 

Deviation from lineanty 
cooperative effect 

Fi(, Ture of IM] -W/Weg) against time for the adsoMtion of ethyne for 

rx /i qA'; ,it '718 3 K. 
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5.2.2.7 Ethene adsorption1desorption 

Figure 5.338 shows a (, rlph of In(I-W/Wecl) a(minst time, where W is mass Z7 ltý 
uptake at time t and Wecl is the total mass uptake at equilibrium for adsorption of ethene 

on CMS A3 at 293 K. The overall kinetics for ethene adsorption are very slow and the 

graph deviates from linearity. It is evident that there are differences in the kinetics of 

ethene adsorption as compared to that of argon, oxygen. nitrogen. carbon dioxide and 

nitrous Oxide. Figures 5.39 and 5.40 show (Traphs of ln(I-W/Weq) against timi e for 

first 9.5 17c and 1917c mass uptake for adsorption. It is apparent that the graph for the 

first 9.5cl-Ic 1-TaS uptake is close to linear whereas graphs for 19% shows deviations from 

linearity. A mathematical model based on two exponentials was also fitted to a graph of 

fractional mass uptake against time in order to obtain rate constants ki and k-, )- for the 

adsorption process as carried Out previously for ethyne adsorption. The rate constant 

ki for the adsorption process showed an increase as the temperature was increased. In 

contrast no trend was observed for the slower rate constant (k-, ) for the adsorption 

process. For comparison purposes it is probably most appropriate to compare the 
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initial uptake rate constants since these refer to the low surface coverage region. Above 

this surface coverage there is a marked deviation from linearity. The desorption rate for 

ethyne is slow and as a consequence the desorption experiments were only carried out 

until 90% desorption and the capacity for adsorption used to calculate the kinetic 

parameters. Figures 5.41 to 5.43 show graphs of ln(I-W/Weq) against time for first 

9.5 %, 19% and 80% mass loss. It is apparent that the graph for desorption is close to 
linear. The mathematical model involving two exponential terrns fits the data fairly well 
for the observed and calculated values for adsorption. However the exact physical 

significance of these rate constants is unclear for the adsorption of ethene. The 

situation for desorption is different since the initial stage of desorption refers to a 

situation where, initially, the surface coverage is high. The kinetic rate constants for 

adsorption and desorption are given in Table 5.5. The adsorption capacity and hence 

extent of surface coverage for ethene is similar to that of carbon dioxide and ethyne (see 

Table 5.5). The capacities tend to show a decrease with increasing temperature as 

shown in Figure 5.44. The activation energy plots for adsorption of ethyne are shown 
in Figures 5.45 - 5.47. The activation ener(Ty graphs for desorption obtained using rate 

constants Calculated for VM-10LIS parts of the data aand by two methods are shown in 

Fi(, 'Lires 5.48 and 5.50. The activation ener(Ty for adsorption of ethene for 9.5% mass 

uptake was 39.6 Urriol-1. In comparison, the activation energy for 19% mass uptake 

was 35.5 Urnol-1. Tile corresponding pre-exponential factors are 115.58 s-1 for first 

9.5% mass uptake and 25.12 s-1 for 19% mass uptake. The activation energy for 

adsorption for the fast process (obtained by fittin (T the mathematical model containing 

two exponentials to the (Traph of fractional uptake) was 36.1 Urriol-I and has a pre- 

exponential factor of 33.20 s-1. It is apparent that the activation energies are very 

similar. The activation energies for desorption were 338.4 Urnol-1,30.9 kJmol-I and 

30.6 kJmol-1 for 9.5%, 19% and 80% mass loss respectively. In contrast. the pre- 

exponential factor for 9.5%, 19% and 80% mass loss for desorption process were 

124.5 s-1,5.92 s-1 and 2.41 s-1 respectively. It is evident that the activation energies 

calculated for the various parts of the data are similar. However. the pre-exponential 

factors differ but the errors in the extrapolation to (Tive InA are relatively high. 
ltý - 
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Table 5.5 
The adso[ption/desoLption kinetics and capacity parameters for CMS A3. 

Argon adso[ption/deso[ption rate constants and equilibrium capacities ( 275 - 
333 K). 

Temperature Mass uptake Volume Rate constant (s- 
at (STP) 

(K) (g g-1) mmol g-I (cc g-1) Adsorption Desorption 
(Adsorption) (Desorption) 

275 1.29 x 10-2 0.323 7.25 7.25 

283 1.06 x 1()-2 0.266 5.97 5.91 

294 9.3 1x 10-3 02 33 5.22 5.21 

297 8.46 x 10-3 0.212 -4.7-4 4.74 

303 7.41 x 10-3 0.186 4.16 4.16 

313 7.03 x 10-3 0.176 3.94 3.94 
323 6.46 x 10-3 0.162 3.62 3.52 

33 -i 5.70 x 10-3 0.143 3.20 3.04 

9.30 x 10-5 

1.52 x 10-4 

X 3.31 , 
1()-4 

3.91 x 10-4 

4.15 x 1()--4 

9.1-4 x 10-4 

1.14 x 1()-3 

1.86 x 10-3 

4.84 x 10-5 

7.60 x 10- 

2.36 x 10-4 

4.57 x 1()--4 

4.29 x 10--, 

7.53 x 10--, 

1.18 x 10-3 

1.27 x 1()-3 

(2) Oxygen adsorption/cicsorption mte constints ýind equilihrium capacities ( 275 - 
3 13 K). 

Temperature 

(K') 

McISS Uptake 

( 
-T -, 

-I) 11111101 (-, - 
I 

Volume 
at (STP) 

(CC (T- 
I) 

(Adsorption) (Desorption) 

Rate constant (s-1) 

Adsorption Desorption 

275 1.17 x 10-ý 0.365 8.18 8.18 

-3 0.294 6.58 6.52 9.41 x 10 

2 92' 7.79 x 10-3 "' 9 0.2 435.45 5. ) 
031 6.56 x 10--' 0.205 4. 

-39 
4.59 

i .1 -5.5 
1x 10- 0.172 

-3.86 
3.86 

. 

1.94 x 10' 

4.59 x 10' 

7.54 x 10-' 

1.26 x 10-- 

115 x 10-- 

4.64 x 10-3 

6.4 8x 10-3 

1.23 x 10-? 

1.64 x 10-? 
I 

2.33 x 10- 
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Table 5.5 continued 

(3) Nitro(, Ten adsoMtion/deso[ption rate constants and equilibrium capacities ( 275 - 
333 K). 

Temperature Mass uptake Volume Rate constant (s-1) 
at (STP) 

(K) (g g-1) mmol g-I (cc g-I ) Adsorption Desorption 
(Adsorption) (Desorption) 

275 8.65 x 10-3 0.309 6.91 6.91 1.83 x 10-4 1.03 x 10-4 

283 7.51 x 10-3 0.268 6.00 6.00 2.0 3x 10-4 1.10 x 10--4 

298 6.46 x 10-3 0.231 5.17 5.17 4.32 x 10-4 3.47 x 10-, 4 

303 6.18 x 10-3 0.220 4.94 4.94 7.29 x 1()-4 5.28 x 10-4 

313 5.61 x 10-3 0.200 4.48 4.26 1.46 x 1()-3 7.19 x 10-4 

323 4.85 x 10-3 0.173 3.87 3.87 1.66 x 1()-3 9.81 x 10--, 

333 -4.0 9x 1()-4 0.146 3.27 3.27 1.87 x 1()-3 1.4 ix 1()-3 

Carhon clioxideaclsorption rate constants and equilibrium capacities (275 - 33', 

K ). 

Temperature M ass uptake VOILime Rate constant (s-1) 
at (STP) 

(K) mmol (_T (CC (T- 
I 

Adsorption 
(Adsorption) 

275 9.02 x 2 10 45.96 3.94 x 10 

)9- 1 7.60 x lo- 1.727 38.70 6.07 x 10-3 

3 03 6.67 x lo-ý 1.516 3 3.9 6 7.52 x 10-, 

3 13 5.90 x 10- 1.341 30.0 4 8.92 x 10-) 

32' 5.21 x 10- , 1.183 -1 26.5 1 9.52 x 10-3 

4.43 x 10 1.006 9.54 x 10' 
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Table 5.5 continued 

(5) Carbon dioxide rate constants for desoMtion from the mathematical model. 

Temperature Rate constants (s-1) 
(K) 

Ai A2 ki k2 x2 

275 0.55 0.47 1.57 x 10-3 2.44 x 1()-4 6x 1()-5 

293 0.67 0.31 2.80 x 10-3 6.13 x 10-4 2x 10-5 

303 0.74 0.29 3.59 x 10-3 8.42 x 10-4 3x 10-5 

313 0.95 0.09 3.53 x 10-3 1.65 x 1()-4 7x 1()-5 

323 0.93 0.03 3.09 v, 10-3 5.4 4x 1()-5 9x 10-5 

333 0.93 0.07 4.03 x 10-3 4.07 x 10-1 7x 1()-5 

(6) Nitrous mide rme constant,, and couilibrium capacities (275 - 
K ). 

Temperature Mass uptake VOILIMe Rate constant (s-1) 
at (STP) 

(K) (T (T mmol (T-1 (cc (T- I Adsorption 
(Adsorption) 

275 9.45 x 10-'ý 1148 48.11 6.22 x 10-3 

283 9.32 x 10-ý 2 47.43 6.9 -' x 10-, 

"Ol 8.02 x 10- 2 1.822 40.81 10-3 8.76 x 

x 7.63 1.73 10-" 38.8' '1 9.7 7x 10-- 

3 13 6.88 x 10- 1.5 63' 35.01 1.25 x 10- 

3 23 6.16 x 10-ý 1.399 1x 10-" 
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Table 5.5 continued 

(7) Nitrous oxide rate constants for desoMtion from the mathematical model. 

Temperature Rate constants (s-1) 
(K) 

Ai A2 ki k2 

275 0.52 0.39 2.51 X 10-3 4.67 x 1()-4 )X 10-5 

283 0.60 0.36 2.61 x 1()-3 3.87 x 10-4 3x 10-5 

301 0.68 0.30 3.20 x 10-3 7.29 x 10-j 3x 10-5 

303 0.73 0.20 3.88 x 1()-3 8.60 x 10-4 4x 1()-5 

313 0.94 0.08 3. -4 3x 1()-3 5.38 x 1()-5 9x 10-5 

323 0.93 0.07 4.4 2x 1()-3 5.80 x 10--4 ,0X 10-5 

(8) Ethyne adsorption rate constants and equilihrium cap,, icities for adsom- tion 

( 283 - 323 K). 

TemperatUre Mass Liptake Volume Rate constant (s 
at (STP) 

(K) mmol 
(cc (T- 

I) 

Adsorption 
(AdsorpLion) (0 LO 22.51,, -ý) 

283 5.35 x 
I 

10 -- 2.056 46.05 7.47 x ()-5 

301 4.97 x lo-, -7 1.910 42.78 1.17 x 10--ý 

303 4.46 x 10-- 1.713 '8.36 
.3 1.43 x 10-4 

308 4.26 x 10- 1.6 36 36.65 1.58 x 10-4 

313 4.19 x 10- " 1.610 33 6.0 7 1.90 xI O--l 

32 33 -ý., Sq x 10-' 1.494 33.3.4 6 22.73' x 10-4 
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Table 5.5 continued 

(9) Ethyne adýoMtion rate constants for from the mathematical model. 

Temperature 
(K) 

283 

301 

303 

308 

313 

323 

Ai 

1.23 

1.14 

1.03 

1.16 

1.05 

1.04 

2.40 x 10-5 

1.59 X 10-5 

5.32 x 10-6 

5.29 x 10-5 

1.28 x 1()-5 

6.6 5x 10-5 

Ethyne ritc constints for desoMtion from the mathematical model. 

TemperatUre 
(K) 

Ai 

A2 

-0.22 

-0.12 
0.25 

-0.12 

-0.05 

-0.03 

AI ý 

Rate constant (s-1) 

ki k2 x oN 

6.87 x 10-5 

1.32 x 1()-4 

1.55 x 1()-4 

1.86 x 1()-4 

2.15 x 10-4 

3.16 x 1()-4 

Rate constants (s-1) 

ki k, -ý 

283 0.30 0.52 9.51 X 10-5 

301 0.29 0.57 1.01 x 10-4 

303 0.37 0.62 1.78 x 10-4 

308 0.36 0.59 2.58 x 10-4 

313 0.30 0.60 3.50 x 10-4 

323 0.40 0.53 4.04 x 10-4 

1.05 x 10-5 

1.21 

1.4 3x 10-5 

3.45 x IV, 

4.1 
-3) x ()-5 

6.10 x 10-5 

2.9 x 10-4 

3.7 x 10-, 4 

2.8 x- 10- ý4 

2.9 x 1()-4 

2.4 x1 o-4 

1.3 x 1()-4 

x2 

2x 10-' 

_, X 1()-5 

3x 10-5 

0.9 x 10- 

11 x 10-5 

,x 10-5 
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Ethene adso[ption/deso[ption rate constants for first 9.517r, 19% of the data and 
g-q-uilibrium capacities for adsoMtion (293 - 323 K). 

Temperature Mass uptake Volume Rate constant (s-1) 
at (STP) 

(K) (g g-1) mmol g-I (cc g-1 ) Adsorption 
(Adsorption) (For first 9.5% data)(For first 19% data) 

293 4.62 x 1()-2 1.647 36.89 1.17 x 10-5 1.39 x 10-5 

303 4.33 x 10-2 1.545 34.61 1.44 x 10-5 1.53 x 10-5 

313 , 10-2 1.430 4.01 y 32.03 2.51 x 10-5 2.7 7x 10-5 

323 3.83 x 10-2 1.365 30.59 5.53 x 10-5 5.21 x 10-5 

(12) Ethene desorption rate constants for first 9.517c, 19% and 80% of the data (293 - 
323 K). 

Temperature Rate constant (s-1) 
(K) Desorption 

(For first 9.51,71(; data) (For first l9q, data) (For 80% data) 

29.1 2.15 x 
5 1.0- 5 15 x 10- 19 X -6 10 

303 2.69 x 10-5 ". 36 x M- 5 1.38 x 10-5 

313 3.19 x 10-5 3.22 x 10 1.77 x -5 10 

323 1.06 x I 0--l 7.29 x 10-ý 2 
2-82 x -5 10 

Ethene nate constants for acisoMtion from the mathem. atical model. 

TemperatUre 
(K) 

Rate constants (s-1) 

Ai A: ki 

29. i 1.41 0.60 9.95 lo-, 

30i 0.76 2.86 10- 

31 -i 3 i. 
_) - 0.27 3.06 x 10-5 

321 1.04 -. i 4.4-' x i o- 

3.96 x 10-6 

2.59 x 10 -5 

7.70 x 10-6 

1.24 x 10-6 

x- 

3x 10-5 

325 x 10-5 

40 x 10-5 

18 x 10-5 
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Table 5.6 
Activation energy dita for commercial carbon molecular sieve CMS A3. 

Gas Adsorption Desorption 

Spherical 

Ar Ea/kJmol-1 39.1 ± 1.7 45.4 ± 4.9 

A/s- 1 2592 25084 

In A 7.86 ± 0.69 10.13 ± 1.96 

Linear diatomic 

I 02 Ea/Umol-l 30.9 ± AW. 

