


Postgraduate Lecture Courses Attended

(2)

(5)

(6)

(8)

(9)

(10)

Fortran Computer Course
Dr. C.N.M. Pounder

The Use of Microcomputers with
Instrumentation

Dr. A.G. Rowley and Mr. A. King

"Of Mussels, Moses and Micrograms"

Dr. G.A. Best

(Clyde River Purification Board)
Chemical Technology & Industrial
Chemistry

Dr. A.J.S. Nicoll, Dr. L.H. Mustoe
and Dr. R.S. Sinclair

(Paisley College of Technology)

Least Square Methods

Professor Joel Tellinghuisen

"An Explosive Lecture"

Dr. D.R. Marshall

"Molecular Electronics"

Professor R.W. Munn and
Professor J.0. Williams

(U.M.I.S.T.)

Joint Meeting of the Chromatography

and Electrophoresis Group

East of Scotland HPLC Users' Group

9th International Symposium on
Column Ligquid Chromatography
held in Edinburgh

week course

lectures

lecture

lectures

lectures

lecture

lectures

meetings

meetings

week conference



ACKNOWLEDMENTS

I would like to express my sincere thanks to
Professor J.H. Knox for his invaluable help, guidance,
encouragement, friendship and for the fruitful years of
learning. I would also like to thank Professor Donovan,
the Head of the Chemistry Department and again,
Professor J.H. Knox the Director of the Wolfson Liquid
Chromatography Unit, for the provision of laboratory and
library facilities. My thanks also goes out to Mrs J.H. Knox

for her friendship, encouragement and concern.

I am particularly indebted to the following people
for their special skills used in using some instruments:
Mr. G. Angel for carrying out X-ray diffraction and
fluorescence, Dr. B.M. Lowe, Dr. A. Araya, Dr. S. Fegan,
Dr. J. Gordon and Dr. Lowe's other research students for
carrying out X-ray diffraction; Dr. G.R. Millward of
the University of Cambridge for taking the High Resolution

Electron Micrographs and Electron Diffraction patterns.

Special thanks also goes out to Dr. J. Jurand,
Dr. M.T. Gilbert and Dr. Y. Ghaemi , all of whom I have
enjoyed working with and have shared lots of experiences

in research. Their friendship and help have been invaluable.

The following members of the Chemistry Department have
been particularly helpful at times of crisis: Mr. S. Mains
and Mr. J. Ashfield and others at the Mechanical Workshop;

Mr. J. Broom and Mrs J. Grindley of the glass-blowinag section;



Mr. D. McLean and others in the Electronics Workshop and
Mrs H. Hirst in the Library. My sincere thanks goes out to
these and other members of the Department who have been
ever too willing to help. I am also grateful to

Mr. R. Gillespie of the Audio-Visual Services, University
of Edinburgh and Mr. I. Brown of the Chemistry Department,

for printing the photographs in the thesis.

I would also like to thank the following people for
their invaluable friendship and help over the years:
Mrs M. Duncan, Dr. H. Pyper, Miss Rita and Clare Collins,
Miss Maggie Duffy and Miss A.G. Lim. At this time, I would
also like to remember and thank all my teachers, in particular
Mr. Jogarnathan, who have taught me in my past years and

who have given me lots of inspiration to achieve my goal.

In addition, I would like to thank Dr. N. Ramamani
and Mr. H. Dias for reading the script and for their
friendship and help. Thanks also goes out to Mrs A. Roper

for her invaluable help.

And, last of all, but not least, Mrs C. Ranken for
typing the text of this thesis and for her patience and

speed.



To my darling daughter, Heather

and my loving family.



Abstract

This thesis is divided into four parts. In the first
part, the history of chromatography is described. Different
modes of chromatography are briefly discussed and a survey
of stationary phases being used in High Performance Liquid
Chromatography (HPLC) is made. The need for a non-polar
reversed-phase stationary phase is highlighted. A brief
survey of the use of carbon by other workers in liquid
chromatography is also made.

The second part of the thesis deals with the production
and structural study of porous graphitic carbon (PGC). The
different stages of production of PGC are discussed. Pore
volume and surface area studies on PGC have also been made.

A detailed structural study of PGC has been presented.

The third part of the thesis deals with the literature
survey of the formation of surface complexes on carbon and
the gas reactions of carbon, an understanding of which was
necessary for the production and control of the final
quality of PGC.

The fourth part of the thesis deals with the use of PGC
in HPLC. A packing method for PGC has been investigated.
Different batches of PGC's produced have been tested
with standard test solutes. A separation of a wide variety
of solutes, including polymethylphenols, polymethylbenzenes,
alkylbenzenes, bases, acids, polyaromatic hydrocarbons, phenyl
ketones and phthalates on PGC have been achieved. Analgesics
can also be separated. Solvent strengths on PGC has been

investigated using different solvents and different solutes.
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1.0 General Remarks

Ligquid chromatography represents an important branch
of analytical chemistry and is now accepted as a powerful
and versati le analytical technique. Molnar and Horvath
noted its popularity to be due to its relative simplicity
and its high degree of reproducibility.1a It is a separa-
tion technique yhich involves applying a sample to one end
of a rigidly held bed of some partitioning material.
Subsequently a fluid or mobile phase is passed through the
bed and washes the sample down the column, thereby, brings
about the separation of the components of the sample. This
may be explained in terms of thermodynamic and kinetic effects
as is discussed in detail in chapter 2.

A liquid chromatographic system is composed of the
following components; a pump which pumps a liquid, generally
termed mobile phase, through a column packed with a suitable
packing material which beérs the stationary partitioning
phase. The sample to be analysed is introduced into the top
of the column by means of an injecticn system. A detector
placed at the end of the column detects different components
of the sample as they emerge, hopefully separated, from the
column.

The heart of a liquid chromatographic system is the
column and the success of a particular analysis depends to a
great measure on the ability of the column to bring about the
desired separation. A large number of packing materials
having a variety of stationary phases are currently being used
in liquid chromatography and these are discussed 1in greater

detail in section 1.4. The particular subject of this thesis



is the development, characterisation and the use of a

riovel form of carbon as a stationary phase in liquid
chromatography. The use of carbon is not new in liquid
chromatography. Indeed, active carbons had been used for
many years1b but due to certain undesired properties possessed
by such carbons their use in liquid chromatography has de-
clined in recent years. Only very recently has the potential
of carbon again been recognized but now in the form of
graphitized carbon rather than active carbon. The work to

be described in this thesis follows earlier work by Knox and
Gilbert2 on a form of carbon which they called porous

glassy carbon. Broadly, what has now been achieved as a
result of the work described below,is a reliable method of
production of a high grade chromatographic carbon, a com-
prehensive elucidation of the structure of this material

and a fairly extensive examination or study of its application
in modern HPLC. We believe that the work of this thesis

has opened a new field in liquid chromatography.

1.1 Historical background of Chromatography

The discovery of chromatography is generally accorded
to Michael Tswett, a Russian botanist and who has become
known as the father of chromatography because of the crucial
contributions which he made to both the practice and the
understanding of this technique. In 1903, Tswett3 was the
first scientist to show how components could be separated
by elution through a column of adsorbent; Tswett separated

a solution of coloured leaf pigments by passing it through



a column packed with adsorbent chalk particles. He was the
first to recognize that separation arose because of different
affinities of substances for the adsorbent with which the
column was packed. Unfortunately at that time, chemists at
large did not recognize the potential of chromatography and
the method was ignored until Kuhn and Lederer4 in the 1930's
revived the technique to separate carotene isomers. In 1938,
Reichstein and Van Euw5 used adsorption chromatography for
the separation of natural products. In 1940, Wilson6 put
forward the first mathematical theory of chromatography.
He offered a qualitative description of nonequilibrium and
its importance in chromatography, and related it to longitu-
dinal band dispersion. He also proposed that peak tailing
was due to too low rates of adsorption and desorption, and
that such effects could be reduced by decreasing the rate at
which liquid flows through the column. The principles
enunciated by J.N. Wilson are applicable to all forms of
chromatography.

In 1941, Martin and Synge7 developed the plate theory
of chromatography, which was the first theory to describe the
development of a zone profile under the influence of non-
equilibrium in the presence o0of a linear partition isotherm.
They deduced the rule that the plate height, H, 1s proportional
to flow velocity and the square of the particle diameter.
Non- specific conclusions were reached regarding the variations
of H with experimental conditions. The well known Gaussian
profile was first noted by them. They also recognized that
liquid chromatography could be carried out at high speed.

They stated that "high performance in liquid chromatography



could be achieved by using very small particles and a high
pressure difference across the length of the column".
Unfortunately, the Martin-Synge treatment was largely
irrelevant to adsorption chromatography as practised in the
period 1940-1960 since the adsorption isotherms in practical
separation systems were seriously non-linear and peak dis-
persioﬂ arose much more from this than from non -optimization
Therefore, during this period theoretical treatments of
adsorption chromatography were based on the assumed non-
linearity of the adsorption isotherm. In 1943,Devault8 and
Wei559 improved on the equilibrium theory originated by
Wilson.

The next great step was the break from restrictions and
limitations of the nonequilibrium theory. Walter,10 Sillen11
and Thomas12 made the contribution to this advancement.
Thomasgfirst treatment of nonequilibrium theory appeared in
1944. Thomas introduced a Langmuir mechanism term starting
with the equation of mass conservation. He obtained equations
of effluent concentrations as a function of time. He
considered close-to-equilibrium conditionSwhereby the flow
rate is slow enough to prevent large departures from equilibrium.
He also obtained formulae from which the a d&orption and
desorption rates could be obtained from experimental solute
concentration curves of chromatography.

In 1947, Boyd, Myers and Adamson13 described ion-exchange
kinetics in terms of diffusion through a liquid film. They
were the first to predict zone structure in terms of indepen-
dent rate and equilibrium constants.

In 1952, Lapidus and Amundson14 developed a theory which



contained as parameters a mass transfer coefficient and a
longitudinal coefficient. At the same time, James and
Martin15 described the first use of gas liquid partition
chromatography. Their analysis of fatty acids by partition
between nitrogen and silicone o0il distributed on a diatoma-
ceous earth support led to the explosive growth in the
application of this technique.

