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Abstract

Electron spectroscopy for chemical appllications (ESCA) has
been used to study a serles of samples of sedimentary organlic matter

comprising coal, kerogen and bitumen.

The elemental analysls data from the ESCA experiment Is found
to be In reasonable agreement wlith data obtained by conventlonal micro-
"analytical techniques. In addition, structural information derlved from
the ESCA analyses is presented.

The extent to whlich these geochemical materials undergo changes
in func+loﬁali+y, as detected by ESCA, when subjected to nonequilibrium
plasmas, excited principally in oxygen, has been Tnvestigated. Special
attention has been paid to a study of the plasma oxldatlion of gllsonite,
a naturally occurring bltumen, as a function of freafﬁenf time and plasma
power.

Complementary to thls Investigation, a selection of polymer

samples has also been treated under similar conditions.
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CHAPTER ONE

ELECTRON SPECTROSCOPY FOR CHEMICAL APPLICATIONS (ESCA)




CHAPTER ONE

Eléctron Spectroscopy for Chemical Applications (ESCA)

.1 Introduction

The ESCA experiment involves the measurement of binding energies
of electrons ejected by interactions of a molecule with a monoenergetic
beam of soft X-rays. In common with most other spectroscopic methods,
X-ray photoelectron spectroscopy is a technique originally developed by
physicists and is now extensively utiltized in the fields of inorganic,
organic and physical chemlstry providing valuable information on structure,
bonding and reacfivi+y.'

Although independent Investigations by De Broglie 2,3 and
Rob inson 4-'6‘in+o the photoetectric effect studied the X-ray induced
electron emission from a variety of materials ranging from thin metal
films to inorganic salts in the early part of the 20th century, only in
the 1950s was the technique developed by Siegbahn and co-workers at the
Institute of‘Physics, Uppsala University, Sweden?’8 Much of the pioneering
work into high resolution X-ray photoelectron spectroscopy was carried out
by Siegbahn, who christened the technique ESCA (Electron Spectroscopy for
Chemical Analysis) which he later amended to Electron Spectroscopy for
Chemical Applications. Stegbahn's two books 'ESCA Atomic, Molecular
and Solid State Structure Studied by Means of Electron Spec*l‘roscopy'9
and 'ESCA Applied to Free Molecules'lo'provide_ex+ensive documentation
of his early work.

The development of electron spectroscopy pre-Siegbahn is covered

in a review by Jenkin, Leckey and Llesengang.

“\‘)“HAM UNIVERS/7y
2 7 8oV 1981
SCIENGE 1BRARY




The technique of ESCA is also known as:

(1) X-ray Photoelectron Spectroscopy (XPS)
(2) High Energy Photoelectron Spectroscopy (HEPS)
(3) Induced Electron Emission Spectroscopy (!EES)

(4) Photoelectron Spectroscopy of the Inner Shell (PESIS)

At this point It is worth mentioning that a multitude of
approaches are-available by which electrons, characteristic of the material
from whence they originated, may be generated. These distinct techniques,
based upon the analysis of electron energies following a collision between
an impacting particle or photon and an atom, molecule or solid, may be
classified under the generic term 'electron spectroscopy'. Types of
electron spectroscopy are listed in Table I.1. A detailed description
of Individual techniques is beyond the scope of this thesis; however the

Interested reader is referred to recent reviews by Baker and Brundle 106

107

and Rhodin and Gadzuk and references therein.

1.2 Fundamenta! Electronic Processes Involved in ESCA

1.2.1 Photoionisation

Irradiation of a molecule with X-rays causes electrons with
binding energies less than that of the exciting radiation to be photo-
ejected. 2 X-ray sources in common use today are MgKéil’2 and AJLKc:ul'2
with photon energies of 1253.7eV and 1486.6eV respectively. The |
electrons ejected may be either core or valence electrons (Figure 1.I)
though the latter are usually studied using ultra-violet photoelectron

12
spectroscopy (UPS) with He(l) radiation (21.22eV), or He(ll) radiation

(40.8eV).



Table 1.1 Types of Electron Spectroscopy

Name of technique

Photoelectron spectroscopy
(Uttraviolet excitation)

Photoel ectron spectroscopy
(X~ray excitation)

Auger electron spectroscopy

lon neutralisatlon spectroscopy

Penning fonisation spectroscopy

Autoionisation electron
spectroscopy

Resonance electron capture
Electron transmission spectroscopy

PES or
UPS

ESCA or
XPS

AES

INS

PIS

106

Basls of Technique

Electrons ejected from materials by monoenergetic ultraviolet
photons are energy analysed.

Electrons ejected from materials by monoenergetic X-ray photons
are energy analysed.

Auger electrons ejected from materials following inftlal lonlsation

by electrons or photons (not necessarily monoenergetic) are energy
analysed.

Auger electrons ejected from surfaces following Impact of a noble
gas fon are energy analysed.

Metastable atoms are used to eject electrons from maferlals.

-The electrons are then energy analysed.

Similar to Auger electron spectroscopy. Electrons ejected In an auto-
fonlsing decay of super-excited states are measured. Electron or
photon impact can be used to produce the super-exclted state.

The elastic scattering cross~sectlion for electrons Is measured as a
functlion of the energy of the electron beam and the scatterling angle.
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Figure 1.1 The photoionisation of a core level electron

It has been shown that the relative intensities of various
peaks in the valence electron spectrum vary with differences in the
incident excitation energy, not only between X-ray and U.V., buf_befween
X-ray photons of different energies., 26 These effects are attributed to
differences in photoionisation cross-section involved in the various
electron states in the valence band region. (The cross-section for
photoionisation for a particular level is a measure of the probability
of the level being Tonised when irradiated by a photon of known energy,
and is discussed more fully In Section 1.6.) Figure I;Z demonstrates
the striking difference between X-ray and U.V. valence band studies on
carbon monoxide. | The phofon sourées used are AzKu"z (1486.6eV) and

He(1) (21.2eV): note the difference in relative peak intensities between

the two spectra.
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The ﬁhofoehission process is c0mple+e'ih typically
- IO‘-"7 seconds._|3 | |

The total kinetic energy of an emitted. photoelectron (K.E.,
which may include the confribufions'frOm the vibrational, rofaffoﬁal
and transiational motions, as well as electronic) is given by the

equation I.1|

K.E. = hv - B.E. - E_~ ' (a.n

where'hv [s.Thé energy of the incident photon; h is Planck's constant

and v is the frequéncy of the X-ray fadiaTion. B.E. .is the binding energy
of fhe‘emi++éd electron which is defined as the positive energy required
ToAremové an electron fo infinity with zero kinetic ehergy, and Er is the
recoil energy of the atom.  Siegbahn éndnco-workefs 2 have shown Théf

the recoil energy is usually neg!igible.for light atoms when Using
Typicaf'X-ray sources,-Tor‘exaéple MquI,Z aqd.AzK&"z. This Is not

"~ - the case however'where high energy X-rays, for exampie AgKa (22000eV)

aré employed, and recoil energies for light elements must be taken into
account.  Recent studies by Cederbaum and Domcke 4 show that these
effec%s cah,lead to modff1c§+ions of the vjbrafionalAbénd enveiopes of
t1ght atoms and hence recoil energies for lfghf elements must be considered.
Wi+h +he present resolution of typical ESCA spectra the excitations faom
fhe.fransla+ional, vibrational and rotational motions are seldom

observed to contribute to the final K.E. Therefore the equation for a

free~mqle¢ule'reduces to equation 1.2
K.E. = hv - B.E. : ' (1.2)

I+ is important to understand the relationship that exists
between the bindfng energles observed experimentally by ESCA for sol 1ds

" versus free moleculeé when compared with values calculated theoretically

by ab initio and semi-empirical LCAO - MO - SCF treatments.



The most convenient reference level for a conducting sample
Is the Fermi level. 15 In 2 metael this level, sometimes referred to
as the 'electron chemical potential', is defined as the highest occupied
level at absolute zero.

The work fﬁncfion, ¢s’ for a solid is.defined as the energy gap
between the free electron (vacuum) level and the Fermi level in the solid,

and is represented diagramatically in Figure 1.3. The vacuum levels

o i Uil I
KE’
KE
Vacuum
Level (sample) Vacuum
| Level {spect)
%
Cspec
_ - _ _ _Fermi
£ Level
hv
BE E’}frgy
core
level
SAMPLE SPECTROMETER

Figure 1.3 Relationship between vacuum level and Fermi level for a sample

isolated from spectrometer




for the solid sample and the spectrometer may however be different and
the electron will experience either a retarding or accelerating potential

where ¢s is the work function of the specfromefer.q

equal to Qs - gspec pec.

In the ESCA experiment it is the kinetic energy of the electron when it
enters the analyser that is measured, and taking zero binding energy to

- be the Fermi level of the sample, the following equation results

B.E. = hv - K.E. - gspec. ‘ (1.3)

The binding energy referred to the Fermi level does not depend
on the work function of the sample but on that of the spectrometer and
this represents a constant correction to all binding energies. Energy

referencing and sample charging effects will be considered in Section 1.5,

1.2.2 Processes Accompanying Photolonisation

Several processes may accompany photoionisation and these may
be divided Into two main categories depending upon whether they are slow
compared to the original photoionisation or occur within a similar time
span. Electron relaxation, shake-up and shake-off occur within a.
similar time span and result in modification of the kinetic energy of
the photoelectrons. Auger emission and X-ray fluorescence however are
comparatively slow processes and cause little effect on the kinetic

energy of the photoelectrons.

1.2.3 Electronic Relaxation

Accompanying the photoionlsation process, which Is comp]efe
within a time span of approximately IO-l7 seconds, there is a substantial
electronic relaxation of the valence elecfrons. 6-18 It has been shown

by theoretical and experimental studies that the relaxation energy is a



sensitive function of the electronic environment of a molecule 19-23 and

hence is responsible for shifts in binding energies. Relaxation energles
associated with core ionisations of first row elements have been found to

23,24 and are caused by the reorganisation of the valence

be considerable
electrons in response to the decreased shielding of the nuclear charge.
This reorganisation changes the spatial distribution of the remaining
electrons. The differences between relaxation energies for closely
related molecules are small and therefore they éaUse only small changes

in binding energies.

The theory of the chemical shift in core electron binding
energies has received much attention ’8’26’27. Whereas the ionisation
energies of core electrons in small molecules'can be calculated by ab
initio methods, this procedure is unrealistic wheh dealing with polyatomic
molecules. - 1t is then necessary to resort to approximate semi-empirical
methods. These take many forms. The use of Koopmans' Theorem 29 in
the calculation of binding energies does not account for electronic
relaxaTién, whereas self-consistent field (ASCF) calculations do take

account of the relaxation energy (R.E.). This provides a method by which

relaxation energies may be investigated, equation |.4

R.E. = B.E. (Koopmans) - B.E. (ASCF) (1.4)

1.2.4 Shake-up and Shake-off Phenomena

The removal of a core electron, which is almost completely
sHieIding as far as the valence elec+rons are concerned, is accompanied
by substantial reorganisation (relaxation) of the valence electrons in
response to the effective increase in nuclear charge. This perturbation
gives rise to a finite probability for photoionisation to be accompanied

by simultaneous excitation of a valence electron from an occupied to an



unoccupied level (shake-up) or ionisation of a valence electron (shake-off)

as shown in Figure 1.4. These relaxation processes result in excited

Photoionization Relaxation Shake-up
Virtual —_— —_— —_—
Orbitals _ ___:_____
_— e e - —_—_—msm—== 'FFOZ-E-I'I" - =
Valence ——— seeensueeanne )
Orbitals —————— - Relaxed ———
D e P -
)
hv & hy e
Core [EEP . ——
Orbitals —_—

Figure 1.4 Photoionisation, shake-up and shake-off




sTaTes of the core ionised species. Since these phenomena take place
on a similar time scalé'fo photoionisation they result in a modificafion
of the primary photoelectron signal producing satellite peaks occurring
to the lower kinetic energy side of the main core signal. The shake-up
process obeys monopole selection rules and may be viewed as an analogue
of'ulfra'viqlef (U.V.) spectroscopy.

These processes have received much attention both from the
experimental and theoretical standpoint. The theoretical relationship
between shake-up and shake-off satellite intensities to the relaxation
energy has been discussed by Manne and 3berg. 0 They showed that the
weighted mean of the direct photoionisation, shake-up and shake-off

peaks corresponds to the binding energy of the unrelaxed system

(Figure [.5).

Electron count I Relaxation
{ , Energy

v

: —-KE.
Shake-off |Shake-up  Direct Photoionization

!
Weighted mean
( Koopmans')

Figure 1.5 Relationship between relaxation energy, Koopmans' Theorem (mean)

and the relative intensities of direct photoionisation, shake-up

and shake-off



Shake-up and shake-off structure has been studies in a range of organic 3,32

33,34

and inorganic materials, particular attention being paid to 'd'

104

block elements. The intensity of shéke-up satellites varies from

material to material, and the 3d spectra of the oxides La203 and CeOZ,
for examp!e, show safeflife structure of comparable intensity to the main
photoelectron signals%5’BQn such cases difficulty Is encountered in
distinguishing satel!lite and parent signals. Shake-up peaks are most
difficult to identify the stronger they are and may be mistakenly
Interpreted in terms of a chemical! shift effect.

The phenomenon of shake-up has proved fto be of use in elucidating
fine detalls of structure and bonding in polymer systems which are not

directly attainable from the primary information levels in ESCA. 37-39

Shake-up effects have been the subject of a recent review. 40

1.2.5 Auger Emission and X-ray Fluorescence

There are two principal processes through which de-excitation
of the hole produced in a core sub-shell normally decays, namely X-ray
fluorescence 41 and Auger electron emission. Both these processes,
which are shown schemafically In Figure 1.6, are comparatively slow
compared to photoionisation and so they have little effect on the kinetic

energy of the original photoelectron.

The probability for each process is a function of the atomic
number of the atom as shown in Figure !.7, Auger emission predominating

8
for lighter atoms while X-ray fluorescence is more important for heavier

elements.
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Figure 1.6 Photoionisation, Auger Emission and X-ray Fluorescence
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Figure 1.7 Efficienéy of Auger and X-ray Fluorescence processes as

a function of atomic number

Auger emission may beAviéwédfas a two-step process in which the
- ejection of an electron from an inner shell by a photon is followed by an
'e[ééfron dropping down from a higher‘level to the vacancy in the inner

42f47 When the

shell with simultaneous emission of a second electron.
“electron drops from a valence orbital, the Auger spectrum is related to

~ the énergies of both the valence and core orbitals. When the electron



drops from an inner orbital, a Coster-Kronig 46 transition, the Auger
spectrum is related to the inner orbital +raﬁsi+ion. Such spectra are
often very well resolved but unfortunately lead to broadening of the
ESCA spectrum due to the very short I%feTime of the process. For a
Coster-Kronig process to occur, the difference in binding energies of
the two inner shells must be sufficiently large to eject an electron
from an orbital in the higher shell. These processes only occur in

elements of atomic number <40, e

Auger Emission Spectroscopy (AES) is itself an important
analytical technique in its own right and has found particular application
to the study of the surfaces of metals and semiconductors. Commercial
Auger specfromefers use an electron beam as the source of excitation
radiation of typically 2 keV rather than X-ray photons. The technique
is high!y surface-sensitive since the sampling depth of the exciting
electrons is only about five atomic layers 48 or " I x IO-gm. I+ should
be noted that the flux dosage of the incident electron beam used in AES
is approximately three orders of magnitude larger than a normal ESCA
photon beam and radiation damage caused to organic material poses a

severe problem, 49,50

Due to The complexity of the Auger electron signal, chemical
Information is not so straightforwardly extracted as in ESCA. However,
in the case of metal oxides, for example, the Auger chemical shift is
much larger than the photoelectron chemical shift because of polarisation
screening effects; +the direction of the shift being such that the kinetic
energy of Auger electrons from more polarisable salts is increased more
than is the energy of the photoelectrons.

From the work of Shirley, Kowalczyk, Ley, McFeely and Pol lak 21-24

in their studies of -systems of Cu, Zn, Li and Na, and from the independent

investigations by Wagner 1os and with co-worker Bilden 25, a relationship



between shifts in Auger energy and the shifts in photoionisation
peaks was derived. >4

Wagner 55_has since developed the concept of the Auger Parameter,
which is taken as the kinetic energy of the sharpest Auger !ine minus that

of the most intense photoelectron peak, and is of considerable value to

analytical chemists because It is a quantity independent of sample charging

26, 105 on which photoelectron and

effects. Chemical state scatter plots
" Auger data are represented for a given element are likely to be of
considerable importance in the use of ESCA for identification of chemical

states.

1.3 Chemical Shifts

The core electrons of an atom are essentially localised and do
not teke part in bonding. Their energies are characteristic of the
particular element and are sensitive to the electronic environment of
the atom. ! While the absolute binding energy of a given core level
on a given atom will be characteristic of the element (Table 1.2),
differences in electronic environment of a giveh atom in a molecule give
rise to a small range of binding energies, 'chemical shifts', often
representative of a particular structural feature; the classical

i1tustration being the C' spectrum of ethyl trifluoroacetate shown in

'S
Figure 1.8. Shifts in core levels as a function of substituent for a

wide range of polymers which have been investigated experimentally are

shown in Table 1.3, and similar informaféon exists for other core levels. 105
Such data taken in conjunction with relative cross-sections for photoionisation
(to be covered in Section |.6) from the relative core levels forms the

basis for quantitative analysis by ESCA. This aspect will be treated In

Section I.Il1.



Table 1.2

Is

]s
2s
2p|/2

2p3/2

Approximate core binding energlies (eV)

LT

55

Na

1072
63
31

31

Be

111

Mg

1305
89
52

52

188

AL

1560
118

74

73 .