6 

43.2 ± 3.5 

A/s- 1 3905 369535 

In A 8.27 ± 1.07 12.82 ± 1.44 

N, Ea/Uinol- 34.6 ± 3.1 36.3 3.3 

A/s- 1 646 796 

In A 6.47 ± 1.25 6.68 + 1.33 

Linear triatomic (From the mathematical model) 

(Fast staue) 

CO-, Ea/Uniol- 1 12.6 1.3 10.7 2.9 

1 0.2 A/s- I. 0. ) 

In A 2.87 x 10-- 0.53 -1-61 + 1.18 

(From the mathematical model) 

(Fast stage) 

N, O Ea/Uniol-I 11.6 1.3 8.4 ± 1.7 

A/s- 1 0.99 0.095 

In A -9.02 X ()-5 ± 0.5 -2.35 0.67 
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Table 5.6 continued 

Gas 

Linear tetratomic 

C2142 

Ea/kJmot-1 

A/s- I 

In A 

C2H2 

Ea/kJmol-1 

A/s- I 

In A 

C, )H, Ea/Unol- 

Planar 

C -, H, 

Ea/kh-nol- 

A/s- I 

In A 

C, H4 

Ea/kJmol- 

A/S- I 

In A 

Adsorption 

(Initial rate 22.5% mass uptake) 

24.5 ± 2.0 

2.33 

0.845 ± 0.8 

Desorption 

(From the mathematical model) 

(Fast) (Fast sti(-Te) 

30.4 ± 1.2 31.0 + 7.9 

27.46 41.06 

3.31 ± 0.49 3.71(5) 3.13 

(For first 9.5% of the data) 

39.6 ± 7.4 

115.58 

4.75 ± 2.9 

(For first 19q of the data) 

35.5 7.8 

21 5.121 

(Slow staue) 

36.1 + 7.9 

8.6 
-3) 

3.65(4) 3.16 

38.4 + 14.25 

124.5 

4.822 (4) 5.58 

30.9 9.8 

5.92 

1.78 + 3.83 
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Gas Adsorption Desorption 

C2H4 

C2H4 

Ea/kJmol-1 

A/s-l 

In A 

Ea/kJmol- 

A/s- I 

In A 

(For 80% of the data) 

30.6 + 2.6 

2.41 

0.88 +0.10 

(From the mathematical model) 

(Fast sta (T e) (Fast staue) 

36.1 1.1 

3 3.2 0 

3.5 0.41 
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5.2.3 Partial pressures for probe molecules 

Comparison of the adsorption capacities for the gases studied is difficult 

because many of the gas adsorption experiments are carried out above the critical 

temperature and, hence, a true saturated vapour pressure does not exist. Two 

approaches were considered for comparison of the capacities of the CMS for the gases 

studied. These approaches are as follows (1) extrapolation of the equation used for 

calculatin(T p,, below the critical temperature to above the critical temperature thereby 

providing a hypothetical po value and (2) calculation of the monolayer surface covera (Te 

assuming that the isotherm follows the Langmuir equation. In this study the former has 

been used. The limitation of this approach is that the extrapolations are long for argon, Z-1) 

nitrogen and oxygen. Table 5.7 below shows the partial pressure of the ases used and 9 

the results of adsorption and desorption kinetics and capacity of different ý, Tases in 

temperature range of 275-333 K on commercial carbon molecular sieve CMS A3. The 

hypothetical saturated VaPOLir pressure has been Calculated by extrapolation of equations 

applicable up to the critical pressure 2. 

Table 5.7 
Relative I)re,, sLii*es (0/11-Luld hypothetical relative pressures for prohe molecules 

Probe moleCLIle Temperature/K Relative pressure p/p,, 

Ar(Ton 
Critical temperatUre 
150.8 K 

Oxygen 
(Atmospheric pressure) 
Critical temperature 
154.58 K 

275 13.53 x 10-4 
283 12.37 x 10-4 

"94 11.01 x 10-4 

297 10.69 x ()-4 

33 03 (). 08 x ()-4 

91.93 x 10-5 

23 84. 
-)l x 10-5 

77.72 x lo-ý 

"75 16.31 x 10--4 

28 
_3 14.91 x 10-4 

292 13.29 x 10--l 
-N 0'1 12.16 x 10- 

3 13 11.09 x 10-1 
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Table 5.7 continued 

Probe molecule Temperature/K P/po 

Oxygen 275 65.22 x 10-4 

(High pressure) Z. 11) 293 53.70 x 10-4 

(0.4 M-Pa) 303 48.66 x 10-4 

313 44.37 x 10-4 

323 40.69 x ()-4 

333 37.51 x 10-4 

Nitrogen 275 10.33 x 10--l 
Critical temperature 283 95.65 x 10-5 

12 6.2 K 298 86.62 x 10-5 
031 80.30 x 10-5 

313 74.20 x 10-5 
323 6 8.9 x 10-5 

333 64.26 X 10-5 

Carbon clioxide 275 2.90 x 10' 
Critical temperature 293 1.8() X 10' 

304 K 30-ý 1.40 x 
2 10 

lmo X 10-. 

323 5.00 x 10-3 

2.00 x 10-3 

NitrOLIS oxide 275 23.28 x ()-3 

Critical temperatUre 283 18.20 x ()-3 

309.5 K3 10.97 X 10-3 

10-3 10.40 X 
8(). 81 x 

323 63.76 X 10- 

page 152 



Table 5.7 continued 

Probe molecule Temperature/K P/pO 

Ethyne 283 25.03 x 10-3 
Critical temperature 301 15.24 x 10-3 

308.5 K 303 14.47 x 10-3 

308 12.76 x 10-3 

313 11.30 x 10- 3 

323 89.59 x ()-4 

Ethene 301 11.83 x 10 -3 
Critical temperature 303 98.51 x 10--l 

') 8 2.9 K 313 82.95 x 10-4 

323 70.58 x 10-4 

The CO,, 273 K isotherm for the CMS A3 is also given in Table 5.8. The 

results clearIv show that the isotherm follows a LangunlUir eCjLIatIOII closely and this is 

. shown in Figure 5.51. The SLIrfaCe area obtained from the gradient of the Lan"IllUir 

which Corresponds to ý1. SLIrfaCe area of graph is a monolayer coverage of 2.37 mmol 
19 2 243 mý aSSLImin (T a surface area of 1.7 x 10 rn for the area of a CO, molecule. 

500-- 

400- 

300- 

2001 

100-1 

C3 

y= 51.801 + 0.4-1195 x Rlý'- = 0.990 

0 '100 400 600 800 

p 

"I Figure 5.51 Langnigir granh for CMS A-). 
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Table 5.8 continued 

CO,, 273 K isotherm for CMS A3 

Relative pressure (p/p,, ) mmo g-l 

5.30 x 10-4 2.95 x 10-1 

1.08 x 1()-3 5.06 x 10-1 

1.44 x 10-3 6.02 x 10-1 

1.75 x 1()-3 6.65 x 10-1 

2.14 x 1()-3 7.33 x 10-1 

2.9 3x 10-3 8.69 x 10- , 

3.70 x 10-3 9.8o x lo-, 

4.42 x 10-3 1.066 

5.58 x 10-3 1.18 

6.87 x 10- 3 1.29 

7.95 x 1()-3 I. 
_i6 

9. -4 ix 10-3 1.45 

1.15 x 10-3 1. -56 
1.57 x 10-? 1.75 

2.02 x 10-? 1.90 

2.40 x 10-- 2.00 

173 x 10- -. ()8 

2.91 x 10- 2 2.12 
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5.3 Characterisation of Carbons 

5.3.1 Preparation Conditions of Carbon 
Table 5.9 gives a summary of preparation conditions of all carbons synthesised. 

Table 5.9 
SLImmary of 12re2aration conditions of carbons 2roduced. 

(1) Polymer and resin based carbons. 

Materials used Weight fraction HTT Heating rate Soak time Pressure 

Aromatic (K min-') (min) (MPa) 

PVDC 873 1 60 0.1 
PVDC - 973 1 60 0.1 
PVDC - 1073 1 60 0.1 
PVDC - 1173 1 60 0.1 

PVDC - 1173 15 (K h-1) 60 0.1 
PVDC - 873 1 60 7.5 
PVDC - 1173 1 60 0 
PVDC-CH4 (I Omin) 1173 60 0.1 
PVDC-CH4 (20min) 1173 60 0.1 
PVDC-CH4 (30min) - 1173 1 60 0.1 
PVDC: Acfidine 0.25 873 1 60 0.1 
PVDC: Acndiiie 0.50 873 1 60 0.1 
PVDC: Acndine 0.75 873 1 60 0.1 
PVDC: Carbazole 0.25 873 1 60 0.1 
PV`DC: Carbazole 0.50 8 73 1 60 0.1 
PVDC: Carbazole 0.75 873 1 60 0.1 
PVDC: Novolak- 0.50 873 1 60 0.1 
PVDCAcenaphthylene 0.25 1173 1 60 0.1 
PVDC: Dibenzofuran 0.25 1173 1 60 0.1 
PVDC: Dihydrox), - 0.25 1173 1 60 0.1 

naphthalene 
PVDF - 1173 1 60 0.1 
PEEK - 873 1 60 0.1 
PEEK - 1073 1 60 0.1 
PEEK - 1173 1 60 0.1 
PFA - 1173 5 60 0.1 
PFA + 1% Sulphur - 1173 5 60 0.1 
PFA + 10% Sulphur - 1173 5 60 0.1 
PFA + 20', -'c Sulphur - 1173 5 60 0.1 

0.1 MPa =- Atmosphenc pressure 0= Vacuum <5x 10-4 MPa 
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Table 5.9 continued 

(2) Coconut and wood based carbons. 

Materials used Weight fraction HTT 

Aromatic (K) 

Heating rate Soak time Pressure 

(K min-') (min) (MPa) 

Cl 873 1 60 (). I 
C2 - 1023 1 60 0.1 
C3 - 1173 1 60 0.1 

C4 - 873 50 60 0.1 
C5 - 973 50 60 0.1 
C6 1073 50 60 0.1 
C7 - 1173 50 60 0.1 

C8 - 8 7-3) 1 60 0 
C9 - 1073 1 60 
CIO - 1173 1 60 

Cil - 873 50 60 
C12 - 97 3' 50 60 
C13 - 1073 50 60 
C14 - 1173 50 60 

C15 - 873 1 60 6.6 
C16 - 873 1 60 10.2 
C 17 - 873 1 60 12.24 

C18 - 873 50 60 6.6 
C 19 873 50 60 10.2 
C20 873 50 60 12.24 

C21 3 117) 1 (K h 60 0 
C21 + Pitch 0.50 1173 1 (K h-1) 60 0 
C22 - 1173 15 (K h-1) 60 0 

Cellulose- tri-acetate 1173 15(K h-1) 60 0 
Teak 873 50 60 7.5 
Beech 873 50 60 7.5 
Beech 873 1 60 0.1 
Beech 1173 1 60 0.1 

(). 1 MPa =- A tmospheric presstire 0= Vacuui-n <5x 104 MPa 
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5.3.2 Surface Area 
Table 5.10 shows the total surface area measurement for the different carbons 

obtained from carbon dioxide adsorption at 273 K. Each sample was measured in 
duplicate. The repeatability of the surface area measurements was -± 10 M2 9- 1. 

Surface area gives an estimation of the acessible microporosity. The higher the surface Z. IP 
area more ri-ýcroporous is the carbon 

The results show that the commercial CMS materials and active carbons have a 

high surface area indicatina presence of microporosity. In comparison the carbons CID 
synthesised in the laboratory show hi (Ther surface area for carbons like pure PVDC and 

coconut shell carbons. Addition of aromatics to pure PVDC led to a decrease in surface 

area. PVDC carbons prepared by methane pyrolysis also tend to show a decrease in 

surface area with increasin(-T methane pyrolysis time. The Surface area of PVDF carbon 

was slightly low compared with that of pure PVDC carbon. The PEEK carbons also 
had lower surface areas compared with the pure PVDC carbons. PFA carbons showed 

a decrease in surface area with addition Of Sulphur. Coconut shell carbons obtained 

under high pressure conditions showed low Surface area as compared to those obtained 

under atmospheric pressure and VaCUUm carbonisation. 

Table 5.10 

(1) The apparant surface area (CO.,, 273 K) of commercial samples. 

2 
cr- I Sample Apparant surface area (rn 

min. max. * 

CMS A 250 360 
C'N' ISB 355 450 
EP 1 265 345 
EP - 341 495 
EP 33 5 335 
EP 4 3 15 435 
Chemviron 355 735 
Sutcliffe 250 500 

* From the extrapolation of the D-R plot. 

page 157 



Table 5.10 continued 
(2) Apparant mrfince area (CO?, 273 K) of polymer and resin based carbons. 

Matenals used Weight fraction 

Aromatic 

H'17 

(K) 

Heating rate 

(K min- 

Soak time 

(min) 

Pressure 

(MPa) 

Apparant 

surface area 
(m2 9- ) 

min. max. 

PVDC - 873 1 60 0.1 460 900 

PVDC - 1173 1 60 0.1 650 1670 

PVDC - 873 1 60 7.5 230 320 

PVDC - 1173 1 60 0 575 1160 

PVDC-CH 4 (10 min') - 1173 1 60 0.1 180 770 

PVDC-CH_, (20 min) - 1173 1 60 0.1 287 779 

PVDC-CH4 (30 min) - 1173 1 60 0.1 150 650 

PVDC: Acridine 0.2 5 873 1 60 0.1 300 430 

PVDC: Acridine 0.50 873 1 60 0.1 355 480 

PVDC: Acn(line 0.75 873 1 60 0.1 215 300 

PVDC: Carbzizolc 0.25 873 1 60 0.1 250 460 

PVDC: Carbzizole 0.50 873 1 60 0.1 260 420 

PVDC: Carbazole 0.75 87") 1 60 0.1 245 415 

PVDC: Acenaphthylene 0.25 1173 1 60 0.1 390 600 

PVDC: Dibcnzol'uran 0.25 117') 1 60 0.1 460 780 

PVDC: Dihydroxy- 0.25 11733 1 60 0.1 315 510 

napLhalene 

PVDC: Novolak 0.50 87 33 1 60 0.1 420 655 

PVDF - 1173 1 60 0.1 550 1450 

PEEK - 873 1 60 0.1 300 507 

PEEK - 10 73 1 60 0.1 480 716 

PEEK - 117 33 1 60 0.1 115 200 

PFA - 11733 5 60 0.1 250 430 

PFA + lc,,, ý, sulphur - 1173 5 60 0.1 265 430 

PFA + loq sulphur 117') 5 60 0.1 -)'0 335 

I MPa E Atmospheric pressure 0= VacLIUm <5x 10-4 MPa 
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Table 5.10 continued 
Apparant surface area_(CO?, 273 K) of coconLIt, wood and cellulose based carbons. 

Materials used Weight H77 Heating rate Soak time Pressure Apparant surface area 
fraction -(K) (K min- (min) (MPa) (m2 9- 
aromatic min. max. 

CI- 8733 1 60 0.1 145 270 
C2 - 1023 1 60 0.1 320 495 

C3 - 1173 1 60 0.1 420 510 

C4 - 873 50 60 0.1 180 345 

C5 - 973 50 60 0.1 335 480 

C6 - 1073 50 60 0.1 340 500 
C7 - 1173 50 60 0.1 370 520 

C8 - 873 1 60 0 340 525 

C9 - 1073 1 60 0 430 660 

CIO - 1173 1 60 0 -425 600 

CII- 87') 50 60 0 300 445 

C12 - 97 ') 50 60 0 380 550 

C13 - 107' 3 50 60 0 370 510 

C 14 - 117') 60 0 435 605 

C15 - 87') 1 60 6.6 115 215 

C16 - 8733 1 60 10.2 130 222 

C17 - 871 1 60 12.24 135 248 

C18 - 87 3' 50 60 6.6 110 150 

C19 - 873 50 60 10.2 140 285 

C20 - 873 50 60 12.2 153 165 

C21 - 1173 1 (K h- 1 60 0 430 590 

C-1 I+ pitch 11,11-, 1 (K h- 60 0 100 400 

Cellulose triacetate 1173 1,; (ýK h - 60 0 12 5 535 

Beech 873 1 60 0.1 340 615 

Teak 873 1 60 7.5 200 480 

C=CoconuL,, Ilell 0. 1 NIPa =- Atmospheric preSSUre 0= Vacuum <5X 10-4 NIPa 
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5.3.3 Heliltin Density 
Table 5.11 gives the helium density of high capacity and high Surface area 

carbons which were measured using a Micromeritics AccuPyc 1330 instrument. This 

was carried out in order to assess the closed porosity for these carbon and to determine 

if there was any scope for further activation. 

The commercial samples have helium densities close to that of graphite 
indicating that these samples do not have any scope for substantial further activation. 
However, the active carbons (Chemviron and Sutcliffe) show high helium densities. 

Thermo(Travimetric analysis, Section 5.3.4 indicates the presence of mineral matter 

which could be the reason for high helium densities for these two carbons. The helium 

density values for all laboratory based carbons are qUIte close to that of graphite. 

Hence, they do not have any scope for further activation. 

Table 5.11 

(I) FleliLlIll density results for commercial samples. 

Sample Helium density 
(T cc- 

CMS A 1.99 
Cms 2.02 
EP 1 1.96 
EP 1.94 
EP 1.97 
EP 4 
Cheniviron 2.. 13 

-3 Sutcliffe 2.41 
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Table 5.11 continued 

2) Helium densitv of r)olvmer and resin based carbons. 