The second decade of chromatographic theory (1950-1960)
involved the development of asgmptotic theories which evolved
around the concept that an effective and practical chromato-
graphic operation requires sufficient running time to obtain
narrow and well-separated zones. When the time is sufficiently
long for this, however, the sorption-desorption kinetics are
proceeding with only slight departure from equilibrium. In
1955, Giddings and Eyring16 introduced probability (statistical)
concepts into the description of molecular migration in
chromatography. The theory was extended to the complex two-
site adsorption problem, and a simplified expression was shown
to be valid for onew=site adsorption after a sufficient time.
This approach was the forerunner of the random walk theory of
chromatography, the simplest known chromatographic theory.

In 1956, van Deemter, Zuiderweg and Klinkenberg17 put
forward a theory using the long-time approximation. zone
spreading was expressed in terms of the height equivalent to
a theoretical plate. The most important feature of their
treatment was to express the HETP as a sum of three terms each
with a different velocity dependence. The subsequent
application of the so-called 'van Deemter equation' was largely

responsible for the rapid development of efficient gas



chromatographic techniques.

Giddings,18 in 1957, gave an expression in terms of
Gaussian concentration profiles originating from effective
diffusion process for a simple reversible adsorption-desorp-
tion reaction.

In 1958, Golay19 first applied the successful combination
of long but practical time periods and simplicity in the form
of Gaussian, plate height or effective diffusion concepts to
a diffusion controlled mechanism - the sorption and desorption
of a solute with an open capillary column, the wall of which
was assumed to possess a uniform coating of liquid stationary
phase.

The development of a generalized non-equilibrium theory
of chromatography was started by Giddings in 195920 for the
purpose of calculating the influence of any complex combina-
tion of sorption and desorption steps, whether controlled by
diffusion or single step reactions. This theory was sub-
sequently elaborated and is fully described in Giddings'

"Dynamics of Chromatography".21

1.2 Basic Concepts and Definitions

1.2.1 Basic Concepts

To illustrate the chromatographic process Snyder and
Kirkland22 considered a hypothetical separation of a three-
component mixture in an LC column.

Figure 1.2.1 shows such a hypothetical situation. The three

compounds A, B and C were considered, and are represented by
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triangles (A), squares (B), and circles (C). The following

four successive stages of the separation are illustrated.

(i) Application of a sample containing compounds A, B and C
to the top of the column under static conditions (no flow of
eluent) .

(ii) The solvent or mobile phase begins to flow down the
column and, in doing so, begins to affect a partial separation
of compounds A, B and C.

(iii) Greater separation of compounds A, B and C is seen as
the mobile phase moves farther down the column.

(iv) The chromatographic separation is essentially complete
with A, B and C being depicted by three well separated bands
moving down the column. At this stage,two distinct features
of a chromatographic process becomes apparent. Firstly,
different compounds have moved down the column at different

rates. This is termed differential migration which is the

basis of separation in LC. Secondly, there is a spread of
molecules of one given compound due to the fact that the
migration rates of individual molecules are not identical.

This is termed molecular spreading or peak dispersion in LC.

How does differential migration arise in a chromatographic
separation? In a chromatographic system there are two phases
namely the moving or mobile phase and the stationary phase.

Figure 1.2-2 gives a good representation of these two zones.

Different compounds have different equilibrium distributions,
between these two phases due to their different affinities.
The phenomenon of differential migration is illustrated in

figure 1.2-3 in the case of a single stationary phase particle
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and for two compounds A and C. Compound C, due to its
greater affinity to the stationary phase, is present mainly
in the stationary phase at equilibrium with only a small
fraction of its molecules in the moving phase. On the other
hand, compounds such as A which have greater affinity for the
mobile phase spend a greater proportion of their time in this
phase and lesser time in the stationary phase. Since
molecules move along the column only when they are in the
mobile phase, the speed which each compound moves through the
column is determined by the fraction of molecules of that
compound in the moving phase aﬁ any moment, compounds such

as C thus move slowly through the column and compounds such
as A move more rapidly. The relative migration rate 1is,
therefore, determined by variables which affect the equilibrium
distribution of each compound namely the mobile phase com-
position, the type of stationary phase and the separation
temperature. The relative migration rate is determined by

thermodynamic considerations.

The second feature of a chromatographic separation 1is

band dispersion. This is governed by kinetic considerations.

Molecular or band spreading is brought about by the following

rate processes:

(1) Axial molecular diffusion.

(2) Flow pattern effects.

(3) The finite rate of mass transfer processes within and
between the mobile and stationary phases.

w hich, according to van Deemter et glr@ave independent con-

tributions to band dispersion. Axial molecular diffusion

is no different from any kind of molecular diffusion and it



depends on the time of residence of molecules in the column,
for a column of given length the time of residence is
inversely proportional to velocity. Flow pattern effects
arise from the random nature of the packing and from the

fact that streamlines of different lengths and random
variations of velocity along each flow line exists. This
results in the spread of residénce time in the column since
this is essentially independent of velocity. The mass
transfer contribution arises from the fact that when a solute
molecule finds itself within a particle it lags behind the
band as a whole and when in the moving phase it tends to rush
ahead; it thus performs a random walk about the centre of
the band, and so when different molecules are considered with
each performing its own independent walk one gets a sort of

a band since the distance by which the solute molecule lags
behind or goes ahead of that band as a whole is proportional
to the flow velocity.The contribution to H is proportional
to the velocity.

In general, as shown later in Chapter 2, Section 2.2, the
dispersion is affected by flow velocity, diffusion rates,
particle size, goodness of column packing, and the degree
of retention. Of these, the particle size is the most
important since equilibration time is proportional to the
square of the particle diameter. Thus the smallest possible
particles consistent with the pressure drop available should
be used in any form of chromatography driven by pressurised

eluent.
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1.2.2 Definitions

The time, t that elapses between injection and

R’
elution of a solute is called the retention time or elution
time and the volume of eluent, VR’ passed into the column
during this time is called the retention or elution volume of
the solvent (see figure 1.2-4). VR and tR are related

through the equation:
AV = ¢t f (1.2-1)

where fV is the volumetric flow rate.
The degree of retention of a solute is given by the

phase capacity ratio, k', and is defined by:

' - - ) -
k' = tp-t_ (1.2-2)
t
m
= V-V (1.2-3)
v
m

where tm is the retention time for a solute that is unretained
by the stationary phase and Vm is the retention volume of such
a solute. Vm is also equal to the volume of eluent in the
column.

The linear flow velocity, u, denotes the rate of movement
of eluent along the column and is related to retention time,

tm’ and column length, L, by:

(1.2-4)

In well behaved chromatography where the partition
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isotherm is linear and where there is no dead volume effects
the élution peaks should be Gaussian. Both theory and
practice agree that the width of a solute band increases as
the square root of the distance migrated. This result may

be stated as:
o = v HL (1.2-5)

where ¢ is the standard deviation of the Gaussian curve, L is
the column length and H is termed the height equivalent to a
theoretical plate (HETP) originally introduced by Martin and
Synge.7 H 1s the term used by most chromatographers to gauge
column performance. The smaller the plate height, the better
the performance.
In terms of the peak width at the base in the elution

record (figure 1.2-4) which is denoted by either Wt measured in

time units or by WV when measured in volume units, the band

dispersion parameters, H can be expressed as:

=

2
H= 1 W

122 - t)* (1.2-6)
6 'L

(=)

L
16ty

6
This allows the plate height to be calculated from the chart
record. The number of theoretical plates to which a column

is equivalent is given by:

N =L (1.2=-7)
H
L 2
= 16(W ) (1.2-7a)
Z
to 2
= 16(—3) (1.2-7b)
Wt

1
—
o

|0

-

.2=7¢)
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The greater the number of plates a column can produce,
the better the column performance.

It is often more convenient to describe the plate
height not in absolute terms but in terms of the number of
particles corresponding to H. This quantity, h, is called
the reduced plate height and was first introduced by

Gidding521 and is equal to:

(1.2-8)

where h is a measure of the degree of band dispersion produced
by the packing considered in relation to the particle size.
Each dispersion process discussed in section 1.2.1

contributes independently to the total plate height and, on a
particle scale, depends upon the balance between the flow of
eluent over a particle and the diffusion of solute across a
particle. Van Deemter et §1.17 first appreciated that the
total plate height could be expressed as a sum of three terms
contributed by the different dispersion processes, and the

van Deemter equation can be simply represented by:
H=A+B+ Cv (1.2-9)

where v is the flow velocity, and the constants, A, B and C
are associated with the plate height terms due to eddy

diffusion, longitudinal diffusion and mass transfer respec-
tively. Each of these independent contributions are dealt

with in greater detail in Chapter 2, Section 2.2.
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The van Deemter equation was then modified by Giddings

and later by Knox and co—worker524_26 and represented in terms
of the reduced plate height as:
"
h = Av™+ B + Cv (1.2-10)

where v is called the reduced linear velocity of the eluent

and is defined as:

(1.2=-11)

Ol ¢
=°| &

where Dm is the diffusion coefficient of the solute in the
eluent. The reduced velocity first introduced by Gidding521
is a measure of the rate of flow over a particle relative to
the rate of diffusion within a particle.

The log-log of h versus v in figure 1.2-5 shows
how the different terms contribute to H and emphasizes that

H has a minimum value.

1.3 Different Modes of Chromatography

Chromatography can be carried out in a wide variety of
ways, and can be classified according to several guite
different criteria namely column configuration, scale of
operation, the nature of the mobile phase, the nature,

composition and the structure of the stationary phase and the
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nature of the molecular forces which hold the solute
molecules within the mobile and stationary zones. This is
illustrated in table 1.3-1. In open-bed chromatography
the paper or the glass plates are covered with adsorbents
like alumina or silica. On the other hand, classical column
chromatography was performed in columns that were gravity fed.
Modern HPLC is carried out in a pressurized system compared to
classical gravity fed system. In terms of scale of operation,
this rangesfrom microgram level in analytical LC up to kilogram
level in preparative scale chromatography. The work of this
thesis is concerned only with analytical scale HPLC.