284

Si

1839
149
100

99

399

2149
189
136

135

532

2472
229
165

164

686

C2

2823
270
202

200

Ne

867

Ar

3203
320
247

245

Ll
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When choosing & core level for éfudy, the following factors

are worthy of consideration:

(1

(2)

(3)

(4)

(5)

The core leve!l should have a high cross-sectlon for photo-
ionisafion to give a high intensity spectrum.

The escape depth of the electrons should be taken into
account (see Sections 1.6 and [.I[!).

Levels should be chosen which are free from interference
from other peaks in the same region of kinetic energy.
This interference may be caused by either core level
photoionisatlon peaks (e.g. Hg4f/5i2p) or Auger electron

signals. An example of the latter is glven by Figure 1.9

which shows wide scan ESCA spectra for a polymer sample

studied with both MgK&!’z and AzK&,’?_ radiation.  The
change in photon energy allows a ready identification to

be made of the direct photoionisation peaks and those
arising from Auger processes since +h§ kinetic energy of
the latter are independent of the way in which the initial
hole is created. Thus the well-developed fluorine Auger
spectrum is readily tdentified whilst the distinctive core-
level spectra showvfhaf the material contains fluorine and
carbon.

The line widths should be sufficiently narrow so as not to

obscure subtle chemical shifts.

The peak should be well removed from high background signals,

that is, there should be a high signal to noise ratio.

20
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.igure 1.9 Wide-scan ESCA spectra for an ethylene-tetraf!uoroethylene

copolymer with MgKa' 2 and ARK&' 2 photon sources showing
’ ’ s

differentiation between photoionisation and Auger peaks.
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Much attention has been paid to the theoretical interpretation
of the chemical shift phenomenon observed experimentally. The following

distinct but interrelated approaches have been used:

(1) Koopmans' Theorem 29

58,59

(2) Core Hole Calculations - |inear combination of

atomic orblitals - molecular orbital - self-consistent
_field method (LCAQO MO SCF)

(3) Equivalent Cores Model >

(4) Charge Potentlal Model 10

(5) Quantum Mechanical Potential Model 60-62

(6) Mahy body formalism

An account of the physical processes invwolved in electron

photocemission and their effects for a theoretical standpoint has been

given by Fadley. 63

1.4 Fine Structure

F.4.} Multiplet Splitting

Multiplet splitting of core levels is the result of spin
Interactlion between an unpaired electron resulting from the photoionisation
process and other unpaired electrons present in the system. Examples ca:.
be found in the core level spectra of transition element compounds. 64,65
The theoretical interpretation of mulfiplé+ effects is relatively straight-
forward only for s-hole states and Is based on Van Vlecks' vector coupling
model . The magnitude of the splitting provides information concerning

the locallsation or delocalisation of unpaired electrons In a compound,

since the greater the locallsation and spin densities on an atom the



greater will be the observed splitting. Multiplet splittings in photo-

electron spectroscopy have been reviewed in some detail by Fadley. 67

1.4.2 Spin Orbit Splitting

When photoionisation occurs from an orbital which has an
orbital quantum number () greater than |, i.e. froma p, d or f orbital,
then coupling can occur between the spin (S) and orbital angular
momentum (L) to yield a total momentum (J). A déub!ef, which Is usually
well-resolved, is then observed in the spectrum instead of a single peak.
The relative intensities of the component peaks of the doublet are
proportional to the ratlo of the degeneracies of the states which is
quantum mechanically defined as 2J + 1. The relative intensities of the

J states for s, p, d and f orbitals are shown in Table 1.4 and illustrated

in Figure .10,

Table 1.4 J States for s, p, d and f orbitals

‘ Orbital Total
Orbital Quantum No. Quantum No. Intensity Ratio
2 J = (25) (2041) &+ (281 +0)
s 0 '/2 singlet
p ! '/2, 3/2 e 2
2 3 5 2:3
f 3 5,, 7, 3:4
2 2
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Energy (eV)

Figure 1.10 Spin-orbit splittings in C!s’-E&Zp’—ASSd and Au4f

core levels.

1.4.3 Electrostatic Splitting %770

This is caused by the differential interaction between the
external electrostatic field and the spin states of the core level being

investlgated. It has been observed for a number of systems, for example,
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the 5p3 levels of uranium and thorium and In some compounds of gold. .72
2 :
Correlation has been observed between electrostatic splitting and the
quadrupole épliffings obtained from Mdssbauer specfroécopy, 3 which
arise from the interaction of the nuclear quadrupole moment with an
inhomogeneous electric fleld.
A summary of the type of splitting encountered in ESCA is
given in Figure I.11.
m=t 372 { +3¢2
—3b
2p 2
, ‘;FAB y
p =¢l. + 12
(8) é {2) . -
n=2 | | 2o/ m=2ll { sl
(8) (2) (2) — =l
2s 2s, m=21/2 { — il
\ (2) ?23 (2) —lfp
Quantum No. n ! J Im;[ mg
| Typo of . rbi ic  Multi
" oplitting” Principai Orbital Spin-Orbit Electrostatic Multipiet

Flgure 1.1l Schematic of the types of splitting encountered In ESCA
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1.5 Sample Charging and Energy Referencing

As mentioned previously, for conducting samples,in electrical
contact with the spectrometer, the Ferm! level serves as a convenient
level for energy referencing. HoWever, with insulating samples or samples
not in contact with the spectrometer, the Fermi level Is not so well-defined
and scme calibration procedure must be adopted in order to correct for this.
The phenoménon of 'sample charging' associated with Insulating
samples arises from the inability of the sample to replace electrons at
the surface from the surroundings in contact with the sample, elther
through conduction from the sample backing or by capture of stray electrors
from the vacuum system. 74-76 This stray electron flux, which comprises
slow electrons photoemitted from the sample, from photoelectrons generated
by X-ray impact on the X-ray window and on the chamber walls, for example,
has been shown to amount to 99% of the total photoemitted flux for an
Insulating sample. 76 Photoemitted electrons from the surface experience
a net retardation and therefore larger binding energles are measured.
All photoelectrons are affected by the same retardation voltage and are
shifted 16 energy by the same amount.

For a sample with a uniformly distributed positive surface charge,

the energy equation for a solid becomes:

K.E. = hv = B.E. ~ QS -A (1.5)

where A is the energy shift due to the positive sample charge.

A non-uniform distribution or non-equivalent positive potential
('differential sample charging') over the surface of the sample wili lead
to a broadening of the primary photoelectron peak. This is because. the
electrons from core fevels of afams of different charge wil! experience

d! fferent retardation potentlals at the surface.
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One method by which charging may be detected is to vary the
incident electron flux by means of an electron ' flood gun'. 120
Additional low energy electrons are released into the sample region:
If the photoelectron peaks move to lower apparent binding energy,
charging effects are present. Indeed, the use of such flood quns has
found application In the study of the complex charging effects arising
from conducting and Insuiafing catalyst sites in industrial catalysts. 121

The prime motivation for the use of elec+fon flood guns is the
very large sample charging for thick insulating samples in spectrometers
employing monochromatic X-ray sources. The removal of bremsstrahlung as
a source of secondéry electrons can lead to shifts in kinetic energy scale
In the hundred eV range and can be compensated by flooding the sample with
fow energy electrons., Samples can become negatively charged however, and
the method needs great care to achieve an accuracy comparable with that
of other methods.

An alternative source of low energy electrons is to illuminate
the sample region with U.V. radiation from a low pressure, low power mercury
lamp via a quartz viewing port in the source region of the spectrometer.
Sufficient secondaries are generated from photoemission, from the metal
surfaces of the sample analysis chamber, that saﬁp!e charging is reduced

to a low level. 122

The most convenient method for overcoming the problems of sample
charging connected with energy referencing employed fn routine analyses
is to use a suitable reference peak. A correction factor calculated from
-the observed kinetic energy of the photoelectrons corresponding to the
reference peak is then used to find the binding energies of the other
peaks. The two most commonly used calibration lines are the C'S peak

from (QHZ)n environments at 285.0 eV binding energy, either inherent in
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the sample or arising from hydrocarbon contamination within the

spectrometer, 77-18 and the Au4f 7/ fevel at 84.0 eV, if the sample

2
has been deposited on a gold substrate.

A study by Clark, Dilks and Thomas 123 into the sample-charging
phenomena arising in the ESCA experiment for a series of polymers has
shown sample charging to be of importance as an information level in
its own right. For samples-sfudied as films or poWders mounted insulated
from the spectrometer probe and for gold under similar conditions, it has
been shown that over a wide range of operating conditions, equilibrium
charging shifts are characteristic of the samplé and show a strong
dependence on the theoretically calculated tota! photoionisation cross-
sections.  The surface sensitivity of the phenomenon has been demonstrated
by monitoring changes in changing shifts as a function of hydrocarbon
contamination, or in the case of thin films deposited on gold. The time-
dependent behav!our of charging shifts for polymer films mounted directly
in contact wifh.fhe spectrometer was also reported. The utillty of
studying sample-charging shifts was demonstrated by reference to changes
which occur upon surface modification of an ethylene -tetrafluoroethylene
copolymer system In radio frequency plasmas excited in inert gases.
Detalled ESCA analyses of both the core and valence spectra for the
polymer system under similar reaction conditions have shown that the
chemical changes which occur produce a surface which has a greatly reduced
fluorine content. 124-127 The considerable difference existing between
the charging characteristic of the fluorine containing copolymer and of
a solely Hydrocarbon based polymer such as polyethylene made it possible

for the change In surface composition to be monitored by sample charging

measurements.
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1.6 Signal! Intensitlies

The geometry employed in the ES200B spectrometer with a fixed

arrangement of analyser and X-ray source is depicted in Figure .12,

Analyser

Figure 1.12  Schematic of the sample geometry relative to the

X-=ray gun and analyser.
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: ;fhv represen+s-fhe incident phofon'béamiand e-ais-fhe lracllon of'phofo-

- emlfled elecfrons en+er|ng The analyser, ¢ is lhe angle befween +he

”a.X-ray source and the analyser enlrance sll+ and e descrlbes +he angle

tr.of The sample ln rela+lon to +he analyser. lf The phofoeleclrons are
;j;emlffed from a depfh d of fhe sample, their. +rue pa+h leng+h wlll be
- d' where f:' A : ‘
g! = d cosec 8 ; S e T ) (1.6)
Due +o +he shor+ mean free pafhs of elecfrons (for K.E. >:50eV)

“in sollds l+ ls possuble to enhance surface feafures with respec+ +o bulk

:-. and subsurface by conduc::ng experlmenls |nVOIV|ng ‘grazing ex|+ of +he

' phofoemllfed eleclrons Wthh are analysed that |s with 8 approachlng '90°.
,3Angular dependence sfudles are only feasuble on unlform flat surfaces
l:a(e .9 . fllms or. coaflngs) and is no+ appllcable +o samples with rough
‘;;surface +opography, such as ls “the case for powders.- |
‘ For an |nflnl+ely thick homogeneous sample the ln+en5|+y (1)
ofvfhe”elasllc (no energy loss) phoT0|on|sa+|on peak correspondlng +o
"pho+0|on|sa+|on from a core level i may be expressed as: '

dby = Fo; N, K, e Codx T

" where: -l} is the intensity arising from core level 1,

F. is the exciting photon flux,

- d; Ts the number of atoms per unit yolume on which lhei
‘core level 1 is locallsed, | |

yk'_ls the spectrometer factor,

mA._

_is the electron mean free path.
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On integration the equation 1.7 becomes:

: —x/A'
1 = fFa.Nke dx (1.8)
[o]
b, = Fa. N, k. A, (1.9)

The parameters affecting the intensity of a given signal in
ESCA are discussed more fully below.

The X-ray flux, F, is primarily dependent on the power applied
to and the efficiency of the X-ray gun. However, the angle of incidence
@ of the X-rays and the analyser and 8 do have an effect on the intensity

of the photoionisation peak.

The cross-section for photoionisation of core level i, o,

is a parameter whiéh describes the probability of the core level being
ionised when irradiated by a photon of known energy 81 and includes only
the fraction of the total number éf electrons photoemitted within the
angle of acceptance of the analyser focussing lens. o is a function of
the core level to which it relates and the energy of the incident photon.
Values of di may be calculated from the fundamental properties of the
atom 82 or determined experimentally from gas phase ESCA experiments.

The geometry of the X—ray source with respect to the analyser entrance
slit affects &i values, Bbut for a particular spectrometer and using the
same X-ray source and with a fixed value of @ then @, is normally a constant.
With Mg|<'ct',2 and Ade"z the cross-sections for photoionisation for core
levels of most elements of the periodic table are within two orders of

magnitude of that for the Cls levels, therefore ESCA has a convenient

sensitivity range for all elements. The cross-sections for core levels

are normally considerably hlgher than those for valence lfevels.
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1 includes contributlons due to

 detector efficliencies, analyser transmission characfeflsT!cs which are

The spectrometer factor, k

both dependent on the kinetic energy of the core electrons being analysed,
and gedmeTric factors such as the solid angle of acceptance of the analyser.'

The inelastlc mean free path of photoemitted electrons (somefimesf;”

referred to as the escape depth) Ai, Is defined as the distance In the
sol1d through which the electrons will travel before '/e+h of them have :
' 83,84.

not suffered energy loss through inelastic collisions.  Both experimental
and.+He§re+ical 8 calculations of A' have been uhderfaken. AI is related
to fhe3kine+ic energy of the photoionised electrons and ranges from ~4f.
‘f§r electrons of abou+ 80eV K.E. to '303. %ok electrons of about 1500 eV.

‘This variation is presented graphically in Figure 1.13.
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Figure 1.13 Mean free paths of photoemitted electrons.
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-The sampling depth (not to be confused wl+h the electron mean

free pa+h) is defined as the depth from which 95% of +he signal, artsung

from a glven core level, derives and may be related to A by

- X zn 0.05 (1.10)

Samp!ing depth
= 3 (r.rn

As an example, for carbon Is levels studied by a MgKa' 2 X-ray source the
kinetic énergy of the photoelectrons is A960eV and the mean free path of
the electrons is ~I5R. 50% of the signal seen by ESCA derives from the

outermost IOX of the sample and 95% from the fop 458, ~ This Illustrates

. the hlgh surface sensl+!vi+y of ESCA.

‘ _IT has been noted thet the saﬁpling depth varies with X and this
effect is clearly iltustrated by the high and low kinetic energy germanium
peaks (Ge 3d 1222eV and Ge 2p 268eV) from a sample of germanium with a

passive oxide surface, as shown In Figure .14,

Ge 3d - Ge 2p

OX el
L 4

1445 1455 260 270
KINETIC ENERGY (eV)

Figure .14  Ge core level spectra from Ge metal with a passive oxide

overlayer, illustrating the greater sampling depth of the

higher K.E. photoelectron.




In general, a deparfdre from homogenei+y within the sample
region‘wilf be indicated by a marked‘deViaTion.inlfhe infensify'ra+io
of widely spaced peaks (oﬁ the kinetic energy scale) from that obtained
from homogeneous standards. The ratio of the infen$f+fes 'Iow/'high
for fhe‘High and low kinetic energy peaks provides an alternative method
for analytical depth profiling. This may be used to monitor oveflayer
~ and modfficéflon effects; +he intensity ratio tending to @ minimum as
the modification depth tends to 3Ahigh.

~ Although the number density N. s not directly related to the

density of the sample, it s generally the case that for similar materials
the ESCA signal for a given core level Wil be more Intense for the higher
density material. 78» The most important consequence of Ni is that the

relative signal intensities for core levels in a homogeneous sample are

directly related to the overal stiochiometries of the atoms sampled.
Thus for +w6 core'levels i and j,

i "Fai'Nl'ki Ai

T 7 Fa. N, K, X,
J % TN

1 :
(1.12)

If i and j correspond to the same core level in differing chemical

environments, then _
N, ,

) = ) A __I. = -—l
ki a, Ai = kj aj AJ and T » ..
A J o
If however i and J are different core levels then ki a, A # kj aj AJ and
'..EE- : li k., a. A, . The ratio k., a, X,
N. I, K. a, A, k, o, A,
J Joror i N T

may be ‘determined experimentally from standard samples of known stiochiometry

containing i and j. Since k.I and k., vary from one spectrometer to another.

as does (@ + 9), +heée.ra+ios, known as sensitivity factors, must be

determined for the particular spectrometer. 86

" Quantitative aspects of ESCA are to be discussed in Section I.11.
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I.7 Line Shape Analysis

The need for |ine shape analysis (deconvolution) arises when
the chemical shift of a level Is smaller than the linewidth of that level.
The measured | inewidths of component peaks for a core leve! may be expressed
as

2 2

2 2 2,
(BE)" = (BED" + (A" + (RED® + (AE_) (1.13)

AEm is the measured width at half height, the so-called full
width at half maximum (FWHM).

AEx is the FWHM of the X-ray photon source. This is the
dominant contributor to the observed 1ine widths, typical values belng
0.7 eV for MgK’ml,2 and 0.9 eV for AzKa"z 9 and may be reduced using
monochromat!isation fechniques;"o

'AES is the contribution due to spectrometer abberations and Is
dependent on the emission energy and the choice of analyser slits,

AESS is the contributlon due to solid state effects In the
sample. |

AE  is the natural width of the core level un&er investigation
and is related, via the uncertainty principle, to the I1fetime of the core
hole state. Small changes In tine widths of the order of O.! eV have
been found to be caused by chemical effects which have a small effect on the
life time of the core hole state. This emphasises the need to estimate
peak intensitles by area and not by height.

The contributlon to AEm from AEx for the commonly used photon
sources (i.e. Mg and Ag) are essentlally Lorentzian line shapes. The
characteristics for the energy distribution in MgKa radiation are essentially
comprised of four major component:-lines; d', dZ’ d3 and &4, the relatlve

positions to the @ line are -0.33, +8.4 and +10.2 eV, with relative
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Intensities of 100, 50, 12.8 and 6.9. 87 The aq and o lines are

signlficantly removed from the @ and az-linés and manifest themselves as
safellife‘peaks'fo the high kinetic energy sfde of the intense primary .
photolonisation signal in the ESCA spectrum. A slmilar situatlon Is
true for AgkKa radiation. 87

The con+rjbu+lon to AEm from AES is considered to be Gaussian,
whereas that from AE2 is Lqrehfzian.