Materials used Weight HTT Heating Soak time Pressure Helium 
fraction rate density 

aromatic (K) (K min- (h) (N4Pa) (g cc- 

PVDC 873 1 60 0.1 1.53 
PVDC - 973 1 60 0.1 1.78 

PVDC - 1073 1 60 0.1 1.73 
PVDC - 1173 1 60 0.1 1.89 

PVDC - 873 1 60 7.5 1.64 

PVDC - 1173 15(K h- 60 0.1 2.18 

PVDC-CH, (10 min) - 1173 1 60 0.1 2.09 

PVDC-CH 4 ('41-0 rnin) - 1173 1 60 0.1 2.19 

PVDC-CH,, (30 min) - 1173 1 60 0.1 1.48 

PVDC: Acri(line 0.25 8 T3' 1 60 0.1 1.66 

PVDC: Acri(linc 0.50 87') 1 60 0.1 1.6.4 

PVDC: Acrj'(Iiiie 0.75 87) 1 60 0.1 1.633 

PV DC: Acenaph thy lene 0.25 1173 1 60 0.1 2.04 

PVDC: Dibcnzofuran 0.2 ý I 171 1 60 0.1 2.0o 

PVDC: Dihydroxý 0.25 117') 1 60 0.1 1.97 

-naphthalene 

PV DC: Novolak 0.0 87 1 60 0.1 1.45 

PVDF - 117') 1 60 0.1 2. i3l 

PEEK 873 1 60 0.1 1.41 

PEEK - 873 1 60 0.1 1.93 

PEEK - 117', 1 60 0.1 -1.02 

PFA - 11733 5 60 0.1 1.79 

PFA + sulphur - I 17 3 5 60 0.1 1.39 

PFA + 10% sulphur - 1173 5 60 0.1 1.40 

I MPa =- Atmospheric presSUre 0= VactlLim <5x 10-4 MPa 
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Table 5.11 continued 

3) Helium densitv results for coconut, cellulose and wood based carbons. 

Materials used Weight 
fraction 

aromatic 

HTT 

(K) 

Heating Soak time 
rate 

(K min-) (min) 

Pressure 

(MPa) 

Helium 
density 

g cc- 

CI- 873 1 60 0.1 1.42 
C2 - 1023 1 60 0.1 1.77 
C3 - 1173 1 60 0.1 2.04 

C4 - 873 50 60 0.1 1.41 
C5 - 973 50 60 0.1 1.56 
C6 - 107' 3 50 60 0.1 1.79 
C7 - 1173 50 60 0.1 1.98 

C8 - 873 1 60 0 1.51 
C9 - 1073 1 60 0 1.96 
CIO - 1173 1 60 0 2.02 

Cli - 87') 50 60 0 1.49 
C12 - 9733 50 60 0 1.67 
Clý - 107') 50 60 0 1.87 
C 14 - 117') 50 60 0 1.80 

C15 - 873 1 60 0.6 1.40 
C16 - 873 1 60 10.2 1.79 

C17 - 873 1 60 12.24 1.68 

C18 - 873 5 60 6.6 1.44 

C20 - 873 5() 60 12.2 4 1.43 

C-) I- 1173 1 (IK h- 60 0 1.64 

C21 + pitch - 1173 1 (K h- 60 0 1.83 

Cellulose triacetate - 1173 14, (K h- 1) 60 0 2.27 

Beech - 8733 0 60 -1.5 1.57 

Teak - 873 60 7.5 1.62 

Beech - 8733 60 0.1 1.87 

Beech - 1173 60 0.1 -). -) I 

1 MPa =-: Atmospheric pressure 0= VacLium <5x 10-4 MPa 
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5.3.4 Therinogravitneti-lic Analysis 
Table 5.12 shows the thermograv I metric temperature data for polymers and 

resins. DTG analysis was carried out to assess the suitability of the polymers for 

blending in co-carbonisation studies. Polymers with similar decomposition 

temperatures were used because reaction/fusion during carbonisation would influence 

the nature of the carbon. 

Table 5.12 

Thermogravinietric data for the polymers an. d resin at heatimT rate 5) K/min to maximum 

temperature of 1073 K. 

Polymer/Resin Maximurn weight loss Decomposition 
temperature /K start of weight 

loss/K 

PVDC 528 417 
PEEK 783 473 
PES 789 729 
Novolak 591 393 

Proximate analysis was carried out on activated carbons showing unusually hi(Th 
ltý 

densities. The reSLIltS for 1110IStUre content, volatile matter and ash percentages are ltý 
shown in Table 5.13. Results indicate the pre,, ence of mineral matter which COUld have 

attributed to high helium densities for the two active carbons, Cheniviron and SLitCliffe. 

Table 5.13 

Results obtained from TGA analysis. 

Sample Moisture Volatile Ash 

content (%c) matter (%) (1'7ý ) 

--, 
.I1 

1) Sutcliffe 6.2 1-0.03 
Chemviron 0.58 1.2 11.8 3 
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5.3.5 Graviinetric Capacities and Kinetics of Different 
Carbons and Capacities of all Carbons Synthesised 
The equilibrium capacities for oxygen and nitrogen of carbons obtained from 

the co-carbonisation of PVDC with polynuclear aromatics or Novolak in different 

ratios, coconut shell carbons, PEEK, PFA etc. using gravimetfic uptake technique and 

are shown in Table 5.14. Pure PVDC carbons show maximum capacity for oxygen C 
and nitrogen. Addition of aromatics to pure PVDC led to a decrease in the capacity. Z- 
PVDF carbon possessed similar capacity as that of pure PVDC carbon. PEEK carbons 
did not have high capacities for oxygen or nitrogen compared with pure PVDC 

carbons, and the addition of sulphur to PFA led to a decrease in oxygen and nitrogen 

adsorption capacity. Coconut shell carbonised Linder vacuum conditions had slightly 
lower capacity compared with that of pure PVDC. Coconut shell carbons obtained by 

high pressure carbonisation possessed lower capacity compared with those obtained 

under atmospheric pressure and vacuum carbonisation conditions. 

Table 5.14 

(I ) The equilibrium capicities for nx\, (-, eii and nitrm,, en for carhons derived from 

PVDCAromatics/resin etc.. 

swnple Wciuht fraction HTT Rate Soak Pressurc Capacity (cc _, - 
I) 

aromatic ( K) (K min (niln) (M Pa) 0, ý N, 

PVDC - 87 3) 1 60 1 8.46 7.60 

PVDC - 9 73' 1 60 1 7.42 8.09 

PVDC - 1073 1 60 1 9.93 9.76 

PVDC - 1173 1 60 1 10.22 11.3 1 

PVDC - 1173 15(K h-1) 60 1 10.70 11.30 

PVDC 873 K) 7. - -i -9 3.50 

PVDC 1173 1 60 0 10.53 11.91 

PVDC-CH_, (10 min) 1173 1 60 0.1 9.02 10.61 

PVDC-CH 4 (20 min) 1173 (1) 0.1 9.01 9.63 

_, 
(. ')0 min) PVDC-CH 1173 60 0.1 7.54 8.43 
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Table 5.14 continued ' 

S, 'Implc Weight fraction 

aromatic 

HIT 
(K) 

Rate 
(K min-1) 

Soak 
(min) 

Pressure 
(MPa) 

Capacity 
02 

(cc g- 
N2 

PVDC: Acridine 0.25 873 1 60 0.1 3.76 3.18 
PVDC: Acridine 0.50 873 1 60 0.1 3.30 2.76 
PVDC: Acndine 0.75 873 1 60 0.1 2.28 2.07 

PVDC: Carbazole 0.25 873 1 60 0.1 3.65 1.69 
PVDC: Carbaz-ole 0.50 873 1 60 0.1 4.32 4.12 
PVDC: Carbazole 0.75 873 1 60 0.1 2.28 2.87 

PVDC: Acenaphthylene 0.25 1173 1 60 0.1 5.58 6.05 
PVDC: Dibcnzofuran 0.2 5 1173 1 60 0.1 8.05 8.4" 
PVDC: Dihydroxyl- 0.25 1173 1 N) 0.1 5.50 4.00 

napthalenc 

PVDC: Novolak 0.50 873 1 60 1 5.02 4.43 

PVDF - 1 173 1 60 1 9.00 10.30 

PEEK - 87') 1 (4) 1 
ý' ). 5 3.60 

PEEK - 107'ý 1W 1 8.84 9.74 

PEEK - 1173 1 (4) 1 7.45 6.92 

PFA - 1173 5 60 1 3.16 1.07 

PFA + 1% sulphur 1173 60 1 0.66 - 
PFA + 10 sulphur 11733 (4) 0.10 2 2) 

2) OxvLTen and nitro(Tell eQuIllbritim cýwacitie, ý for coconut , wood and cellulose hased 

carbon s. 

Sxnple HTT Heating rate Soak- urne Gauge Pressure capacitv (CC 

(K) (K inin ill) (M Pa) 01 N, 

c1 8 73' 1 60 0.1 1.70 0.80 

C2 1023 1 60 0.1 6.20 6.30 

c3 1173 1 60 0.1 S. -)o 7.40 
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Table 5.14 continued 

Sample HT-F 
(K) 

Heating rate 
(K min-') 

Soak time 
(min) 

Gauge Pressure 
(MPa) 

Capacity (cc g 
02 N2 

C4 873 50 60 0.1 3.60 3.31 
C7 H 7_3 50 60 0.1 6.70 7.10 

C8 873 1 60 0 4.80 3.80 
C9 1073 1 60 0 9.00 9.70 
CIO 1173 1 60 0 8.91 10.65 

C11 8 T3 50 60 0 5.13 4.30 
C12 973 50 60 0 8.30 8.30 
C13 1073 50 60 0 10.15 10.50 
C 14 1173 50 60 0 11.77 11.65 

C15 873 1 60 6.60 1.20 0.98 
C17 873 1 W 12.24 1.00 0.96 

C18 873 50 60 6.60 0.61 0.41 
C2 0 873 50 ()0 12.24 2.2 0 1.00 

C21 1173 1 (K h N) 9.00 10.30 

C21 1173 1 (K h- 60 5.90 7,00 

+pItcll 

C22 11733 15 (K h 60 2 3.70 

Cellulose- 1173 15 (K h -1 60 10.70 11.30 
triacetate 
Beech 873 50 60 7.5 2.59 2.98 
Teak 8 7.3 50 60 7.5 21.9 5 33.5 8 
Beech 873 1 1 0.1 4.91 5.1) 
Beech 1173 1 1 (). 1 5.14 0.2 3 

C=coconut shell 0.1 MPa =- Atmospheric pressure 0= Vacuum <5x 10-4 MPa 

Table 5.15. shows the gas uptake rates for the carbons derived from the 

carbonisation of PVDC, PEEK, PFA. mixtures of PVDC and Aromatics and coconut 

shell carbons etc. The rates were calculated usin-(-T the pseudo-first order method see 

Section 4.2.2 in Chapter Four for details. Pure PVDC carbons do not show any 
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selectivity. Carbons obtained by pyrolysis of methane over pure PVDC show 

selectivity, which decreases as the contact time increases. Carbons obtained by co- 

carbonisation of pure PVDC and aromatics do not show any marked selectivity. PEEK 

and PFA carbons do not show any selectivity. Carbons obtained by carbonisation of 

coconut shell under different conditions do not indicate presence of any selectivity 

either. 

Table 5.15 

The nites of gas uptake for cirbons obt,, tined by the carbonisation of dIfferent Polymers. 

resins coconUt shell ind wood. 

Sample Weight fraction HTT Pressure 
aromatic (K) (M RI) 

(1-1cating rate IK min -1,60 min so,, ik time) 

Rate constant (s -1) Selectivity 

02 

PVDC 8733 0.1 7.93 x 10- 6.18 x 10- 2 1.3 

PVDC 973 0.1 6.01 x 10- 2 5.26 x 10- ? 1.1 

PVDC 1073 0.1 8.03 x 10 6. -5 5x 10 1.11 

PVDC 1173 0.1 5.84 x 10- 1 3.61 x 10- 1.6 

PVDC 873 7.5 21.25 x 10- 1-4.48 x 10- 1.5 

PVDC 1173 0 11.75 x 10- 4.215 x 10- ? 2.76 

PVDC-CH-, (10 min) 117', 0.1 7.96 x 
1 10--ý 13 1x -3 10 6.08 

PVDC-CH_, ('-O min) - 1173 0.1 1.85 x 10- 3 4.03 x 10-4 4.59 

PVDC-CH 4 (30 rnin) - 1173 0.1 2.92 x 10- 3 9.59 x 10-4 3.05 

PVDC: Acridine 0.2 5 873 0.1 --I -I-) 
. 1- x -3 10 3.73 x -3 10 0.9 

PVDC: Acndine 0.50 873 0.1 2.09 x 10- 3. )9 x 
3 10 0.6 

PVDC:, -\cridine 0.75 873 0.1 3.45 x 10- - -. -- x -3 10 1.6 

PVDC: Carbazole 0.25 873 0.1 12.55 -1 
x 10-- 6.51 x 

1 

10' 1.9 

PVDC: Carbazole f, 0 873 0.1 9.13 x 10- 5.69 x 10- 1.6 

0. -1 s pVDC: Carbazole 873 0.1 10.63 x 10-- 6.24 x 10-' 1. -1 
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Table 5.15 continued 

Sample Weight fraction HT7 Pressure Rate constant (s Selectivity 
aromatic (K) (MPa) 

02 N2 

(Heating rate IK min -1,60 min soak time) 

PVDC: Acenaph 0.25 1173 0.1 3.46 x 10-3 2.02 x 10-3 1.7 

-thylene 
PVDC: Dibenzof'uran 0.25 1173 0.1 5.15 x 10- 3 3.13 x 10- 3 1.7 

PVDC: Dihydroxy- 0.25 1173 0.1 2.12 x 10- 3 2.4 1x 10-3 0.9 

napthalene 

PVDC: Novolak 0.50 873) 3.83 x 10- 7.5., " x 10-' 0.5 

PVDF 1173 (). 1 -1 1.10 x 10 - 3 1.20 x 10- 0.9 

Sample Wcl(, ht fraction H'17 Pressure Rate constant (s -1) Sclcctlvlt), 
aromatic (K) (m Ro 0.1 N, 

(Heating rate IK min 60 ini n soak timc) 

PEEK 873 1 1.16 x 10- -4.21 x 10- 1 2.8 

PEEK 1073 1 4.87 x 10- 3 4. ') 3x 10 -3 1.1 

PEEK 1171 1 5.26 x 10- 3 2.233 x 10-1 2.4 

SaMPIC WcILht fraction HTT Prcssurc Rate constant (s - 1) Sclectivity 

UOMLIC (M Pa) 01 N, 

(Hcating ratc 5K min 60 min soak th-ne) 

PFA 117 33 1.48 x 10- 3 1.79 x 10- 3 0.8 
PFA +I sulphur 1173 1 0.85 92 0.9 
PFA + l0c, (- sulphur 1173 1 0.14 0.13 1.1 

SmPle HTT Heating rate I 
Soak- time Pressure Rate constant (s -1 ) Selectivity 

I (K) (K inin- (inill) (mpa) Ol N, 

Cl 87 3) 1 60 3.80 x 10-3 ) 50 x 
3 10- 1.01 

C? 1023 1 60 0.1 8.90 x 10-3 9.10 x 10- 3 1.0 

C3 1173 1 0.1 5.80 x 10-3 4.10 x 10- 3 1.41 
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Table 5.15 continued 

Sample HT7 

(K) 

Heating rate Soak time 

(K min-') (min) 

Pressure 

(MPa) 

Rate constant (s -1) Selectivity 

02 N2 

C4 873 50 60 0.1 3.21 x 10-3 2.09 x 10-3 1.5 

C5 973 50 60 0.1 1.14 x 10-3 8.3 1x 10-3 1.41 

C6 1073 50 60 0.1 6.9 8x 10-3 9.61 x 10- 3 0.72 

C7 1173 50 60 0.1 1.14 x 10- 3 8.3 1x 10- 3 1.40 

C8 873 1 60 0 1.10 x 10-2 7.80 x 10- 3 1.40 

C9 1073 1 60 0 1.70 x 10-3 9.04 x 10- -1 1.8 

CIO 1173 1 60 0 7.40 x 10- 3 1.0 x 10- 3 

CII 873 50 60 0 2 2.10 x 10- 1.90 x 10' 1.10 

CI-) 973 50 60 0 2.70 x 10- 1.70 x 10- 1.5 

C13 1073 50 60 0 1.00 x 10- 2 8.60 x 10- 1. 
_3 

C14 1173 50 60 0 8.30 x 10 -3 3.5 x 10- 3 2.3 

C15 873 1 60 6. 0.20 0.19 1.1 

C17 87) 1 60 12.24 0.12 0.10 1.2 

C18 873 50 60 6.60 0.28 0.3 ") 0.87 

C20 873 50 60 12.24 13 x 10- 3 7.6 x 10- 3 1.70 

C21 1173 1 (K h- 1) 60 0 7.4 x 10- 3 7.7 x 10- 3 0.8 

C21 1173 1 60 0 1.6 x 10- 3 1.2 x 10- 3 1.3 

+pitch 

C22 1173 15 (K h-1) 60 0 1.7 x 10- 2 
-1.4 x 10- 3 7.2 

Beech 873 50 60 7.5 -3 6.59 x 10 '. 85 x 10- 3 1.70 

Teak 873 50 60 7.5 '. 15 x 10- 3 7.38 x 10- 3 0.29 

Beech 873 1 60 0.1 4.89 x 10 -1 3.04 x 10 -3 1.61 

Beech 1173 1 60 0.1 3 3.11 x 10- 1.36 x 10- 2.3 

Cellulose- 1173 15 (K h- 60 0 3 1.3 x 10- 4.56 x 10- 2.85 

triacetate 

C=coconut 0.1 MPa =- Atmosphenc pressure 0= Vacuum <5x 10-4 MPa 
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5.3.6 Probe Molecule Analysis 

Probe molecule studies were carried Out in order to study the effect of pore size 
distribution with increasing carbonisation pressure. Hence a similar HTT of 873 K 

was chosen with different carbonisation pressures ranging from vacuum to 10.2 MPa. 

