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Abstract

Activated carbons have been modified using reactive chemicals to produce
adsorbents of enhanced hydrophobic character which will also be resistant to
surface oxidation that results from exposure to humid air ("ageing"). The
intention was that modification would not disrupt the carbon pore structure.
The adsorptive properties of the modified carbons have been investigated using
probe molecules including nitrogen, water, hexane, and chloropicrin, and the
ageing characteristics of the carbons, and the factors controlling the adsorption
of a model hydrophobic vapour from high humidity air have been studied.
Directly fluorinated carbons were unstable, probably due to weakly adsorbed
fluorine. Treatment of these adsorbents with other chemicals indicated the
potential of the technique for introducing specific functional groups onto the
carbon surface. Carbons modified using selective fluorinating reagents
(hexafluoropropene and 1,1-difluoroethene) were more hydrophobic, and
adsorbed hydrophobic vapours more efficiently from humid air in comparison to
controls. These adsorbents aged, but at a reduced rate in comparison to control
carbon. Carbons modified using chlorinating reagents (carbonyl chloride and
chlorine) and treated with solvents to remove adsorbed reagent and/ or reaction
products were of improved hydrophobic character, and adsorbed hydrophobic
vapours from humid air at least as efficiently as the control samples. More
importantly, these carbons offered resistance to ageing effects. A study of the
factors controlling the efficiency with which hydrophobic vapours are adsorbed
from humid air revealed that the surface chemistry of the carbon is important,
but that under typical conditions of use, filter performance was limited by the
rate at which water displaced by the organic vapour could be carried away by
the airstream. The results illustrate that filters containing chemically modified
activated carbon offer advantages when volatile hydrophobic contaminant

vapours are present, and where ageing effects are an important mechanism by

which filtration efficiency is degraded.
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Introduction

Activated carbon adsorbents have found many and varied applications in
recent times. This is a consequence of both a well developed polydisperse porous

structure, which is of a size distribution favourable for molecular sorption, and

a large internal surface area.

Important activated carbon applications include waste water treatment,

as catalysts and catalyst supports, and in precious metal and solvent recovery.

Their use in air purification is the basis of this present study.

Carbon adsorbents have proved to be uniquely applicable to air filtration
when contaminants of varying molecular size and shape are present. Other

adsorbents, such as those based upon zeolites, have thus far proved to be of

finite use, owing to cost, the presence of monodisperse porosity, and a high

affinity for moisture.

Structure and Preparation of Activated Carbon.

Activated carbons are highly porous. The pore structure may be viewed
as the interstices and openings between folded and stacked aromatic carbon
sheets linked in three dimensions: these sheets will contain structural defects
and heteroatoms. The aromatic regions (or crystallites) are separated by
disorganised carbonaceous structures, which also contribute to the porosity. Any

impurity is probably distributed throughout the structure, although surface
localisation is possible. Pores are generally classified according to size (width).

The IUPAC clas:sil"icationl is shown below.
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Maximum Width (nm) Description

<2 Micropores, forming the majority of the
available surface area. May be
classified as primary and secondary

(inferred from adsorption dataz).

2-30 Mesopores, or transitional pores. These pores are

part of the transport pore structure, enabling
adsorbate molecules to reach the micropore

structure.

>90 Macropores. The largest pores, which
include pore openings. The meso- and
macropores typically account for

approximately 10% of the total pore

volume.

An alternative pore classification is one according to shape: assessment
of pore shape is somewhat difficult, although evidence for the presence of slit
shaped pores in some activated carbons is strong3. Inferences with respect to
shape may also be drawn from adsorption data, although direct measurements

are diff icult4.

Preparation

The presence of porosity of a certain size distribution depends on the
nature of the base material (eg. coal, wood, nutshell) and the manufacturing

method. Thus to some extent, the adsorptive properties of the carbon (which are
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dependent upon such factors as pore shape, size and volume) may be tailored

during preparation.