The convolution of these line shapes produces a hybrid shape -
with a éaussian distribution dominating the overall line ;hape and with
Lorentzian character in The tails. The use of pure Gaussian shapes

10

introduces ohly small errors intc the line shape analysis.

Deconvolution procedures may be grouped into two main categories:

(1) Deconvolution by mathematica! methods which have been
- reviewed by Carley and Joyner. 88

(2) Curve fitting by simulation, either in analogue or

digital fashion.

Figure 1.15 is an example of a complex spectrum which has been deconvoluted
using this approach into its individual componen+s with area ratios shown.
For the work in this thesis, deconvolution was performed by
analogue simulation using a Du Pont 310 chVe résqlver (and the accuracy
is of the order of a few percent). On this instrument, the binding energy;
line width and peak height are controlled by.the operator as is also the
line shape, though this is usually set for a Gaussian form. The under-
lying philosophy in such a +echnlque'is out!ined in Table 1.5. When

deallng with complex line shapes, a detailed knowledge of prototype

systems becomes increasingly more important.
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Figure !.15 Deconvo! uted Cls spectrum of Poly-isopropy! Acrylate
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General background knowledge
for the system to be studied

\

From model compounds establish (i) -
> binding energies, (1i) FWHM and 1ine-
shapes of likely structural features

Fit spectral envelope using peak

No solutiton possible height as the primary variable and No solutlon possible from
from existing models binding energies within limits any reasonable models
\p FIIl in envelope with extra peaks
Unique solution Several solutlons € ——and vary FWHM within narrow limits,

of existing peaks

Eliminate any which
are not chemicaiiy sound
(I'i) do not conform with data
"gained from other core levels
(111) do not agree with data, not

Vv , dependent on Jine-shape'analysis

Determine peak areas, " Determine Aiy W
binding energies and FWHM, controids of Approximate No solution from
Compare with theoretical < unresolved < solutlons : available ESCA
models features data

~ . 1
Table 1.5 Llne-shape analysis by curve fitting; schematic of loglc procedure.

8¢
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i

1.8 ESCA Instrumentation

Instrumentation used In the ESCA experiment may be conveniently

considered in four parts:

n X-ray source,
(2) Sample chamber, .
(3) Electron enekgy analyser,

(4) Electron detection.

Most of the work In this thesis was carrled out using an A.E.1.
ES200B spectrometer; -a custom-designed Kratos ES300 spectrometer was also
used for some of the work described in Chapter Two.

A schematic of the basic experimental set-up Is given in Figure |.16.

ot
| . '
. Multiplier U
_ pac. Source L\\:/ ¢
- - St o ' forget
Y he gmg
———<<J——1 , "~ Sample
Amplifier & rate -meter 4 ' . T &
ﬂ "l x-y recorder , ‘ I
_ : - Filament

Figure .16 Schematic of the ESCA instrumentation .
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1.8.1 X-ray source

The X-ray beam Is COmMOnIy produced by the bombardment of a

fafgef (or anode) with high energy electrons. A typical, non-monochromatis

X-ray spectrum Is shown In Figure |.17, which illustrates the appearance «f

er
5k
4l
10 4

2k |
I3

\ A P T S

2 k) 10 6

L, = 12,3985 ov
rOA

Figure 1,17 X-ray spectrum of a tungsten anode

emisslon lines, characferléflc of the anode material superimposed on a
continuous spectrum (Bremsstrahlung). 89 The continuum's shape depends
only on +hevenergy of the Incident electrons on the anode, and not on the

nature of the anode material.
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Sof+ X-'r"ay sources are most corﬁnmonly_ employed in ESCA, for

example, the MgKa (hv = 1253.7 eV) and AtKa (hv 1486.6 eV) lines;

only very occasional use being made of harder X-rays such as CuKa'

(hv = 5415 eV). Other sources infermediafe
90 ‘

(hv = 8048 eV) and Crxa,

in energy are Sika (1739.5 eV} ~° and Tike X-rays (4510 V) and it is

likely that these harder X-ray sourcés will be employed in future Auger
work, o192 |

The ES200B sbec+rome?er has a Mérconi Elliott GX5 high voITége
supply unit with integraliy variable voitage, 0-60 kV and current, 0-80 mA.
The X-ray source comprises an unronochromatised magnesium anode of Henke
design 93 with hidden filament; this reduces risks of contamination of
+He target by evaporated Tungster from the electron gun filament. Normal
sourcé operating conditions are 12 kV and'IS hA. The X-réy flux Is of
- the order of O.| millirad s-l, % which causes Iittle or no radiation
damage to .the majority of systems. The target is isolated from the sample
éhamber by a thin aluminium window (™ 0.003" Thiék) to prevent interference
due to electrons from the filament. The risk of scattered electrons
‘é§ci+ing X-radiation frém the alumiﬁium-window is re&uced by operating the
filament at near ground potential (+ 10V) and the anode at high posiTiVé
voltage. Aluminium impurify,.somefimes found in méénesium targets, is
known to cause satellltes due to AZK& ex;ifa+ion of the sample under
invesflgaflon.‘ These satelllites, which have intensities a.féw percent of
the primary peaks, particularly affect attempts to detect peaks from elements
ApfesenT in trace amounts. : |

The ES300 spectrometer is equipped with a dual-anode & with -
‘ magﬁesluﬁ and titanium targets énd a monochromatised Asz"2 X-ray source,
their usual operating conditions being (9 kv, 8 mA), (I13.5 kV, 18 mA) and
(15 kv, 35 ﬁA) respectively. The monochromator for the AzKa' o uses slit \

’

filtering 'Q‘and‘diffracfloh from the (10 O) plane of quartz 10 at the

Bfagg angle of 78.3°.  Other monochromators may use dispersion compensation
‘ 96 .

- or '"fine focussina' svstems.
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The titanium anode probes further into the surface yielding

~ data on bulk composition. 7 The typical sampling depth using the

+i+énium target 1s~200 R, compared with a sampling depth in the reéion
of 50 R when a magnesium X-ray source Is employed. - Hence analytlcal
depth profiling at three levels is avallable at the flick of a switch.
An idealised photon source for bhofoelecfron spectroscopy would
be a monochromatised séurce of continuously Tunaﬁle,energy and high
Intensity.  Synchrotron radiatlon % has been developed since the 1960s
and facllitles for its use are becoming available. %9 The phenomenon
results naturally from the centripetal acceleration of charged particles
moving at relativistic velocities Inslde an accelerator: storage ring
systems are also in use. The funable polarised source so produced Is
capable of supplying exclting photons in the ultrasoft X-ray reglon.
The use of synchroton radlatlon sources would enable the study of, for
example, the varlation of the cross-section behaviour of different core

levels as a function of photon energy.

1.8.2 Sample Analysis Chamber

Figure 1.18 is a drawing of the ES200B spectrometer equipped
with monochromator showing the relatlive positions of the sample, X-ray

sources and analyser.

The source chamber has several access ports for sample Introduction
and treatments.  Sample entry Is via fast-entry insertion locks allowing
for rapid sample turn round and angular dependent studies.  Purpose=built
reaction chambers may be attached onto the source chamber via an insertion
!ockland this provides facllities for 'in situ' treatment of samples.

Typical operating pressures for the ES200B are <IO-7 torr for

samples of low volatility and a pressure in the IO_9 torr range Is obtainable
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Electrostatic
onalyser

Monochromator

Figure 1.18 Genefal layout of the A.E.'. ES200B spectrometer

after baking. These pressures are achieved using cold-trapped diffusion
pumps backed by fo*ary pumps. |

The ES300, which has a specially designed preparation chambér
attached permanentiy to the sample anal,lysis chamber to cater for the needs

of the polymér research interests of the laboratory, has separately pumped
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analyser ahd source regidns; Pumping for the source région of the
spectrometer is by»meéns;of an Alcatel 450 zs-l air-bea?ing,air¥+urbine
turbomolecular pump, whilst the analyser is pumped by a Izozs-' pump of
the same design. The base pressure fo? normal operatidg conditions Is

~ 8 x IO-g'Torr.

1.8.3 Electron Energy Analyser

'The ES200B has a hemisphericaf double fo¢ussidg analyser based

100 which is scredned from external

on +Hé principle désCribed by Purcell
magnetic interference by means of mu-me?é! shields.

- The resofufion of +heAanaIyser,'AE/E,<wh§ré E is the energy of
the electrons, should be ! In 104 for ESCA studies and is related to the

. mean radius of the hemispheres (R), and the combined wldth of the source

and collector slits (W) by the equation 14

AE/E =

=0
~~

.14)

The resolution may be improved by:

(1) Reducing the slit width, which reduces the sighal intensity,
(2) Increasing the radius of the hemisphere, fhereBy increasing
eﬁgineerfng‘cosfs and pumping requirements,

(3) Retarding the electrons before entry into the énalyséf. i

In practice a compromise is made on the slit widths +6 obtain
sufficient Signal intensity and on the size of the hemisphere so as to
prevent mechanical distortion and keep costs down. The ES200B uses a
retarding lens to slow the electrons down before enfry into the analyser

and cuts down on the resolution requirements of the analyser. ot
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This lens assembly also serves to remove +he>sample region from the
“analyser and hence more flexible sample hahdling can be employed.
Focussing of the electrons at the detector slit may take place

by either of two methods:

(n Scanniné the retarding potential abplled to the lens and
| keeping a cons+an+-po+en+ial between the hemispheres, or
.(2) Scanning the retarding potential and the potential between
the analyser hemisphere simulfaneoﬁs!y ma?nfaining a

constant ratio between the two.

The first method of fixed analyser transmission (FAT) has greater
sensitivity at low kinetic energies (<500 eV) and the second, fixed
retardation ratio (FRR) has greater sensitivity at higher electron kinetic

. energles. The FRR mode is employed in +his work.

l.8;4 Electron detection and data acquisition

Electrons of pre-selected energy pass from the analyser into
an electron multiplier via the collector slit. The output from the
multiplier undergoes amplification and is fed into a data handling system.

ESCA spectra may then be generated In two ways:

fl) The continuous scan, where the electrostatic field is Increased\
from Tﬁe starting kinetic ene}gy continuously, a ratemeter
monitoring the signal froh the amplifier. In this way a graph
of electron ;ounf rate versus the kiﬁefic energy of the-electrons
may be recorded on an X-Y plotter.

(2) The step scan, where the field is increased by preset increments
(Typfcally'011 eV5 and at each incremen+‘(a) counts may be
_measured for a fixed length of finé"or (b) a fixed number of

counts may be timed. = The data so obtalined is stored In a
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multichanne! analyser. Many scans can be accumulated fo
average random fluctuations in background thereby enhancing

signal to noise ratios.

It should be borne in mind that where data acquisition is a
lengthy procedure (greater than say | hoir) sample changes, such as
hydrocarbon build-up or sample charging éffecfs, may lead to erroneous

spectra.

.9 Sample Handling

1.9.1" Solid Samples

Solids may be mounted cnto the spectrometer probe tip using
déub!e-sfded adhesive insula+iﬁg tape. 'Heré sample charging effects will
occur énd a more satisfactory +echnique involves deposffing a thin layer
of +hé sample oﬁfo a gold substrate as a film by evaporation from a suitable
sélvenT,'or sublimation, for example. Small»sfrips and wires may be held
In a chuck and powdered samples may be mounted by pressing into a metal
gauze or piece of soft metal foil such as lead or indlum.

A typical probe has fécili+§es for temperature dependence studles,
“heating being achieved by means of conduction from a +hermos+a+ica|!y. |
" controlled resistance heater. Cooling is carried out by pumping liquid
nffrogen Thrdugh the probe, thus enabling solfds.whicﬁ are slightly volatile
to be sfﬁdied. ' Nbre volatile solids are usually sublfmed frqm a capillary

tube, which may be heated, onto a codled probe tip.
1.9.2 Liquids

- Although the technique of ESCA may be applied to the analysis of
solids, liquids and gases, the development of liquid studies Is still in

its Infancy. 18 The 6nly technique that is at present viable on
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commercially available instruments involves +hé injectlon of the liquid
info a heatable (250C to ISOOC) evacuated réservoir shaft followed by
diffusion of the vapour through a metrosil leak and subsequent
condensation onfé arcooled gold plate 05 +hé tip of the sample probe.
The.sample surface is continually renewed énd coﬁ+amina+i0n and radiation
dahage effects are thereby reduced.

Two techniques for studyling liqulds and solutions have been
developed by Siegbahn where samples are s+udied as.submilllme+er beams 102
or'as a filmon a.wire passing through +he X-ray beam parallel to the -

analyser entrance slit. 8

1.9.3 Gases

Gases may be s*udied either in condensed phase using a cooled
probe or in fhe'gaseéus phase for which purpose gas cells have been
developed. Studies using molecules in the gas phése have the following

advantages:

(1) No inherent broadening of the levels duelfo solid state effects.
(2) Problems of sample charging are removed.
(3) Increased signal to background ratio.
(4) Radiafion damage, if it occ&rs, is of no importance unless
“the sample 1s recirculated. |
(5) By mixing with standard gases, peaks may be readily callbrated.
(6) Inelastic losses and shaké-up or shake-éff processes may be
distinguished by Varying the sample pressure.

(7)  Direct comparison with theoretical calculations is simplified.
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1.10 - General Aspects of ESCA

ESCA is an extremely powerful ool with wide-ranging applicability.

The principal advantages of the technique may be summarised as follows:

(1) The sample may be solid, liquid or gas and sample sizes are
small e.g.“in favourable case img solfd, 0.1uf liquid and

_ O.Scm3 of a gas at STP.

(2) The'high sensitivity of the technigue is such that a fraction
of a monolayer coverage may be detected.

(3) The‘brocess is virtually non-destructive, siﬁce the X-ray flux
is small (0.1 mF!lirad_sec-[). This is especially advantageous
over Auger spectroscopy where the eiecfron beam produces many
surface changes, particularly in polymeric systems where cross-
linking and degradafioh can occur.

(4) The technique is independent of the spin properfies of the
nucleus and can be used to study any element of the periodic
table with the excepfioﬁ of hydrogen and helium. These are
the only elements for which Thé coré levels are also the valence
levels.

(5) Materials may be studied 'in situ' in their working environments
with a minimum of preparaflon; |

(6? The technique provides a Iarge-number of iﬁformafion levels from
a single experiment and these are Lisféd in Table |.6.

(7) ESCA has a higher sensitivity than many other analytical
techniques, as shown in Table I.7.

(8) The data is often complementary to that obtained by other '
techniques and has unique capabilities centred to the

development of a number of important fields.
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For solids, ESCA has the capabilify of differentiating the
surfa;e from subsurface and bulk phénomeﬁa, al lowing analytical
depth profiling. |

The information relates directiy to bonding and molecular
structure and applies to both inner and valence orbitals of +he'
mg}ecule. This enables a thorough analysis of electronic
structure of the system to be made.i

The fnformafion levels are such that 'éb-inffio' investigations
are possible and the theoretical basis is well understood,

resulting in considerable Interest to theoreticians. -
The followfng aspects should aiso receive consideration:

The overall costs are quite high,'being comparable to Fourier

Transform |1.R., laser Raman and conventiona! Mass Spectrometers,

- and considerably more expensive than standard |.R, equipment.

The vacuum system associated with ESCA instrumentation means
that routine sample handling requires brovision of vacuum
interlocks and also implies that it is not possible to switch

the spectrometer on to routinely investigate a sample.

.Although ESCA has the capability of studying solids, liquids

and gases, it is only for solids and gases that the requisite
lnsf%umen+a+fon is routinely available,

Whilst the technique has excellent depth resolution (in the range
of ~ 100 R), the spatial resolution is poor and an area of O.3cm2
is normally sampled. - |

1f the surface differs from the bulk, then it is not possible

to say anything about the bulk structure by means of ESCA

without sectioning the sample.
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(6) With conventlonal unmonochromatised X-ray sources and s|itted
designs, +w§ features are of importance In studying fhlck'
samples, namely sample charging and the polychromatic nature
of the X-ray source. The former, arising from a distribution
of positive charge over the sample surféce under the conditions
of X-ray bombardment can be a severe problem for thick
insulating samples and needs(cérefui consideration. The latter
leads to a relatively poor s!gjal to background ratio; however
this has been aileviated considerably by the development of
efffclenf monochromat isation schemés and.mulfiple col lector
assemb!ies.

(7) To take full advantage of the Technique often requires a
relatively high level of theoretical competence. However,

It must be emphasised that Thé'+echnique has cababil!fy for
exploitation at many levels, for example from routine trouble
shooting problems where only a straightforward comparison is
required, to investigations éf a phenomena at a fundamental

level.

It is the composite nature of the large range of available
information levels which endows ESCA with such wide ranging capablilities

and this hierarchy of information levels is set out In Table 1.6.
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The Hierarchy of Information Levels available in ESCA

Absolute binding energies, rela+i§e peak Intensities,

shifts in binding energies, Elemental mapping for solids,
analytical depth prqfliing, idenfffica+ion:of structural
features, etc. Shor+—range effec*é dirécfly, longer-range.
indirectly. "

Shake~-up - shake-off satellites. Monopole excited states;
energy separation with respect +o direct photoionisation
beaks and relat ve Intensities 6f'componen+s of 'singlet and
tripiet! origin.  Sho-t and ?énger Fange(effec+s,dlrec+ly_
(Analogue of U.V.).