The pore size distribution of carbons decreased as carbonisation pressure increased. 

The effect of varying HTT in the range of 873-1173 K on the pore size Zý Z-- 

distribution for coconut shell vacuum carbons and PVDC carbons obtained bv 

carbonisatIO11 under atmospheric carbonisation pressure was also studied. The pore 

size distribution tended to decrease with increasing carbonisation temperature and the 

pore size distribution became sharp near 0.4 nm. 

The pore size distribUtI011 of carbons obtained by carbon VaPOLir deposition was 

also determined. The pore size distribUtIOn tended to decrease with increasing carbon 

deposition time. Lastly the pore size distribution of carbons obtained by co- Iw 
carbonisation of PVDC with POINIIILIClear aromatics and some high capacity carbons I- 
was also assessed. The pore size distribution of the carbons Was fOLInd to have shifted 

to smaller pore sizes with addition Of POIYIILlcleLr aromatics. 

page 170 



1. ) 

(U , ý4 

-C - CrIj 

0= --t rl- 

,, Z V 
I=. -10 
-: 3 - C: 

1ý 

V 

V 
C 

E 

8 

V 

ýn_ 

V- 

111 .0 

;F 

oc 

1. C r- C - 

C - 

(1-1 
CIA 

m r- 1r) 11C 

CI I 

'C 

oc 00 OC 00 

(f) -Z 

C - 
I 

all 

rý \c r- (*-I M ('ýf - I,. 
" 

c 
- 

C', C r- 14-ý 
Ln 

'C �C 

oo 

- 

(ýIl I. -I 

ý 1-11 c 1ý ý 

CN I oc kl) \C kr) 
t-- Clf" 11C 1ý rn 

Vý oc C-4 "C r-- 
r- 11C r- \C (14 
(NII clq C114 c"I 

C, Ic 

CNI 

\IC \Z 

--- !"- 

oc 

IIIII 

> > > > > 

page 171 



Im 

- 
- -- 

- 

t) V 
0 

'- 

(ID 

- _ (.. _ 

- 

'c 
c 2 

C 
V 
V C 

N 

" V 

C 
V C 

V 

V 
-J 
0 
0 
C 

2 

lu 

ý7- 

0- 

,a 

2 

I, r, Itt cr,, -% 
ý-. o 'RZT c"ll C, I clq 11C 

OC 
oc r"I rq 

Oc 

\. c Lf-, rt - - ý 1ý 
oc 

("I oc 

Dc 

("I 

\C z C*l I - cn \C z 0c C7\ ý 
V 

\ýc \4-- \c ýlc \C ýlc ýlc \IC \C "C I u 

r_ C- 

iZ r 
Ict 

page 172 



References 

(1) Sykes M. L., Chagger H. K. and Thomas K. M., Carbon, 31,827 (1993) 

(2) CRC Handbook of Chemistry and Physics, 66th Edition, Eds. Weast, R. C., Astle, 

M. J. and Beyer, W. H., CRC Press, Florida (1986). 

page 173 



Chapter 6 



-Chapter 6 

Discussion 

6.1 Introduction 
Numerous physical and chemical techniques are available for the characterisation 

of microporous carbons. However, it is not possible to obtain a complete and 

unequivocal description of the structure of these carbons. Most of the techniques 

available are based on gas adsorption methods. The physisorption of molecules on a 

solid surface has an associated heat of adsorption. It is possible to follow the 

adsorption process by monitoring the evolution of heat. However the sites are not 

equivalent in energy since the may be heterogeneous and interactions exist 
between nelý, hbouring, adsorbed m0leCUles. Active carbons and carbon molecular 

sieves have a complex porous structure. In addition, they contain functionality and 
inorganic material. Therefore, a wide varietv of techniques are reClUired in order to 

characterise the carbon structure. These methods include g(Tas adsorption studies, 

calorimetry, probe molecule studies, hellLim density meaSLirements and mercUry 

porosimetry etc.. 

6.1.1 Background to the Use of FMC 
The development of thermistors has made it possible to construct a compact flo", 

microcalonmeter (FMC) having high sensitivity and ease of operation. FMC has been 

used in evaluating the surface properties of coals, active carbons, zeolites etc.. FMC 

as a technique also -, ives as an insight into: 

(I) heats of adsorption and desorption, 

(2) rates of adsorption and desorption. 

degree of reversibility of surface interactions, 

(4) adsorption of several components, competitive adsorpti nergistic on and s,. ý Zý 

effects, 
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(5) preferential adsorption on specific surface sites and 
(6) effects of temperature on heats of adsorption. 

The idea behind using this technique was to assess the surface properties of the 

material by recording the heat of adsorption of a gas or a liquid on the particular 

adsorbent. This requires the use of an appropriate calibration factor2. 

FMC has been used in the past to determine the surface areas of a vaniety of 

materials. The total heat evolved, when an adsorbate was covered with a monolayer. 

multiplied by a calibration factor was taken as a measure of its surface area. This 

technique was applied with the assumption that firstly a close packed monolayer was 

formed when a selected polar solute was adsorbed from a dilute solution and secondly, 

the preferential heat of adsorption of solute per unit area was the same for different solid 

surfaces when the monolayer was fori-ned. The surface area, SA is directly proportional 

to the integral heat of adsorption per (Trani of solid Ali, and can be written as 2 

SA =k AH 

where, k is the proportionah t hav ing dli-nenslons of n12 I itv constan I /J and AH is the total 
1 Z7 

heat produced in joules, when n-bUtanol forms a close-packed monolayer on the 

surface. For all solids studied the adsorption of n-butyl alcohol adsorbed frorn a 0.2% 

solution in n-heptane, was found to have a closely packed monolayer 2. A close I 
relationship was found between the Surface areas estimated from the magnitude of 

integral heat of adsorption of n-bUtanol (obtained from FMC) and the nitrogen BET 

2 method 

FNIC has also been used as a technique where the heats of adsorption have been 

used to provide information regarding the relative Surface acidities and hydrophobicities t! -I 
of the coals 3. The Surface properties of coals \vere determined by studying the surface 

interactions with specific solutes. The surface area of polar sites can be estimated by 

determination of integral heats of adsorption of n-butanol from n-heptane. The polar 

surface area was obtained using the following calibration: 
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11.5 m2 9- 1 

The hydrophobicity was determined by taking the ratio of the heats of adsorption of n- 
butanol from water and n-heptane onto the coal samples. The acidity was assessed bY 

measuring preferential adsorption of ammonium hydroxide from solution in water. 
Silica was chosen as a model solid as it possesses a surface with weak acidic sites. The 

weakness of acidic sites in silica was indicated by relatively low heats of ammonia 

adsorption and the complete reversibility, unlike coal samples which showed high heats 

of ammonia adsorption and mostly irreversible adsorption. 

Heats of adsorption by selected solutes, like n-butanol and t-bUtanol from n- 

heptane were used for rapid evaluation of 'internal' and more accessible 'external' 

surface sites in zeolites. The heats of adsorption of n-butanol from n-heptane were 

found to be higher compared with the tertiary alcohol, as a large portion of the internal 

surface in zeolites were not accessible to large branched alcohols. Hence, it was 

concluded that the sites Occupied by t-bUtanOl were relatively polar in nature, as 

compared with sites within internal SUrface accessible to n-bUtanol. The heats of IJ (=; - I 

was taken to equivalent to 11.5 ni'ý Of tile Surface. The drawback of this technique 

was that tile reSLIltlll(-' surface areas were found to be hiaher than the corresponding 

BET nitrogen adsorption Surface areas. This was attributed to the enhanced 

overlapping fields Of Surface forces acting on n-butanol within the rilicropore which 

consequently (Tave rise to enhanced heats of adsorption 4 

Basal planes and polar sites exist in active carbons and carbon molecular sieves. 

These can be considered separately as far as adsorption is concerned. The basal plane 

sites can be studied using heats of adsorption of n-dotnacontane for basal planes. 

Integrra, l heats of adsorption were found to increase with solute concentration in a similar 

manner to those of the adsorption isotherrn. Since the concentration of adsorbate in the 

carrier can be vaned. it is possible to obtain isotherms, hence a conversion from J (T-1 to 

m can be calculated as explained pre,,,, ioLisl\,. These integral heats of adsorption for 

amounts of n-dotnacontane were also found to be directly proportional to the number of 

surface sites capable of adsorbin (ýT n-dotriacontane. The heat of IJ g-1 was found to 

correspond area covered by 8.1 mg, of n-dotriacontane adsorbate consistincr of close- 
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packed horizontally oriented molecules, i. e. 19.3 rn 2 9-1. Consequently n- 
dotriacontane from n-heptane was used as a measure of basal plane area in graphites. 

This observation was found to be analogous to that concerning the adsorption of n- Z: ) C) 
butanol. The method for comparing polar sites involves the determination of the 
integral heats of adsorption of n-butanol from dilute solution in n-heptane. In this case 

the n-butanol is adsorbed mainly on the polar sites. The calibration factor for the polar 

surface area was taken as: IJ g-1 = 6.7 M2 9- 1. 

In order to obtain measurements of graphiticity and polarity in terms of the total surface 

area of the material the resulting graphitic indices and the surface polarity indices were C, 
divided by total Surface area of the carbons measured by the nitrogen BET method. The 

technique as found to be useful as it provides a quantitative measure of the affinity of 

the accessible carbon Surfaces for non-polar and polar substances. This 'ilso gives an 

indication for hydrophilic/hydrophobic nature of carbons. The disadvanta(Te was that 

the surface area estimated from the heats of adsorption measurements related only to the 

Surface accessible to 11-bUtan0l or n -clot riaco n ta ne and eXCILides surfaces present in 

micropores with in diameters of less than 0.6 nin". 

FMC has also been used to predict the performance of various microporous 

carbons in various selective adsorption processes. They were assessed by rapid 

evaluation of the patterns of heat evolution Occurring by adsorption of gas/liqUid on the I Z. ) 
adsorbent. The length of time to reach equilibrium differed for the specific probe Zý 
molecule. depending upon its size and shape. The heat of preferential adsorption for 

the probe (Tave an estimation of the rate of adsorption 6 Groszek et. tZI. 7 have 

established a correlation between the heats of adsorption of carbon dioxide and nitro(-)"en 

BET surface area for several non-porotis solids. However for microporous solids there 

is no direct correlation betv-, een the heats of adsorption of carbon dioxide and nitrogen 

BET surface area. 

However, in this pro 
. ject for the first time the FMC technique has been exploited 

in terms of the meaSUrements of the rateOf (TaS Uptake. The k*net* t-- I ic rate constants were 
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calculated for gases such as oxygen and nitrogen on commercial CMS materials and 

active carbons. The results of which have been discussed below. 

6.1.1.1 Assessineitt of Capacity aizd Selectivity of Commercial 

Materials using FMC and Gravimetric Uptake. 

The kinetics of gas uptake measured using the FMC were calculated at the Usual I-D 
FMC flow rate Q cm 3min-1) and a higher flow rate (14 Cm3mln-1). The results 

obtained from the analysis of six CMS and two activated carbons were compared. 

They were related in terms of their capacities, rates and selectivity to that obtained by 

the gravimetric technique. This was done in order to assess the correlation between the 

two techniques for gas adsorption characteristics. The comparison of the rates and 

capacity data between the two techniques showed a limited degree of correlation. 

The e(JUilibrium capacities showed a close relationship between the two 

techniques with correlation of (R'121 = 0.986) for nitrogen CZIPýWltý' IS IneISLired with the 

FMC gas flow rate of 3cm 3 
111111- 

1 
and shown In Figure 6.1. 

zi Z 

02468 10 

Gravimetric Nitrogen equilibrium capacity 
(mg/(I) t-13 

Fi gure 6.1 Nitro(-Ten ecluilibrium caoacities oht, -. iined Lising FN, 'IC (3 cc/min) and 

(Travimemc technique. 

WOO 

6000 

y=-1 i5.96 + 71 ý. Wx RII-1 :=0.986 

13 

4000 

-1 ()() () 
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A comparison of the nitrogen rates obtained by the two techniques is shown in 
Figure 6-2). The FMC flow rate was 14 CM3min-1. A good correlation was observed 
but the observation that the correlation does not pass close to origin is probably 
indicative of a non-linear relationship between the rates measured by the two methods. 

II 
3 

y=0.21109 + 0.63838x RA2 = 0.881 

2 

a 

0 

Gravinietric Nitrogen adsorption rates 
(s- Ix 10-3) 

3 

Fiý,, tire 6.2 Nitro gen ad. sorption rate me,, isu red umm, FMiC ( 14 cc/min) mid gravimetric 
tech I(ILIeS. 

Unlike the comparison for nitrogen capacities, where some clegree of correlation 
Was fI ound, only a very weak correlation correlation WIS COLInd in the oxygen capacities 
of the t,. vo different methods. This can he seen in the degree of ýcattcr as shown in 
Figure 6.3. 
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6-54.10 + ()-41-. 54x RII--1 0.666 

24681 () 
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ien eClUilibrium capacities obtained using FNMC (3cc/min) and 
ties. 
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The selectivity factor calculated as the ratio of the oxygen rate constant to the 

correspondino, nitrogen rate constant indicated that there was some degree of correlation 
between the two techniques. FMC experiments at 14 CM3min-1 flow rate gave the 

closest approximation to gravimetric data 0.766), as shown in FIgure 6.4. Z: ) Z: ) 

30 

ýý E 
-, = Zi 
ýJ 

20 

10 

y=2.3242 + 0.74784x R, *, 2 0.766 

cl 

20 

Glravmetric Selectivitv 

30 

Fiý,, Lire 6.4 Selectivity measured usiný,, FMC (Flow rate 14 cc/min) and ,, r,, ivimetrlc 

tech ni (I Lie. 

Both oxygen and nitrogen showed higher Liptake rates for slow flow rates (3 cm' I--- 
min 1 ). The calculations were closely exami ned and it was concluded that the reduction 

in the calculated rates values. reSLIlted from a variation in the overall peak area. The 

values of which were Lised SUbsequently in the rate calculation equation which is given 

as follows: 

In (I -A/Aeq) =- k't 

This equation relates the heat outpLit to the fractional peak area remaining. The 

(Treater the measured peak area the smaller the proportional change in the A/Aeq term 

I irt of the peak used for the measurement. This means that in the In with time in the p. 

(I-A/Aeq) term, the rate may decrease with an increase in the measured value of Aeq. 
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This relationship was tested experimentally using Sutcliffe Speakman carbon 
which was analysed at different flow rates between 3 and 14 cm3min-1. Oxygen 

adsorption was followed using the FMC, and the rate of uptake calculated and peak area 
measured, the results of which are shown in Table 5.4. The uncalibrated peak areas 
showed variation with gas flow rate, as shown in Figure 6.5. The noted variation was 
not consistent but depended upon the shape of the heat output peak being studied and 
the thermal conductivity of the gas. 
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Fl(, 'Lire 6.6 obtained from the results in Table 5.4 show, ý a graph of calCUlated 
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This was thought to be due a large fraction of heat output being transferred away zn ZD 
by the gas and not being measured by the FMC thermistors. In other words, the greater 

the flow, the greater sample cooling effects. At very low flow rates however, the peak 

area was very small. This was because the flow rate was limiting the rate of gas 

uptake, giving a more elongated peak resulting in a larger percentage of heat output 

beino- lost to the gas. The largest measured peak areas were in the mid-range of the 

flow rate variation. The adsorption rates were seen to vary systematically with the 

measured peak area, as shown in Figure 6.7. This shows a straight line graph of 

calCL11ated adsorption rate verSLIS measured peak area, demonstrating the dependence of 

calculated adsorption rate Upon rne. ISLired peak area. 
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ý400 

Figure 6.7 Graph Of CIICLIIited FMC adsorption rate against peak area. 