Manufacture involves two distinct stages, carbonisation and activation:
often, both are combined into a single process. Carbonisation involves heating
the raw material in the absence of oxygen, typically at temperatures in the
region of 800°C. During this stage, some oxygen and moisture, and the bulk of
any other volatile matter is lost. Aromatic character increases, and large
condensed ring systems develop. The yield of the carbonised product depends on
such factors as the heating rate and duration, and the ultimate temperature.
The material is essentially non- porous, consisting of aromatic sheets separated
by residues which are largely carbonaceous in nature, and must be activated to
develop the porous structure. In addition to removal of residues, activation

results in the development of porosity by partial gasification ("burnoff") of the

folded aromatic carbon sheets.

Activation is carried out by means of a chemical process. Two different
processes are employed, and are termed chemical or physical activation.
Chemical activation usually involves impregnation of (normally cellulosic) base
material with an agent to promote dehydration. The agent is typically
phosphoric acid, or zinc chloride, and on calcination at temperatures below ca.
800°C, carbonisation and activation take place. The products may be of high
activity (high surface area and pore volume), although they may contain some of
the activating agent as a residual impurity. Potassium hydroxide is also used in
chemical activation, but it does not behave as a dehydrating agent, and although
the exact mechanism of action is not known, it can be used to produce carbons

of very high activity from a range of precursor materials.

Physical activation is usually carried out at high temperature (above
800°C), and is essentially an oxidative process. Carbon is strongly reducing, and

is readily oxidised by agents such as air, steam, or carbon dioxide under

17



appropriate conditions. Pore development takes place by carbon gasification
(burnoff), the rate of which varies locally within the structure. For example,
less organised carbon material is more susceptible to gasification than organised
graphitic-like regions. It is this preferential gasification mechanism which gives
rise to the porosity. The products of gasification include carbon monoxide and
dioxide. The extent of pore development is dependent upon the activating gas,
the temperature, and the length of time for which activation is continued. The
product contains chemically adsorbed oxygen, which may vary between 1 and
7% by weight, depending on whether any post activation treatments, such as

annealing, are employed. The majority of carbons used in vapour adsorption

applications are prepared using this process.

Activated carbons are generally impure, and the quantity of non carbon
material is dependent on the carbon source, and method of manufacture. The
principal impurities are oxygen, nitrogen, hydrogen and ash. The ash is
composed mainly of alkali and heavy metal complexes, and typically represents
between one and twenty five percent by weight of the adsorbent. Coal based
carbons generally contain a more exotic mixture of impurities than products
derived from nutshells. These impurities can have a major impact on the

adsorptive properties of the carbon.

Considerable effort has been expended in attempts to modify the

structural characteristics of activated carbon to optimise the adsorptive

properties.

In addition to these structural parameters, the influence of the chemical
composition of the surface (surface chemistry) on the adsorptive properties of

the carbon is often significant. Less attention has been given to this aspect,
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however. Some research has been carried out into the manipulation of carbon
surface chemistry®® > '10, but the majority of studies have not considered the
utility of the modified adsorbents for vapour adsorption applications, or their
stability in the presence of humid air. These aspects form one of the principal

aims of this present research, which are detailed below.

Research Aims

[1] To chemically modify the surface of activated carbon

without significantly altering structural parameters.

One of the most demanding vapour adsorption applications is the removal of low
concentrations of volatile hydrophobic chemicals from airstreams containing
high concentrations of water vapour. Manipulation of the surface chemical
composition of the carbon, as a means of enhancing vapour adsorption under
such conditions, is one of the important aims of this research. In addition,
activated carbon surfaces are known to oxidise ("age") in the presence of humid
air, a process which further reduces the efficiency with which volatile
hydrophobic vapours are adsorbed. Thus, this research will also address the
stability of the modified carbons under these conditions, with the aim of
reducing the propensity of the surface to "age" during storage and use in a
humid environment. The introduction of reactive functional groups onto the
carbon surface, and the ageing characteristics of control (unmodified) carbon,

will also form part of this aim.
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[2] A study of activated carbon filters used in vapour

adsorption applications.