MUl+iple+ effecfs. For paramzgnetic systems, spin state,
distribution of unpéired electrons (Analogue of e.s.r.).
Valence energy !evels, longer range effects directly.
Angular dependent studies. For solids with fixed arrangement
of analyser and X-ray source, varyfng take-of f angle befweén

sample and analyser provides mears of differentlating surface

~ from subsurface and bulk effects. For gases with variable

angle between analyser and X-ray source, angular dependence of

cross-sections, asymmetry parameter B !03, symmetries of levels,

‘A comparison of analytical +eéhniques_is shown In Table I.7.
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Table 1.7 Sensitivities of Various Anajytical Technlques

Bulk Techniques Min'mum'Défecfable Quantity (g)
Infrared absorp+ion‘ - 1076
Atomic absorption 10° - 1072
Vapour phage chromatography 1070 - 107!
High pressure liquid chromatograchy id-é, - 10_9
Mass spectroscopy lO_g - lO_'5

Surface Techniques

ESCA | 107'0
Neutron activation aﬁalysis 10742
fon scattering spectrometry 10 5
X-ray fluorescence . IO_7
_ Auger emission spec+rosc6py 1o™'4
Secondary ion mass spectrometry 10 !3

[.1l Quantitative Analysis

"Having presented an outline of +he nature of the processes
involved In the ESCA experiment together with instrumentation details
with particular reference to the qualitative viéwpoin+, for a thorough
appreciation of the data which is to follow in subsequent chapferé of this
thesls, It is necessary to highlight certain aépecTs of the procedures used
in deriving elemental analytical informanon at the quantitative level.

As mentioned previously, the first information level available
from the ESCA experiment Includes the relative intensitles of the photo-

fonlsation peaks within a spectrum. These may be used in conjunction with
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a knowledge of certain other factors, which will be expanded upon in the
following discussion, to yield a quan+i+a+fveAanaly§is.
In order that ESCA,'essenfially a surface sensitive technique,

- may Qe app!ied successfully to problems of quantitative elemental analysis,
‘1t Is of prime importance that the outermost monolayers of the sample
under investigation be representative of the bulk composition of the
material as a whole. Knowledge of the degrée of Homogeneify of the
material sampled is fhereﬁore important.

| A common situation of vertical inhomogeneify I's caused by the
presence of a layer of surfa;e contamination. = The depth 6f material
sampled ("3X, where XA is The inelastic mean free path of the photo-
electron) depends on the core level sfud?éd sfnce i is a function of the
klnéTic energy. A con+amina+!on layer +heref0re'ieads to errors in
quantitative analysis especially when peaks of widely different kinetic
energy are used. .

For homogeneous samples, elemenfal'analysis Is as follows.

'The aféa of the most infeﬁse core‘levelApeak of each element, together
with associafed structure (shake-up for examplie) where this can be assigneq,
Is measured. These figures are divided by the appropriate sensitivity
factors, derived using compounds of known stiochiometry fo yield atomic
ratios.

Tables of relatlve elemental sensiffvifies have been formulated

from experimental work using model compounds by a number of research

1é

workers, 108-110 and are unaffected by chemical environment. _ These

results which are reported in the literature refer to fnstruments used
In the FAT mode of electron detection and are not strictly applicable to
raw data obtained from FRR type Instrumentation. Theoretical calculations

81-2, 109, 111-2 __

of .photoionisation cross-sections have been performed _
13

the methods employed form the subject of a review by Huang and Rabalis.
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Discrepancles between results obtalned using theoretical crosg-sec+lons
and experimentally dér!ved sensi+ivi+y factors sfeﬁ from the assumption
that X-ray photoicnisation in sclids should be:essen+ially an atomic
process. In some cases the prdcesses aécompanying core lonisation which
detract from the main photoionisation peak may be difficult to assess
experimentally,

Crysfallini+y effects have been found to be Important when
dealing with materials containing inorganic solids. (This 1s an aspect
of considerable significance fn relation to the ffndings presented in
Chapters Two and Three of this thesis pertaining to a selection of geo- .
chemically important materials.) The solfd state matrix phenomendn was

first noted by Wagner 08 in his study of a variety of sodium and fluorine

M4 and Ng and

contalning compounds. SL"vingle,'”l Wyatt aﬁd co-Qorkers,
Heréules M5 have sfudiéd the effect on relative peak intensities oflmaTrix
effects, especially for lonic compounds. Nearest neighbour inelastic
'scattering effects in cer+ain.sys+ems appear tc play én Important role,
"causing a variation of escape probabillty with change In chemical

i 15
composition.

Evans, Adams and Thomes, in their studies aimed at the devélopmenf
of ESCA as a quantitative surface analytical fechnique, have reported a means
of probing the surface structure and composition of layered silicate minerals
using X-ray photoelectron diffraction, together with energy-dispersive X-ray
(K-emission) analyses and X-ray diffraction and extensive chemical analyses.!28
X-ray photoelectron diffraction paffefns were. obtained from monocrystalline
mineral flakes cleaved 'in situ'; a set of spectra being produced at 50_
increments of take-off angle.. The diffraction of the outgoing photoelectrons
by the atoms surrounding the emitting site allows differentiation between

equivalent, near-equivalent, and non-equivalent sites occupied by two or

more elements either in one single crystal or in crystals of closely similar
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structure. This is found to app!y even when the element(s) concerned
- comprise only a small fraction of the cfysfal and when the §ub—laf+ice
lacks both long and short range order.

Despite +hese~fac+ors,»reproducible, quantitative, instrument-
independent ESCA analyses to within 10% are possible provided that the

necessary cal ibration procedures for voltage scales and Intensity response

are followed. 7
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CHAPTER TWO

AN EVALUATION OF THE POTENTIAL OF ESCA IN THE CHARACTERISATION

OF COAL, KEROGEN AND BITUMEN

2.1 Introduction

In the previous chab+er a survey of Theiessenflal features of
ESCA was presented. = To date ESCA has foyna application In numerou§ far-
reaching areas,Aifs‘lnhefen+ sufface-seﬁsifivi+y serving as the prime
Tmpetus behind its utilisation.

The work which forms %he subjéc+ of this chapter concern§ the
ESCA'analysis of a series of ma+erials cf interest to the organic geochemist.
The eremen+al.ana[ysjs data from The ESCA experiment are compared with data
obtalned by conven+ional-microanalyfica§ techniques.- - In addition,

" structural information derived from the ESCA analyses Is presented.

2.2. The application of ESCA to geochem€s+r9

Surprisingly little work has been published relating to ESCA
applfed to geochemical prpb!ems. Two recent reviews fbcussing on the
fields of mineralogyv'89 and coal scfeﬁce '?Q give an overall account of
previous studies. be+ai!ed invesTTgaf%ons in+o the surface structure
128, 191

and composition of silicate minerals and their cation exchange

reactlons '9? héve Been made by Evans and coworkers.
Three aspects of coa} sclence ﬁnd ahalysls have been the subjects

of ESCA Investigations and eaéh will be presenfed In the following discussion.
The problems associated with +He routine estimation of oxygen in

coal will be treated In more.defa?l In Section 2.3.3a of thls chapfe?.‘

Coal scientists and technologists would welcome the development of rapid -
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dfrecf methods for the analyses for oxygen‘and organlc sulpHur. . Td
this end a series of coal and mlneral samples have been ana!ysed using
ESCAvand The-daTa compared with mncroanalysys resulfs. ’9 - Al+hough The:
ESCA carbon and total sﬁlphur defermlnéfidné were. foLnd fo.Bé In reasénable
agreement with the assoclated qulmafe chemtcal analyses, correlaflon in’
fhe case of oxygen was poor. |

| Two'salien*'feafures'of this work should be noted. - Firstly,
v'.no allowance was made for the pfésence of 6§y§en b¢und n other components
such as minerals. a- phofoelecfron sigrzl char acferféffc of-s!licon was
reported for some specimens. ' Secondly the relaTive intensities of The .
core electron envelopes were &onlfored as a function of peak helghf |
rather than §Verall éreé:(Secfion'J.7).

o Coal bfTen contains s?Qnifféén# quantities of sd]phur which Ié,‘ﬂ
recognised as existing in three for'ms:':94 jnorganic sulphafes;'jron-
pyrites (Fesz),.and organié sulphﬁr comgounds. Quanfffétfve aﬁalysis
of the organic ‘sulphur componenf Fs‘calcula+ed by subtracting fhé:sum~of
the suibhafe and pyritic sufbhﬁr ffom %he +0T51 sulphuf. The 'by |
difference! method is particularly sdscepfjble to sySTémé+ic errbrs and
'dire§+‘+echniques are faf more affracfive. |

Thé ex+en+ of Eesearch Tn+o}+ﬁe anélysis of the sulphur consfifuenfs: B
~of coal reflects not onlY‘fhe academic interest in'+he.$ubjec+, but also
the Tecﬁnological imporTance_bf The sﬁlphur mé?efies,béfh‘wffh resbecf To: L
the bfoéess of combusflon ifselannd to envifbnmen+él poilufién cdnfrof !95 f
Coal cleaning methods are normally capcale of removung complefely only
pyrite; some organically bonded sulphur is found to remain af+er
treatment. 197 The similar surface chemical characTerlsfics_of coal an& .
its associa+ea pyrite compiicafes their separafion By éleaning'mefhods_;g

which utllise surface property dlfferehées,:such as flotation or Selecffve e
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agglomerisation. Oxidatlon of the fron pyrite in coal, prlor to
cleaning, Is known to change the surface characteristics of the pyrite
and so Improve the effliciency of the separation processes. 195 The
abllity of ESCA to monitor changes In surface chemistry, together with the

wlde range of chemical shifts assoclated with the S2p photoionisation

level, 197-199 cted as the driving force behind ESCA studles of sulphur
in coal. The results of the individual studies, which are well
documented elsewhere, 190 Illustrate the potential of ESCA In the realms

190, 195

of coal oxidation phenomena. However, attempts to measure the

proportion of organic sulphur directly from the S2p core level envelope

has proved less rewarding than was first anticipated owing to the overiap
. 193,200
of the bulk of the organic sulphur signal with the pyrite peak.
For meaningful comparison of peak positions on the binding energy scale
from spectrum to spectrum, the need for energy referencing to allow for

sample charging effects (especlally manifest in spectra of Insulating

samples, see Section 1.5) cannot be over-emphasized.

Other ESCA studies have focussed on coal carbonisation, 200

201 190

analysis of coal ash and alrborne particulates. Very littie work

has been performed concerning elements other than sulphur In coal. 190, 200

2.3 An introduction to organic geochemistry

Before presenting a detalled account of the experlmental
procedures findings used in this chapter, it is useful to Indicate the
- relé+lonship existing between the material-types under consideration here,
namely coal, kerogen and bltumen from the organic geochemist's viewpoint.
Organic geochemistry, at the molecular level, was ploneered by
Tre!bs. In 1934, he Isolated and partially identlfied mefalloporphyrln§
from a vaEFeTy of crude olls and shales, and initiated studies which

encompassed research into the fate and distribution of carbon compounds
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in cdntemporary environments and In Recent and ancient sediments. 202

The rapid development of this fleld reflects, for example, its growing
appreciation by scientists and technologists, concerned with exploration
and exploitation of new potential sources of fossll fuels. Such a wealth
of documentation has evolved around the formation and occurrence of these
organic materials that 1t would be foolhardy to attempt to furnlsh a
thorough analysis of the literature: Instead, the Interested reader Is

referred elsewhere. 200~ 7» 2556

As in any Interdisciplinary subject, a éommon system of
‘nomenclature and classiflcation Is essential in the development of
bunamblguous communication and hence the furtherance of knowledge.

This in Ttself Is not an easy task as is witnessed by Breger 203 and
Durand 204 and reflects the complexity of the sedimentary organic matter.
This also indicates the diversity of the interpretations of the transform-

ation processes in sediments, especlally as concerns petroleum formation.

2.3.1 Sedimentary organic matter

The evolution of sedimentary organic matter is a very complex
procedure during which Ilving maferfal undergoes decomposition and the
- fractlon preserved, along wlth various other organic meterials which are
Introduced, Is incorporated in sediment over geological time. The organic
matter can be derived from organisms !lving ln'fhe-sedlmenfa+?on basin. 204
The nature of the resulfing materfal will depend on the type of
precursor (plant or animal), the environment (marine or

terrestrial) of the source bed and the biological and geologlcal processes

(bacterial action, burial, compaction and geothermal heating) to which

the sediment has been subjected.
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»|+ should come as no surprise from consideratlion of the previous
discussion that, owing to the very nature of these organic substances,
precise definitions which are universally accepted for coal, kerogen and
bitumen are hard to come by. Hunt 205 describes coal as 'A readlly
combustiblé rock contalning more than SQ percent by weight, and more than
70 percent by volume, of organic materlal formed from the compaction or
Induration of variously altered ﬁlanf remains.' ~ In this thesls, the word
kerogen wlll be used in reference to the solvent unextractable portion of

organic matter in sediments, as opposed to the soluble fraction called

bitumen. 204

Both coal! and kerogen, the main precursor material to petroleum,
originate predominantly from organisms of the plant kingdom. They are
both subjected to the same geological processes during thelr formation.
There are however some important dlffefences. 206 Coal Is found at its
site of deposition (the same Is true for kerogen) as a sollid and relatively
pure massive organic substance: _kerogén is finely dispersed and intimately
mixed with the mineral matrix in peffoleum source beds; Most coals are
remnén+s of terrestrial higher plants, whereas the kerogen of petroleum
source beds Is generally dominated by aquatic lower plants and bacteria.
Nbsf.acknowledged petroleum source beds were deposited in marine environ-

ments and most coals formed under non-marine conditions.

2.3,2 The formation and classlflcation of coal:

The development of the practically unaltered plant material from
peat 209 through the stages of the different browh'coaIS“(lIgnf+e),‘5ub-
bituminous and bituminous coals to anthracite and meta-anthracites is
 known variously as coalification, metamorphism or carbonification. 207

A measure of the extent to which the organic materfal has matured is given

by 1ts rank. The change In rank of a coal is determined by depth of
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burlal, pressure and temperature; these are interrelated through
geothermal gradients. 208 Classification of coéls according to their
rank can be achleved by consideration of optical, chemical or physical
properties. The American Society for Tesffng and Materials has issued

a standard specification relevant to this topic (ASTM D388) and is
described by Francis and Peters. 210 Chemical ‘changes which occur during
coal I fication include condensation, polymerisation, aromatisation, and
loss of oxygen-, nitrogen- and sulphur4con+aining functional groups

linked to the molecular structure of coal.

Although chemical ldentification of fuﬁcflonal groups and general
inférmaffon on the carbon skeleton are established, the structural examples
given in the literature 206 represent the general framework of the coal
s+rué+ure. Coéf is not a HOmogeneous substance but consis+s of various
" constituents. These_componeﬁfs are revealed under the microscope and
'may.be differentiated by their morphology. Macerals, as they were termed
by Stopes, 211 are analogous to the minerals of inorganic rocks but differ

fn having less uniform chemical composition and physical properties. All

macerals have the suffix 'inite', and are classified in three groups:

1) Vitrinite, originating from wood or bark and ts the most

abundant maceral!l group;
2) Exinite (or lipinite), formed from the remains of spores,
resins, algae and cutlcles;
3) Inertinite, named for Its relatively inert behaviour on coking,
and comes from the same type of plant components as vitrinite,
although this material was strongly affected by oxygen during

the early stages of coallfjcaTion.
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Since macerais are derived from different types of materlals and
were sometimes subjected to different conditions before burial, they were
affected to different degrees by the conditions that form coal. As rank
Increases, differences in the properties of macéral$ tend to become

minimized, particularly in the anthracite range.

The essential differences between the maceral groups are perhaps

best displayed on the van Krevelen diagram 254 (Flgure 2.1). This diagram

H/C afomk ratios

. 0/C atomic ratios

Figure 2.1 - Sélected plant and coal materials and their respective

position in the van Krevelen diagram.

Incorporates information on the three most abundant elements in coal

(carbon, hydrogen and oxygen) and shows the coalification trends of the

various plant components. 206 The chemical evolution pathways of kerogen

may be unfolded by such representation (Section 2.3.3b).
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A further distinctlon Is made between coal types according to
their origin and mode of fofmaflon. ~Humic coals form from plant cell
‘and wall material deposited at the site where the plants grew under
oxldising (or aerobic) conditions and their evolution proceeds via the
stages of peat formation through to anthracite. They contalin 'wbody'
tissue and in lower rank coals. This material Is represented by the
'huminite' maceral type; in bituminous and anthracite coals by the
vitrinite group of macerals.

The other coal type, the sapropelic coals, afe relatively rare
and are not stratified in contract to humic coal. Sapropelic coals
form from spéres, polien and algae deposited in relatively flne-grained
organic muds in quiet sﬁallow.wa+er environments, such as ponds, lakes
and lagoons, under oxygen-deficient, reducing (or anaerobic) conditions.
Both transported (or allocﬁfhonods) organic and mineral matter and local
(or autochthonous) organic matter constitute the 'ingredients' of sapro-
pelic.coals; of which there are essentlally two basic types as recogniéed

‘under a microscope. Boghead coals, also called +orbani+es,con+éin larger
amounts of algal remains whefeas canne! coals are characterised by higher

concentrations of spores.

2.3.3 The nature of kerogen

Kerogen, the solvent unextractable portion of organic matter in

sediments, is by far the most abundant form of organic carbon on Earth. 231

Depending on Its origin, and 1ts stage of maturation, kerogen can make up
to 90 - 95% of the organic matter of a sedimenf._?Sz- Kerogen, by virtue
of its insolubilffy, is of particular Interest to the organic geochemist.
Belng insoluble, kerogen fs obvlously less prone to migration and less
senslfive to ccntamination than extractable materials.  Therefore, kerogen

is the most reliable form of Inddgenous organic matter in sediments. 233
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Much effort has been devoted to the characterisation and
structural elucidation of kerogen with the aim of aiding a better

understanding of:

1) The source of fhe precursor oréanic material,
. 2) The environmental coﬁdlflons of deposition.
35 Tﬁe type of evolution and maturation processes.
4) The gas. and ol!l potential of keroéen and the source rock

potential of the sediment.