The peak area as discussed previously, is a function of gas flow rate and rate of I- 
heat OLltpLlt. In contrast, the gravimetric experiments operated at a hi (T her flow rate, 

e limin ati n (T this problem. This is illustrated by the fact. that the two active carbons 

showed high adsorption rates in gravimetric experiments and these were vastly redUced 

in the FMC rate calculations, (see Table 5.1 Chapter 5). The rneaSLired Lincalibrated 

peak area is thLIS a function of the amOLInt of heat given out, (proportional to the amount 

of (Tas adsorbed), and a combination of gas flow rate and the rate of (gas adsorption. 

The calibrated values of the FMC peak area at different flow rates, as shown in 

Is 
13 
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Table 5.2, generally showed a decrease in measured and calibration FMC peak areas, 

with increased FMC gas flow rate. This could be interpreted on the basis of a 

proportion of the heat being lost to the flowing (Tas. The heat loss increased as the aas C Z: ) Z) Zn 
flow rate increased. However, another disadvantage was that the calibrated energy 

peaks were not of precisely the same shape and size as that of the experimental heat 

output peak which would have resulted in an equal amount of heat loss to the flowing 

gas. Hence, the calibrated experimental peak areas would have shown no variation 

with gas flow rate. It was the difference in heat loss characteristics of the calibration 

peak and experimental peak, which gave rise to observed differences in calibrated peak 

areas at different flow rates. The (greater the difference in size or shape of the peak, the 

greater the difference in the calibrated experimental peak values with gras flow rates. 
The calibration pulse for the FMC is a square wave input whereas the gas adsorption C 
profile is a sharp initial peak followed by a Iong tail. Hence, the heat loss 

characteristics are different in these two instances. 

2 6.1... Summary of Comparison of FMC and Graviinetric Technique for 

Assessing Molecular Sieving Characteristics 

In summary, the FNIC has certain limitations in ýICCI. mlte assessment of gas I Z: ) 
adsorption capacities and rates. This is so hecaUse the value of the calibrated peak area 
is dependent upon a number of variables Such as gas flow rate and differences in shape 

and size of the calibration and the experimental peaks. The FMC peak areas do [lot 

correspond precisely with the capacity as measured gravimetrically. Besides this the 

complex heat and mass transfer effects modify the heat Output thermogram under the 

specific conditions of the experiment. However, FMC may be used as a tool for fast 

approximate analysis of kinetic selectivity. but has limited use as a measurement of 

fundamental scientific properties. The problems associated %ý'ith FMC can be 

minimised by addition of computer control for peak calibration. Also. the addition of 

PTFE as a dilutant in the sample cell will minimise the problems arisin(_T due to the rate 

limiting effects of the gas supply to the cell. In contrast, the ggravinletric technique is 

more efficient as it can be operated at relatively high flow rates althou, -ah some difficultv 

may be encountered due to buoyancy effects. The problems of buoyancy are easier to 
I 

correct and are straightforward to apply. Hence, the (Travirnetric techniqUe has been 
I zn 

used as an overall technique for the assessment of kinetics and selecti%, it%, for all 
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laboratory and commercial samples. 

6.2 Diffusion in Porous Carbons 
CMS are used in large scale industrial processes for gas separation using the 

-'n I 
pressure swing adsorption method. High adsorption capacities are required for 

economic viability. These CMS/adsorbents, in general, have a bimodal pore size 

distribution consisting of macropores for efficient gas transport and an extensive tý 

microporous structure for high capacity. The CMS materials are tailored in such a 

fashion that the selective part of the porous structure has molecular dimensions similar 

to those of adsorbates. It is believed that the molecule diffusin(T thrOU(-Th the selectiVe tý - 
porosity experiences a net repulsive force upon entering the micropores, and thus, must 

pass over an energy barrier to gain entry into these pores. The rate of adsorption 

depends upon the pore size and the size, shape and length of the adsorbate molecule 

used. It has been found that the micropore diffusion of different -lases varies markedly, 

although their adsorption eCiLlilibriLlIll cipacities might be similar. Hence, there is a 

kinetic selectivity which may be utilised hy the pressure swing adsorption technique. 

The purpose of this work \, kas to develop an improved Understanding of the 

fundamentals of the kinetic selective process in CMS materials. In this investiuation, 

the adsorption/desorption kinetics of gases of varying, molecular shapes and dimensions 

on a CNIS material have been studied. The (TýjSeS used were argon which is a spherical 

molecule: ox%, (-Ten and nitro(-yen which are linear diatomic gases. carbon dioxide and 

nitrous oxide representing linear triatomic molecules, ethyne representing a long linear 

molecule and ethene representing a lo 11 (T er planar Molecule were studied. The rates of Zý t7 

adsorption and desorption of various gases at different temperatures on commercial Zý 
CMS material were determined for a ran(ge of temperatures and the activation energieý, In 
for all the adsorption/desor-ption processes. The nature of selectivity occurring in this 

matenal ývas assessed. 
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6.2.1 Pore size distribution 

The pore size distribution of microporous materials can be estimated by the 

adsorption of molecules of varying sizes 8,9. The pore size distribution of commercial 
CMS A3 material indicates that the bulk of pore volume begins between 0.4 and 0.43 

nm and has very little volume between 0.46 and 0.65 nm, as shown graphically in I C) I 
Figure 6.8 and numerically in Table 5.14. 

0.15 

(). 1() 

r7 0.05 
14.01 

0.3 0.4 0.5 0.6 0.7 

Pore size (nm) 

Fil-ILII*e 6.8 Prohe lll()IeCLI]e CýlpýlCltles for commercial matenal CMS A3. 

Nature of porosity 

The selective porosity of the CNIS material Is silt-shaped sInce It adsorbs ethene 

and has a similar eLjL11hbrIL1111 CIpacity as that of carbon dioxide and ethyne. In contrast 

methane is not adsorbed to any si-anificant extent. The kinetic measureme tits indicate 

that the ethene adsorption is very sloýk. This is expected from the steric requirements 

for the ethene to obtain the correct orientation to pass through the selective porosity. 

The results indicate that the utUre of porosity which gives rise to kinetic selectivity is 

slit-shaped. 
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6.2.3 Diffusion in micropores 
In recent years most research has been focused on the microporous nature of the 

CMS and on the related physisorption mechanism. The description of transport process 
in CMS is difficult to assess owing to complex and largely unknown pore network. 
Depending upon the dimensions of the pores the mechanisms of mass transfer may be 
due to bulk diffusion, Knudsen diffusion and surface diffusion. As a result, most 
models for diffusion in porous solids are approximate. In general the sorption of gases 
on CMS occurs by the unsteady state diffusion which is rate limiting. Rate data have 

been analysed using the time dependant diffusion equation which largely ignores the 

structural details of the solid and their effects on the adsorption rate. For example, 

when the concentration at external surface is held constant the rate of uptake by 

spherical adsorbent particle is given byl(): 

Oo 

mt 6 exp Dn 
n=l 

Tr n, 

where D is the diffusional coefficient, and Y is the radILIS of the sphere. This type of 

rate model is approximate and ISSLIIIIeS CIIffLISIOII in pores of uniform size is involved. 
However, considering CNIS which have a himodal pore size distribution, both 

macropore and micropore diffusion should be considered. These effects have been 

observed by Roberts and York' 1 for adsorption Of 11CILlid normal paraffins on 0.5 rim 

moleCLIIar sieve. Antonson and D . ýIlloff 12 for fixed hed sorption of ethane also for 

Linde 0.5 nm molecular sieve. These ýWthors haVe used an additive series model to 

accOLint for macro/micropore effects. 

As stated previously the CMS have pores with restrictions of certain sizes, which 

allow small molecules to pass through more rapidly than larger molecules. The 

differences in gas diffusivities reflects the 'sieving' action of the restrictions present 

the particle pore 13.14. and the ý, electivity of CNIS has been found to depend on along 

the differences in adsorption kinetics as observed by several workers 
13.14,15,16 

. In 

all the cases the adsorbents were kinetically selective to oxvUen as compared to ni ý 'tý itrogen 

and were weakly adsorbed. In contrast LaCava et t1j. 17.18 concluded that the 

adsorption dynamics in some CNIS were depicted by a non-Fickian behavIOUr. The rate 
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of gas uptake by non-Fickian CMS (with selectivity introduced by carbon deposition) 

was described by Langmuir rate model; and the selective porosity was considered to be 

slit-shape where the slit-molecule interaction potential controls the rate of entrance into 

the cavity. The slit potential was found to be greater for nitrogen; hence nitrogen was 

adsorbed slowly compared with oxygen. Work carried out by Chagger et al. 19 
tý Z-1 

concluded that the CMS prepared by direct carbonisation follow a Fickian mechanism. 
The reason for this was attributed to the homogeneous structure of the CMS prepared zn 
by direct carbonisation and the selectivity was effective throughout the microporous 

region. In comparison, when the CNIS selectivity is produced by carbon deposition, 

the pyrolysis gas cannot penetrate all the strLiCtLire and, therefore, only deposits in the 

accessible regions which are primarily meso and macropore surfaces thereby 
introducing selectivity in a heterogeneous manner. This heterogeneous carbon Z. ': ý In - 
deposition was confirmed by the particle size StUdies which showed that tile selectivitV 
decreased with decreased particle size. 

The microporosity can he sub-divided into two regions, i. e. ultramicropores (< 

0.7 nm) and SUpermicropores (0.7-1.5 nni), these can be distin'-'Llished by the different 

fillinu mechanisms involved. III ultramicropores the mechanism of adsorption Occurs 

by micropore filling whereas III !,, Upermicropores cooperative filling effects may occur. 

The mechanism of pore filling is dependent on the nature of the adsorption system and 

the ratio of pore width (dp) to molecular diameter (u), i. e. d rather than the absolute 

V, AlLie of d,,. Pores Of molecular dimensions (i. e. dlýcy = 1-2) are filled preferentially at 

very low p/p, whilst the wider micropores (d, ýc7 = 2-5) are filled by a cooperative 
20 T process at higher p/po The process of 'micropore filling is associated with 

enhanced adsorbate -adsorbent interaction. as compared to cooperative effects which 

occur at high p/p(, and the enhancement of interaction energy is relativelv small. The 

nature of this process has been explained in detail on the basis of a simplified slit 

shaped model (see Chapter One, Section 1.5'). Although in the cooperative effect, the 

phenomena of monolayer formation and condensation occurring in rapid succession are 

said to constitute a single process. 

To date, the authors mentioned above have reported rates and diffusivities of 

gases in micro/rnacropores by chromatographic. gravimetric and volumetric various 

techniques. In this work the gas adsorption and desorption uptake rate measurements 
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were made using gravimetric technique. A new model has been developed which is Z-: ) C, 

based on Langmuir kinetics. This allows the rate constants for adsorption and 
desorption to be assessed. This model is based on the study of the gas adsorption ZD 
kinetics and capacities for molecules of varying size and shape of the adsorbate (i. e the 

probe molecules). 

The experimental data on the adsorption rates of gases show that the probe 

molecules with small molecular diameter (minimum cross-sectional area) enter the pores 

more easily than larger molecules. Firstly the simplest molecule studied, argon, 
follows Langmuir pseudo-first order kinetics for adsorption. However, the rates of 

adsorption are slow in the temperature range of 275-333 K. The linear diatomic gases 
follow Langmuir first order kinetics for the adsorption process. This is indicated by 

straight line graphs for ln(I-W/Wecl) against time, for adsorption in case of argon, Cl" ltý 
oxygen and nitrogen. In the case of the linear triatomic molecules, carbon dioxide and 

nitrous oxide the adsorption kinetics also follow the same kinetic law,,. Tile adsorption 

capacities for carbon dioxide and nitrous OXICle are ',, I(_'I1IfICa11t1V higher than argon, 

oxygen and nitro (T en. This IS CiLIC to the higher p/p, However, ethyne arid ethene 1ý It! -I 
adsorption kinetics deviate from LangnIL111- I'll-St order kinetics at low temperatures. The 

linear molecule, which is relatively long , has a slow adsorption rate but high 

adsorption capacities due to the h1uh relative pressures (p/p(, ). Similarly, for ethene, 

which has a rectangular cross- sec tional shape the adsorption rate is very slow but the 

adsorption capacity is hig h due to the high relative pressure (p/p(, ). The rates of 

adsorption for ethene and ethyne for the fast stage process show an increase as the 

temperature increases. This is contrast to the rates for the slow stage process which did 

not show any trend. For comparison purposes it is probably most appropriate to 

compare the initial uptake rate constants since these refer to the low surface coverage t_ 

region. Above this Surface coverage there is a marked deviation from the 1110-W/Weq) 
tý - 

against time graph from linearity. The mathemmical model involvin (T two exponential Cý - Zý 
terms fits the data fairly %vell for observed and calculated values for the adsorption of 

ethyne and ethene. 
W 

In comparison the desorption behýIVIOLII- can be quite different from that of 

adsorption for some gases especially at high surface coverage. In the case of argon, 

OX%7(Terl and nitrogen the rate plots for desorption are straight line graphs for ln('I- 
ý Z-- -- 

W/Weq) i(-Tainst time. indicating a pseudo-first order kinetics. This also signifies the L- 

absence of diffusional resistance in the macro, and mesopores in the temperature range Zý, 
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studied. The desorption is a two staged process at high surface coverage. This may be 

associated with the desorption from different sizes of microporosity with varying 

extents of volume filling and multilayer formation. As the temperature increases the 

processes merge into a single stage process. Although an excellent fit to the desorption 

curve was obtained for W/Weq = A, e -k1T + A2 e -k2T there are likely to be difficulties 

with comparison because each temperature has different levels of surface coverag-e. In 

the case of (Tases associated with high surface coveraue like carbon dioxide, nitrous 

oxide, ethyne and ethene the desorption can be described by a model based on two 

exponentials. Carbon dioxide and nitrous oxide show only one distinct process i. e. the 

fast Process. The reason for this phenomenon is that the contribution for the slow 

process is very low leading to errors in estimation of rate constants for the slower rate 

term in the model. In the case of ethyne the contribution from the two exponential 

terms in the mathematical i-nodel are similar and hence the kinetic parameters are more 

accurate. It is interesting to note that tile activation energies for the two processes are 
fairly similar whereas tile pre-exponential factors are (ILlite different. 

6.2.3.1 Adsorption capacities 

Virtually all the previous studies oil adsorption capacities have been carried out 

below the critical temperatures. In this investigation the adsorption /desorption of the 

majority of the probe molecules was studied above the critical temperatures of the gas. 

In order to plot an isotherm the Saturation pressure of the gas has to be taken into 

account, but in this work a hypotheticil p/p, was determined by extrapolation of 

equations applicable below the critical temperature. These hypothetical pressures are 

subject to some degree of error as relatively large extrapolation were required for some 

(Tases. The alternative is to apply the Lan(TMLlir isotherm to estimate the monolayer 

coverage for gases such as argon, oxygen and nitrogen etc. The extrapolations of the 

saturated vapour pressure data were carried Out In order to compare the different isobars 

in terms of isotherms at their relative pressure (p/p,, ). The isotherms of all gases at their 

respective partial pressures v,, 'ere compared with the carbon dioxide isotherm as, shown 

in Fi (Ture 6.9. It was observed that the argon, nitrogen and oxv(-Ten isotherms cover a 

I otherm with lo", p/p, and low p/p. range. These gases lie along the steep part of the 

are associated vvith micropore filling. monolaver formation and low surface CoVerýJ(Te. 

Ig The adsorption kinetics for these gases are stra'ght lines. as shown in Figure 5.4 etc. in 
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Chapter Five. In comparison, the carbon dioxide, nitrous oxide, ethyne and ethene 

isotherms cover a higher p/pO range. These gases lie close to the plateau of the 

isotherm. The adsorption rate plot for ethyne and ethene deviated from linearity at low 

temperatures. It is proposed that the deviation is associated with cooperative adsorption 

effects. Marsh and O'Hair 21 concluded that both adsorbates, carbon dioxide and 

nitrous oxide behave similarly, although nitrous oxide takes longer than carbon dioxide 

to reach equilibrium. Adsorption experiments conducted at higher pressure (4 bars) for 

oxygen increased the equilibrium capacities of the gas. This is expected from the 

change in p/pO. Figure 6.9 shows a graph of the amount of gas adsorbed in the kinetic 

measurements as a function of the hypothetical p/p, or actual p/p,, as appropriate with 

the carbon dioxide, 273 K adsorption isotherm. 
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Fi. gure 6.9 Isobars of probe molecules as compared with carbon dioxide isotherm 

a gainst relative preSSUre. 