This aspect of the research is intended to enable a better understanding of the
mechanism of vapour adsorption in the presence of adsorbed water, including
the effect of using surface modified carbons. The influence of the relative
humidity (RH) and temperature of the air, and the structure (porosity) of the

carbon, on filter efficiency will also be considered.

In the following chapter, theoretical aspects relevant to this research
will be considered. The preparation and adsorptive properties of chemically
modified carbons will be reviewed in chapter three: factors affecting the use of
activated carbon filters are considered at chapter four, and the experimental
techniques employed in this present study will be described at chapter five, and

in more detail in the Appendix.

The experimental studies of surface chemical modification are presented

at chapters six to eight. The results will be considered in each chapter, and will

form part of a general discussion at chapter ten.

Chapter nine contains the results of a study of the vapour adsorption

properties of activated carbon filters. The conclusions of this study will be

considered at chapter ten.
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Theoretical Aspects

Characterisation of Activated Carbon Adsorbents-Adsorption

Adsorption at the gas- solid interface is the process whereby the
concentration of one or more components (the adsorbate) from the gas phase
(the adsorptive) is enhanced at the surface of the solid phase (the adsorbent)l.

The adsorption process can involve either chemical or physical forces.

Chemical adsorption is the formation of chemical bonds between the
adsorbate and the adsorbent (or the adsorbent which has been modified by
impregnation with, for example metal complexes). This process is important in
the removal of toxic gases such as hydrogen sulphide, sulphur dioxide, hydrogen
cyanide and cyanogen chloride from an airstream using activated carbon filters.
In this present research, the adsorption properties of control and chemically
modified activated carbon toward nitrogen, and vapours such as water,
methanol, hexane and chloropicrin (trichloronitromethane (CC13N02), designated
here as PS) are considered. These adsorbates will be used as a method of
characterising the structural and adsorptive properties of the carbons. In these

examples, adsorption is physical in nature (but see chapter 3,4).

2.1 Physical Adsorption (Physisorption)

Physical adsorption can result from one or more effects; non specific
interactions between the adsorbate and the adsorbent surface (such as the
adsorption of vapours which do not possess a permanent dipole moment (London
forces)) and/ or specific interactions (eg. where both the adsorbate and
adsorbent are polar in nature). The interaction between the adsorbent and the
adsorbate will therefore depend to some extent upon the electronic

characteristics of both, but also upon structural properties: that is, the
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molecular size and shape of the adsorbate, and the characteristics of the pore

structure of the adsorbent (pore volume, shape, and width (chapter 1)).

Adsorption at the gas- solid interface is usually temperature dependent:
thus, adsorption isotherms are often determined to characterise a particular

system.
2.2 Adsorption Isotherms

The volume (f) of gas adsorbed per unit mass of adsorbent at a constant
temperature T (which is below the critical temperature of the gas) is
concentration dependent, and is usually expressed in terms of the relative

0

pressure (where p’ is the saturated pressure of the adsorbate).

f=C. (-Epd-) (gas, solid, T)

{C is a constant}

Adsorption isotherms are classified according to the recommendations of
IUPAC.. Six isotherm types are identified using this classification (figure 2.1),
although some may not be classified accurately using this approach due to the

presence of characteristics of more than one type.

Type I isotherms are identified by a steep initial rise in the amount
adsorbed, followed by a plateau region extending to high relative pressures (eg.
figure 2.2, which shows a nitrogen adsorption/ desorption isotherm measured for

Chemviron BPL activated carbon at -196°C).

The adsorption mechanism in the steep region of the isotherm is
considered to be one of volume fillingz, by the formation of a liquid-like phase,

rather than surface coverage. Because the width of a micropore is of molecular
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dimensions, the adsorption forces of opposite pore walls will overlap, leading to
an enhancement in the adsorption potentlal3 (primary micropores). This effect is
strongly dependent on micropore width, being rapidly lost as the pore width is
increased®. The mechanism of adsorption in wider micropores is somewhat

2, whereby the

different, and is probably the result of a cooperative process
presence of an adsorbed monolayer on both sides of the pore wall will promote
the adsorption of further molecules into the pore space. This mechanism is not
believed to result in the formation of a liquid meniscus. Primary micropore
filling is usually complete upon reaching a relative pressure of 0.01. The
mechanism of micropore filling cannot, however, result in the formation of an
adsorbed phase within the pores that is of normal liquid density. Considerations
of the packing constraints within such pores has demonstrated that this must be

the cases.