The different branches of chromatography as determined

by the nature of the phases or of the type of molecular

interactions involved are:

(i) Molecular Exclusion Chromatography (MEC) or gel permeation

chromatography (GPC). In this mode, molecules are separated
according to their size by passage down a column packed with

a micro-porous material which is usually a porous wide pore
silica gel or cross-linked polystyrene for high pressure
applications. Large molecules are excluded from the pores of the
packing while smaller molecules may permeate the pores partially
or totally depending upon their size. In exclusion chromato-
graphy the largest molecules emerge from the column first and

the smallést last.

(ii) Ion Exchange Chromatography (IEC). The column is packed

either with ion exchange resin beads, with surface layer ion

exchange particles (pellicular materials) or bonded porous



Table 1.3-1 Forms of chromatography

Paper Chromatography, Thin-laver

Single Elution - using an initially dry

column, e.g. in thin-layer chromatography.

Repetitive Elution - using a column

already contaminated with eluent.

Supercritical fluid chromatography

A, Division According to Form of Column

OPEN COLUMN
Chromatography

CLOSED COLUMN Column Chromatography
OPEN COLUMN Capillary Chromatography
Mode of Elution

B. Division According to Mobile Phase
GASEOUS ELUENT Gas Chromatography
LIQUID ELUENT Liquid Chromatography
SUPERCRITICAL

FLUID
C. Division According to Scale

up to 1 mg
10 - 100 mg
100 mg - 10 g

>10 g

Analytical Chromatography
Small Scale Preparative Chromatography
Preparative Chromatography

Large or Industrial Scale Preparative
Chromatography



Table 1.3-1 (contd.)

D. Division According to Nature of Stationary Phase

High Surface Area
Absorbent

Liguid

Ion-Exchange Resin

Bonded Stationary Phase

Wide Pore Packing

Liquid-Solid or Gas-Solid
Chromatography

Ligquid-Liquid Chromatography
Gas-Liquid Partition Chromatography

Ion-Exchange Chromatography
Bonded Phase or Reversed Phase
Ligquid Chromatography

or Gas Chromatography

Exclusion Chromatography
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ion-exchangers. This technique is used in the separation

of ionic or ionizable compounds. The support material,
therefore, consists of a matrix onto which a charge-bearing
group is chemically bonded. Cation exchangers contain
negatively charged groups and are used for exchanging cationic
species while anionic exchangers contain positively charged

groups and are used for exchanging anionic species.

(iii) Licwd -solid Adsorption Chromatography (LSAC).  An

| 4

adsorbent such as silica gel or alumina or other material of
large surface area is used as the partitioning material.

LSAC is suitable for the separation of a wide range of organic
materials which are soluble in non-polar or moderately polar
organic solvents. Chromatography on carbon falls within this

category.

(iv) Ligquid-liquid Partition Chromatography (LLC). The

stationary phase is a liquid supported on a solid. The
supporting solid may be either a completely porous material
such as a wide pore silica gel or porous glass or it may be
a superficially porous (pellicular) material. LILC 1is
applicable to a wide range of organic and inorganic solutes
and one can use either a polar stationary phase and a non-

polar mobile phase or the reverse.

(v) Liquid-solid Partition Chromatography. Here the

stationary phase is chemically bonded to the surface of the
support which is normally silica. The great advantage of
the bonded phase compared to ligquid stationary phases is that

they are insoluble in solvents and are thermally stable.
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1.3.1 Major Operational Modes

The two main operational modes are normal phase
chromatography represented by adsorption chromatography and
reversed-phase chromatography. The technique of reversed-
phase chromatography was introduced by Howard and Martin27
in 1950 for the separation of polar molecules. At this time,
the technique was not widely used in LC because of the
instability of column packings. But with the introduction
of chemically bonded reversed-phase materials like ODS-silica
in 1970 and carbon, this reversed phase method has become
widely used. The mobile phase is generally a mixture of water
and a non-uv absorbing organic modifier. In RPLC the lower
the polarity of the mobile phase the greater is the eluting
power (methanol is a stronger solvent than water) and substances
are eluted in a general order of decreasing polarity. The
advantages and disadvantages of RPLC are tabulated in table
1.3-2,

Recent ideas on the mechanism of reversed-phase chromato-

28-31. Stated simply, the

graphy are contained in references
hydrophobic surface extracts the more lipophilic component of
the eluent to form an organic rich layer at the particle
surface in which the chromatographically useful partitioning
takesplace. The retentions of various members within a class
of compounds in reversed-phase chromatography have been
correlated to their solubilities in the eluent. Although
reversed-phase chromatography is suited to the separation of
polar molecules, non—polar molecules can also be successfully
sevarated by using an eluent which is sufficiently rich in the

organic component (eg methanol) to cause the solutes to elute

in a reasonable time.
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1.4 Column Packing Materials

In the evolution of modern LC, the principal focus
has been on the column, which forms the central element of
every LC system. Pellicular packings approximately 30-50um
in diameter or so called porous layered beads (superficially
porous packings, controlled surface porosity supports) were
widely used in the early to mid '70s but have now been
relegated to use in quickly replaced guard columns. For
analyticaL HPLC, the microparticulates in the range of 5um and
10um are the most widely used packings today, but larger
porous packings find use in high performance preparative
chromatography.

The different modes of LC require the use of different
stationary phases which can be broadly divided into three

main categories as:

(a) Adsorbents.
(b) Polymer-coated supports.

(c) Chemically bonded stationary phases.

A comprehensive list of the various types of packing

. . 3
materials available for HPLC has been compiled by Major. 2

1.4.1 Adsorbents

The earliest types of HPLC packing materials were large
porous adsorbents (>30um) such as Lichrosorb (Merck) and
Porasils (Waters) . These large particles had poor mass
transfer characteristics due to the large diffusion distances.
In 1968 Kirkland33 began to use 'superficially porous' packing

materials (also called 'controlled surface porosity', pellicular)
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which were non-porous spherical glass beads covered with a
thin layer (1-2um) of porous silica or alumina as seen in
figure 1.4-1. Examples of pellicular supports include
Zipax (DuPont), Corasil I and IT (Waters), Pellosil (Whatman)
and Perisorb A (Merxck). These supports have low surface
areas and are normally used for liquid-liquid partition

chromatography, although some can also be used for adsorption

chromatography. These pellicular materials, however, have
low sample capacity. The most efficient HPLC packings are
fully porous particles with diameters of around 5um. These

microparticulate particles combine higher capacity with shorter
diffusion distances. Adsorbents for LSC have been classified

by Snyder and Poppe34 as in Table 1.4-1. The two most
commonly used adsorbents are silica and alumina. Fairly wide
pores (>5nm) are desirable in adsorbents so that solutes are
not trapped in the small pores and give rise to tailed peaks.

A comprehensive list of commercially available adsorbents are

given in Appendix 1.

1.4.2 Polymer Coated Supports

Synthetic cross-linked polymers such as Dowex 1-8x resin
were initially used as ion-exchange materials by Cohn and co-

33736 yo1kin et 3&.37 and Anderson et gl.B8 who

work ers,
developed ion-exchangers as column packings for the separation
of bases, nucleotides and nucleosides. Many older organic
gels are of microporous types. These materials had the
disadvantage that thev changed their volumes in organic sol-

vents and under different pH and ionic strength conditions.

Thev were soft and deformed at high pressure and had poor mass
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Table 1.4-1

Classification of LSC Adsorbents (34)

Adsorbents

II

ITT

Iv

General Class

Polar Inorganic

Non Polar Inorganic

Polar Bonded Phase

Non Polar Bonded Phase

Examples

Silica

Alumina

Graphite

Charcoal

Amino-propyl

(C3NH,)

2
Cyano-propyl
C_CN)

( 3

Diol Phase

(-0-CH .-CHOH-CH

2 5OH)

Cgr Cqg

Bonded Phase
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transfer characteristics. Recently macroporous gels have
become available. These gels, like silica, are rigid
because there are tightly polymerized regions where solvent
and solute cannot penetrate.

In 1967, Horvath et g£.39 developed a pellicular ion-
exchange resin. They coated the surface of glass beads with
a polystyrene/divinylbenzene polymer. Sulphonation of the
resulting polymer produced a layer of cation-exchange resin
over the glass bead surface, and,similarly,chloromethylation
followed by reaction with a tertiary amine produced an anion-
exchange resin. Some of the new organic materials like
Styragel, Spherogel, TSK gel and Chromex had good mechanical
stability, shorter diffusion distances, low swelling charac-
teristics and have stable physical properties like silica gel.
A range of porous layer beads coated with ion-exchange resins
is now commercially available and include SAX and Zipax SCX
(DuPont), 28 Pellionex SAX (Whatman) and Pellicular Anion
(Varian) . Glass beads (or superficially vorous glass beads)
could also be coated with hydrocarbon or polyamide polymers.
In 1963, Endres and Hbrmann40 published an excellent review on
polyamide column chromatography. Pellicular polyamide was
further developed by DuPont and Northgate Laboratories in 1970
and marketed under the name Pellidon. Examples of each type

are collected in Appendix 2.

1.4.3 Chemically Bonded Stationary Phases

According to Majors32 65% of HPLC users resort to the
reversed phase mode and since 1977 the number of listed

reversed phase (RP) materials packings has tripled, some of
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which are given in Appendix 3. There are several methods
available for the preparation of bonded phases for HPLC.

These are as follows.

(i) Reactions with alcohols and amines (Halasz brushes)

The first chemically bonded phases for HPLC were prepared
by Halasz and Sebestian41 by esterifying the silanol (Si-OH)
groups on the surface of silica with an alcohol as shown in
figure 1.4-2. A further range of bonded materials was
prepared by conversion of silica to silica chloride by treat-
ment with thionyl chloride, followed by reaction of the surface

.42 These

chloride groups with amine as shown in figure 1.4-3
new phases had strands of organic chains (bristles) pointing
away from the silica surface, and became known as "Halasz
brushes". They are commercially available from Waters as
Durapak supports. Their main disadvantage is their limited

hydrolytic stability (within the range 4-7) due to hydrolysis

of the Si-OR and Si-NR bonds.

(ii) Reaction with organosilanes

Modern commercially available bonded materials are based
on reactions between organochloro- or alkyoxysilanes and the
surface silanol groups. Such reactions can be carried out
under a range of conditions as discussed in detail by Majors.4
There are two general approaches to the bonding of organosilanes

to silica and these are discussed in turn.