It is apparent that the adsorption capacities for all the gases studied follow the 
COI, 273 K isotherm closely despite the differences in sizes of the molecules. It is 

i1pp, 11-clit that the CO,, 273 K isotherm k it guide line to the capacity of the CMS 

Illatel-i'll. 
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6.2-3.2 The relationship between adsorptive structural parameters and 
Arrhenius parameters for the probe molecules 

Diffusion in micropores occurs by surface or activated diffusion as stated 
previously. In this kind of diffusion the molecule or atom hops from one site to another 
across the energy barrier which separates adjoining sites. The value of rate constants 
(k) was plotted for different temperatures according to the following Arrhenius 

equation: 

k=A exp -Ea/RT 

where A is pre-exponential factor, Ea is the activation energy, R is the gas constant and 
T is the temperature. 

Table 6.1, below, gives the critical dimensions, estimated diameter from 
Lennard-Jones and molecular diameter in terms of the length of the probe molecule. 
The critical diameter and moleCUlar lengths were calculated on the basis of the bond 

22,23 lengths, bond angles and van der Waals radii of the adsorbate molecules 

Table 6.1 
A comp. 1trison of adsoiTtive structund , ind gas adsorption kinetic parameters. 

Molecule Critical 
dimension 

minimum cross 
-section 

(nm) 

Lennard-Jones 

(cy) nni 

Molecular 
length C_ 

(nm) 

Ea InA 
for adsorption 

U mol-1 

Spherical 
Argon 0.384 0.340 0.384 39.1 7.86 
Methane 0.458 0.380 0.458 - - 

Linear diatomic Cylindrical 
Oxygen 0.280 0.346 0.401 30.9 8.27 
Nitrogen 0.300 0.364 0.410 34.6 6.47 

Linear triatornic Cylindrical 
Carbon dioxide 0. -_)80 `5 2 03 0.5 13 12.6 0.029 
Nitrous oxide 0.300 0.3)88 0.521 11.6 -9.02 x 10-5 

Linear tetratornic Cylindrical 
Ethyne 0.3351 0.422 0.5 72 2 4.5 0.85 

Planar Rectangular 
'87* 0.4 2 Ethene 0.. 1 0.489 39.6 4.75 

týjjjcc betweeii the _(-, niphite kiyers. c'ICUMI %'ALie (0.352) 
Avei, ýI. ge ofleiioth and ci-o,,,, -,, ecIion of the moleCLIle: actual value (0352 x 0.4-15) 
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The activation energy for adsorption was found to be complex ftinction of both 

length and cross-section of the probe molecules. The activation energies of adsorption 

for the gases studied have been compared. Figure 6.10 shows a (Traph of activation t! Zn 
energy against the cross-section of probe the molecules. The activation energy for 

adsorption tends to show an increase as the cross-section of the molecule increases. 

Large molecules require higher energy to pass over the energy barrier into the CMS. A 

similar trend was observed for the spherical and linear diatomic gases when compared 

against their Lennard-Jones diameter. Conversely, there is a decrease in the activation 

energy value for adsorption for oxygen at a high pressure (0.4 MPa). The activation 

energies of adsorption for ethyne and ethene obtained from rate constants LISIM' 

Langmuir kinetics and the mathematical model based on two exponential terms are of 

similar magnitude for both contribution terms, indicating the validity of the 

mathematical model. A comparison of activation energies of the probe molecules like 

oxygen and nitrogen show that they are quite similar, oxygen being slightly lower than 

nitrogen as expected from the differences in the size of these molecules. 
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In contrast the activation energy of adsorption decreases with increasing length of Z: ý L- tý 
the probe molecules as shown in Figure 6.11. 
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Figure 6.11 A grziph of act*vation ciLieruv of adsorption against the length of prohe I 

nlOleCLIles. 

The activation energies for desorptlon of the probe molecules cannot be 

compared and contrasted directly to those obtained for the adsorption process. This is 

bMILISe the activation energies for desorption in case of linear thatomic, tetra-atomic 

linear and planar molecules refer to higher SUrface coverages than the diatomic 

moleCLIles and an-Ton. 

Table 6.2 below gives a SLIMM. IFN' of diffusivity data (for Ber(_Tb,, ILi ForschLin LT 

CMS) ýIncj rate constants (for CMS A-3) and activation energies for oxygen and nitrogen 

for BerabMi Forschung CMS and CMS A3. 
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Table 6.2 

Summary of-diffusivity data (for Berabau Forschung CMS) and rate constants (for 
CMS A3) and activation energies for oxygen and nitrogen for Bergbau Forschung CMS 

and CMS A3. 

T(K) Oxygen Nitrogen References 
(S-1) (S-1 ) 

193 2.0 x 10-6 13 
273 2.4 x 1()-4 3.5 x 10-6 13 

300 3.5 x 1()-3 4.0 x 10-5 12 
300 2.3 x 10-3 1.1 x i o-, 12 
333 - 6.0 x 10-(' -) 4 

275 4.64 x 10-3 1.83 x 10--4 This work 

Activafion 26.0 13 
ener(Ties 25.2 27.3 12 t) 
W mol- 15.54 

25.2 31.1 16 
30.9 3 4.6 This work 

The activation enemnes for CMS A3 are slightly higher as compared to Bei-(, bILI 

CMS. Similark, activation ener(-, Ies for carbon dioxide 25, ethelle26 and ethyne27 are 
I- 

qUite close to those as obtained by other researchers. In the case of ethyne the 

activation energy observed by Ghosh and Agnew 27 has been obtained at extreme I Z-ý 
temperatures. As this study was carried Out on CMS A3 and some variation between 

samples is expected, the results are consistent with those of other researchers. It is 

possible that the rates might differ for different CMS as these matenals might have been 

pre-treated differently and activated in the Manufacturing process. Hence they may 

show different rate limitin(T kinetics. 
Cý 

The accessibility is also related to the length of the IIIOICCLIle. Figure 6.1'21 

illustrates a (araph of pre-exponential factor against length of probe molecules. As the 
ltý - 

length of probe molecule increases the freqUency factor decreases. This correlation is 

much better than the correlation betv,, cen the activation energy and minIMLIM cross- 

section. 
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The reason for the decrease in the freClUelICN' factor with the length of the 

rnolCCLIle is that the spherical molecules are able to pass throuuh the pore neck in the 

porous network more eISII%' Unlike the larger linear nlOleCLIleS ýIS shown in Figure 6.13 

where the orientation reqUired to enter the pore IIIOLlth is more cr-itical. 

Pore neck 

Linear nioleUlleý 
Spherical molecule 

Fi gure 6.1 'A Diffusion of molecules into CMS micropores. 

it is more difficult for the orientation to be achieved for a longer molecule compared Z-7 
with a short molecule. This will result in differences in the frequency factor, ývith longer 

molecules having smaller frequency factors. In addition to being a long Molecule 

gular cross-section and therefore the co ect orientation will also have ethene has a rectan., I rr 
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to be achieved for the rectangular shaped molecule to pass through the slit shaped 

selective porosity. Thus, ethene has a very low pre-exponential factor compared with 

argon, oxygen etc. Hence, argon possesses a very high frequency factor compared ID 1-n 
with the linear and planar molecules. Thus, as the length of molecule increases the 
frequency factor decreases (see Table 5.6 Chapter Five for details). Unlike the 

comparison for pre-exponential factor a (T a inst length, where a (Tood correlation was 
found, no correlation was found for pre-exponential factor against cross-section of the 

molecule, as can be seen in the degree of scatter as shown in Figure 6.14. zn 
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Figure 6.14 A graph of pre-exponential factor against cross-, ýection of the prohe 

molecule used. 

A graph of Ea versus InA shows that a compensation effect is apparent. Gases 

which have high Ea VaILIeS tend to have high pre-exponential factors and vice versa. 

Tile comparison is subject to limitations ClUe to different levels of surface co,,, 'erage and 

the comparison shOLIId exclUde ethene which has a rectangular cross-section which has 

to pass through the selective porosity. 
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6.3 Assessment of Capacity 
Synthesised in Laboratory. 

and Selectivity of Carbons 

In this work carbons were synthesised using different precursor materials which 
can basically be divided into two categories: (1) polymer and resin based carbons and 
(2) 1i, gnocellulosic materials (coconut shell, hard-wood and cellulose trlacetate). The 

aim of this part of the project was to make high capacity carbon adsorbents from a 

variety of host materials and to introduce molecular sieving characteristics into these 

carbons. The capacity of an adsorbent can be defined as the volume or mass of gas In 

taken up by a given volume or mass of the carbon adsorbent. The molecular sieving 
behaviour of a carbon adsorbent for air separation can be determined by assessing the 

rates of uptake of oxygen and nitrogen. The selectivity is assessed by taking the ratio 

of the oxvgen rate to that of the nitrogen rate. The carbon adsorhents were synthesised 

over a wide ranue of carbonisation pressures, heating rates and heat treatment 

temperatures (HTT). The idea behind using this approach was to prepare a II: P 
T microporous carbon with a specific pore size distribution by controllin, the 

carbonisation conditions. The pore size distribution is hi (T hly dependent oil the 

carbonisation conditions since the development of the porous Structure is determined by 

the VOILIme of volatiles released, and is also affected by the carbonisation pressure, the 

rate of volatiles released. and bv the heatinu rate. Hence, both heatin(_T rate and 

carbonisation pressure are important factors in the synthesis of CMS materials and 

techniques which make use of these factors enable the synthesis of CMS material in one 

step, thereby, making the manufacturing process cost-effective bv cuttin(y down the ltp 
number of stages required in the manufacturing process. 

6.3.1 Polymer and resin based carbons 

Several cross-linked polymers, incILidiil(_T PVDC. PEEK, PES and PFA etc. were I- 
chosen as precursor materials because they were kno\,,,, n to give rise to microporous 

carbons. The carbonisation of polymers with a range of structural characteristics over a 

range of carbonisation pressures. HTTs and heatinLT rates were studied in order to 

assess the suitability for prodUCing micropoi-OLIS carbons with high capacity and a 

suitable pore size distribution for the production of CMS materials. 
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Effect of HTT on properties of pure PVDC and PEEK carbons 
Pure PVDC carbons were produced at atmospheric conditions (0.1 MPa) under a 

variety of HTTs ranging from 873 to 1173 K and heating rate of IK min-1. The 

capacities of these carbons (at 293 K) increased with increasing HTT from 8.46 to 
10.222 cc g-1 for oxygen and 7.60 to 11.31 cc g-1 for nitrogen as shown in Table 5.14. 

The C02,273 K surface area of these carbons also followed the same trend increasing 
2-I to 650 m2 g- from 460 m91 with increasing Hr7. The rates of uptake of oxygen and 

nitrogen of the above mentioned carbons reached a maximum for carbon produced at a 
HTT of 1073 K and showed a decrease for carbon obtained at a HTT of 1173 K (see 

Table 5.15 for details). The pore size disti-ibution of these carbons was also measured 

using the probe molecule technique as dISCUssed in Section 4.2.7. The results are 

shown numerically in Table 5.16 and represented graphically in Figure 6.15. Fi(Ture 

6.15 illustrates that the pure PVDC carbons synthesised at low FITT had a wide pore 

size distribution compared with the pure PVDC carbon obtained at a HTT 1173 K 

which had a narrow pore size distribution. This carbon showed a sharp cut-off ill 

capacity which carne at between 0.47 to 0.5 rim. 

0.4 

ýI 0.3 

0.2 

Iz 
0.1 

0.0 
0.3 0.4 0.5 

Pore size (nm) 

13- 873) K 

973 K 

1073 K 

1173) K 

0.7 

molecule capacitv graphs for pure PVDC carbons synthesised at a 
heating rate I K/min and I hour soak time. 
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The pure PVDC carbons did not show any selectivity for air separation. 
Therefore, the apparant pore size distribution needs to be shifted from 0.47 nm to - 
0.4 nm which could make these materials selective between oxygen and nitrogen 

8. A 

comparison with the pore size distribution for coconut derived carbons showed that the 

coconut carbons (C II -C 14) had a sharper pore size cut-off near to 0.4 nm compared 

with pure PVDC carbons. 

Pure PEEK carbons were also produced under atmospheric conditions at a 

temperature range of 873 to 1173 K and heating rate of IK min-. In this case both the Z: ý 

oxygen and nitrogen capacities and the CO,, 273 K surface area increased to a 

maximum at HTT of 1073 K (COi, 273 K Surface area of 480 ni (T-1) before reducing 

on further heating to 1173 K (CO,, 273 K surface area of 115 rný (T-1). The maximum 

capacities for pure PEEK carbon was obtained at a HTT of 1073 K (9.74 cc (; -' for 

nitro(ren and 7.45 cc (T-1 for oxygen). These were loxxer than for the corresponding :D. I=! - 
pure PVDC carbon (synthesised at HTT of 1073 K and heatinu, rate of IK min-1), the 

uptake equilibrium capacities for pure PVDC carbon bein (T 9.93 cc (T- 
I 

for oxyl, en and 

9.76 cc (T_ 
I 

for nitrogen. The rates Of uptake of oxygen tend to show a sharp decrease 

with increasinu, FITT indicating a narrowim-T of the micropore size distribution with 

increasin(, THTT for the pure PEEK carbons, (see Table 5.15 for details). 
I 

6.3.1.2 Effect of pi-essui-e on piti-e PVDC cai-bons 

Pure PVDC was also carbonised at an elevated pressure of 7.5 MPa. HTT of 

873K and heatincy rate of IK min-1. Both the CO, 2733 K surface area (230 m 

and uptake capacities of oxygen (3.29 cc g-1 1 1) for the carbon 
I-) and nitro-gen (3.50 cc 

obtained by carbonisation at elevated preSSUre showed a sharp decrease compared with 

the pure PVDC carbon sample produced at atmospheric pressure under the same 

ic pressure temperature and heating rate conditions. The pure PVDC atmospheri carbon 

had a CO, 273 K surface area of 460 M2 (T-I and ox\, (-, en and nitrogen capacities ot 

8.46 cc (z-1,7.60 cc respectivelly. The pure PVDC elevated pressure carbon showed 

an increased rate for adsorption (21.25 x 10-ý s-1 for oxygen and 14.48 x 10- s-1 for 

nitro, c, y, en) compared with those for the pUre PVDC atmospheric carbon (7.9' x 10-2 s-I 

for oxygen and 6.18 x 10-" S-1 for nitrogen). This could be accounted for by the 
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available microporosity being reduced in the case of the high pressure carbons leading 

to a faster rate of uptake. 

A pure PVDC carbon was also produced by carbonisation under vacuum 

conditions at HTT of 1173 K and heating rate of IK min-'. The C02,273 K surface 

area and the oxygen and nitrogen uptake capacities of this carbon were compared to 

pure PVDC carbon synthesised at atmospheric conditions under similar HTT and 
heating rate conditions. The results showed a slight increase in nitrogen uptake (11.91 4-: ) Zý 
cc g-1) and oxygen uptake capacity (10.53 cc g-1) as compared with pure PVDC 

atmospheric carbon which had uptake capacities of 11.31 cc (T-1 for nitroaen and 10.22 

cc g-1 for oxygen.. The corresponding CO.,, 273 K surface area values are 575 nl'ý 
for pure PVDC carbon produced at reduced pressure and 650 mI g-1 for pure PVDC 

carbon synthesised at atmospheric pressure. The correspondinLy rates of adsorption 

were also measured and these showed that the pUre PVDC vacuum carbon had higher 

rates of uptake, 11.75 x 10-- .41 s-1 for oxvgen and 4.25 x 10-"' s-1 for nitrogen comparec-I 

with rates for pure PVDC carbon obtained at atmospheric preSSLire conditions at same 

HTT and heatinu rate (5.84 x M- I s-1 for oxv(-, en and 3.61 x 10-" s-1 for nitrogen). The 

increase in the rate of Liptake for the %,, ICLILIIII carhon can be attribUted to the prodUCtI011 

of more uniform micropoi-OLIS structure With Unobstructed transport porosity. 

6.3.1.3 PVDF carbon 
Pure PVDF the fluorine analogue of PVDC was carbonised under atmospheric 

pressure at temperature of 1173 K and heating rate of IK min-1. The CO, ), 273 K 

Surface area (550 ni al) and uptake capacities at 293 K (10.30 cc LY-1 for nitro(Ten and ltý 
9.0 cc cT-1 for ox%, (. Ten) for this PVDF carbon were sll(-Thttv less than the corresponding 

-face area 575 and uptake capacities (I I. ' pure PVDC carbon (CO,. 273 K SLIi 11 

11-1 for nitrogen and 10.2222 cc g' for ox%, (-Ten). The rates Of uptake of oxygen and cC 

nitrocren were considerably slower than corresponding PVDC carbon as shown in Table 

5.15. These results are possibly due to differences in the liberation of the volatiles (e. a. 

hydrogen halides - HF compared with HCI). Since the release of a smaller molecule 

leads to a more constricted rnicroporosity with a narrower pore size distribution and 

hence leading to a reduction in capacity and gas uptake. 
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6.3.1.4 PVDC and aromatic carbons 
The carbons obtained by co-carbonisation of polymer PVDC and acridine 

showed a redUction in capacity with increasing aromatic ratio. The pore size 
distribution shifts to lower pore size with increasing aromatic ratio as shown F'z: 

) i gure 
6.16 (see Table 5.16 for numerical values). 
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Fiý,, -ure 6.16 Prohe molecule iraphs of PVDC. Acridine carhon in different 

PVDC: aromatlc ratios carborilsed at HTT 1] 7') K, 274 K/min and I hour soA time. 