Micropore filling (primary and secondary) is usually complete at a
relative pressure of approximately 0.4. Above this value, the larger (meso) pores
become important, and the adsorption mechanism consists of a gradual and
multilayer process as described by the BET theory (2.2.1.16). Filling of these

pores with nitrogen is usually complete at a relative pressure of about 0.95.

Type II isotherms are obtained for non porous adsorbents, or those
materials possessing only a macroporous structure (eg. the adsorption of
nitrogen on (non porous) carbon black). The position at the beginning of the
linear portion of the isotherm signifies the stage at which the statistical
monolayer (point "B") is complete. Type III isotherms result from weak
adsorbate- adsorbent interactions, where isotherm shape is controlled largely by |
the strength of adsorbate- adsorbate interactions (eg. the adsorption of water
vapour on carbon black). For mesoporous adsorbents, type IV and type V
characteristics are obtained instead of type II and type III characteristics
respectively. These isotherms exhibit adsorption hysteresis, which is assoclated
with capillary condensation in the mesopores. Type VI characteristics are

exhibited by energetically uniform non porous surfaces.
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In the context of this present research, it is the isotherms of type I and V
that are of relevance. Type I characteristics are normally observed for the
activated carbon- nitrogen system. Nitrogen adsorption is used as a means of
characterising the structure of control and modified adsorbents (chapter 5,
Appendix). Common organic compounds also exhibit type I characteristics. The
adsorption mechanism is adequately described above. Type V characteristics are
found for the activated carbon- water vapour systems (2.2.2). The water
adsorption properties of control and modified adsorbents is an important aspect

of this study (chapter 5, Appendix).

2.2.1 Analysis of Type I Isotherms

Isotherm analysis enables an assessment of the total surface area of the
adsorbent to be made: in addition, estimates of pore volume, and the

contributions arising from any meso- and/ or macro- porosity are also possible.

2.2.1.1 BET Theory

Analysis of adsorption data as a means of determining the surface area

of an adsorbent is commonly achieved using the calculation derived from BET
theory (Brunauer, Emmett, Teller®). BET theory is used in the analysis of the

nitrogen adsorption data measured during the course of this present study.

The theory, developed in the late 1930's, assumes that dynamic
equilibrium exists within the adsorbed layers, that the rates of condensation and
evaporation are the same in all layers subsequent to the first, and that the heat
of adsorption is equal to the heat of condensation (liquefaction) in all layers but
the first. The theory accounts for multilayer adsorption, but suffers from a
number of limitations. The more important of these are that the adsorbent

surface is assumed to be homogenous, that interactions between adsorbed
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molecules are neglected, and that molecules in all layers other than the first
are equivalent, It is quite evident that, for activated carbon, these assumptions

cannot be entirely valid’. The BET equation is shown below:

_...2__= 1 + (C"l) i
vip®-p) V,C V,C p°

V., = monolayer capacity (cm3<STP>g'l); C = constant (related to the enthalpy
and entropy of adsorption); V is the volume of gas adsorbed at a given relative

pressure (cm3<STP>g" 1)

V., and C are obtained from a plot of p/p0 against p/V(po-p), which, over
a limited range of relative pressure, is linear. From this linear region (slope L),
and the axis intercept (I) the monolayer capacity, V., and the C constant may

be calculated.

For type I isotherms, the range of relative pressures over which the plot

is linear for activated carbon adsorbents is usually 0.01 - 0.1.

BET theory is routinely applied to the analysis of nitrogen adsorption
data, even though it is apparent that limitations as to the validity of the theory
exist. Probably the most important limitation is that type I characteristics are
believed to be due to micropore filling, rather than surface coverage by mono-

and multi-layer adsorption. In addition, arguments for, and against, the use of

nitrogen as the adsorbate have been made®,
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Because, in the present case, the data is used as a technique for
comparing the structural characteristics of activated carbons before and after

surface chemical modification, the above limitations are believed unimportant.