(a) Anhvdrous conditions
In this instance, dry silica is heated at reflux with

octadecyltrichlorosilane in toluene under conditions which

43,44

exclude water from the reaction mixture. In the absence
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of water no hydrolysis of the Si-Cl bonds in the chlorosilane
takes place and bonding occurs by elimination of HCl between
the organosilane and one or more of the surface silanol groups.
After removal of excess reagents, subsequent hydrolysis con-
verts unreacted Si-Cl groups to silanol groups as depicted in
figure 1.4-4. In practice, however, the presence of residual
silanol groups arising either from hydrolysis of Si-Cl bonds

as shown, or by non-reaction of a surface silanol site may confer
chromatographically undesirable adsorptive properties on the
material. These residual silanol groups should then be
"capped", for example, with trimethylsilyl groups,45 although
this is not always done in practice so that some commercial
materials have substantial adsorptive properties due to SiOH
groups. Some of the widely used commercially available phases
based on this reaction include Bondapak supports (Waters),
Hypersil supports (Shandon Southern), Partisil-10 ODS (Whatman)
and Spherisorb-ODS (Phase Separations). A wide range of
bonded phases are prepared by this scheme. No capping is
required in the recent materials made from monochloroalkyl-
dimethylsilane.

The advantage of supports prepared in this way is that
the Siloxane (Si-0-Si) bonds formed during the reaction are
relatively stable to hydrolysis. There is a paucity of
detailed information on the stability of bonded phases, but
such supports are generally held to be stable in the PH
range 2-8. Around pH 2, the organic groups are cleaved from
the support and at about pH 8, silica itself starts to dissolve.
The stability of the bonded phase is also governed by the
ionic strength of the mobile phase and the column operating

temperature.
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(b) Reaction with hydrolysis

As shown in figure 1.4-5 an alternative scheme for the
reaction of organosilanes with siliceous surfaces is first
to hydrolyse the organochloro- or alkoxysilane to the silane-
triol and to partially polymerise the latter. The resulting
polymer is then bonded to the support surface by multiple

46,47 This is the

attachments via stable siloxane linkages.
method of preparation of the DuPont Permaphases in which
the organic group may be octadecyl, v-glycidoxypropyl ("ether")
Or a quaternary ammonium group. The siloxane linkages again
offer good hydrolytic stability on these supports

According to the review by Majors32‘the use of di- and
trichloro- or ethoxyoctadecylsilanes for the preparation of
bonded phases is being replaced by the monochloro- and mono-
ethoxydimethyloctadecylsilane reactions because the former
can react with one or two hydroxyl groups and are subject to
polymerization reactions giving rise to polymerized bonded
phases. The advantage of monochloro- or monoalkyoxysilane
reagents like trimethylchlorosilane (TMS) or phenyldimethyl-
chlorosilane (PDS) is that their reaction ensures a reproduc-
ible monolayer coverage. Furthermore, the monomeric (bristle)
phases may have faster solute mass transfer kinetics and
hence have superior column performance. The surface coverage
of silanol groups is a maximum for trimethylchlorosilane of
around 48umol/m? whereas the concentration of Si-OH groups 1is
around 9umol/m?. Although even under the most exhaustive
silanization only about 55% of silanol groups can be

51,52 51

derivatized. The work of Unger et al. has also shown

that there is no difference in behaviour between the bonded
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short chain n-alkane packings and ODS types. The prepara-

tion and characterization of chemically bonded stationary

phases has been the subject of a number of studies45’53’54

and recent reviews.54-56

(iii) Reactions involving Grignard and Organo-lithium

Reagents

Organic groups can be bonded to the surface of silica via
direct Si-C bonds, by reaction of thionyl chloride with

Grignard or organolithium reagents.48—50

(Figure 1.4-6).
These supports also possess good hydrolytic stability.

The present success of reversed-phase liguid chromato-
graphy (RPLC) entirely relies on the performance achievable
with columns packed with chemically bonded phases. These
reversed-phase materials still do not behave in a totally
hydrophobic manner because their hydrophobic character
depends on the type of n-alkyl chain bonded and on the surface
coverage. This can be observed in the chemical instability
of reversed-phase packings in aqueous eluents which can be
attributed to the reactivity of siloxane groups anchoring the
alkyl group and to the presence of residual silanol groups.
Some improvements have been made in improving the stability
of silica-based packings, mainly by "protecting" the surface
with polymeric phase or high surface coverage or by the use
of precolumns which saturate the mobile phase with dissolved
silica or bonded phase. Atwood et g£.57 presaturated the
mobile phase with silicates which, therefore, permitted high
pH values to be used at least for short periods of time.

One cannot neglect the known solubility of silica in water and

the liability of the siloxane bonds to basic hydrolysis.

Whenever silica-based packings are used at high pHs, high
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buffer strengths, in the presence of tetraalkylammonium

salts and at elevated temperatures, shortened column lifetimes
will have to be accepted. Increasing attention has, there-
fore, been devoted to the development of non-polar adsorbents
exhibiting an improved pH stability over the alkyl-bonded
silica material.

The survey of modern HPLC materials just given highlights
some of the disadvantages of existing materials, in particular,
the hydrolytic unstability of bonded silicas. There 1is,
therefore, a need for chemically stable and physically robust
materials specially reversed-phase materials which is only
particularly met by the new polymeric packings.

A carbon which could be used in LC especially in a
graphitized form offers a possible alternative, but formidable
difficulties exist in producing such a material to a state
where it can be used effectively in LC. This thesis is con-

cerned with meeting this challenge.
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2.1 Thermodynamics of Liquid Chromatography

When the molecules of a substance X to be separated
are introduced into the column they distribute themselves
between the mobile and stationary phases as noted in section
1.2.1. Giddings1 has shown that it is an essential feature
of efficient chromatography that the ratio of the amount of
solute in the stationary phase and the amount of solute in
the mobile phase averaged over the band must be equal to the
equilibrium ratio. When the molecules are in the mobile
phase they move at the speed of the mobile phase, u, but when
in the stationary phase they are static. Thus the relative

band migration rate is given by:

R = Speed of band
Speed of mobile phase
= (amount of X in mobile phase) = Eg
(amount of mobile and stationary phase) SRS
= 1
(1+%") (2.1-1)
where k' = (amount of X in stationary phase)

(amount of X in mobile phase)

at equilibrium

- 3s (2.1=2)

e

Because of the near-equilibrium assumption discussed

in section 2.2.5 dq and q, can be regarded as equilibrium
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values and can be given as:

q :CV (2»1"3)

and q_ = CmV (2.1-4)

where Cs’ Cm are the equilibrium concentrations of the solute

in the stationary and mobile phases and Vs’ Vm are the volumes

of the stationary and eluent phases. Thus:
k- Csvs
CV
m
= KV
S
(2.1-5)
Vm

where K is the distribution coefficient of the solute between
the two phases.

When the separation of a pair of solutes X and Y is
considered, the ratios of the distances between the points of
injection and the zone centres depend on the thermodynamics
of the system, that is, the nature of the mobile phase, the
stationary phase or both. Quantitatively, separation is

discussed in terms of resolution, which is defined as:

R = Az (2.1-6)

where Az is the distance between adjacent peak maxima and o
is the standard deviation of the Gaussian concentration profile

generated by the dynamic column processes.
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2.1.1 Thermodynamics of adsorption chromatography

According to Snyder2 the adsorption of a polyvatomic
molecule X from solution in an eluent E can be represented

by the following chemical reaction analogue.

—— -
Xn ¥ nEF= X, * nE_ (2.1-7)

where subscripts m and a refer to the mobile and adsorbed
phases respectively, n is the number of eluent molecules
displaced by the adsorption of one solute molecule. For
adsorption chromatography equation (2.1-5) can be written in
terms of the weight of the adsorbent in the column, w, or by

the surface area of the adsorbent, A, in the column.

That is, k' = Tg

(2.1-8)

and k! Cg A

a & (2.1-9)
Y

where Kads is generally called the adsorption coefficient
(measured 1in cm3g-1) and CS' is the concentration of adsorbate
in moles per unit weight or alternatively, where Ka is the

superficial adsorption coefficient (measured in cm3m_2) and
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Cé' is the adsorbate concentration in moles per unit area

of adsorbent surface.

In LSC, there is a competition between solvent and
sample molecules for the fixed 'active' sites on the surface.B'4
The adsorption of sample molecules requires the desorption of
solvent molecules to permit the accommodation of sample
molecules on the surface. The capacity factor k' is, there-
fore, determined by the net energy of adsorption of sample
molecules and the net energy of adsorption is given as the
sum of interaction energies. The adsorption coefficient of
a component between the mobile and stationary phases depends
onxéype of interaction forces, mainly on dispersion (non-polar)
and on hydrogen bonding between the sample components, solvent

and adsorbent, which will be dealt with in greater detail in

Chapter 9.

2.1.1.1 Adsorption isotherm

The equilibrium relationship between adsorbed and non-
adsorbed samples at a given temperature can be given by the
adsorption isotherm. This is a plot of the concentration of
solute in the adsorbed phase versus the concentration of solute
in the nonadsorbed phase at a given temperature. Linearity
of the plot is equivalent to a constant distribution coefficient,
K, in the separation. Separations in which K is independent
of sample concentration are referred to as linear isotherm
separations; which for most chromatographic separations occur
at low sample concentration. A non-linear sample isotherm

affects both the shape of the sample band and the rate at which
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they migrate through the bed. Three isotherm types may

be distinguished at low sample concentrations; linear, convex
and concave (see Figure 2.1-1) where the effect of isotherm
type on band shape is also shown. Adsorption chromato-
graphic separations have typical convex isotherms, indicating
that K decreases with increasing sample concentration. In
this situation, the symmetrical sample bands are described by
faster migration of high concentration portions of the band
resulting in a skewed elution band. Band asymmetry or
'tailing' in adsorption chromatography can be evidence of
isotherm non-linearity (slow desorption kinetics can also
lead to band tailing).