The book edited by Durand 234 reviews thoroughly the advances
which haVe béen made over recent years in the study of kerogen. -

Since kerogen is Tnsolub!e'and.generally occurs finely disseminated
in fine grained-sedimenfary rocks, isolation free from the inorganic
material is é difficult procéss. ¥ '*Similarly, attempts to deférmine
+he_pre¢lse nature of the substance have proved impossible, owing to its
insolubility. A variety of different #échniqdes have been applied to the

study of kerogen.

. The classification of kerogens according fo the degree of thermal

maturation and kerogen type, has been made by:205

Both physical processes involving flotation, ultrasonic, electro-
magnetic and electrostatic methods, and chemical techniques,
whereby the kerogen:is isolated by making the mineral phase -
soluble while keeping modifications in the chemical composition
of the organic material as small as possible, have been employed.
The latter approach commonly involves the use of hydrochloric
acid and hydrofluoric acid: some changes ig the chemical nature
of the kerogen are known to occur. 2356, 278
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h palynologis+s, from the microscopic examination of mineral-
free organic resldues In transmitted !ight;

2) coal petrographers, from the microscopic examination of
polished rock surfaces In reflected light;

3) petroleum geochemists, from the changes In the elemental

composition of kerogen with maturation.

All these methods give little detailed structural data. It is
+he latter approach, involving classification according to the chemical
composition of the kerogen as determined by microénalyfical techniques,
which Is the most difecfly relevant In connection with the work to be

presented here.

2.3.3a Elemental Analysis

The elemental analysis of kerogens, which forms the subject of
a recent review by Durand and Monin, 228 has shown itself to be a simple
mefhddAcapable of establishing a classification of kerogens according to
thelr ability to generate oil and gas in depth. There are however certain

points which have to be borne in mind: T

+ B
These problems are akin to those faced by coal technologists.

Analysis of coal and coke is divided into two areas, namely:
proximate and ultimate or chemical analyses. !94, b8
Proximate analysis Includes the determination by prescribed
methods of moisture, volatile matter, fixed carbon and ash.
The utility of such analyses depends upon the basis on which
they are reported. Four common bases are used: as-recelved,
dry, dry ash face (daf), and dry mineral matter free (dmmf).
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) Kerogens may contaln water.

2) They are heterogeneous.

3) Their transformation Into gaseous products through
combustion or pyrolysis may be incomplete.

4) They contain residual minerals, mainly pyrite.

The precise determination of oxygen content in kerogens is
difficult. 228 In particular, oxygen determinations, as calculated by
difference, after measurement of carbon, hydrogen, nitrogen and sulphur,
have proved unreliable, especially for kerogens with high ash contents.
Improvements In microanalytical methods, derived from the Unterzaucher's
method 237.wher'eby the oxygen component is converted to carbon monoxide
for analysis, have been developed and it Is hoped that one of the major
problems has been overcomé. _ However, authors
continue to give oxygen contents by difference despite the inadequate
meaning of this calculation. Discrepancies in microanalytical data"
between laboratories, especially In the case of oxygen measurements,
may be éignlfican+. - Reproducibllity of results, even from the same
laborafory,'ean be poor. These factors, coupled with the inherent

nature of the materials, allude to the fact that it is difficult to use

the values found in the literature for comparative purposes.

2.3.3b Kerogen classification

Representation of microanalytical data of the major elemental
constituents of kerogen (carbbn; hydrogen and oxygen) on a van Krevelen
dlagram (Figure 2.2) provides the most suitable form by which elemental
analysis results may be processed. 228 when the elemental composition

of a kerogen Is plotted on such a dlagram, It Is found to fall into one

of three distinct bands, 205-6 as was the case for the various types of
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Figure 2.2  Principal types and evolution paths of kerogen 206

coéIS‘or coal macerals. Kerogens taken at various depths from the same

| formation normally group along the same evolution path. 252 Those kerogens
of closely related environments of deposition will also fall -along the same
evolution path. The different cufves start with different H/C ratios
according to the nature of the original organic material and conditions

of deposition. The curves come close together for kerogen samples from

deeply buried sites as the kerogen approaches [00% carbon.
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‘The thres maln kerogen types waich seem to account for most
exlsting kerogens are mentioned in the following discussion. More :
detailed deécrip+fons are to be found in the literature. 205-6, 228, 252

Type-1 kerogen ?on+ains many afiphafic chains, with few aromatic

nuclei. The H/C ratio is originally high, and'+he potential for oil
and gas generation is also high. This type of kerogen is either mainly
derfved from algal lipids or from organic maetter enriched in !ipids by
microbiol activity.

Type-11 kerogen contains more aromatic and naphthenic rings.

The H/C ratio and the oi! and gas potential are iower than observed for
Type-1 kerogen but stil! very important, Type-11 kerogen Is usually
re!afedlfo.marine organic matter deposifed in a reducing environment,
with medium to high sulphur content. | |

Type-I11 kerogen contains most'y condensed polyaromatics and

oxygenated functional groups, with minor aliphatic chains. The H/C ratio
is low, and oil potential is oniy moderate, although this kerogen may
still generate abundant gas at greater depths.  The 0/C ratio is
comparatively higher than in the other two types of kerogen. The organic

matter is mostly derived from terrestrial higher plants.

2.3.3c - Structure determination

Two basic sfrafegies have been'adopTed in the s+ruc+urai
elucidation of kerogens. Chemical degradation has been used fo obtain
,structural information on kerogens by cleaving the material into smaller
fragmen+s, usually for analysis by gas-thoma+ography (GC) and for mass
spectroscopy (MS). | Typical procedures include oxidafldn, ozonolysis,
reduction and other cléavage with boron +ribromide.‘ Vitorovic .has

.2 :
produced an overview of the chemical methods which have been employed. 239 :
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All these degfadafioh méfhods have disadvantages. The degradation
reactions are either specific, resulting in low overall yields, or non-

specific, leaving unéerTainTy as to whether the products truly reflect

\

the structure of the original kerogen.
The other approach concerns the spectrometric investigation of

the entire kerogen. Studies have cohcen+r6+ed on pyrolysis-gas

233, 243 .
electron spin

chromatography/mass spectrometry (Py-GC/MS),
‘ 13 244-9

resonance 242 and nuclear magnefic rescnance (IH and “C nmr)

Both electron and X-ray diffraction havz been used to probe the kerogen

206, 253 Py-GC/MS has proved. valuable for the characterisation

233

lattice.
of vola#ile'éomponenfs from kerogen. '-HoweQer, Van de Meent et al
have shown that the yield of sgch produzts is low (~ 10%). ESR provides
~ information on the paramégnefic componénfs of'kerogen.

Both lH and '3C=nmr are of Ilmited value owing to poor resolution

244, 246 However, it is

of nuclei in similar chemical environments.
possible to distinguish between aliphatic and ar@nafic components.

The poor spectral resolution and sensi%ivify problems associated with
solid state nmr studies are likely to be overcome with the development

of an emerging technique, known as cross—polafiza+ion wlith magic-angle
spinning. 249 Although this technique is-s+ill in the early stages of
development, it already has been applied to coals and oil shales. 248

The major‘advanfages are that measurements are made directly and non-
destructively; virtually no sample preparafiqﬁ is'required.

Infrared spectroscopy has been used fn the study of a variety of
coals, kerogens and humié substances. 251 The spectra so obtained show
a.limifed number 6f rather broad bandsg moreover all these carBonaceous
‘sol Ids essentially give the same bands. 'Fingerprint' analysis of the

solid is therefore impossible; but, upon consideration of individual band

intensities, infrared spectroscopy can provide a semi-quantitative



funcf!oha!-anarysis of the cemblex solid, examined as a Whele, ‘Painfer
and Coléman 251 have described the use of Fourier transform infrared .
| 'differenee spectroscopy as a means'for,analysing fﬁe minera! matter in

coal.

2.4 Experimental
2.4.1 Samples

Tﬁe specimens which form the subject of +h{s,invesf19aTion

B Include Torbanife,-kimmerldge kerogen, Vifsinffe:and'brown ceal k|ndly

donated by Dr A.G. Douglas, Unr/ersu+y of Newcasfle-upon—Tyne a nafural

bitumen Tn the form of a commerffa! sameie of a~ glIson1+e 'select! from

the AmerlcanAGllsonn+e'Company and a se-ies of gtlson|+es jncluding-a_sample

of weathered gilsonite, gre+efe1]y rece?ved from D} J;M.‘Hﬁnf,'weods Holés'.

Qeeanogréphfc.InSTiTuTiOn, Wdeds Hole, Massachuseffs,.U.S;A.. ‘Dls¢dssionf.

of Tndfvidua! meferialS'will‘be'ereseﬁfed iﬁ fhe_resulfs;seéfien ef'ThTs

chapter.. | | |
The.samples were prepared fer analysis_by'grindfng a portion of

the meTerial to a fine pewder using'a pesf!e and'mor*ar,'+hereby unveilffng

a fresh, previously,unexpesed.surface.fok ana{ysis;' In this way any features

-charac+erfs+ic'of vertical inhomogeneifies,.caused by oxide+loh‘phenomena or:

mlgrafion of consfrfuen+s ‘to the surface, for example would be mlnlmlsed

The freshly powdered samples were examlned in +he!r as recefved form and

-were noT .subjected to any other +rea+men+ prlor to analysns

2.4.2 tinstrumentation

2.4.2a ESCA analysis
The freshly powdered sample was moun}ed'on'a.specfromefer probe- . .’

+1p by means of-doubfe-sided edheSIVe Seo+ch insulating tape. _'The-sehple
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was pressed onto +he,+apé with the ald Qf ajméfal spatula and the excess
that had not adhered waéATapped off. The ESCA:experiménT Is such that
monolayer coverage of the adhesive tape by the saﬁple Is-all that is
required In order'fo produce a épecfrum.represenfafive of the sample
under investigation.- An excess can lead fo contamination of the sample
' éhamber of the spectrometer and its associated vacuum system.

| | fwo types of adhesfvelfape have beenluSed in this work; Scotch
tape con?ainjﬁg a si!lcon—baSed'adhesfvé, and a sillcon-free Scotch tape.
Befofe embarking on the ﬁain part of +h?s project, ESCA spectra of both

varieties of tape have been run and are shown in Flgure 2.3.  Comparison

Si-free Scotch tape

&mmrwewmﬁ

x10

289 285 281 537 533 529 106 102 98

293 ,

'

Figure 2.3 ESCA core fevel spectra of Scotch tape
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of these spectra with those obtained from +he:powqer samples, prepared as
.prevlousfy described, verify that In the latter spectra the Scotch tape
fs not detected by ESCA,'anlehe phofo!onfsa+ion signal 1s characteristic
of the sample alone. |
, ‘Mbsf of Thé ESCA spectra were recéraed on an A.E.l. ES 200B
spectrometer with an:MgKu"z‘X—ray source operated at 12kV and |5mA anc
with a base pressure.of - 5><AIO-8 torr. A cusfpm-designed Kratos ES 300
.,Spec+fome+er, equfpped with a magnesium/titanium dual anode was also used:
the chosen operating conditions were 13kV, IImA. for the maénesium anode,
and l3.5kV, I8mA for the titanium anode. Under the experimental conditions
employed for the magnesium anodé, the gold 4f7/é level (at 84eV binding
energy) used for calibration purposes, had an FWHM of ~ 1.2eV.
| A complete ESCA analysis took in the regfon of 2-3 hours to complete;
the core level spectra of the e[emen+s>carbon; 0xygen,‘ni+rogen and su]phur
were recorded in typically one hour, debendiné on the intensity of the
respective bhoToionisa+lon signals. ﬁadiafion damage to the sampﬁe from
long-term exposure to the X-ray beam was not eviden+.
Deconvolution and area ratios were determined using a Dupont 310
analogue curve—resolver as described in. Section l;7. The resulting analyses
and stoichiometric data thereby obtained were found_fo be spectrometer

Independent.

2.4.2b Elemental Analysis

Elemental analysis for carbon, Hydrogen and‘nitrogen waé carried
out, in Durham, using a Perkin Elmer CHN 24Q'elementa1 analyser. Analysis
for sulphur was based on the modified oxygen flask pombustion method |
described by Budesinsky. 258 Atomic»ab;orption waé employed t6 monitor

the levels of nickel, vanadium and tin in the samples of gilsonite 'select’,
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before and after oxygen plasma treatment (Section 3.6). In each case
the volatile components were removed in =z flame before the sample was

dissolved in dilute nitric acid ready for analysis.

2.4.2¢ Infrared analysis

The infrared spectra were recorded on a Perkin Elmer 457 grating
infrared SpecfrophpToﬁefer. The maferiéls were:prepared for analysis in
the form of pressed KBr discs. Flgure Z.4 shows the infrared spectra of
the respective samples. The difficultics encountered when studying coals
and kerogené by infrared spectroscopy have been noted in Section 2.3.3c.
The character of the specira presented here équaTes well with that of

spectra found in the !iterature. 204,206,256-7

2.4.2d Nuclear magnetic resdnance analysis

Proton (IH) and 'BC nuclear m;gnefic resdnance (nmr) speéfroscopy
was employed to invesf{gafe the aromatic nature éf gilsonite 'select' and
weathered gilsonite. lH.and 'BC nmr spectra were obtained using a JEOL
FX-200 specfromeTer in The_Fourjer transform mode, and chemical shifts
referenced, in parts per million on the o scale, from internal tetramethy!
silane (Me4Si). l3C nmr spectra were obtained using the technique of gated
decoupling, in order to obtain meaningfu!l integrations. The gilsonffe

samples were dissolved in CDCQ3 prior to analysis.

- 2.5 Results and Discussion

Each material iéﬁdescribed in +ufn and the EOrrespohding information -
"dérived from the ESCA experiment is preéenfed. | |

Gilsonite, a nafurally occurring bifgmen found in the Uinta Basin,
,lUféh,TUSA, has been the subject of extensive inQesfiQaTions fn+o Its chemical

constitution, employing both ESCA and elemental analysis as the principal
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Figure 2.4 Infrared spectra of the geochemical samples
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anély+ical probes. This maTerial has & fascinating history and the

application of a novel technique such as ESCA to. the study of gilsonite has
+He potential of offering an inferesfing research project in Its own right.
The work on gilsonite reported here also provides a firm basis on which the

scope of ESCA in the analysis of geochemical materials may be evaluated.
2.5.1 Gilsonite
2.5.1a Introduction

The Uinta Basin of northeastern Utah, USA, is noted for many

deposits of native bitumens that occur in lacustrine and fluviatile

- 218

sedimentary rocks of eariy Tertiary age: Although many natural hydro-

carbons have been described in the Uinta Basin, there are only four distinctly

219

di fferent types. These are ozocerite, alberfifé, gilsonite and wurt-

zilite. A system of classification of these natural bitumens and coals is
presented by Hunt, 205 after the terminology of Abraham. 220 Under this
fegime, gilsonite is classified as an asphaltite, a solid, Insoluble in
carbon disulphide‘and fusible only with difficulty. Estimetes of the amount
of bifﬁmens in the Uinta Basin vary from 25 +o 50 million tons. Independent
predfc+ions, 221 by Abraham, and Hunt : , indicating that this quantity
represents only a small fraction (1%) of Tﬁe total organic matter in the
nearby rocks, in the light of the present energy-deficient economy, has
encouraged further research. | |

Gilsonite manifests itself in Thé:form of veins and crack-filling

deposits, widely distributed over the 9000 square mile area of the Uinta Basin.

The location of these veins is related to the structure and geological history

associated with the Eocene sediments of the basin. 219,222 Vein formation

is probably due to gilsonite entering the vein openings as a heavy immature

Iiquid and then solidifying and hardening over geological time as the
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205

formation was uplifted and exposed. A noteworthy feature of the mode

'Of occurrenée of gflsoni+e:lies_ih the fact that gilsonite is‘foundvln
vertical and‘nearly parallel veins, rahgfng in.dep+hs of up to 1200 feet
and in widths from g‘few Inches up to-22 fee+,i2?3 and several miles in
length.

The physical and chemical chafac+eris+ic§ are variable from one
parflof a vein to another and from vein 0 vein.  The rock walls against some
gilsonite veins may be impregnated with ¢ilsonite for a distance up to about
2 feet from the vein; wifﬁ no clear line of demarcat fon béfween Impregnated
and non-impregnated rock. Tﬁe Eomogeneéus giléoﬁ]fe in the interior of a
vein will have’diffefenf chemica! and ph?sicai chafacferisfics from the
material close to the walis., For éommercial purposes therefore, gllsonite

from the interior of the Vein is classif.ed as 'selects' and that from the

margins as 'seconds'. 218

Two of the largest deﬁosifs are the Cowboy Vein in the Bonanza

Group, and the Rainbow Vein.  These are eéstimated to contaln a total of

224

16 x IOG tons of asphal+t. An indek‘map'pf the Uinta Basin, showing the

‘relative positions of the princiba! bi+umen deposits, is displayed in the

paper by Cross- and Wood: 221 whilst Figure 2.5 maps-ouf the main sites of

gilsonite veins.

- Gilsonite 'veinlets' or 'roots' can be traced downward to their

\

apparent source in the oil shales of the Parachute creek member of the Green

River Formation. 218

Possibly the earliest account relating to gilsonite in the
lifefa+ure is dated 1866; W.P. Blake in 1885 gave these hydrocarbon deposits
the mineralogical name, 'Uintaite'.. The term 'gilsonite! commemmorates _ .
218

Samuel Gllson who pioneered the commercial use of the substance in the 1880s.