Nitrogen Adsorption

Nitrogen isotherms for activated carbons often exhibit adsorption-
desorption hysteresis (figure 2.2), which is believed to result from capillary
condensation in the larger pores at high relative pressures. The shape of the
hysteresis loop, which is observed at relative pressures above 0.4 p/po, may in
some examples reflect activated diffusion of the nitrogen molecule through
narrower, or constricted pores. Due to the speculative nature of their
interpretation, an analysis of the shape of the hysteresis loops for activated

carbon was not useful in the context of this present research.

2.2.1.2 Analysis of Nitrogen Adsorption Isotherms using the a, Method

Further analysis of nitrogen adsorption data can, however, reveal subtle
differences between the structural characteristics of control and modified

9.10
S

carbons. The « technique is used in this study, which is an empirical

approach for the assessment of the microporosity of an adsorbent. It involves
measurement of the slope and intercept from the linear region of a plot of the
amount adsorbed at a particular relative pressure against a, which is the ratio
of the amount adsorbed by a reference adsorbent at the same value of the
relative pressure, to the amount adsorbed at a standard value. The standard
value is somewhat arbitrary, and, for activated carbon, is set at unity at a
relative pressure of 0.4. Below this value, micropore filling is important: above

0.4 p/po, adsorption in larger pores (the external surface) takes place. The
linear region of the plot corresponds to the range of relative pressures where

the adsorption mechanism is the same for both solids (sooty silica is used as the
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reference adsorbent in this study, and is a non porous solid: the linear region of
the plot therefore corresponds to the non microporous surface area (or external

surface area) of activated carbon).

The external surface area (S;,,) of the adsorbent is given by:

g — (Sreference'L)
ext 174

)V{ere Sreference 1S the total surface area of the reference adsorbent, L is the
slope of the linear portion of the plot, and V is the amount adsorbed by the

reference at the standard value of the pressure.

The volume of the micropores (V_) is given by:

- (M,.I)
T (22414.9)

y&w/ere I is the intercept of the linear region; M, is the molecular weight of the

3

adsorbate; 22414 cm? mol™! is the ideal gas volume (STP) and ¢ is the liquid

density of the adsorbate. For nitrogen at -196°C, this expression simplifies to:

V,=0.00156, T
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This approach can therefore be used to separate the contributions to the
total surface area resulting from adsorption (of nitrogen) into the microporous
and non microporous regions. For this reason, it is a useful in the analysis of
modified carbons. A typical example of an a4 plot (obtained for Chemviron BPL

activated carbon) is at figure 2.3.

2.2.2 Water Adsorption Properties of Activated Carbon

Figure 2.4 shows a typical water adsorption-desorption isotherm,
measured at 22°C for BPL (Chemviron; Brussels, Belgium) carbon!l. The
isotherm (type V2) is typical for activated carbon, and consists of two distinct
regions, above and below a relative pressure of approximately 0.4. Much debate

exists as to the reasons for the observed shape®8-’.

The most plausible explanationlz"18 is that adsorption initially occurs on
active sites present on the surface, which may be surface impurities, such as
nitrogen or oxygen containing functional groups, or metallic impurities ("ash")
present in the base carbon material. Structural defects, where electron charge
localisation can take place may also be important. These sites will act as a
focus for the adsorption of water molecules!??Y and are known as primary

adsorption centres: they are occupied at low relative pressures.

The adsorbed water will then act as a secondary centrezo, and further
adsorption occurs through hydrogen bonding. The "islands" of water clusters so
formed enlarge and spread across the surface as the relative pressure is
increased, until a continuous film develops. The merging of this film on the
walls within the micropores corresponds to the steep (pore filling) region of the
isotherm. The hysteresis loop results from the presence of menisci at the pore
entrances which are of a different shape to those formed during adsorption.