In the region of isotherm linearity, where the solute
concentration is small the lateral interactions of each solute
molecule in the adsorbed phase will be with eluent molecules
only. For adsorption from a ligquid phase the Langmuir

isotherm takes the form:

s = Senlx (liquid) (2.1-10)

1+KthNX

where 6 is the fractional coverage of the adsorbent surface
by adsorbed Ax,Kth the thermodynamic equilibrium constant

(or relative adsorption affinity of X) for the adsorption
process and NX the mole fraction of X in the unadsorbed phase.
The derivation of the Langmuir isotherm assumes a maximum of
single monolayer adsorption, equivalent sites and no inter-
actions between adjacent adsorbate molecules.

For low sample concentrations, Ktth becomes small and
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equation (2.1-10) reduces to:

th (2.1-11)

that is, the sample distribution coefficient becomes constant
at low sample concentrations. If the monolayer capacity
(moles/gram) is defined as N°, equation (2.1-10) then can be

rewritten as:

(X) K° (X)
a - — 3 (2.1-12)
N° 1+K°(X)u

where K° is the constant value of K at low sample concentrations.

Rearranging equation (2.1-12)

— = L v (2.1-13)

For a Langmuir isotherm, a plot of 1/(X)a versus 1/(X)u will
be linear, and the intercept of this plot on the 1/(X)a axis
is equal to 1/N°.

Unfortunately, the major assumption of uniform sites does
not often hold and the dependence of K on coverage can be
severe even at near-zero coverage. It is,therefore necessary
to deactivate the active sites. In the case of carbon, an

ideal material would have uniform sites.

2.1.2 Thermodynamics of partition chromatography

Liquid-liquid partition chromatography depends upon the
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different distribution coefficient of the components of a
mixture between a stationary and a mobile phase which are
immiscible. The stationary phase is an inert packing
material coated with a polar (triethylene glycol) or non-
polar (squalane) stationary phase. The distribution

coefficient is related to the capacity factor, k', by:

s) (2.1-14)

which 1s similar to equation (2.1-5).
Karger et QA.S have derived the following equation,
which describes the distribution coefficient, D, of a solute,

i, between stationary and mobile phase.

log D

1}
'..J
—
p—
O
)
O
S’
N
)
p—
O
|
O
~—
[
[—

(2.1-15)

where Vi is the molar volume of the solute, i, and Si,és,ém
are the solubility parameters of the solute, stationary phase
and mobile phase.
The solubility parameters as defined by Hildebrand and
6,7 .
co-workers are given by:

1
= 2 -
éi = (AHvap/Vi) (2.1-16)

Combining equation (2.1-14) and (2.1-15) gives:

- \Y% : - 2 - 2 -
An k' = Rn(vg) + i [(6i 6m) (61 65) ] (2.1-17)
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2.2 Kinetics of Ligquid Chromatography

2.2.1 Introduction

As recognized in Chapter 1, Section 1.2.1, band or
molecular dispersion is governed by kinetic considerations
and is brought about by three rate processes, namely axial
molecular diffusion, flow pattern effects and the finite rate
of mass transfer processes within and between the mobile and
stationary phases. Figure 2.2-18a gives an illustration of
band dispersion during a chromatographic process, where the
molecules of one compound C, represented by crosses, is con-
sidered. At the injection point, the molecules are
represented by a narrow line as in figure 2.2-1(A) but as
these molecules move along the column they become spread over
a wider portion of the column as shown in figure 2.2-1(B).
Each of the three different rate processes will now be dis-

cussed separately.

2.2.1.1 Mass transfer processes

The rate of mass transfer within and between phases in
chromatography may be controlled by either of two mechanisms.
(1) Adsorption-desorption kinetic processes which may be
single or multistep as can occur in adsorption chromatography
and (ii) diffusion-controlled phase transfer kinetics which
are important in partition chromatography and include mass
transfer within the flowing part of the mobile phase, within

4

the stagnant mobile phase and within the stationary phase.
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Mobile phase mass transfer. In a single flow stream,

different flow rates exist for different parts of that flow
Stream. Sample molecules in the centre of a flow stream
move fastest and hence travel greater distances in a given
time compared to molecules moving in a flow stream adjacent
to a particle. This dispersive effect is reduced by
diffusion of solute across the flow stream and by decrease
of flow velocity. Figure 2.2-1(C) shows such a situation

between particle 1 and 2.

Stagnant phase mass transfer. This type of contribution

arises in the case of porous column packing particles. The
mobile phase in the pores of these particles is stagnant.
Molecules diffuse in and out of these pores to different
depths of the pores. Molecules diffusing only a short
distance into the pore diffuse back into the mobile phase
quickly and, therefore, travel a greater distance down the
column. Those molecules that diffuse further into the pore
spend more time in the pore and less time in the mobile phase
and, therefore, travel slowly down the column. This disper-
sive effect is reduced by increasing the diffusion rate or
reducing flow velocity. Figure 2.2-1(D) illustrates
stagnant phase mass transfer where the pore of a single

particle 5 is shown.

Stationary phase mass transfer. Molecules penetrate to

different depths of the stationary phase. Those molecules
which penetrate deep into the stationary phase travel slowly
through the column as compared to those molecules which spend

only a little time in the stationary phase. This is shown in
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figure 2.2-1(E). Fast diffusion or low flow rate reduceS

this form of dispersion.

2.2.1.2 Axial molecular diffusion

Molecular diffusion in the flow or longitudinal direction
contributes most at low or very low velocities. Its contri-
bution to spreading can be calculated in terms of diffusion
coefficients and a structural parameter, vy, with a value near
unity. The theory of y has been discussed by Knox and

McLaren.8b

2.2.1.3 Flow pattern effects

Flow pattern effects include channelling (and other

effects of packing inhomogeneity) and was termed the 'Eddy

Diffusion' term by van Deemter et 3&.80 This is represented
in figure 2.2-1(B). Different solvent flow streams exist
within the column of a LC system. Sample molecules, there-

fore, take different paths through the packed bed. Molecules
following narrow paths as paths between particles 2 and 3
travel much more slowly as compared with molecules taking

wider paths as between particles 5 and 6. This is essentially
a geometrical effect but is reduced by transverse diffusion

in the mobile phase as discussed above.

2.2.2 Theoretical plate model

As discussed earlier in Section 2.2 solutes injected at
the top of the column are subjected to zone or band spreading
as they progress through the column. In 1941, Martin and

Synge9 were the first to introduce the band dispersion
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parameter, which is called the height equivalent to a
theoretical plate or H,to characterize chromatographic zone
spreading and thus resolution. Following Martin and Synge
the plate height may be defined as "the thickness of the
layer such that the solution issuing from it is in equilibrium
with the mean concentration of solute in the nonmobile phase
throughout the layer". The theoretical plate model was
introduced into chromatography because of its effectiveness
in describing the distillation procedures. It was the first
model to describe the development of a solute concentration
profile under the conditions of non=-equilibrium processes

and when the isotherm was linear.

The model, therefore, pictures a discontinuous concentra-
tion profile of the solute distributed in plates. According
to Keulemans10 a chromatographic column in the plate model is
likened to a Craig distribution apparatus consisting of a
series of interconnected but distinct bed sections or
theoretical plates. Passage of solvent through the bed is
visualized to take place in steps as in the operation of the
Craig apparatus. In each step the solvent (plus any un-
adsorbed sample) in plates NO,N1,N2, etc shifts over to the
next higher number plate and fresh solvent enters plate NO’
equilibrium taking place at each step according to the
distribution coefficient (see Table 2.2-1&1and figure 2.2—28a).
Mathematically, the distribution of X on the adsorbent bed
is given by the successive terms of the binomial expansion
)1

(x+Yy where n is the number of solvent transfers that have

taken place. As shown in figure 2.2-2, as X moves down
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the adsorbent bed, for large values of n, a symmetrical
concentration distribution converging to a Gaussian distri-
bution is formed (figure 2.2-3).

The band width can be defined by the standard deviation
g of the Gaussian curve and this is found to be equal to
VHL where H is the plate height and L is the distance migrated
by the centre of the zone. One useful prediction of the
model is that the zone width, proportional to o, increases
with the square root of the zone migration distance L.
Therefore, the plate height for a uniform column may be defined

as:

H = (2.2-1)

o
L

In a nonuniform column where concentration and velocity
gradients exist the plate height is then the increment in the

variance ¢? per unit length of migration.

(2.2-2)

Giddings1 has criticized the theory for the irrelevance
to the details of kinetic phenomena of the chromatographic
process, the assumption of plate wide equilibrium and the
discrete nature of the plates. Its failure to allow for

longitudinal diffusion effects has also been criticized.

2.2.3 Random walk model

Chromatographic migration can be described in terms of

the simple random walk model to account for molecular



)
A

0O 24 6 8 1012 1416 18

Sample Concentration

Plate Number Nj

FIG.2.2-3: APPROACH OF BAND SHAPE
TO A GAUSSIAN DISTRIBUTION.
SOLID LINE,CRAIG DISTRIBUTION

MODEL AFTER 20 TRANSFERS
(R =0.5); DASHED LINE,

GAUSSIAN  CURVE (from Ref.8a)



41

displacement. The model provides the simplest and most
direct calculation of the effects of dynamic molecular pro-
cesses on zone structure. If a large number of molecules
were started at a given origin, the operation of a many step-
random walk would lead to their dispersion. The standard
deviation (or quarter width) o of the resulting Gaussian

concentration is simply:
g = L/n (2.2~3)

where £ is the fixed step length and n, the number of steps
taken.

In terms of wvariance:
0% = 2%n (2.2-4)

for any number of simultaneous random processes such as those

occurring in a chromatographic system:

0°=0 + 0 + O + ... (2.2=5)

A combination of equation (2.2-4), which gives o2 for each
individual random process, and equation (2.2-5), which shows
how the o0? of component processes adds together to form the
final chromatographic zone,is sufficient for a guantitative
treatment. Einstein's ' equation relating o? to the

diffusion coefficient D is:

2 _
g = 2DtD (2.2-6)
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where tD is the time period over which diffusion occurs.
The equation can replace equation (2.2-3) for the calculation

of o?

values arising from molecular diffusion. To estimate
the 'average' time which a molecule needs to diffuse a

distance 4 from its starting point, d may be equal to o.

tl
The time required would then be obtained from equation (2.2-6)

as:

£ = g2 (2.2-7)

where tD is the time spent by solute molecules through the

distance, L.