Today, the American Gilsonite Company processes in the region of 170,000 tons
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Figure 2.5 Location of principal gilsonite veins

of product annually for use . in the oil drilling, foundry, building
board and ekplosives industries, in addition to the Qse by the car, ink,
paint and varnish industries. A descriptive account of the development
of gilsohi+e refining is given by Kretchman. 225

In order that an appreciation of the factors governing the
occurrence of the natural bitumens of the Uinta Basin may be realised,
studies have been uﬁderfaken to reveal the chemical and physical composition
and .properties of the materials. The analytical techniques available aT the
+ime of the earller work were mainly infrared analy5|s ‘liquid chromatography,

refractive index, and elemental analysls. More recently, gas chromatography

~coupled with mass spectroscopy have been'applied, ylelding fingerprint traces
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of the hydrocarbon constituents 226 and analysis for constituent carboxylic

acids. 227 A summary of the physical, chemical and geoldgical characteristics

of.giisoni+e is given by Cross and Wood. ZZI

- The low a+omic‘H/C ratio of 1.42 establishes the aromatic character
of gilsonite and this is borne‘ou+ by, for example,. mass spectrometry and
infrared éna!ysis of the fraction soluble in carbon disulphide. - G}lsonife
is described 218 as being:predominan+ly aromatic, containing condensed ring
aromatic structures in the high mo!éCUlar_weighT:asphalfene1¥rac+ion and
simpler dinaphthyl structures in the oii‘consfifﬁen+s and resins; X Micro-
scope pho+ome+ry and X-ray diffraéfbmefry have been used to study the arrange-
ment of the aromatic layer structures in gilsonite and the changes which
occur on carbonisation. 259 ~ Douglas an¢ Grantham 226 have reported values
for the percentage of saturated hydrocargons in gilsonite which fall in the
range 0.86 - 2.2% based on column chromatographic work. Elemental analysis
shows giléohife to coh+a?n oxygen and to have the highest nitrogen content
of the Uiﬁfa Basin bitumens: the sulphur level s low.

Analysis for trace metals in the na+ural‘bi+umens of the Uinta

Basin has been performed on the residue after dry ashing of the materials. 218
The ash, Qﬁich accounts for O.I%4of the briginal gilsonife, was found to be
relatively high in nickel, with traces of other metals. Nicke! is known to
. be present in gilsonite in the form of metalloporphyrin complexes. 260
Indeed, Quirke and co-workers, have studied the chemistry of the porphyrins

inherent in gilsonite. 261-2

Asphaltenes are4aliphafic.constifuenfs of crude oil that are soluble in
carbon disulphide but insoluble In petroleum ether or n-pentane.

Pefroleum resins are +he fraction of residuum that is lnsoluble in liquid
propane but insoluble in n-pentane. :
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Nafurally'QCcurring'pérphyrins act as blological markers. The
geochemical imporfancé of porphyrins relates to the fact that thelr carbon
structures can be traced back; through géological time and the stages of
' evolﬁfion of the ma+erial in which they are in;orporaTed,:To the original
living organisms. ~ These porphyrins are usuaIIy found as metal cohplexes

(most commonly nickel and vanadium as vanadyl, V02+), but free porphyrins

260
-also occur.

The weathering of seeps or seams exposed to the atmosphere is an
_ important fa§+or'in the evaluation of fhe Ee|a+ionship of a .surface seep to
‘ possible petroleum accumuiafions. 205 With this in mind, a series of
gilsonffé samplés, taken from the surface and at depth from the same vein,
were analysed for Their.carbon, oxygen, nitrogen and sulphur contents. 222
It was found that the more weathered sambles had less hydrogen, and more
oxygen; the nitrogen and sulphur content of these samples showed no change
over the entire range. This data indicafes.Tha+ the alteration of solid

gilsonite is a result of the formation of stable oxygenated compounds,

rather than of increased polymerisation.

2.5.1b Results and discussion

In total, six different gilsonite samples were analysed using
ESCA and microanalyéis. A sample of a commercial gilsonite 'select!,
- supp! ied by the American Gilsonite Company, was used for the main part of
the investigation and for the plasma treatments in Chapter Three. Details

of the other gilsonite samples supplied by Dr J.M. Hunt are as follows:

1) Chepeta Vein gilsonite
2) Soft gilsonite, Cowboy Vein
" 3) Hard gitsonite, Neal Veln, south of Rainbow

4) Hard gilsonite

- 5) Weathered gilsonite, Gusher Vein.
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The locations of the various gilsonite veins are indicated in Figure 2.5.
The ESCA wide scan spectrum (from 100 to 1253.7eV kinetic energy)
of gilsonite 'select' shows a very s+roné Cfs peak and weaker signals from

the N

Is and Ols regions. The relatlve intensities of the core level signals

for the elements carbon, Qxygen,'nifrogen and sulphur, together with details
~of the Cls envelope decoﬁvolufion, are listed iniTabfe 2.1. The ;orrespondlng
Informafion for the other ma+erléls included in this study Is also‘presenfed.
A more detailed inQesfigaTion'of the carbon photoionisation peak
(Figure 3.20) reveals Thelpredominan+ hydrocarbonAnafure of gilsonite as is
evident by the major component of the C's ehvelppe at 285eV binding energy.
This peak accounts for ~ 88% of the total carbon signal. A slight shoulder
to the higher binding energy side of the main hydrocarbon peak at 286.3V is
characteristic of carpon singly bonded to oxygen or C - N environments.
Evidence for such func+ionali+ies is givén by the presence of a low intensity
N,_ and O’S peaks at bindjng.energies chéraCTerisfic of carbon-nitrogen anqv

s
carbon-oxygen functionalities in organic environments, The broad nature of

the N

Is signal which is centred at 400.0eV binding energy is indicative of

there being several carbon bonded to nitrogen environments, including
aliphatic and aromatic amines and heterocyclic nitrogen functionalities such
ésvahrqch ni+rogen.v No evidencé was found for the presence of oxidised
nitrogen species'SUCh as nitrate ester [inkéges which would occur to higher
binding energy of the amine type le beak, in the 407eV reglon. These
opservafions are entirely reasonable in view of the high protein content of
the original organic matter from which gilsonite Has evolved, and the
signlficénf porphyrin content of gilsonite. 263

The low tevel oxygen.confenfvmanifesfs itself in the form of a

envelope), at a binding

weak signal (~ 3% of ‘the intensity of the total Ciq

enerqgy of 534.1eV. Analysis of the C envélope reveals a low level of

s



Table 2.1

Gilsonlite

Weathered -
Gllsonite

.Unfreafed
Torbanite

Demineral ised
Torbanite

Kimmeridge
Kerogen

Vitrinite

Brown Coal

Re|a+|ve area |n+ensl+|es of core electron 5|gna|s, total C

area taken as 100 units,

*

Is figures In brackets
indicate binding energies (eV) :
0 0.
. H I *
C-H c-0 >C=0 | -0 0-C-0 =T Ols L S2p
(286.3) (288.5) (290.1) (534.1) (400.0) (163.6)
88. | 10.6 - 0.9 0.4 2.9 340 0,22
- (286.3) (287.9) (289.1) (290.5) (533,0) 1(399.5) *
83.3 13.3 1.7 0.8 0.8 6.3 3 5 0.64
(283.5) (286.3) (287.6) . (289.4). (290.0) (292.0) (534.1) (40! 2)
6.5 46.7 34.6 10.3 4.2 1.4 0.9 162.6 1.5 -
(286.3) (287.9) (289.4) (290.1) (533.7) (400.5) %
69.9 .19.6. . .5.6 - 3.5 1.4 .4 L 2.1 0.7
(286.3) (287.5) (288.8) (290.2) (532.8) (400.5) +
76.8 16.2 4.0 2.0 | 16.1 3.1 9.4
(286.4) (288.0) (289.1) (290.2) (291.6) (533.2) (399.9) (164.4)
69.0 " 20.7 5.1 0.7 2. .4 19.8 3.0 0.8
(283.5) (286.2) (287.6) (288.9) (290.0 (291.6) (533.3).  (400.6)
5.9 52.5 23.8 9.9 4.0 3.0 1.5 -

denotes a broad band

doublef structure

1.0 46.5

I8
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carboxy! and carbonate carbon functionalities at binding energlies 288.5eV
and 290.1eV respectively. Grantham and Douglas have also Identified a
Iow‘level of carboxylic acid:esfers by.chromafographic techniques. 226
Comparison of the beak éf 286.3eV bindiﬁg energy under the carbon envelope
with the integrated Cls/ols intensity data suggests that the carbon .singly
bonded to oxygeh corresponds almost exclusively +o ether linkages, rather
‘than free hydroxy! groups.

The spécfrum of gilsonite recorded using the Ti Ka X-ray source
of the ES 300 spectrometer, which probes more deeply into the sample, shows .
there 1o be a higher concentration of oxygen in the bulk than in the surface
regions sampled with Mg Kd|,2'X-radia+ioh. The fespec*ive C:0
stéichiometries are 100 : 3 and 100 : 1.7,

Gilsonite is found to be low. in sulphur, as expected, the sulphur
functionalities detected giving rise to a peak at 163.4eV in the ESCA spectrum.
This is representative of organic sulphur functionalities including sulphide
and heterocyclic sulphur compounds sgch as Thiophenés. 105

Very low intensity peaks weré also observed corresponding to
silicon, aluminium and chlorine present in trace amounts (<0.3% of total
C|s infensffy) and at binding energies'of 102.9eV, 75.7eV and 199.leV
respectively. Both The.silicon and aluminium are present in the form of
their oxides and arise from the mineral maférial inherent In the gilsonite
material: the chlorine is present as chloride. These mineral oxides will
., contribute to the oxygen phéfoelecfron'signélAfo a small extent.
| No photoionisation signals relating to either nickel or vanadium
were discernable. I+ should be nofedAThaf in the case of nickel, the
mos+'in+ense peak.which afises from the Nfzps/' core level would‘ocCgr
towards the low kinetic energy end of fhe'ESCAz_specfrum (at ~ 4OQeV kinetic

energy). 105 In this region the Tnstrumental sensitivity, when 6pera+ihg

in the FRR mode, is low (Section 1.8.3). Microanalysis detects nickel at
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t+he 0.02 wt % ievé!; vanadium, if present, amounts to less than 0.01%,
whilst the tin content is estimated at less fhan 0.1%.

The analysfs for tin.was prompted by the observation of a 2 : 3
doublet of 8.6eV separa+ion.a+f496.leV,and 487.5eV in the ESCA spectrum.

These peaks correspond to signals from the 3d3/ and 3d5/ levels of tin, 105

2 2
although the origin of such a component in gilsonite is uncertain. The
intensity of the total signal is small, of the order of <% of the total

Cls envelope; |
The apparent absence of shake-up satellite structure, occurring
to the high binding energy side of +he main C —-HApeak under the carbon
envelopé and arising from r » ﬁ* excitetions accomﬁanying core ionisation
in conjugafed systems, is unexﬁecfed, since gilsonite is reported to be
predominantly aromatic. 218 The shake-hp structure is characteristic of
the highef occupied and . low unOccupiedivalence orbitals. A number of
organic systems has been invesfigafed in Durham with particular reference
to shake-up structure and include a study of condensed aromatic and polymer
systems. 270 The exacf structure andiinfensify of the shake-up peak is
found to vary according to the material. It is possible +herefofe that
the shake-up structure aésociafed with -the arémaTic networks in gilsonite

are present in the C sbecfrum as a very broad band which is not clearly

Is
visible even upon magnification.

The aromatic component in gilsonite was however illustrated by
'H and !BC nmr and the pertinent spectra fpk both Tﬁe gilsonite 'select!
and the weathered gi[soniTe éampJe from the Gusher Vein are presen+ed in
- Figures 2.6 and 2.7. whilst interpretation of the types of environment
presenf,_as detected by 'BC nmr, is difficult due to the proximity of nmr
peaks arising from different structural features, 24§ signafs from al iphatic

and aromatic constituents are discernible. A similar situation is true

for lH nmr spectra. Integration of the aromatic and allphatic bands in
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-—CHa, | : ' —Me,Si

Weathered . ‘

Gilsonite

PPMIS) 8 6 4 2 0

Figure 2.6  Proton nmr spectra of gllsonite 'select' and weathered

gilsonite from Gusher Vein

the I:_,’Cvnmr spectrum of gilsonite 'select' gives the ratlo of aromatic to

~alibha+lc carbon as belng 1 : 4.

The infrared spectrum of the gilsonite solld ran In the form of

a KBr disc and showed 11ttle obvious signs of aromaticity (Flgure 2.4).
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Gﬂsonﬁe

Weathered
Gilsonite

Figure 2.7 IBC nmr spectra of gilsonite 'select' and weathered

gilsonite
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‘The spectrum is dominated by strong C~H stretch in the 2900-3000cm—I

and corresponding asymmetric bendfng of methylene and methyl groups at

l455cm_' and methy! symmetric bending vibration near 1375cm—'.

A broad
OH stretching band around 3400cm"I Is also present which may In part be
due to moisture confén+; whilst the bending mode wlil contribute to the
band at I630cm-l. The broad nature of the band around l630¢m-l may be due
to C=0 sfrefching of carbonyl (aldehydé, ketone) and/or cérboxyl (acid,
ester) groups producing a shoulder in the region of I7IOcm-'.

A feature common to all coals and kerogens of a certaln degree of
evdlufioﬁ is a series oflfhree absorpfibn bands at 870, 820 and 750cm_',
of roughly equal intensity, owing to oﬁ+ of plane deformation vlbrations
of aromatic CH groups. 250 These bands are also visible in the gllsonite
spectrum. In fact, although the stretching band of the arona+lé CH groups
I's expected between 3000 and 3IOOCm-l, it 1s much weaker than the out of
plane deformation band, and is only observed as a distinct band In the

spectra of coals. 250 : ’

2.5.1c Comparison of elemental analytical data

Consideration éf the relative intensities of the Individual
photoionisation peaks for the elements carbon, .nitrogen, oxygen and sulphur
allows elemental stoichiometric data to be acquired>and hence an insight
Into the ovérall elemental composition to be ascertained. Flgures relating
=:+o the elemental composition (expressed as weight per cent) and stoichiometry
of gilsoni+e 'select' as revealed by the ESCA -spectra, recorded 'using both
the .ES 200 and ES 200 insfrumenfafion, are cohpared with values dertved from-
conventional microanalytical techniques In Tablé 2.2. In additlon, data
ob+ained:for the samples of gilsonite from named velns are presented. l+'l;
Important Té note that ESCA 1s unable to yield information relating to

hydrogen within a specimen; 1n all cases the values for hydrogen analysis



Table 2.2

Elemental analyses and overall stoichiometric data

for a serles of gilsonite samples

Elemental analyses

(wt %) Overal!l stoichiometry
C H N 0 S C H N 0
Gilsonite 'select' =~ (84,25) (12.38) (2.84) - (0.61) (100) (176.3) (2.89) -
£S200 82.57 - 2,75 1.99 0.38 100 - 2.86 1.74
ES300 82.13 - - 2.47 2.46 0.55 100 - 2.58 2.25
Chepeta Vein (82.98) (11.09) (2,38) (3.05) 0.50 (100) (160.4) (2.46) (2.76)
' 22.23 - .72 4.5 0.46 100 - 1.79 4.10
Cowboy Veln (83.24) (11.21) (1.00) (3.7) .. (0.85) . (100) (161.6) (1..03) . . (3,33).
82,59 - .42 3,94 . 0.84 100 - 1.47 3.58
Neal Vein (83.09) (11.11) . (1.93) (3,35) (0.52) (100) (160.5) (1.99) (3.02)
80.31 - 2.99. 5.67 - 100 - 3.19 5.30
Hard Gilsonite* (81.39) (11.07)  (2.47) (4.53) (0.54) (100) (163.2) (2.60) (4.17)
79.01 - 3,75 5.59 0.58 100 - 4.07 5.3l
Gusher Vein (86.02) (11.29) (2.23) - (0.49) (1009 (157.5) (2.22) -
(Weathered Gilsonite) 81.10 - 2.78 4.09 0.74 100 - 2.94 3,78
* petalls relating to the precise origin of this samplé are not available,
N.B. ESCA results were obtained using the ES200 instrumentation unless otherwise specified.

Microanalytical results in brackets.

S

(0.27)
0.17
0.25

(0.23)
0.21

(0.38). .

0.38
(0.23)

(0.25)
0.27

(0.21)
0.34

L8
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were those obtained from-mlcroanalysis.; The microanalytical determination
of oxygen was by difference.

The reproducibillty o% conventional elemental anélysls for the
elements carbon, hydrogen and nitrogen was investlgated and the relevant
figures aré listed in Table 2.3.4 Exam}nafion of these figures shows that
the ESCA analyses are In reasonable agreement with the microanalytical
determinations. Furthermore, such a relationship Is found to holq for the
other materials examined in thls chapter (Table 2.4). The Inadequactes

of the by difference determination for oxygen are clearly obvious.

2.5.1d Weathered Gilsonite

Special‘menfidn should be made of the ESCA data for the sample of
weathered gilsonite from Ghsher Vein. Mea;uremen? of relative Intensities
of the photoionisation peaks shows that the weathered sample has increased
in'oxygen content by a factor of two compared with a sample of gilsonite
'select', whilst the niffogen centent for both materlals Is approximately
equal. This is in agreement with the findings of Hunt, 222 ESCA indicates
that the sulphur lével in the wea%hered sample is higher, although this may
well be spurious iﬁ view of the low sulphur content of gllsonifes in general.
In fact, a wide scan spectrum of weathered gilsonffe detects a rise in the
level of silicon present and a more detailed scan reveals an Slzp peak at
101.6eV binding ehergy-correspondtng to silicate silicon. In spite of the
4fac+ that the silicate component contributes to the 6xygen signal, there is
still evldence for oxidation of the organic carbon from deconvolution of the
C, . enve]épe. Curve resolution shows an inéreased carbon singly bonded to

s
oxygen peak and development of carbonyl functionalities as a peak at 287.9eV

bindlngAenergy.