Desorption will only then take place if the relative pressure is reduced

suff iclently21 .
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An alternative view“* %> is that only capillary condensation governs the
water adsorption process, which occurs initially in narrow pore entrances or
constrictions where the adsorption potential is greatest. Further adsorption
occurs through hydrogen bonding until the thickness of the layer is such that
pore filling results. Hysteresis is then a result of the unfavourable desorption of
water through the narrow pore constrictions. The failure of the desorption
branch of the isotherm to close completely is a consequence of the strong
association of water molecules with active sites in the capillary p0r3326'28.
Such sites do not necessarily promote adsorption, but they inhibit desorption.

13,29

Doubt as to the validity of this argument is apparent : the mechanism may

be plausible for carbons which may possess "ink bottle" pores.

For organic compounds, there exists a strong dependency between the
amount adsorbed (at a particular value of the relative pressure) and the
temperature. The behaviour of water vapour is somewhat different, in that
adsorption by activated carbon is essentially independent of temperature over a

wide range3 0.

2.3 Mercury Porosimetry

An assessment of the contribution which the larger pores make to the
total surface area may be made using mercury porosimetry. This technique
enables the macroporosity, and almost the entire range of mesoporosity, to be
measured. Determination of pore size by mercury intrusion is based upon the
behaviour of non wetting liquids in capillaries. The liquid may be forced into
small pores which have a wetting angle greater than 90° by the application of
external pressure, which is a function of the pore size. It is a simple technique,
and involves submerging a known quantity of porous sample under a confined
quantity of mercury and then increasing the applied pressure. With the aid of a

pore model, the dimensional distribution of pore sizes may be calculated.
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For cylindrical pores:

R =-2 (-f—)-) cosf

{=surface tension of mercury (480mN/m?)
R =pore radius (nm)

p=applied pressure (N/m?)
O=contact £ (°)

The above equation, due to Washburn® is normally written in the form:

A 0 value of 141.3° is used.

The use of mercury intrusion relies on assumed values of the mercury-
carbon contact angle. In addition, the technique is applied to activated carbon,
even though these adsorbents are not believed to contain cylindrical pores. Thus
the above equation is used to calculate the pore size distribution
(macroporosity, and a proportion of the mesopore volume (technical limitations

prevent the complete range of mesopores to be determined)).

As before, the approach enables comparison between different carbons to

be made: knowledge of the precise theoretical interpretation of the data in the

context of this present study is therefore deemed unnecessary.
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The Preparation and Properties of Chemically Modified Activated Carbon

3.1 Reaction with oxygen and oxidising reagents

3.1.1 The Surface of Carbon Modified with Oxygen

Irrespective of the method of oxidation, carbons (activated carbon,
carbon black, graphite, and diamond) eliminate carbon dioxide and monoxide
during thermal desorption, due to the decomposition of surface oxygen
containing functional groups (surface oxides).

Attempts have been made to identify and quantify the surface oxidesl's,
and many structures have been suggested, including the common organo-oxygen
containing functional groups. Unambiguous assignments are difficult: conjugated
organic structures may exist, and attempts to identify groups may cause further
surface modification. It is of some significance that studies to date have not

accounted for the entire quantity of chemisorbed oxygenz'é.

The pore structure of active carbon complicates these studies, and
techniques such as XPS (X Ray Photoelectron Spectroscopy; or ESCA (Electron
Spectroscopy for Chemical Analysis)) only enable analysis of the external
surface. Additionally, chemical reagents may not fully penetrate the porous
network: the kinetics of adsorption may be slow, such that analyses will be

difficult®”’. Long equilibration times in solution, or heating under reflux, may

promote modification.
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The absence of significant porosity enables carbon blacks and graphites

to be studied with some confidence, although steric, kinetic effects, and the

carbon source may affect reproducibility 8-10

In addition to carbon dioxide and monoxide, methane, water vapour and
hydrogen have been identified during thermal desorption analysisll, but oxygen

has not. Water vapour desorption generally occurs between 200-500°C L1

The desorption profiles of the carbon oxides from carbon blacks®*1% and

13,14

graphites exhibit distinct maxima, similar to those for active carbon. The

presence of more than one maxima for each species suggests that the surface

oxides are not chemically identicall'3’l4’15. They are also not present in

sufficient number to give rise to monolayer coveragew'l?.