2.2.3.1 Longitudinal molecular diffusion

Equation (2.2-6) can now be used in terms of random
processes to calculate the contribution to the plate height
made by molecular diffusion. Consider solute molecules
travelling in the mobile phase with the average mobile phase

velocity v,

then tm = L (2.2-8)
s

where tm is the column dead time, that is, the average time
for the passage of inert, nonsorbing molecules to position L.

Using equation (2.2-6):

=

(2.2-9)

"
N
(W)

< e
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where Dm is the diffusion coefficient in the mobile fluid.

The actual distance diffused is reduced due to tortuous and
constricted nature of the path, thus the obstructive factor
Y12’13 slightly less than unity (about 0.6) is applicable in

packed columns.

Thus g% = 2yD_L (2.2-10)

Using equation (2.2-1)

(2.2-11)

I
1\
=<
\w)

Equation (2.2-11) represents the contribution to plate height
due to molecular diffusion by random processes.
Under some circumstances, longitudinal diffusion in the

stationary phase can also contribute to the plate height.

Then c 2DSt (2.2-12)

where Ds is the diffusion coefficient of solute in the

stationary phase and tS is the time spent in the stationary

phase. Using Le Rosen's equation1
t
= - 1;R = k' (2.2-13)

where R is the equilibrium fraction of solute in the mobile

phase and is equal to 1/1+k"’.
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Then substituting equation (2.2-13) into equation (2.2-12)

o2 = 2D t (1-R) (2.2-14)
s

R

And using equations (2.2-8) and (2.2-1)

t =L
m v
and H = 0%
7
then H =2y Do (4_p) (2.2-15)
R

Longitudinal molecular diffusion, therefore, gives a
contribution inversely proportional to the flow velocity which
can be abbreviated as B/V where B is a constant related to

the diffusivity of the solute.

2.2.3.2 Adsorption-desorption kinetics

This process is an abrupt molecular process and involves
sites with different adsorption energies. Molecular desor-
ption occurs if and only if they possess sufficient activation
energy to cause the necessary rearrangement of rupture of
chemical or physical bonding. Solute molecules adsorb and
desorb in accordance with the law of first order kinetics;
the rate of the process is proportional to the total number of
molecules able to react. For each process there 1s a rate
constant or transition rate, k, which is the constant of

proportionality in the rate law and represents the fraction
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of the available molecules reacting in one second.

That is,

dc _
3t - k (2.2-16)

If kd is the mean desorption rate and ka is the mean
adsorption rate

Then

(2.2-17)

~l-

and fa T o (2.2-18)
d
where td and ta are the mean desorption and adsorption time
respectively.

During the migration of a chromatographic zone, adsorp-
tion and desorption occur frequently at random.
There is a transfer of activating energy in and out of the
molecular bonds. A desorption process 1is seen aé'a random
step forward, allowing mobility of the molecules in the
mobile phase and an adsorption process is seen as a random
step backwards retarding the movement of molecules. The
total number of random steps, therefore, involved during
zone migration through the distance L would be the number of
forward steps plus the number of backward steps which is
equal to twice the number of adsorptions as each adsorption
is followed by desorption.

If ta is the time a molecule remains in the mobile phase

moving with mean flow velocity, v, before being adsorbed.

Then, distance (segment) covered before adsorption
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Number of segments to reach distance L

= L

Vta

number of adsorptions

Number of random walk steps is

3
H

2x number of adsorptions

= 2L (2.2‘19)

On the other hand, in the same period, ta’ the zone centre
is also moving. The zone migrates only a fraction R as
fast as the free molecule.

. . Advance in time by the zone
= RVt
, a

Relative Displacement or step length of molecule

vta-tha

or £ (1-R)v't
a

Using equations (2.2-4) and (2.2-19)

Then

(1-R) 2vzta2 x 2L

(1-R) vt L
a
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Using equation (2.2-1)

H = 2(1-R)2vta (2.2=20)

In terms of mean desorption time

ta - _R

td 1-R

H = 2R(1-R)vtd (2.2-21)
Equation (2.2-21) is an important equation. It applies
to both heterogenous and uniform surfaces. The plate height

contribution due to kinetic or non-equilibrium effects is
proportional to the flow velocity, v, ta or td’ the time
necessary to make a transition between the mobile and
stationary phases (therefore, it 1s necessary to increase
the rate of transition) and it is also proportional to

R(1-R), a quantity which acquires a maximum at R=%1 and is

relatively small near the extremes where R=0 and R=1.

2.2.3.3 Diffusion-controlled sorption-desorption kinetics

This type of phenomenon is important in the partition
systems (gas liquid or liquid-liquid) where a bulk stationary
phase exists and a change occurs gradually as molecules
diffuse 1n and out of localized regions. The simple random
walk process is similar to that of adsorption-desorotion
kinetics and equation (2.2-21) is applicable which gives
the plate height, H, in terms of R, v and the mean desorption

time, ta; the only difference being that the rate of release
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by diffusion is controlled by the diffusion coefficient
while the desorption from surfaces is controlled by the rate
constant kd’

Using equation

(..t.
i
(o7

N

(2.2-22)

o)
Sl

where DS is the diffusion coefficient for solute in the
stationary phase and d, the distance diffused. When substituted
into equation (2.2-21) the plate height contribution is found

to be:

H = 2R (1—R)d2V/DS (2.2-23)

In equation (2.2-21) H is reduced by increasing sorption and
desorption rates (decreasing td). In this case, however, the
increased rate is affected by reducing 4 to its absolute
minimum; that i1s, the stationary liquid should be dispersed
in very small units. It is also desirable to choose liquids

with large DS.

2.2.3.4 Diffusion in the mobile phase

The nature of this diffusion is more complicated than
that in the stationary phase. Onlv recently has it been
possible to account quantitatively for some of the major com-
ponents of zone spreading caused by these diffusion
processes.15'16 According to Giddings17 velocity inequalities

which lead to zone spreading originate within the mobile

phase in the following ways:
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a. Transchannel Contribution, where a high velocity

exists in the centre of a flow system, and a low velocity
near the walls and diffusion leads to the exchange of mole-

cules between these regions.

b. Transparticle Effect. The existence of stagnant mobile

phase in porous supports which is surrounded by mobile fluid
in a state of motion. The interchange through the stagnant
mobile phase gives rise to transparticle effect, seen in

partition chromatography.

c. Short-range interchannel Effect. In a packed bed,

small tightly packed regions are joined together by a rather
loosely filled space composed of large channels. A significant
velocity differential occurs between the large open channels

and the smaller surrounding ones.

d. Long-range interchannel Effect. Throughout a given

cross-section of the column no single undulation of the pattern
could be exactly repeated, thereby giving rise to variations
in the average velocity within each undulation or repeating
flow unit. The diffusion back and forth among these units

leads to a long-range interchannel effect.

e. Transcolumn Diffusion. Velocity differences are found

to exist between the outer regions (influence of wall on
packing density) and the centre of the column (due to bending
of a column) or between one outer region and another. Transfer
of solute molecules between velocity extremes must occur
through diffusion on a column-wide scale.

Employing the random walk model, the contribution to

plate height by these processes is given by:
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H = w.d %v (2.2-24)

where wi=wéwé and w, and w, depends on the particle effect

2

categorized above.

(2.2-25)

where S is the distance a molecule must diffuse to reach

one extreme from another

and w, = Av (2.2-26)

where Av is the difference between the extreme and the mean
velocity, w

The values of W, wB and Wy have been tabulated for all
the five effects in table 2.2-2. It is very difficult to
generalize transcolumn effects. For straight columns,trans-
column inhomogeneity is due to size separation effect where
larger support particles settle near the outside, allowing
greater permeability and increased flow rate. Smaller

18,19 In addition, there is

particles settle near the centre.
the wall effect20 due to the narrow gap between the wall and
adjacent particles. Generally, the velocity near the outside
is 10% greater than the average, and that near the centre is
10% or so less. The bending or coiling of a chromatographic
column can also lead to transcolumn effect21 common in GC.

A molecule near the inside beﬁd is progressing more rapidly

than its outside counterpart because its path is shorter, its

velocity 1is greater (this results from larger pressure



Table 2.2-2

Approximate magnitude of the parameters wi’ Ai and v,.

2

Type of Velocity Inequality W, Ay \)%=2ki/wi
1. Transchannel 0.01 0.5 102
2. Transparticle 0.1 10" 2x10°
3. Short—rangé interchannel 0.5 0.5 2

4. Long-range interchannel 2 0.1 0.1
5a. Transcolumn 0.02-10 0.4-200 40
5b. Transcolumn (coiled) 0-102 0-10° 40
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The classical theory of eddy diffusion assumes that
solute molecules follow fixed streampaths down the column
and the eddy diffusion term will be a structural property.
In fact, solute molecules frequently undergo lateral diffu-
sion and can be carried into new flow channels and its path
becomes highly segmented containing many random walk steps.
Therefore, the assumption that H was the sum of the
contributions from the flow mechanism, Hf, and from the
diffusion mechanism, Hp,as in the classical theory of eddy
diffusion, seems unjustified. The coupling theory of eddy
diffusion developed by Giddings17 gives H to be equal to:

H = L (2.2-32)

1/Hf+1/HD

in contrast with

H = He + Hp (classical theory (2.2-33)

eddy diffusion)

An equation of this type applies to all categories of velocity

inequality, thus yielding a summed expression”’22 ZH for
the final plate height term.
2 1

Ho=y (2.2-34)

1 3. 2

ikidp + Dm/Winp
Dividing each side by dp, and substituting for dpv/Dm=v
we obtain

h = . 1 (2.2-35)
1/2Ai+1/wiv
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where h is the reduced plate height and x;the reduced

velocity. Also, the'reduced transition velocity, which is
a dimenshmdess number dependent only on the structural
factors X, and W and independent of diffusivity and mean

i
particle diameter, is given by:

v% = 2>\i/wi (2.2-36)

If v% is determined for one mobile phase, its value will

be fixed in that column for any other possible mobile phases.

2.2.4 Rigorous Stochastic Theory

In predicting the random model, an arbitrary decision
must be made on what to take as the length and number of steps.
In addition, the model is based on a fixed number of steps for
all participating molecules which in sorption-desorption
kinetics, a variable number of steps are taken. The length
of step taken is also notoriously variable.