Carbons obtained by co-carbonisation of PVDC: carbazole also showed much 

lower oxyg 11 1 (Ten (varving from 1.69 to Ten (varýing frorn 2.28 to 33.65 cc a- ) and nitro- 
2 -1) uptake capacities at 293 K than pure PVDC carbon synthesised at HTT of 2.87 cc g 

873 K and heating- rate of IK min-1 for which tile OX%! (Ten and nitrogen capacities were 

8.46 cc L, -' and 7.60 cc g-' respectivek. The CO, 17.3 K surface area for the co- 

carbonised carbons i. e. P\/DC: cu-hizole ilso followed the sarne trend. The CO,. 

273 K suiface area decreased from 250 to 245 m" (-, -1 with the increasing aromatic ratio 

in comparison with pure PVDC atmospheric carbon which had a CO-), 273 K surface 

area value of 460 m2 (T- 
11 

Neither set of carbons (PVDC: acridine or PVDC: carbazole) 
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showed any increase in selectivity. 

The PVDC: poly nuclear aromatics carbons (aromatic compounds used were 

acenaphthylene, dibenzofuran and dihydronaphthalene) also showed lower gas uptake 

capacities at 293 K compared with pure PVDC atmospheric carbon obtained at HTT of 

1173 K and heating rate IK min-' which had uptake capacity (at 293 K) of 10.22cc g-' I Z-1 
for oxygen and 11.31 cc g-1 for nitrogen.. The PVDC: acenapthylene carbon had 

oxygen uptake of 5.58 cc g-I and nitrogen uptake of 6.05 cc g-1. The uptake capacities 

for PVDC: dibenzofuran carbon for oxygen and nitrogen were 8.05 cc g-1 to 8.48 cc (-T- I 

respectively. The uptake capacities of the PVDC: dihydroxyInapthaIene carbon were 

5.50 cc (T-1 for oxy(ren and 4.00 cc (Y--1 for nitrogen. These co-carbonised carbons 

showed no selectivity for air separation. The resLilts for the blended carbons sug gest 

that addition of polynuclear aromatics altered tile strucaire, leading to a redLiction in 

available microporosity and in adsorption rates. The thermogravinietric analysis (TGA) 

for MiXtUres of PVDC: pOiytlLlClell- M-0111,16CS showed a blillodal decolliposition 

indicatin (T that the interaction between tile carhonising materials was not extensive. This 

suggests that the carbonisation is complicated hy heterogeneous two stage processes. 

However, it was apparent that some interaction OCCUrred since, the 1)01ý/IlLlclear 

aromatics Such as acridine and carbazole do not carbonise at atmospheric pressure. 

6.3.1.5 PFA carbons 

These carbons were made from either pure PFA or PFA blended with 1% or 

10% Of SUlphur at HTT of 1173 K and heating rate of 5K min-. These carbons were 

also analysed in tenns of their capacities and rates of adsorption. The pure PFA carbon 

had lower uptake capacities for both oxygen (3.16 cc (Y--1) and nitrogen (1.07 cc in 
Iz- C7 -- 

comparison with pure PVDC atmospheric carbon synthesised at similar conditions but 

at heating rate of 1K min-1. The pure PVDC carbon had uptake capacities of 

cc 1-1 for oxygen and 11.31 cc g-1 for nitrogen. The pure PFA carbons had a 

, ()-3 S-1 slower rates of uptake 1.48 x for oxy (-Ten and 1.79 x 10-' s-1 for nitrogen in 

-1 for contrast the with pure PVDC atmospheric carbon which had rates of 5.84 x 10 s 
I 

oxygen and 3.61 x 10-- s-1 for nitrogen. The addition of sulphur resulted in loss of 

page 202 



uptake capacity at 293 K (oxygen uptake capacity was 0.66 cc g-1 for PFA: I% sulphur 

carbon; and 0.10 cc g-1 for the PFA: 10% sulphur carbon) although the C02,273 K 

surface area did not change significantly. The addition of sulphur also led to an 
increase in adsorption rates (see Table 5.15 for details) this could be due to filling or 
blocking up of micropores by Sulphur leading to a reduction in microporosity. Z1- 

6.3.1.6 Helium density 

The porosity of chars is not always accessible, as it becomes filled or blocked by 

disorganised carbon resulting from deposition and decomposition of tars. The closed 

porosity of all chars was estimated by measuring their heliUm densities. The PVDC 

carbon synthesised under atmospheric pressure at HT7 of 1173 K and heating rate IK 

min-' had a helium densities of 1.89 (T cc-, while the pure PEEK carbon synthesised 1ýý I 
under similar conditions lmd a sli(Thtly hI (Ther value of 2.02 gr cc-'. Carbons prepared lt: ý a! - 
by co-carbonisation of PVDC and POIYIILICleir aromatics showed higher h Hun geI 
densities between 1.97 and 2.06 (T CC-' in comparison With tile pure PVDC carbon. Cý 
Carbons obtained by co-carbonisation of PVDC with acridine (HTT 873 K) hid hellUrn 

densities between 1.63 to 1.66 g cc-' compared with 1.53 cc-' for pLire PVDC carbon 

under similar carbonisation conditions. This indicates that the closed porosity is being 
I- 

reduced with addition of poiynLiclear aromatic,, In general the hellUrn densities for pure 

PVDC carbons synthesised at atmospheric conditions increased with increasing HTT 

(873- 1173 K) from 1.53 to 1.89 cc - 
Similarly the pure PEEK carbons showed a 

corresponding increase from 1.41 to 2.02 cc This indicates that the closed porosity 

decreases with increasina HTT. The highest capacity carbons showed little or no scope 

for further activation. 

6.3.1.7 Methane pyrolysis on PVDC carbons 

The carbons obtained by methane pyrolysis over the PVDC chars were 

v the probe molecule technique. It was found that carbon deposited from charactensed. b. I 

methane leads to a narrower pore size distribUtion with increasuig pyrolysis time as 

shown in Figure 6.17. 

page 203 



0.3 

0.2 

0.3 0.4 0.5 

Pore size (nm) 

0.6 0.7 
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The narrowing of the pore size distribution led to a decrease in the capacity for 

both oxygen (from 10.22 to 7.54 cc (-T- and n1trogen 0 1.3 1 to 8.43 cc g- This 

decrease corresponded to decreasing total surface area (carbon dioxide, 273 K, from 

650 to 150 m 1) ()--1) with increasing pyrolysis time. The rates of adsorption for both 

oxygen and nitrogen for the pore blocked carbons decreased with increasing methane 

pyrolysis time, this was due to narrowing in the pore size distribution of the carbons as 

shown in Fi (Ture 6.17. The selectivity of the pore blocked carbons was determined by 

takin (T the ratio of rates of OXN11Tejj and nitrogen adsorption. The selectivity of the 

methane deposited carbons was higher than the pure PVDC carbon (1.6) with a four 

fold increase for the 10 min pyrolysis carbon. However, the pore blocked carbons 

showed a decrease in selectivity for oxygen and nitrogen with increasing contact time 

(6.08 to 3.05). It appeared that the pore network was reduced due to excessive pore 

filling. Hence. there was a loss in capacity and adsorption rates became too slow. 

Cabrera et W. 8 synthesised CMS by Lising a two-step process in which the sieve was 
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contacted with two different concentrations of isobutylene. The concentration used in 

the first step was larger than the second step, so that the pore openings of the 

micropores of the support became successively narrower in two distinct steps without 
excessive filling of the micropores A one step treatment showed 6% loss in capacity 
and no increase in selectivity. However, deposition in two steps (involving pyrolysis 

of isobutylene twice) indicated that the selectivity could be increased by a factor of 10. 

In the carbons prepared in this study the selectivity increased by a factor of four without 
significant loss in the capacity. Verma and Walker28 prepared CMS by cracking 

propylene over highly microporous carbons. The molecular sieving properties of these 

carbons were studied by measuring the rates of oxygen and argon uptake. Activated Z-- 
ar sieving characteristics after carbon carbons showed no useful development in molecul, Z1_ 

deposition. This was attnbuted to wide pore size distribution of micropores in the 

active carbons. Whereas, work carried out by Chihara and Suzuki 16 indicated a 

reduction in diffusivities of pore blocked carbons but without any increase in 

selectivity. It is apparent that the pore size distribution of the carbon is an important 

structural consideration when blocking pores hy carbon deposition to introduce kinetic 

selectivity. 

6.3.2 Lignocellitlosic materials 

Various carbons were swithesised usinu, coconut shell, hard-wood and cellulose 
I- 

triacetate. The advantages of using hard woods or Coconut Shell as precursor matenals 

lie in their hi(2h stren(, Tth, , tiffness and density. and their low cost. These materials 

were selected as startin(T materials because the%, (Tive rise to hI (T hly microporous 

carbons. The cell structure of the plant material influences the pore size distribution and 

the shapes of the pores. Upon carbonisation the precursor material undergoes overall 

shrinkage of walls. vessels and fibers and releases small gras molecules like methane. 

carbon monoxide. carbon dioxide and water leaving voids. The structure collapses on 

cooling creating-T fissures and cracks which give rise to pores. The results indicated that 

the carbons obtained by suýjecting the precursor materials to different carbonisation 

pressures and a range of HTTs were microporous and the (Tas adsorption isotherms for 

C02 at -17-"") 
K followed a Type I isotherm shape. The effect of carbonisation pressure. 

heat treatment and heating rates on the adsorption capacities and rates is dýscussed in the 

followina section. 
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6.3.2.1 Influence of pressure on C02,273 K surface area and 
I 

equilibrium capacity 
The C02,273 K surface areas of carbons produced at different carbonisation 

pressures, HTTs and heating rates are shown in Table 5.9. The carbon samples were 

synthesised under different carbonisation pressures ranging from vacuum to elevated Z: ý 
pressure up to 12.24 MPa, HTT of 873 K to 1173 K and heating rates of either IK 

min-' or 50 K min-'. These carbon were compared and contrasted in terrns of their 
C02,273 K surface areas, adsorption capacities (see Tables 5.10 and 5.14). 

For the group of carbons (C 1, C8, C 15 and C 17) prepared with HTT 87' )K and 

heatinu rate. IK min-I there seemed to be little sianificant chan(! e in the CO'), 273 K 

surface areas or oxvi-Ten and nitrogen capacities with increase of pressure above 

atmospheric pressure. Carbons (Cl, C15 and C17), had CO-,, 273 K surface areas 

which varied between 145 iind 135 m" However, for low pressure (5 x l()-4 MPa) 

carbonisatiOn Linder vaCLILini the CO,, 273 K Surface area was considerably higlher, 340 

ni The oxv(gen and nitrogen uptake capacities for the carhons C I, CS. C15 and 

C17 1(1.70,4.80,1.20 and 1.00 cc (, -') and (0.80,3.80,0.98 and 0.96 cc 

respectivelvI exhibit the same phenomenon of little chan(-, e for high pressure 

carbonisation but a large increase for low preSSUre carbon (M. 

A similar trend was observed for the series of carbons produced at a standard 

HTT of 873 K and heating rate of 50 K min- 1. These carbons C4. CI 1, Cl 8 and C20 

also showed little change in surface area or uptake capacity for higher pressure IC 
carbonisation but S1 Unificant increases for the carbonisation under vacuum. 

The carbons obtained Linder similar HTT but different heating rates had slightly 

different uptake capacities. The Liptake capacities for both oxygen and nitrogen for 

carbons (C4. CI 8-C20 and C 11) obtained at the high heating rate were fOLind to be 

hi gTher than those obtained Linder the slow heatin (T rate (Cl, C15-C17 and C8), for 

example. the Uptake capacities of the vacuum carbon Cl I synthesised. at a heating rate 

of 50 K min-' (5.13 cc gt- or oxygen and 4.30 cc (-T-1 for nitro (T en) were found to be 

sII ghtly higher than C8 (4.80 and 3.80 cc cr-1 for oxygen and nitrogen). the 

correspondin 
(T carbon synthesised at a slow heating rate of IK min-'. In comparison 
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I the C02,273 K surface area of the high heating rate vacuum carbon CI 1 (300 m g-I 
was found to be slightly lower than the corresponding vacuum carbon C8 (340 rný g-I 

which was synthesised at a slow heating rate IK min-1. 

The fact that carbonisation at low heating rates gave carbons with higher CO,, ), zi- z- 
273 K surface areas than the high heating rates carbons can be explained by the gradual 

release of volatile matter at low heating rate leading to more developed pore structure, 

whereas, high heating rate tends to break the carbon structure. 1ý : -7 

FiZUre 6.11 Illustrates the effect of carbonisation pressure on the CO-,, 273 K 

surface area for both sets of carbons. There is a clear increase in the surface areas for 

the carbons produced by vacuum carbonisation. The tog scale has been used for Z-n 
clarity. 
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Figure 6.1 1 Graj2h ýIiowing, the effect of mcreasi. ng carbonisation pressure against 

CO� 27, K stirfice area for carhons prodticeci at standard HTT 871 K and heating 

rates of 50 K/min. 

This could be dLie to an increase in accessibility to the pore structure for the low 

pressure carbonisation carbons. However, the helium density measurements, are 

inconclusive and -vary betN, \, een 1.40 (T cc-I (C15) to 1.68 g cc-' (C17) for the carbons ltý 
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under consideration as shown in Table 5.11. 

6.3.2.2 Effect of HTT on C02,273 K surface area and capacity 
Yinrui 29 reported that the carbonisation is complete at 823 K for the production 

of activated carbon from coconut shell. However, it is apparent that the pore structure 
development still occurs above this temperature. Armoi-9 has indicated advantages of 

using higher temperatures which agrees with the findings in this work. Cý 

The carbons sets produced at atmospheric pressure [(CI-C3) (C4-C7)] and 

vacuum carbonisation condition [(C8-CIO) (Cl I-CI4)j at heating rates of either IK 

min-' or 50 K min-', were also treated to a variety of HTTs in the range of 873 - 1173 Z: ) 
K. All carbons showed an increase in CO-,, 273 K surface area with HTT as 111LIstrated 

in Figure 6.12 and (Tiven numerically in Table 5.1 Zý In I 
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Fi gure 6.1 '21 The effect of increasing heat treitment temoerature (HTT) on CO,, 273 K 

surface area of carbons ohmined hy c., irhc)nisiii(-T cocc) Lit shell Linder atmospheric 

conditions and vacuum conditions at heating rates of I K/min and 50 K/min. 

173 1 in This increase in the CO,, 'K surface area was accompanied by. an increase i 

the helium density ,, %,, ith increasing heat treatment temperature. The helium density of 

ynthesised Ullder atmospheric pressure conditions showed the carbons series C4 to C7 s. I 
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an increase from 1.41 to 1.98 g cc-'. A similar trend was observed for the carbons 
C1 I-C14, obtained under vacuum carbonisation conditions where the helium density 

W 
increases from 1.49 to 1.80 9 cc-'. Carbons C1-C3 (1.42 to 2.04 g cc-') and C8-CIO 

(1.51 to 2.02 cc-') also show the same trends for the helium density with heat 

treatment temperature. Hence, it is evident that closed porosity Is becoming accessible 

with increasing heat treatment. 

6.3.2.3 Pore size distribution of lignocellulose carbons 
The pore size distribution of the lignocellulose carbons was measured using the 

probe molecule adsorption method as detailed in Section 4.2.7. The probe molecule 

results for different carbons are shown in Table 5.16. The pore size distribution for 

carbons CI, C8, C15 and C17, which were produced under different carbonisation 

pressures ran(Ti -essure of 12.24 MPa, HTT of 873 K and g ng from VaCULIIII to elevated pi - Z- 
heating rate of IK min-1 are shown in Fipire 6.13. An increase in carbonisation 

pressure resulted in narrowing the pore size distrihLition of the carbons. Hence, the 

carbonisation pressure could be used as a method for controlling tile pore size 

distribution of the carbon. 
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The rates of uptake for both oxygen and nitrogen tend to show an increase with 
increasing carbonisation pressure and these carbons do not show much selectivity for 

oxygen relative to nitrogen. 