Table 2.3

Microanalysls of gilsonlte 'select’
c H - N

Durham " 82.68 12.72 3.51
83,35 12.61 2.45

82.51 13.25 2.84

34.20 12.20  3.06

34.18 12.75 2.80

83.98 |2.9é 2.58

84,08 [2.6! 2.72

83.10 12.47 2.60

84.90 13.10 2.73

34.65 12.63 2.56

(85.32 tl.?v 3.02

F ( ,

(85.06 12.00 3.20

Bristol | 86.16 11.09  2.88
85.34 11.22 2.81

Mean . 84.25 12.38 2.84
Standard Deviation 1.07 0.66 0.28 -

* .
~ Sulphur analysis performed on two samples only,
~ Averaged value included In calculatlon of oxygen by difference.

(0.62)

© (0.59)

(0.61)

f Measurements recorded prior to refurbishing of elemental

analyser instrumentation.

0.78
0.54
-0.34
-0.09
-0.02

1.22

-0.45

-Ol 66

-0.87

0.02

89



Table 2.4

Untreated
Torbanife

Elemental analyses and overall stolchiometric data

Deminerallsed

Torbanlte

Kimmeridge
Kerogen

Vitrinite

Brown Coal

N.B.

C

(56.02) .

39.80

(81.87)

79.13

(57.09)

72.46

(74.0)
79.06

(47.7)
69.41

ES200 spectrometer used for all ESCA measurements.
Mineral components not taken into consideration.

Microanalytical results in brackets.

Elemental analysis (wt %)

H

(7.86)

(11.25)

(6.37)

(5.2)

(3.74)

(1

(1.
0.

(1
2.

(r.

2.

(0.
1

N

55)
58

41
.62

.85)

20

6)
32

61)

.02

0

(34,
5'0

(4.
7

(23,
9.

(s,
12.

(47,
Z25

06)
76

64)

.22

49)
33

6)
52
53)

.83

{0.51)

(0.83)

.0.78

(11.2)
9.63

(0.64)
0.89

(0.42)

No residual ash detected upon combustion.

(100)
100

(100)
100

(100)
100

(100)
100

(100)
100

H
(168.4)

(164.90)

-

(133.89)

(84.32)

(94.09)

Overall stoichiometry -

N

(2.37)

.26

(1.48)
1.76

(2.78)

2,60
(1.85)

2.52

(1.10)
1.26

0

(45.60)
97.56

(4.25)
6.84

(30.86)
9.66

(18.85)
11.88

(74.73)
27.9

S
(0.34)

(0.38)
0.37

(7.34)
4.98

(0.32)
0.42

(0.33)

06
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2.5.2 Torbanite

2.5.2a Introduction

A sahple of Scottish torbanite from Bathgate, Lothlian, was
Included in this study. Torbanite or boghead coal, as it Is also known,
Is a sapropelic coal which contalns alginite and micrinife macerals. 268
-Formed In small freshwater lakes from'sedimenfs rich in algal remains which
were lald down during the Carbon!ferous Age, Scottish torbanite contains |
defined organic rémnénfs, cleariy recogéisable uﬁdér a microscope. 207
This organic debris comprises algae, spéres, pollen and vegetal tissues and
usually amounts to a minor part of the organié matter with a range of a few
percent of the total kerogen. ‘However; in certain rare types of rocks, like

206

torbanite, this type of constituent occurs in great quantities. The

characteristic constituent of torbanite kerogen is alginite and Is finely

dispersed within a clay mineral matrix. 207

Chemically all algae are de?inguishedvby-relaTIvety high contents
of fatty and proteinaceous subsfanées. 207 Robinson 235 reports that
Australlan forbanite of the Permian geologic age con+élned about 74 percent
material resis+én+ to oxldation by alkaline pérmanganafe, which Ts indicative
of the presence of considerable fatty remains. Alginite from Scottish
torbanite has the lowest aroma+fci+y of all bituminous coal minerals. aThis
is tef!ec+ed in the high H/C ratlo in the region of 1.5. 205 The number of
po[yaroma+!c nuclei and heteroatomic bohds is low, compared with the other
types of organic matter. The small amount of.pxygen present (the 0/C rafio
is generally <0.1) exists mainly in the form of ester linkages. 206 ~‘Whep‘

plotted on a van Krevelen diagram, torbanite kerogén 's found to lie on the

evolution path of Type-l kerogen.
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2.5.2b Results and discussion f

ESCA analysesiwere performedAon both the untreated 'raw'
torbanite and the torbanite kerogen isoiated from Its mineral matrix by
wet éhemjcal demineraliséfion techniques. The éfriking differences in the
photolonisation spectra of the isolafed‘kerogen and the raw material
demonstrates Thelgbillfy of ESCA to detect the mineral phase. The wide
scan spectrum of +he un+rea+ed forbanITe shows prominent signals from the
sil!coﬁ and aluminium consfifueﬁfs of fﬁe clay mineral matrix. A more

detalled lnvestigation of the indlvidual ST, (104.1eV) and ALy, (75.7eV)

peaks revealstheir respectlve latensities to amount to 38% and 23% of the

total C, band intensity,

Is
Clay minerals are rich in oxygen; for example, the kaolinite

group of clays has an elémenfal stolchiometry of A24 574 O[O (OH)8.- The
presence of such an inorganic mineral phase accounts fér the unexpectedly
intense ESCA oxygen.signal In the untreated Torbani%e. (The carbon to
oxygen atomic ratio corresponds to 100 : 98.).

Also uncharacteristic of the pure torbanite kerogen 1s the
apparent surfeit of carbon/oxygen func*lonélifies discernible under the

rather broad C s envelope (Table 2.1). These functlonalltles, which include

I
C - 0, carbonyl, carboxyl and carbonate moieties,are [ikely to orlglna+é'

from other organic carbon compounds within the matérfal as a whole. A low

level signal (~ 1% of the total C, envelope) at 295.2eV blinding energy is

Is

characteristic of the potassium component of the clay.
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THe.ESCA spectrum of the dehiﬁeralised samb!e shows that the
silicon and aluminium components have been almost entirely elfmlnafed.+
For example, the Azzp tevel is found to have éhrunk to 2% of 1ts Intensity
In the untreated materfal. There is also a marked drop in oxygen

concentration, as is evident from the O, core level photoionisation peak.

Is
Comparison of the overall intensitles of the Cls and Ols peaks lead to a
carbon to oxygen atomic ré+io of 100 : 6.8, a finding which is consistent
with elemental analyses reported in the &ifera+ure. 206

The overal! FWHM of the Cls eﬁvelope of the deminerallsed
torbanite sample is significanfly less Tﬁan that of the raw material, the
respective values being 2.deV and 2.9eV.- Deconvolution of the Cls envelope
of +he demineraliséd samp!e and feiafive area analysis of the resulting
component peaks show that the chemical nature of the carbon constituent is

predominantly hydrocarbon-like. Of the other components presenf, the peak

at 286.3eV corresponding to carbon~sfngly bonded to either oxygen or nitrogen
' 0 0

is the most intense; whersas those Indicative of >C = O, é_- 0 and O - é_- 0

functionalities are cqmparaflvely minor;‘ The Iow_level sz peak at

295.2eV binding energy of the unfreafea sample is ho.longer observable.
Nitrogen is detectable in +he.specfra of the untreated and

demlnéralised torbanite samples, the la++er sample showing a more intense

signal. The binding energles at which these peaks occur correspond to

nitrogen bound in the form of amlne,

¥ Infrared spectroscopy Is a technique which may be used to monitor
procedures for kerogen isolation. 238 Indeed, infrared spectra
of the torbanite sample before demineralisation shows strong
absorption in the region of 1100cm™!, characteristic of silicates
(Figure 2.4), Also prominent in the spectrum are the sharp bands
at ~ 3600cm=! which arise from OH groups in the mineral phase.
These bands are not present in the spectrum of the isolated kerogen.
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The demineralised torbanite also shows a low level of sulphur,

as a very broad, weak S, band ﬁresen+ in the spectrum at less than 1¥ of

2»
the total Cls peak intensity. No sulphur could be detected in the raw
torbanite. | | |

The elemental composition of the torbanite kerogen as determined

by ESCA is CIOO Nl.8 06.8 50’4 which compares moST favourably with the

value of.C'OO Hl64.9 N'.5 04.3 50.4 derived from migrOana!ysis.

2.5.3 Kimmeridge Kerogen

As aﬁ example éf a Type-1l kerogen, the kerogen concentrate from
the bituminous shale of kimmeridge Bay,:DorseT, was subjected to e*amina+ion
by ESCA.  Type-I1 kerogen is usually rélafed to marine sediments where
autochthonous organic matter has béen deposited in a reducing environment.

In dispersed state, Type-!{ kerogens are the source material of}a great

number of oil or gas fields. 206

The details of nitrogen and oxygen photoionisation peak intensities
and carbon envelope deconvolution aré p?esenfed in Table 2.1. The most
striking feature of the ESCA spectrum lies in the prominence of the sulphur
core level signal which amounts to over 9% of the intensity of the CIs
envelope.  This corresponds to a carbon to sulphur ratio of 100 : 5,

compéred with a microanalytical ratio of 100 : 7.3. The percentage of

sulphur in Kimmeridge kerogen is far higher than tha*+ found in the organic

precursors to the kérogen. 271

The S, envelope (Figure 3.26) consists of two distinct c0mponen+s'

2p
centred at binding energies of 163.9eV and 169.0eV, the respective intensities
being In a ratio of 77 : 53.  Although unequivocal assignment of a particular

species to each component cannot be made, a study of model systems Is helpful .-

when analysing spectra of materials of unknown compositlon. For example, .



the épecfré of ferrous sulphide; polypﬁénylene sulphide and bfsphenol-A
polysulphoﬁe have been run and are shown in Figures.3.l7 -9, Inorganic
sulphide, as in FéSz, is found at a binding energy of ~ 162eV, whereas the
polyphenylene sulphide ofgan!c sulphfde peak occurs at ~ 163eV: the S2p

0

{ ’ : - '
-sulphone ( - § - ) peak of bisphenol-A polysulphone Is centred at 168eV

H
0

binding energy. . This information, together with the tables avallable in

!05’190 leads to the assignmehf of the SZp component peak

the liferafure,
at 169eV as being due to oxlidised sulphﬂr species, whilst Tﬁe peak to lower
binding energy comprises su|phu} bound in organic sulphur environments.
| I+ should be noted that éifhough a low intensity iron peak (Fe3p 54 ,6eV)

is detectable, it is unlikely that there is a significant contribution to

the 163.9eV S

2p éomponen+ by‘inorganlc sulphide in the form of FeSz.

2.5.4 Vitrinite

2.5.4a Introduction

Vitrinite is a coal macera! type comprising the remains of woody
and humic components which 1s the most abundant maceral of humic coals.

Vitrinite is the dominant constituent of the bright, black and lustrous

bands that characterise hard coals. The maceral occurs in two forms: 207
telinite thch shows the cell structure of wood or'bark, and coIlini*ev
derived from the celi filling. Vitrinite paf+icles are found In about SO%
of the clays and sands Qf sedimentary basins. 205

| Atomic H/C and O/C ratios for vitrinite samples will vary -
according to +heif degree of coalification. 268 When represented on abvani

Krevelen diagram, the evolution track followed by the vitrinite maceral group

is found to correspond to the Type-111 kerogen.pathway. 206 This is
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reasonable; since both vitrinite and Type-11I| kerogén are-rich in
terrestrial plant material.

The aromaticity of vitrinite varies.wifh‘rank, and has been
measured by such diverse techniques as X-ray diffracflon, optical and
spectroscopic examination andAchemical studies. 207 Vitrinites typically
confaih about 70% aromatic carbon atoms in hard brown coals and over 90% in
anthracites. The oxygen content of v?frini+e decreases pfogressively with
increasing rank as the oxygen functlonalities are split from the periphery
of the aromatic cluster network, 296 Accompanying this process there is
a loss of methyl Qroups, and condensation of the aromatic ring'clusfers as
the coal structure approaches that of anfhracife;

Both the nitrogen and sulphur‘confen+ of vitrinite show little
change with increasing rank, the respec+ive Values lying In the ranges
1.15 - 1.35% and 0.4 - Q.6%. 207 Nitrogen fs assumed to occur In heterocyclic
ring systems. Various forms of organic sulphur such as thiophenol, sulphide,
disulphide and heterocyclic, have been distinguished with 70% of the organic

sulphur probably occurring in heferocyclfc aromatic ring structures. 269

2.5.4b Results and discussion

A sample of vitrinite extracted from the hard bituminous coal from
the Nottingham coal field, Babbington, was used in this investigation. - The

ESCA spectrum of vitrinite indicates the presence of carbon, oxygen, nitrogen

and sulphur, together with a very low level of silicon (szp, 103.5eV),

aluminium (AL, 198.7eV), the intensity of the -

2p’ 2p’
latter signals not exceeding{l%‘of the total carbon envelope intensity.

76.5eV) and chlorine (C%

Also detected in the ESCA spectrum were two low intensity peaks‘(amoun+ing
in.total to ~ 1% of the C'sAenvelope area) occurring at 495.7eV and 486.7eV

on the binding energy scale, the areas of the peaks being In the ratio of | : 2.6.
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The nature of these signals is dncerTaih; however, the photoionisation

fines from.the 3d3/ and 3d5/ tevels of tin are known to occur in this

2 2
' 105
region, with an intensity ra+io of 2 : 3.

The elemental composition of vitrinite, as determined by ESCA,
is revealed as being 79.1% C, 12.5% 0, 2.3% N and 0.9% S, as compared with
microanalytical figures of 74.0¢ C, 5.2% H, 18.6% 0, 1.6% N and 0.6% S.
This information establishes that the vitrinite originates from hard

207

bituminous coal rather than a coal of a higher rank. The H/C and 0/C

atomic ratios, obtained from ESCA C and O values and the microanalytical
result for hydrogen, are 0.78 and 0.12 respectively. When recorded on a van

Krevelen diagram, this result Is found fo fall on the coalificafion'pafhway

of bituminous coal as depicted by Hunt. 205

Curve resolution of the C!s envelope shows the existence of
0 ' 0
I - .
C-0,>=0,C-0and0-C-0 environments, which manifest themsel ves

as peaks to the higher binding energy s’de of the prominent C - H photo-

electron signal. A low intensity signal at 291.4eV is indicative of

*
m > 7 shake-up transitions from conjugated systems.

- The O, and N, signals are broad, which implies that each element

I's Is
is present in more than one chemical environment within the sample.  The
weak intensity S2p peak centred at 164.4eV is characteristic of organic
sulphide-type sulphur linkages. To the higher binding energy side of this

82 peak there is evidence for a low level of oxidised sulphur in the form

of a shoulder at 168.%eV.

2.5.5 Brown coal

Brown coal falls into the category of a humic coal which is in

+he early stages of coalification. The formation of brown coal proceeds

via the humification of lignin in peats fto give humitinite. 207 This stage
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is followed by gelification which leads To,vifriﬁife-forma+ion. Hence
brown coal and vitrinite fall on the same evolution pathway and therefore
it is of value to compare and contrast these two materials in this work,
especially with respect to the type and relative abundance of oxygen
functionality as detected by ESCA.

fhe brown coal studied here is of the Miocene Age and originates
from Indonesia.

From a knowledge of the chemical changes which occur during the

268

maturation of brown coal to bifuminous coal, the level of oxygen

functionalisation in the younger brown coal would be expected to be greater
than has been established for vitrinite. This is indeed found to be the

case, not only from consideration of the ESCA atomic 0/C ratios, but also

from curve resolution of the C;s envelope.
: 0

' H
The deconvoluted Cls signal shows C - 0, >C =0, C -0 and

0
I , '
0= C -0 functionalities: peaks characteristic of graphitic carbon and

shake up are also present. The oxidised carbon environments are considerably

more abundarit than in the C, spectrum of vitrinite. This trend is

Is
parTicﬁlarly noticeable for the carboxyl moiefyf

A low level of organic nitrogen was pfesenf at a binding energy
of 400.6eV; however sulphur wes not detected. SiliconA(Sizp 104 .4eV)
apd aluminium (Az2p 75.5eV) were present in trace quantities, the combined
intensity of the Sizp and Azzp signals amounting fo less than 1% of the

total C s peak intensity.

2.6 Conclusions

264 . .
A recent report into basic coal sciences research presents

a critical survey of the present-day philosophy and methodology used in
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the elucidation of the structure and characteristics of coals énd coal-
related materials.  The report emphasizes the need for fundamenfa[ research -
using standard coal samples, of well-defined hisfory, ahd.urges the
abplicafion and development of techniques new to the area.

As menTioned previously (Section 2.2), relatively little work
has been published relating to ESCA studies of coal. The work presented
in this chabfer has Shown that elenenfaf analyses from ESCA data are in
reasonébTé agreement with microanalytical resulfs;"-Furfﬁermore, the
'inadequacies of analytical deferﬁinafions 'by difference' have been high-
lighted for the paETicular case of oxygen. _ |

In addfTion, the technique of ESCA is well suited fo the detection
of the mineral phase assoclated with coéls and kerogens. This is amply
illustrated by the analyses of the unTreaTéd torbanite and the isolated
v+orbanifelkérogen. The ability of a nethod to monitor the mineral content
of such materials is attractive since the presence of a mineraf matrix isknown

265

to affect the burnihg characteristics of coal “°° and the pyfo!ysis of

236,266
kerogens.

The weathering and oxidation of coals and cokes also affects

267

subsequent combustion. ESCA is able to probe .the outmost monolayers

of a solid, with a minimum of preparation. The higH sensifivify of the

technique is such that ¢hénges in surface composition may be detected with -

" ease.