The surface oxides are generally stable at 115°C, temperatures above

150-200°C being necessary to cause significant decompositionl'“'w.

At 200-300°C, the principal desorption product is CO,. This desorption

continues until temperatures of approximately 600°C are attained3'“'19. The

1-4,16,20-23

presence of two maxima during desorption is common , although

some of the desorbed carbon dioxide may react to yield carbon monoxide and

13

surface oxides ~: care interpreting data may be necessary.

Desorption of CO is observed to begin at 300-400°C and is the major
product above 600-700°C, usually present as a single broad peak. This
desorption is complete at 900-1000°C2'19. During desorption, the ratio of the

two carbon oxides changes continuously *!8:20,

Above 700-800°C, hydrogen desorption may occur“, and can continue to
approximately 1200°C%18, At higher temperatures, graphitisation leads to the

closure of smaller poress'u.
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Carbons are acidic or basic in solution. This effect is dependent on the

2.3,14,25_ Thus,

temperature at which preparation is carried out acidic carbons

are prepared by oxidation above ca. 200°C, whereas basic carbons are formed
below 200°C, or above ca. 700°C (the limiting temperature for the formation of

acidic carbons).

3.1.2 Surface Oxygen Complexes on Acidic Carbons

Surface structures have been proposed3 (figure 3.1), which would behave
chemically in a manner similar to the "f-lactone" (fluorescein lact:one)26 (figure

3.2). The "f-lactone" and carboxyl gmupSZ.M

are believed to be responsible for
the carbon dioxide emissions and the acidity27. Carboxyl, carbonyl and phenol

groups have been identified, by use of such techniques as selective

10

neutralisation” ", although it is not possible to account for all the oxygen: steric

effects, oxide impurities and/ or the presence of ethers cannot be ruled out.

Carbon monoxide is believed to arise through the decomposition of
quinones, hydroquinones (figure 3.3) phenols, or anhydridesz'zs. The stability of

anhydrides in the presence of even trace quantities of moisture is questionable.

Desorbed water may originate from hydroquinone and phenol groups:

other structures have also been pr(::-posed2 (figure 3.4).

Studies with carbon blacks!4+47:30 suggest that lactones are responsible
for the low and high temperature CO, emission52'14. A direct correlation
between carbon dioxide desorption and acidity was foundl, consistent with the
presence of monobasic (simple lactone) and dibasic (f-lactone) species. Groups
desorbing carbon monoxide did not contribute significantly to the acidity.

Graphite possessed a single carbon dioxide emission maxima, due to the
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decomposition of f-type lactones. Evidence for phenolic groups on graphites and
blacks was also strong3 1,32 Carboxyl groups may also occur on the surface of

oxidised blacks32'33, although this is doubtful®+2°, Conjugated quinones may also

34

be present” . Quinones, carboxyl groups and acid anhydrides may occur on

carbon films oxidised with nitric acid3? '36, although carbon nitrogen complexes

could also be formed4’35.

Activated carbons exposed to humid air possess acidic surface oxidesz,

which liberate carbon monoxide and dioxide during thermal desorpt:ion1 1,20,

20

Examination of the desorption profiles“" suggests they are similar to those

present on carbons oxidised at elevated temperaturel’6.

Surface oxides are also present on diamond exposed to humid air>21+37,

or to oxygen at elevated temperaturelo.

IR spectral data is often employed for the identification of surface oxide
structures, but is poorly resol*ved35 ’38: the evidence is used to propose the

presence of specific oxygen containing functional groups without supporting

data3>:36:39, Few have combined IR and chemical techniques40. FTIR PDS

4]

(photothermal beam deflection) spectroscopy™’, and XPS have been applied,

although XPS cannot resolve the carbon-oxygen surface structures, and so<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>