Giddings and Eyring23 studied the random sorption-
desorption processes of chromatography and derived a rigorous
expression for the concentration profile of solute molecules
emerging from the end of the column in terms of probability,
density function or distribution function P. This stochastic
approach was derived for a single kind of adsorption site or
for any first order exchange process.

The approach assumes that there is a definite non-varying
constant, ka’ representing the probability per unit time that

the molecule will adsorb on the surface. This first order-
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rate constant is accompanied by a first-order desorption
constant kd. The assumption that ka and kd are non-varying
constants, independent of time or of the molecules history
causes a departure from diffusion-controlled kinetics.
According to this rigorous approach, for a large number of
adsorptions and desorptions, if the molecule started its

migration in the mobile phase, its distribution function P

is then equal to:

b = kgk t, expl-(vkit - vk t )°] (2.2-37)
2/7 £3/4

A slightly different probability distribution is obtained
if the molecule starts its migration in an adsorbed state
(in paper chromatography).

Then

k expl[-(vk,t -vk_t_)?]
b = d ds am (2.2-38)

2/ (k_k.t ) /4 g 174
a dm S

where tS and tm are the time spent in the stationary and
mobile phases, respectively. The above two expressions have
been derived for a large number of adsorptions and desorptions
when the elapsed time is large compared to the time required
for adsorption or desorption. These two asymtotic expressions

can be expressed in the form of a Gaussian profile24, which 1is

P = constant><exp(-deté/4Es) (2.2-39)
which is identical to the Gaussian profile

P = constantx exp(-At?/271?) (2.2-40)
s
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in its dependence on the time Ats which is the departure of

tS from the mean, ts.

The plate height contribution due to this approach is

H = 2R(1-R)V/kd (2.2-41)

This equation is identical to that derived by the random
walk model provided that 1/kd is replaced by the mean desorp-
tion time td'

This one-site stochastic theory of Giddings and Eyring23
has since been extended. Gidding525 has formulated two-site
theory in terms of complex double summations. Giddings
developed a somewhat simplified integral expression from which
a sample profile was computed. McQuarrie26 has formulated

both the two site and the general n-site problem but the

results are too complex to be readily usable.

2.2.5 Non-Equilibrium and Generalized Non-Equilibrium

Theories

The non-equilibrium approach is based on entirely different
considerations than the random walk approach and stochastic
theory. The single molecular events of the random walk
approach and the stochastic theory have been replaced by the
overall concentration changes at a given point down the column
which result from the flow and kinetic processes of chromato-
graphy.

As a concentration profile, representing a chromatographic

zone, moves down the column, both the leading edge and tail
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end of the zone have concentrations of solute that are

more than and less than the equilibrium respectively.

This is explained in terms of non-equilibrium and the degree
of non-equilibrium is dependent on the rate of sorption and

desorption of solutes and velocity of migration.zz’23

The
non-equilibrium approach is, therefore, used only for the
calculation of the C (or rate) term in the plate height
expression which is related to the transfer of solutes between
regions having different velocities. C is often called the
mass transfer term or the non-equilibrium term.

The plate height contribution by this consideration 1is
identical to the equation derived from stochastic theory and

with the equation derived from the random walk theory which

is
H = 2R(1—R)V/kd (2.2-42)

On the derivation of this equation two assumptions have been
made, namely a near-equilibrium assumption where a rapid
exchange of solute between the mobile and stationary phase
maintain a near-equilibrium condition and the assumption of
the existence of a uniform or one-site surface containing
equivalent or homogenous sites. Mass transfer by diffusional
transport has been neglected in this consideration.

The non-equilibrium theory has been extended and
generalized in view of the known complexity of chromatographic
materials. The generalized non-equilibrium theory is, there-
fore, applicable to a number of real chromatographic problems,

1ike the existence of heterogenous surfaces, the existence of
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mixed mass-transfer mechanism where both mass transfer by

step-wise kinetics and diffusional transport are considered.
The contributions to H by different chromatographic

processes have been tabulated in table 2.2-3 according to

the various approaches and theories discussed above.



Table 2.2-3

Contributions to H by different chromatographic processes.

Processes H Model
Plate height

Longitudinal molecular H=2me/v Random Walk Model
Adsorption-desorption H=2R(1—R)v/td Random Walk Model
(1-site) H=2R(1—R)V/kd Rigorous Stochastic

and Non-equilibrium

theory (NET)

H=2R(1-R)V/kd Generalized N.E.T.
Multi-site Adsorption H=2R(1-R)V/td Generalized N.E.T.
A1 A2
A1 A3
A1 An
Adsorption of Complex H=2(1-R) v Generalized N.E.T.%
Molecules k12f2+k14f4
Adsorption in Parti- H=2(1-R v/k12+ Generalized N.E.T.%
tion Chr. 2X§Rv.k32

K'=r, Xoex’=1-v
Diffusion in Esatio- H=2R(1-R)d3/DS Generalized N.E.T.%
nary Phase Applicable to st.phb

as uniform film or
pores of uniform bore
and depth d.
1 d ?v
H= 7 R(1-R)—E— aApplicable to
S
dp=rod diameter stationary phase
dp/2-pore existing in rod-shaped

units when length is >

diameter (paper chromatogr.)



Table 2.2-3 (cont.)

Processes H Model
Plate height

H=qR(1—R)d2/DS Applicable to a
g-configuration column for all units

of stationary phase

Diffusion-controlled H=2R(1-R)d2V/DS Random Walk Model

Sorption-desorption

Processes
Velocity H=widp2v/DM Random Walk Model
Inequalities Transcolumn
H=0.004r2v/D
C m
Eddy Diffusion H=2>\i dp Classical Theory
H=1 ! >
i 1/2>\idp+Dm/wivdp
Dm’ DS = Diffusion coefficient of solute in mobile and
stationary phase respectively.
v = mobile phase velocity
vy = obstructive factor
R = equilibrium faction of solute in the mobile
phase
= 1/1+k'
Cd = mean desorption time
k = mean desorption rate



= t ]
k12, Kygr k32 rate constants for adsorption step

f2, f4 = fraction proceeding from initial to complete
adsorption
d = depth of stationary phase
dp = rod diameter
q = configuration factor
_ S2 Dv? . .
W, = — where S is the distance a molecule must
1 2d_2%v?

diffuse to reach one extreme from another.
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3.1 Historical background of carbon in LC

In classical liquid chromatography, prior to 1955,
charcoal was among the most popular of chromatographic
adsorbents.1’2 The early fundamental studies carried out
by Tiselius and co-workers in column liquid chromatography

all used activated carbons.3’4

At this time, activated
carbons were widely used for the study of adsorption of
hydrocarbons without substituted group55'6 and of hydrocarbons

2,7-9

containing them. Some papers discuss the adsorption

isotherms,z’6 others are concerned with the heats of wetting.m’11
However, its use gradually decreased due to the poor peak
shapes so often obtained and the competition from silica gel
in TLC. However, with the realisation of the disadvantages
of silica based particles an intense search for new adsorbents
is now occurring owing to the rapid proliferation of HPLC.
Due to the fact that chemically bonded phases are not stable
under all conditions and cannot solve all separation problems,
there is a growing need to find non-polar adsorbents in LC.
Carbon adsorbents are, therefore, of special interest and
they offer a pronounced lipophilic or reversed-phase surface.
A carbon adsorbent in the form of diamond was used by
Telepchak12 for the separation of benzene and anthracene.
The chromatograms are shown in figure 3.71-1 (a and b). In
spite of its unique mechanical properties and nearly non-polar
surface, this material has not found application due to its
low specific surface area and high cost. However, in the
13,14

last few years, following the extensive work of Kiselev,

15 .
Liberti and others > in GC graphitized carbon blacks have



Solutes:

1. Benzene
2. Anthracene

(a) (b)

1+2
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Flow Rate: 0.2 ml/min
Eluent: (a): 50%M ethcnol/HzO

() 30%Methanol/ Hy0

F1G 31-1: REVERSED - PHASE ~ ADSORPTION
ON  DIAMOND (ref. 12}
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been used in LC. These are composed of colloidal particles
of graphitized carbons with an average diameter between 0.01
and 0.5um. The microparticles cannot, of course, be used
directly in chromatography but they must be pellitized to
form aggregates but, uﬁfortunately, such aggregates are very
fragile and are easily destroyed by shear forces due to the
ligquid flow during column operation or column packing. In
addition, graphitized carbon blacks (GCTB) generally have a
low surface area (5—1Om2g_1) are, therefore, easily overloaded.
A form of graphitized carbon black is now marketed by Supelco
under the trade name Carbopack for GC. This material was
developed by Liberti and co-workers15 and is in the form of
weakly bound spherical pellets, but made from Saran Charcoal
rather than carbon black. It has been used recently in LC15
but can withstand only relative low pressures and 1is too
fragile to be regarded as a realistic candidate for a LC
packing material.

Benzene and other hydrocarbons can be pyrolyzed into
various forms of pyrolytic carbon.16-18 If this pyrolytic
carbon is deposited on carbon black particles their hardness is
much increésed.19 Barmakova et §£.16 applied this idea to
GC. Guiochon and co—workers20 used this technique in LC.

They started from carbon black aggregates of 5-50upm in size.
Carbon black was obtained from Cabot, Neuilly, France (Sterling
FTFF) ac the basis for a material of small specific surface
area and Black Pearls from Cabot, Boston, U.S.A. for larger
specific surface area. The mechanical strength of the trial

material was much greater than the original aggregates but

was still insufficient for LC. They subsequently performed
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the pyrolysis of benzene on silica gels such as Spherosil

XOA 600, and XOB 75 and 75um Partisil instead of carbon black.
The percentage of pyrocarbon deposited was somewhat critical
for the amount deposited should eliminate the sorption pro-
perties of the silica while not giving so thick a laver that
pores were completely blocked and efficiently reduced; 15-20%
proved the optimum but up to 50% deposition still gave useful
materials. Unger et g;.21 adopted another approach using
purified and calcined active charcoal and cokes which were
mechanically hard but had very low surface areas of only a

2g-1. More recently still, Plzak et g&.zz prepared a

few m
new carbon adsorbent by reduction of polytetrafluoroethylene

(PTFE) with alkali-metal amalgams in vacuo at 100°C. This

procedure produced a highly active carbon of extremely large

2g_1. The so-called

surface area in the region of 2000 m
"Jado-Carbon" could be modified by various treatments including
high-temperature heating treatment to give materials of areas
as low as 20 ng—1. The carbon powder obtained exhibits very
good mechanical properties for packing HPLC columns but shows
poor chromatographic characteristics.