The pore size distribution for series of carbons Cl I to C14 produced under 
vacuum carbonisation conditions with HTTs in the range of 873 to 1173 K at a heating 

I 
rate of 50 K min-', indicated that the bulk of pore volume began between 0.4 and 0.43 

nm and had very little capacity In pore sizes between 0.43 and 0.6 nm. Examination of 

the 0.46 nm region shows that the major reduction in adsorption came about between Zn i 
HTT of 973 K and 1073 K. ThLIS, LIP to a HTT of 1173 K, the effect of increasing 

carbonisation temperature is to redLICe the amount of the porosity above 0.4 nril and to 

sharpen the CLIt-Off point near 0.4 nm and increase the capacity. Thus, the micropore size 

distribUtion has been decreased. This is represented numerically in Table 5.16 and 

presented graphically in Figure 6.14. 
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Fi gure 6.14 Probe molecule capacity (---riphs for VýICLILIM carbonised coconUt samples at 

heating rate . 
50 

--- 
K. Lmin and soak time I hour. 

The rates of uptake for both oxygen and nitrogen tend to show a decrease with .IC 

reduction in the pore size distribution. Tile rates for Cl I-CI4 showed a decrease from 
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2.10 x 10-2 to 8.30 x 10-3 S-1 for oxygen adsorption and from 1.90 x 10-2 to 3.5 x 10-3 

S-1 $ for nitrogen adsorption. In contrast the selectivity i. e. the ratio of oxygen rate to 

nitrogen rate showed a slight increase, the selectivity ratio increased from 1.10 (for CII 

carbon) to 2.30 (for C14 carbon). 

6.3.2.4 Helium density of lignocellulose carbons 
The helium density was determined for all the carbons in order to assess the 

closed porosity. The helium density for carbons synthesised by carbonisation under 

vacuum at a variety of HTTs between from 873-1173 K and at a fast or slow heating 

rate (C8 to CIO were synthesised at heating rate of IK rnin-', carbons CII-CI4 

produced at heating rate of 50 K min-') showed an increase in helium density with 

increasing HTT. The carbons produced at atmospheric conditions were also subjected 

to HTTs in tile range 873-1173 K, carbons C1-C3 were produced at a heating rate of I 

K min-], and carbons C4-C7 were svrithesised at heatim: rate of 50 K min-'. These 

carbons also followed the same trend. This implies that the closed porosity was being 

made accessible with increasin, -, 
licat treatment temperature. Carbons produced at 

elevated pressure showed no clear trends. The overall FCSUltS. for the above mentioned 

carbons. showed that there was little or no scope for further activation of the coconut 

based carbons with the highest adsorption capacities 

6.3.2.5 Pitch impregnation 

Carbon C21, a carbon PI-OCILIced Linder %', ICLILIM carbonisation conditions at HTT 

I In of 1173 K and ven, slow heating rate of IK h- I had high capacity and a cut-off point i 

the pore size distribution between 0.44 and 0.48 nm, this carbon v., as chosen for pore 

blocking with pitch impregnation. This was carried out in an attempt to introduce 

kinetic selectivity into the micropot-OLIS Carbon. The pore VOILIMe of the carbon formed 

by the carbonisation of C21 impregnated with pitch was found to be redLICed with the 

adsorption capacity decreasing fi-om 5.90 to 2.210 cc g-1 for ox%I(Tell and from 7.00 to 

3.70 cc LT-1 for nitrogen Lifter impregnation of C21 carbon vvith pitch. The pitch 

impregnated carbon also showed a reduction in the adsorption rates for both oxygen I Z: ý 

and nitrogen. In contrast the kinetic selectivity [the selectivitv was calculated bv taking 

the ratio of rates of oxygen to nitrogen adsorption] was found to be slig-Thfiv higher for 

the pitch impregnated carbon 0.3) in comprison with C21 (0.8) . 
Studies carfied out 

by Kimwagye ind YLik, 30 on the modific. ition of Saran waste carbon with the addition of 
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coal tar pitch also showed a reduction in pore volume and effective diameter with 
increase in coal tar pitch addition. 

Coconut shell carbon C22, was also carbonised at HTT of 1173 K and a slow 
heating rate of 15 K h-1. This carbon showed a large reduction in the uptake capacities 

of both oxygen (2.20 cc g-1) and nitrogen (3-70 cc g-1) as compared to C14 (11.77 cc 
-1 for oxygen uptake capacity and 11.65 cc g-1 for nitrogen uptake capacity) which 9 11ý ltý 

was produced under vacuuni carbonisation conditions at HTT of 1173 K and at a fast 

heating rate of 50 K min-. This sample, C22 also showed a high selectivity (7.2) Zý 
compared with C14 (2.3) indicatin (T that a greater portion of microporosity Could have 

been formed in a more uniform manner reSLIltin(-T in a narrower pore size distribution. 

6.3.2.6 Cellulose triacetate and ivood based carbons 
The cellulose triacetate carbon wnthesised at HTT of 1173 K and at a heating rate 

of 15 K h- 1 had relatively hig-her capacities for oxygen ( 10.70 cc and nitrogen 

(11.30 cc compared with hard-wood derived carbons. For example Beech carbons 
'K at .1 heatin-g. rate of IK rn'n- prepared under atmospheric conditions at a HTT of 1 17-ý 1-I 

had an oxygen uptake capacity of ' 5.14 cc and nitrogen uptake capacity of 6.23 cc 

Both the carbons lacked selectivity. The Uptake capacity of the cellulose trjaceiate 

carbon was not as high as the highest capacity COCOIILIt carbon C 14 (synthesised at HT-F 

of 1173 K and heating, rate of 50 K rnin-I Beech-wood carbons obtained by 

carbonisation Linder atmospheric conditions at HTTs of tither 873 or 1173 K and 

heating rate of IK min-I (lid not show an%, sl(-T n1 ficant increase in equilibrium (Tas 

uptake capacities or selectivity with increasingTHTT. The CO, 273 Kapparant surface 

area value of (340 m gg-') 
beech carbon obtained Linder atmospheric conditions at a HT-F 

Z-- 

of 873 K and at a heatin(T rate of IK rnin-1 was comparable to that obtained for a beech 

carbon by Ehrbl. iruer et 611.31 (the carbon synthesised Linder atmospheric conditiorls 

with a FITT of 735K had a C02, 
-173 K apparant surface area of 320 m g-1). Beech 

carbon obtained at elevated pressure carbonisation (7-5 MPa) shovved uptake capacity 

of 2.59 cc o, -1 for oxygen and 2.98 cc g-1 for nitrogen. These uptake capacities were 

low compared with Beech carbons synthesised at atmospheric pressure (4.91 cc cr-1 for 
itrogen). 

oxygen and 5.12 cc for niC The reason for the decreased capaclvY for the 

high pressure beech carbon could be due to the smaller VOILImes of gases evolved wider 
It: - 

high pressure or the crackiii(T of pyrolysis compounds lead* ount of 
ID 

in (-T to Li greater am 
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closed porosity. This was supported by the helium density measurements, the elevated 
pressure beech carbon has a helium density of 1.57 implying a great deal of closed 
porosity, whereas, beech carbon produced at atmospheric pressure carbonisation 
conditions had a helium density of 2.12 g cc-'. Hence, the microporosity in the 
carbonised product of elevated pressure carbon may not be accessible to the oxygen or 4n 

nitrogen gas molecule. 

6.2.3 Overall comparison between the tivo sets of carbon: ligtiocellulose 

and polymer based 

The pore size distribution of CMS precursor is the most important factor for 

producing a CMS carbon by 'pore' blocking techniques. The type of porosity is 
dictated by the type of raw material employed and carbonisation conditions used. Table 
6.3 shows the capacity and selectivity of the samples synthesised in the laboratory and 
commercial CMS synthesised from variOUS precursor inaterials. The manufacturing 
details for the CMS are given in Table 2.4 in Cliapter Two. 

Table 6.3 

Precursor Us C 0-, Capacity Selectivity Reference/ 
(Patent No. ) 

COCOI1LIt shell char 
Coconut shell char 
Coconut shell char 
Coconut shell char 
Phenol resin 

Phenolic resins 
Coconut shell (C14) 

PVDC (Vacuum. ) 

0-, /Ni'-, separation 
0, /N-, separation 
02/N2 separation 
0, /, \-, separation 
0-, /-. N', separation 

separation 

separation 

8.0 cc a-I ltý 
4.0 cc cc-] 4 3.3 

4-6 cc cc-' 6.68 
T-II- 7 cc ( 

8 

32 (EP 119925) 

33 ( El P 102902) 

34 (. 1 P 62176908) 

35 (EP 282053) 

35 (EP 282053) 

36 (. 1 P 63201008) 

This Niork 

This NNork 

This work 

This work 

This , vo rk 

This work 

separation 

PVDC(CH4-10min) 0, /N, separation 

11.4 cc 4.1 
2.87 cc g-, (N 2) 
11.6 cc (-, - I 
11.8 cc (T 
11.7 cc (N 

10.7 cc 2.4 5 
11 1. ) cc (N, ) 
10.70 cc 6.08 
11.30 cc (N 

Coconut shell char is a suitable precursor material for preparation of CNIS 

materials but there is very little in the literature about the variables critical to the 
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preparation of a CNIS material. This work provides an insight into possible ways for 

oPtimising the properties of the host material by using different carbonisation pressures, 
heating rates and heat treatment temperature to obtain a hi(Th capacity microporous Z. 1) 

carbons. Coconut shell was found to be the best precursor material amongst all 

materials studied. Although the PVDC carbon obtained by carbonisation under 

atmospheric conditions at HTT 1173 K has the highest capacity, the coconut shell 

carbon had the a suitable pore size distribution and highest density. The carbons 

obtained under vacuum carbonisation for coconut shell also showed an improved 

capacity whilst maintaining a suitable pore size distribution for 'pore blocking' for the 

introduction of kinetic selectivity. Clearly Vacuum carbonisation is a method by which 

carbon adsorption capacity can be enhanced significantly, and forms a route to 

increasin, g the capacity of CMS materials. 
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7--ýý--Chapter 7 

Conclusions 

7.1 Overall Conclusions 

A Comparison on Flow Micro calo rim etry (FMC) and Gravimetric 

Methods for Characterising CMS Materials 

Six commercial CMS samples were assessed using both the FMC and 

gravimetric techniques. The results showed that the two techniques had similar trends 

for adsorption capacities and selectivity ratios but the results for the latter showed some 

scatter. The gravimetric method is preferred to the FMC method because the 4- 
corrections for buoyancy are more straight forward than the corrections for the heat and 

mass transfer effects on the FMC. 

7.1.2 AdsorptionlDesorption Kinetics on Commercial CNIS A3 

Various probe molecules were used to study the fundamentals of kinetics of 

adsorption/desorpt ion on commerclal CMS A3. The nature of the porosity which gave 

nse to selectivity was found to be slit-shaped. The adsorption kinetics rate laws 

differed from the desorption kinetics at the higher surface coverages. This call be 

attributed to the different mechanisms of adsorption and desorption. The activation 

energy %vas found to be a complex function of the shape and size of the molecule, the 

extent Of Surface coverage and the relative pressure. ltý 

7.1.3 Carbon Synthesised in the Laboratory 

Carbons %vere obtained from a variety of precursor materials, PVDC carbons had 

slightly higher , idsorption capacities compared with the coconut shell carbons. The 

pore size distribution of carbons can be controlled to some extent by adjustment of the 
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carbonisation pressures. Adsorption capacity tends to decrease ýkith increasing I- 
carbonisation pressure. Hence the highest adsorption capacities were obtained for 

carbonisation under vacuum. Coconut shell derived carbons were found to be the most 

suitable for the production of CMS because of their narrow micropore size distribution 

and relatively high density. Kinetic selectivity for oxygen and nitrogen can be 

introduced by gas phase pyrolysis of methane at 1173 K. 

7.2 Specific Conclusions 

7.2.1 Comparison of Flow Micro calo rim etry and Gravimetric Methods 

for Characterising CMS Materials 

FMC has been used for the first time to assess the kinetics, capacity and the 

molecular sieving abilities of CMS materials. The heat output thermograms for 

adsorption were modelled and the heat output curves were found to follow a first order 

kinetic rate law. This enabled an assessment of the selectivity ratios to be carried out. 

The equilibrium capacities were related to the total heat output obtained from the peak of 

the then-nogram area. This technique (FMC) provides a rapid analysis for the molecular 

sieving characteristics of the material. However, it is subject to complex mass transfer 

and heat loss corrections. 

7.2.2 AdsorptionlDesorption Kinetics on Commercial CMS A3 

The fundamentals of adsorption/de sorption of various gases on CMS A3 used 

for air separation was studied over the temperature range of 275-333 K. 

(1) The shape of the selective porosity 

it was found that ethene was taken up by the CMS material whereas methane was 

not taken tip to any significant extent. This indicates that the nature of selectivity is sli 

shaped. 

Adsorptioll studies 

The rates for adsorption were generally faster in comparison to desorption rates. 
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The gas uptake follow first order Langmuir kinetics at low surface coverage. The rate 

Plots for adsorption deviated from linearity in some cases at hiLh surface co\'era, -, e 
indicating a cooperative adsorption mechanism. The rates for adsorption/de sor-1) t ion 

showed an increase with increasing temperature and the variation in kinetic parameters 

are related by the Arrhenius equation. 

Surface coverage 

The results suggested that when the surface coverage is high, cooperative effects 

influence the kinetics. This is clearly indicated in the study of the adsorption kinet -ics of 

ethene and ethyne where the rates of adsorption at high surface coverage are higher than 

predicted from the rate law for the initial gas adsorption. t7) 

(4) Desorption studies 

Desorption kinetics followed a similar kinetic rate law to the adsorption studies for 

spherical and linear diatomic gas molecules. In comparison, for linear triatomic, CA, 

and planar CH4 gas molecules where the surface coverage was higher, the desorption 

can be described as a mathematical model with two exponential terms. The variation of 

the desorption kinetics with temperatures follows an Arrhenius equation. 

Probe molecules 

(i) Kinetics studies 

The gas molecules are transferred through the selective porosity with the 

minimum dimension being the critical parameter. As a result the end-on molecule 

dimensions are also related to the Arrhenius activation energies for adsorption. The 

pre-exponential factor or the frequency factor is related to the length of the molecule. 

As the length of the molecule increased the frequency factor decreased. In addition, the 

frequency factor for the adsorption of ethene is very slow because the planar molecule 

has to have the correct orientation to enter the porous structure in addition to having a 

similar length to ethyne. 
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(ii) Capacity studies 

Comparison of the gas uptake of the probe molecules over a range of 

temperatures is difficult because many of the experiments are carried out above the 

critical temperature and hence, a saturated vapour pressure (p')) does not exist. A 

hypothetical p. value was calculated by extrapolation of the equations fitting the 

variation of p,, with temperature. In addition, the equilibrium uptake of the molecules 

used in this study and the real and hypothetical p/p. values have been shown to follow 

the shape of carbon dioxide isotherm. Hence, the optimization of these adsorbents for 

capacity can be simplified by using a carbon dioxide isotherm adsorption to describe the 

equilibrium characteristics of pure vapours. 

7.2.3 Carbon Molecule Sieve Precursors 

A wide range of precursor materials were subjected to a variety of carbonisation 

conditions and the following conclusions regarding the variation of carbonisation 

conditions have been made. 

(1) Vacuum carbonisation gives rise to increase in equilibrium capacities compared 

with other carbons obtained under atmospheric or high pressure carbonisation 

pressures. The adsorption capacity decreased with increasing carbonisation pressure. 

The pore size distribution of the carbons can be be modified by careful control of the 

carbonisation pressures. 

(2) Carbons were obtained from a variety of host materials, pure PVDC carbons 

showed slightly higher adsorption capacities on a weight basis compared with the 

coconut shell carbons. PVDF showed sli(Thtly lower capacities and rates in comparison Zn 

to PVDC carbon (carbonised at 1173 K under atmospheric conditions). The addition of 

polynuclear aromatics led to a shift in the pore size distribution to smaller dimensions. 

This was accompanied by a reduction in available microporosity and adsorption rates. 

(5) PFA carbons had lovv capacities and rates compared with pLire PVDC carbons 
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The addition of sulphur resulted in loss of capacit%, and increased adsorption rates. The 

capacity and surface area of PEEK carbons increased to a maximum before decreasing 

on further heating to 1173 K. The maximum capacity of PEEK carbons was found to 

be less than pure PVDC carbon. 

(6) Amongst all the precursor materials studied coconut shell was found to be the most 

suitable precursor material for the production of CMS because of its high density and 

pore size distribution consisting of a narrow micropore distribution combined with a 

macroporous structure for effective gas transport 

(7) Kinetic selectivity can be introduced by carbon deposition. Carbons obtained by 

methane pyrolysis over PVDC chars showed an increase in selectivity but possessed 

slightly lower capacities. This is a reliable method of introducing kinetic selectivity into 

microporous carbons with a suitable micropore distribution. 
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