Inspite of the efforts made to produce suitable carbons
for LC, it is readily seen from the published chromatograms
that poor chromatographic performance has been obtained so
far. Peaks are badly tailed especially when solutes are
significantly retained and plate efficiencies are low. This
is attributed to the fact that the surface of carbon adsorbent
is heterogenous and strong adsorption of molecules occurs at

rare but particularly active sites on the adsorbent surface.

In summary, the only carbon to give good peak shapes is
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graphitized carbon black (Carbopack) but this is too weak
for HPIC.

A novel carbon was recently described by Knox and
Gilbert23 and which was originally called porous glassy carbon.
They conceived the idea of making porous carbon by impreg-
nating the pores of a silica template by a polymer such as
the phenol- hexamine resin. The material was subsequently
carbonised at 900°C in an inert atmosphere. The template
was dissolved out by alcoholic KOH at 120°C and the carbon
obtained was heated in argon at temperatures greater than
2340°C to improve its surface, remove micropores and provide
adequate mechanical strength. The method of production of PGC
has now been improved so that its kinetic performance in LC
has been enhanced. The details of the production and its
modifications will be dealt with in greater detail in Chapter

6.

3.2 Desirable characteristics of a column packing material

with reference to carbon

To be applicable as a packing in HPLC, a particulate

carbon should possess the following characteristics: (i) suf-
ficient hardness to withstand high pressures, (ii) a well-
defined, reproducible and stable surface which shows no change
during chromatographic work or storage, (iii) a specific surface
area in the range of 50 to 500 m2/g to give adequate retention

of solutes and to maintain a reasonable linear sample capacity,
(iv) a mean pore size not less than 10nm and an absence of

micropores in order to ensure rapid mass transfer of solutes



64

into and out of the particles, (v) ease of preparation by
a simply controlled, low-cost process (vi) uniform surface
energy to give linear adsorption isotherm.

An essential requirement of any final material for HPLC
is that it must possess sufficient hardness to withstand high
pressures and high eluent flow rates during column packing
and operation. The hardness of carbon is directly related
to its molecular and pore structures. Layer-type materials
such as graphite are soft whereas amorphous glassy carbons
possess high mechanical strength due to their microcrystalline
mosaic structure. Between these two limiting cases a large
number of structural intermediates exists. One of them 1is
the so-called turbostratic structure proposed by:-Biscoe and
Warren.24 The layers in such carbon materials are 'arranged
roughly parallel and equidistant but are not otherwise
mutually oriented’'. It may be concluded that because of their
low mechanical strength highly ordered graphite-like carbons
are less likely to be suited as packings in HPLC than amorphous
carbons.

Particle porosity also has an important effect on
mechanical strength. In general, particles are too fragile
for HPLC when the particle porosity exceeds about 70% (a
typical silica gel, for example, has a particle porosity of
about 55%). Each population of pores contributes to the total
specific surface area. In general, active carbons have high
surface areas whereas graphitized materials have low surface
areas. Carbons having high surface areas due to micropores

are not suitable for use in liquid chromatography on account



of slow mass transfer and
one of the major problems

carbons suitable for HPLC

of eliminating micropores.

65

too high retention. Undoubtedly,
in the manufacture of porous

arises from the extreme difficulty
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4.1 Production of Polymeric Carbons

4.1.1 Introduction

Carbon exists in many forms, but of these only two,
diamond and graphite, can be completely characterized.

These are the true allotropes of carbon and both occur nat-
urally. However, a wide range of artificial bulk carbons
have been prepared for industrial use. These include dense
electrode carbons, nuclear reactor carbons, active carbons
(for decolorizing materials), carbon flims and glassy carbons.
Artificially produced carbons can be categorized into cokes
and chars but this historic distinction between the types of
carbon is not clear cut because a continuous gradation exists
between the two types.

Organic compounds are the main and almost exclusive raw
materials for the production of synthetic carbons and graphites.
When many high polymers are heated in an inert atmosphere to
temperatures above 300°C they lose much of their non-carbon
content as organic vapours and leave a residue consisting of
carbon. The process is termed carbonization or pyrolysis.
Until recently, two types of carbon were distinguished. If
the material passed through a liquid or tarry state immediately

prior to carbonization the resultant carbon is termed a coke:

if it does not pass through such an intermediate phase, the

resultant product is called a char. The most common and,

indeed, the earliest known char is charcoal which is the
carbon produced by carbonizing wood. Correspondingly the

most common coke 1s produced by the pyrolysis or partial
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combustion of coal or heavy oil. However, more recently
other methods of making carbons have been developed. Carbon
fibres are produced by the carbonization of different poly-

1,2

mers. A relatively new form of carbon, glassy carbon, can

now be produced by the carbonization of phenolic resins3

which are also the basis of production of the novel form of
carbon, porous glassy carbon (or PGC for short) which is the
subject of this thesis. The pyrolysis of the resin is now

discussed in more detail.

4.1.2 Phenolic Resins

Phenolic resins constitute an important group of polymers
in which the chain consists of phenolic groups linked by

methylenes (-CH,). They are formed by a condensation reaction

2
between phenol and hexamine (or formaldehyde) with elimination
of ammonia and water. They can be produced by either a one-
stage or a two-stage process.

In the one-stage process, phenol is reacted with excess
formaldehyde so that the phenol-to-formaldehyde (P:F) molar
ratio is less than one. The mixture is heated in the presence
of alkaline catalysts such as sodium hydroxide or ammonia.

The actual degree of polycondensation can be controlled to
form either a 'resol' which is a short low molecular welght,
linear polymer and completely soluble in the alkaline solution
or a 'resitol' which is a long linear polymer with slight
amount of cross-linking between chains. Resitol is insoluble

in alkaline solution but readily soluble in organic solvents.

when heated to a higher temperature, resitol undergoes extensive
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cross=linking to form a hard and insoluble resin.

When the amount of formaldehyde is reduced so that the
P:F ratio is greater than one, it requires a two-stage process
to form a phenolic resin. The reaction is allowed to proceed
in the presence of an acid catalyst until no further chemical
changes take place. The resin formed called 'Novalac' is
fusible and soluble in organic solvents. It is then ground
and treated with hexamine to form a hard, infusible resin with
methylene cross-links.

If, on the other hand, hexamine [N4(CH2)6] is used
instead of formaldehyde, no catalyst is regquired, and, no
matter what the P:F ratio is, the resin is made in a one-step
process because the ammonia released acts as a catalyst in the
process. The use of hexamine, therefore, simplifies the
whole procedure and for this reason was adopted for the produc-
tion of PGC.

According to Zinke4 nitrogen in the resin exists in the
form of dimethylene-amino bridges. In a resin with excess
phenol, nitrogen is eliminated as ammonia resulting in the
formation of methylene bridges giving a phenol-methylene
structure as shown in figure 4.1-1. It has been established
that a nitrogen-free resin is formed by heating 6 phenol:

1 hexamine (molar ratio) and that all the nitrogen in hexamine
escapes as ammonia during polymerization. Fitzer et al.
consider that between 100 and 300°C polymerization continues

to form long chain polymers.

4.1.3 Carbonization of Phenolic Resins

Carbonization (pyrolysis) of polymers is normally carried



OH (b)

FIG.4.1-1: (a) STRUCTURE OF LINEAR
POLYMER OF PHENOL-HEXAMINE;
(b)STRUCTURE OF RESIN OF
PHENOL-HEXAMINE
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out in an inert atmosphere and its various stages are

6,7 When strongly cross-=linked

illustrated in figure 4.1-2.
polymers containing oxygen are pyrolysed, it is evident that
condensation, oxidation, dehydration and decomposition may
occur as both parallel and sequential reactions. In almost
all cases, pyrolysis takes place in the solid state. The
first step in the pyrolysis of phenolic resins, as the poly-
mer is heated from 300°C, is assumed to be the formation of
ether bonds (III) by the reaction of two phenolic groups,
accompanied by the release of water. In parallel to this
reaction, a condensation of a phenolic group with a methylene
group occurs to yield a triphenyl-methane structure (IV).

The cyclic ether diphenylpyran (V), identified as being pro-
duced above 400°C, can be explained by a chemical condensation
of two phenolic groups accompanied by cyclization.

Due to instability at temperatures around 400°C, the
pyran ring releases methane and yields the more stable furan
ring (VI). Above 450°C, the remaining methylene bridge (VII)
is oxidized by the water of pyrolysis to form keto groups
(VIII). Above 400°C, the keto groups release carbon monoxide,
thus yielding the biphenyl structures (IX). There are no
definite data available regarding the further course of the
pyrolysis. Dibenzofuran (VI) is assumed to be formed at
temperatures above 600°C.

Solid-state pyrolysis results in the formation of aromatic
sheets or groups that are randomly orientated with respect to
each other. There is not sufficient mobility of these
groups for rearrangement to occur to give ordered groups.

While limited rotation becomes possible in the biphenyl
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structures (IX), it is not sufficient to result in good
graphitizability. At the same time, the strong cross-link-
ages renders the release of low molecular weight fragments
difficult and this leads to a high carbon yield. In the
case of phenolic polymers the carbon yields amounts to 84%8-10
of the original carbon or about 50% of the original polymer
weight. The pyrolysis gases consist primarily of water,

carbon monoxide, carbon dioxide, methane and hydrogen.

Figure 4.1-311 shows the weight loss of a 12:1 and 6:1
resin as a function of heat treatment temperature. A marked
weight loss is observed between 300 and 400°C which corresponds
to the change in chemical structure detected by infra-red
spectroscopy.11 The rate of weight loss decreases gradually
up to 1250°C and, thereafter, the weight remains constant.

The weight loss of a resin is highly dependent on the molar
ratio of phenol to hexamine. The weight loss of the 6:1
mixture follows the same shape as that of the 12:1 mixture
but the final weight loss 1is reauced to 49.6% compared to
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