-Thé fol(dwing chapter describes fhe-use 6f'ESCA %o monitor the
madfficafidns in chemical func+idna[isa+ion which occur when‘céél and
kerogeh are subjecfed to oxygen glow diséhérge Trea+meﬁ+s.' Siqce_+he
voxida+ioh'procé$sﬁmay be readilyuconfrolled,_if is hpped Théf such +rgafmen+s
'.bmay afford selective oxidation, thus providing an insight into, the rélafiQel
1 susceptibility of the mafériéls.TQ.fhe réa¢+ive specié§ present In the - '

. plasma.
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Line shape analysis Is capable of reveéllng Informatlon on the
chemical environments within a sample, although the limitations of such
deconvolutions must be fealised.

The combined use of ESCA and nmr techniques offers considerable

potential in structural studies of coal and coal related materials.
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CHAPTER THREE

PLASMA TREATMENT OF A SERIES OF GEOCHEMICAL MATERIALS AND

POLYMER FILMS

3,1 Fundamental Aspects of Plasmas

The term plasma refers to a gaseous state comprising atoms,
molecules, me+as+able§ and excited states of these species, and electrons
such that the concentration of positively and negatively chargedvspecies
is roughly equal. This state of matter can be generated through the
action of either very high ftemperatures or strong eieéfric or magnetic
fields. De-excitation of excited states (electronic, vibrational and
rotational) produces a wide range of elecfrbmagne*fc radiation. The
various plasmas which may be found iﬁ nature and in the laboratory, |
defined by their electron density and average electron energy, are
summarised in‘Figure'B.l. The area which has proved to be of greatest
interest to chemists is that associated with charge densities of
- iO'o cm ~ and average electron energies of ~ 1.0 eV.

Plasmas produced by gaseous electrical discharges are to be
considered here, and may be divided into two types.  Firstly 'hot' or
'equilibrium' plasma, characterised by a high gas Tehpera+ure and an
approximate equal ity between the gas and electron temperatures. These
plasmas are generally regarded as being of more in+er§s+ to physicists,
typical examples of 'hot' plasmas including arcs and plasma torches.

The second type of plasma, with which this thesis is-fo be concerned,
mighf be termed 'coo!' and Is of primary interest to chemists. Cool

or nonequilibrium plasmas have the characteristic feature that the Boltzmann.

temperature of the ions and molecules is roughly ambient whilst that of the

trons i two orders of magnitude greater. .
elec ro s some r g g STRRAN UNIVERG)7y
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Figure 3.1 Plasmas characterised by their charge density and electron energy



The criterion of overall electrical neutrality is satisfied

when the dimensions of the discharged gas column are significantly

greater than the Debye Ilength X p? 129

[ Ed

(3.1)

ne

which defines the distance over which a charge inbalance may exisf..

In equation 3.! € is the permitivity of free space, k is the Boltzmann
constant, Te is the electron temperature, n is the electron density and
e Is the charge on the electron.

Electrons within the plasma are accelerated by the electric field
and prodhce further ionisation by collisions with other species. The
colllsion process is shown schema+ica|ly in Figure 3.2.

Although the interaction of radio frequency glow discharges with
solids in general has been an active area of research in both industrial
and academic laboratories, few attempts have been made to characterise the
plasmas involved in terms of the energy dis+ribufion of electrons, ions and
metastables, Expressions describing the electron energy distribution in
reference to energy input, discharge dimensions and gas pressure lead to
a Maxwellian distribution of electron energies, -Figure 3.3. This relation-
ship holds‘STricfly for simple systems only, for example hydrogen, as
'depic+ed in Figure 3.4, For more complex systems, the average electron
130-1

energies may be analysed by electrical probe measurements and

direct electron sampling. 124

In general, plasmas generate a plentiful supply of electromagnetic

radiation, through de-excitation of excited states, particularly in the U.V.
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M
vibrational —> infra-red
v rotational ‘ > microwave
electronic —_ —> ultra-violet

Figure 3.2  The collision process in a plasma

and vacuum U.V. and-in fact plasmas are frequen+ly used as sources in

these regions.  The relatively small output in the visible region is -

responsible for the characteristic colour for plasmas excited in a given

system and hence the appellation 'glow discharge'.
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The production of a non-equilibrium glow discharge may be

accomp! ished in several ways, the three principal variables being the

source of electrical power to sustain the plasma, the coupling mechanism

~and what may be loosely termed the "plasma environment". The aspects of
interest are outlined in Figure 3.5 the combination selected for a

given Investligation depends on such factors as cost, ease of construction
and convenience,

Whilst most of the early work -0 fnvolved A.C. and
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Elements of a Glow Discharge Experiment

Electrical Power —&= Coupling Mechanism —& Plasma Enviroment

-~ =
be. Resistive Current
Pressure
AC. > Capacitive p Gas Flow & Temp.
RFE Inductive Reactant Phases
Microwave J -/ Electric & Magnetic

Fields

Figure 3.5 Elements of a glow discharge experiment

D.C. electroded discharges, the greater: flexibility and closer control
over operating parémefers has, of recent years, shifted the emphasis
towards the use of inductively coupled radio frequency and microwave
plasmas.

Electrode discharges, in which electrodes are positioned in
contact with the gas itself, may employ A.C., D.C. or R.F. power and are
generafly resistively coupled. These suffer from electrode contamination
during usage. A more flexible set-up, particularly as far as in situ
plasma treatments, employing a reactor attached to characterisation
instrumentation and allowing for sample analysis without the risks of
atmospheric contamination are concerned, involves the use of electrodeless

R.F. discharges. Electrodeless R.F. discharges may be either capacitively
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or inductively coupled, and are well-suited to flow systems with copper
coils wound around the external surface of a typically cy!indrical reactor.
Electrodeless microwave discharges may also be excited inductively, using
tuned cavities which can Be in a demountable form to attach conveniently
to a cylindrical reacfor.'|37

The operating parameters of a glow discharge experiment are those
of power input and operating pressure. Powers may range from O.IW to a
few kilowatts., Low frequency and D.C. discharges are generally
characterised in terms of the voltage and cﬁrrenT sﬁbplied to the electrodes.
Typical operafing voltages being in the range ™ 10 - 100 V and ~ A cﬁrrenf
at pressures of ~ | torr, For R.F. and microwave plasmas the situation
is somewhat less straightforward, and the requisite instrumentation to
measure the power in the plasma is relatively expénsive. Operating
pressures can range from ~ 0.0l torr with R.F. and microwave discharges,
and up to atmospheric pressure for D.C. dlscharges. An account of the
fundamental processes which occur in glow discharge (D.C. and R.F.) has

been presented by Lucas. 138

Low power levels (<1.0 W) are generally difficult to sustain,
but when using R.F. power this can be accomplished by pulsing fthe power
fnput.  Thus, with switching in the microsecond range it becomes possible

to obtain stable plasmas opeEaTing at low average power loadings.

3.2 Reactive Species in Plasmas

Plasmas excited by electrical discharges contain a variety
of species arising from collislons involving electrons accelerated by the
electric field. Many of the species are sufficiently energetic to cause
chemical reactions. A typical plasmé may contain electrons, ions,

metastables, neutral molecules and free radicals in ground and excited
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states, and phofons of various energies. The plasma-fs therefore a
complex entity overal! (Figure 3.6) and not surprisingly it is only for

the simplest systems that any great attempt has been made to fully

characterise a given system under standard operating conditions. 230
~ Energies associated with _a glow discharge.
EY. .
Electrons 0o - 20
lons 0-2
Metastables 0 -20
U.V./visible 3 - 40
bond energies:-
C—H 4-3 c=0 80
C—N 29 c—C 34
c—Ci 3-4 C=C 61
C=C 8-4

C—F 4-4

Figure 3.6  Energies associated with a glow discharge and some

typical bond energies




plasmas excited in oxygen, although air

110

The work in this thesis concentrates on treatments using

I39'and hydrdgen have also been

employed to a lesser extent. A discharge pressure of 0.2 torr (as

monitored by a Pirani vacuum gauge) was maintained in all the experimental

runs.

3.2. 1

3.2, 2)

3.2, 3)

140

'Oxygen Plasma. Under the conditions of pressure and

temperature used, the only ion likely to be present is O;.
Other species present will be atomic oxygen, singlet oxygen

and ozone. Hydrated.protons and oH" are unlikely to be

formed.
- 140 A et cro ,
Air Plasma. thé principal positive ion will be
O;, formed by the following reactions:
+ +
Np # 0 > Ny v 0

At 0.2 torr, NO and NO* will also be present:

0, * N; > NOT + NO

The peroxy isomer of NO2 has also been observed in oxygen
plasmas containing nitrogen. Other species present will

be atomic oxygen, atomic nitrogen, singlet oxygen and

* +

N,. The existence of N, is unlikely as are hydrated

protons.

Hydrogen Plasma. 141 At the low pressure employed in this

work there is little evidence for the existence of hydrogen

in reactive states other than atomic hydrogeh. At higher



pressurés (30 - 300 mm Hg) hydrogen atoms combinfng by

three body collision processes appear té glve rise to
persistent, unstable molecules which retain the greater

part of the energy of reéombinaTion and may survive up

to !08 collisions In the gas 5hase. Thus chemical

reactions of actlive hydrogen could be due to one or more

of the following species: hydrogen atoms (H), excl+ted
hydrogen atoms (H*, H; fons), excited hydrogen molecules (H;),

*
protons (H") or unstable complexes (Hx).

Detailed coverage of the chemical aspects of electrical discharges
! 142

are to be found in books by McTaggart, 41 and Hollahan and Bell,

3.3 Applications of Plasma Chemistry

Recent years have witnessed a growing awareness of the great

potential of the field of 'plasma chemistry' and especially its application

to a wide range of toplcs of academic and technological importance. An

Indication of the areas In which glow discharges have been developed is

given in Table 3.1 and will be summarised in the following discussion.

Table 3.1

i)

i)

tin

iv)

Some applications of a radio frequency glow discharges

Chemistry : synthesis

rearrangement 4
dg?raga;{"’:.on (thick films
polymerisati (thin coatings

Surface modification of polymers:

cross-11nking
oxidatlon
grafting .

Ashing and Eféhing:' trace énalysis

Interface analysis

Spluttering 143, depos i+ion

etching.
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3.3.1 Pfeparafive Organic Plasma Chemistry 144

Atthough equilibrium 'hot' plasmas have been used for a number
of inorganic reactions, their use in organic chemiéfry is limited due to
the low thermal stability of most organic sﬁbsTances. Research Into
orgahic éspecfs of plasma chemistry has focussed'on‘fhe synthesis of
new compounds and prepara+ion of known substances via'easiér or more economic
routes, using the 'cool ! plasma as an alternative means by which energy
may be transferred to molecules. Typical reacffons occurring in élow

discharges are:

1) Generation of atoms or radicals

2) lsomerisation

3) Elimination of atoms or small groups

4) Dimerisation and polymerisation

5) Reactions involving a complete scrambling or

destruction of the starting material

All but the last type have shown results which are of value to preparative
chemisffy. " Since the chemistry Involved in these reactions is rather
complex, 1t is not surprising that the study of mechanism of plasma
reactions is fraught with difficulty : attempts to facilitate the
investigation of mechanistic pa+hWays have employedusimple model compounds.240
Similarities have been observed between the reaction products obtained -

from certain substances using the plasma as the reactive medium and those
formed In systems actlivated by related methods such as pyrolysis 24I.and
photolysis, 144 for which meéhanisms are somewhat better understood.

Preparative organic synthesis in glow discharges is still in the

early stages of development. No doubt, with improved diagnostic techniques,
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a better undersfénding of the basic processes involved will tead to
improved selectivity of reaction, optimisation of yieid and growth of

the field as a whole.

3.3.2 The Appliéafion of Plasma Techniques to Polymers

There are basically three areas of polymer sclence in which
plasmas have been utilised, namely plasma polymefisafion, surface
modification of polymers and polymer e%ching. 4Discussion of the latter
will be given in Section 3.3.4; modlification of the surfaces of a range
of polymer systems forms part of the experimental work of this chapter |

and is introduced in Section 3.5.

3.3.3 Plasma Polymerisation

The glow discharge synfhesls.of polymers has been a particulariy
active area of research, especially in industrial laboraforles."45
The attractiveness of this approach stems from +he capability of producing
pore-free, uniform films of superior physical, chemical, electrical and

mechanical properties. 134

The basic experimental set-up comprises a means of introducing
the 'monomer' into an appropriate reactor in which the plasme is excited,
and a system to enable substrates to be introduced to interact with the
plasma. (In this context the term 'monomer' describes the low molecular
weight starting materials used in these studies. . Due to the complexity
of the processes taking place in the plasma it is often not possible to
identify the true precursor to polymerisation.) With suitable vacuuﬁ
ine +echniques and provision for hea+fng or cooiiné sample reservoirs,
it is possible to work with monomers encompassing a wide range of
volatilities. The plasma pélymerised film may be deposited either on

an inert substrate or by direct inferacfion wi+h,>for example, a polymer,
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as in the case of grafting. 146-7 Alternatively, plasmas excited in

inert gases 26 may be émp!oyed to effect modification at the surface
of a pol?mer-via selective energy transfer (both direct and radiative)
to yi?ld a cross-linked surface network.

The principal advantages of giow discharge‘synfhesis of polymer

films are as follows:

I) The technique is applicable to batch or continuous processing
2) There is low initial capital outlay
3) It may be suitably applied to a wide range of systems

4) Close contro! may be exercised over experimental conditions.

It should also be no+ed»however that such films cannot be produced to-a
specific formula; a!fhough the reproducibi!ify'of éomposifion and surface
characteristics of a polymer film produced by the g)ow discharge technique,
under fixed expefimenfal cdndifions, is high. Thick films tend to be
rather brittle and discoloured.

A variety of analytical techniques have been uéed in the
characterisation of plasma polymerised films. 148-151 These include both
chemical and physical mefhods and may relate to either the bulk or surface
properties of the film. 1t is of particular relevance to this thesis to.
~note the imbor+an+ contribution which has been made by ESCA to the

'Undérsfanding of the complexities of the processes involved. 152-3

A 'state of the art' account of plasma polymerisation will be given by

AbRahaman."54

3.3.4 Plasma Ashing and Etching

Radio frequency glow discharges have found considerable

applications in the area of chemical and physical analysis. 155
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TH@ R.F. plasma has been employed successfully, in conjunction with
other methods, +olhe|p resolve a nﬁmber of analytical problems in wide-
ranging disciplines.

Although oxygen plasmaé have received the most attention in the
realms of 'low Témperafure ashing', (LTA), as the technique has been named,
}+he use of plasmas excited in hydrogen, a to date little explored medium,
may be a++raé+ive where oxidising conditions are to be avoided.

The principal advantages of LTA, compared with chemical 'wet-
ashing' or high temperature ashing using a muffle or combustion furnace
operating at ~ 600-90000, lie in the fact that the process employs a dry
gas at low +empérafures, typically ranging from room temperature to
250. - 300°C.  Thus the physica! structure of the sample tends to be
retained whilst chemical contaminatlion, degradation and removal of readify

volatilised elements is kept +o:a minimum,'+hereby facili+a+lng trace

. 180-1, 183~4
analysis.
In the plasma ashing experiment the sample to be treated is placed
on a glass slide; dish or boat inside the reaction chamber. The plasma

is initiated in a flowing gaseous environment at an operating pressure in
the region of 0.5 - 1.5 torr. Samples may be in the form of powders,
flat sheet, microtomed section, film, foam, microscopic specimens, or even

liquids of low vapour pressure: the plasma ashing of whole mice has been

reported. 8l

The reaction mechanisms are very complex, especially for
heterogeneous systems such as oxygén plasma interacting with coal 183
or biological tissue, and it is not possible +o'ob+ain detailed information
on fhg pteciseAmechanis+ic pathways by which +hesé_é§hing processes occur.

When oxidisable organic material is present, CO and 002 are formed most

common!y and these products lend a blue tinge to the emitted visible
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radiation from the plasma: éure oxygenvis pink undef discharge conditions.
The colour change from blue to pink glves an indication of the comp!eteness
of ashing;f change in weight may also be used. For thorough ashing of
powder samples, it may be necessary to stir or redistribute the ash éf
intervals during plasma treatment so as to preveh+ the formafion of a
layer of ashed material which would otherwise inhibit further reaction.
| Tﬁe recovery of trace constituents from (arge!y organic matrices
on LTA through the plasma oxidation of the organic phase has been uéed in
~ the analysis of +face e!émen+s present in a variety of biological spec}%gﬁéflas-

The. factors governing the retention of a given element during ashing have

been investigated and include the nature of the plasma and the chemical

environment in which the element is bound. 156

Microscopic techniques have been used to study the structure of

183-4, 186

the residual ash. The preservation of the plasma ash pattern

-of biological specimens by subsequent coating with'a plasma polymerised
thin film has been reported. 157

The fields of application of plasmas to inorganic materials
155

analyses include geochemical, metallurgical, marine and soll sciences.

With the exception of coal, most of these materials have a high ratio of
inorganic/organic phases and often it Is desirable to remove the low level
organic materials before analysis, to separate phases at low temperature
without destroying their chemical or physical nature, and to minimize
volatilisation and sintering. ’

The remova! of the outermost layer of a sgmple by means of a piasma,

plasma e}ching, has been applied to é wide range of materials, in¢luding
organic polymers, 158 bio-organic materials, carbon and graphite, metals

155, 186

and other inorganic materials. Plasma etching has been used to

reveal crystalline or multiphase fine structure, three dimensiona! ash
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structures 159 and mineral distributions. Particular application of
plasma etching is to be found in the removal! of photoresist materials
used in the semiconductor industry, 160 and in Thé study of interfaces
such as those present in Langmuir multilayer based electronic devices
comprising |11-V sémiconductors. 161 Selective efching may be
achieved by_dbfaining a favourable etch-rate rano between the materials
under consideration, and may be enhanced by using plasmas exclted in

gaseous mixfures,'62 and those containing fluorocarbon molecules. 82

3.4 Geochemical Applicéfions of Plasma Chemistry

The application of plasma chemistry to geochemical substances

may be divided into two broad areas:

1) Plasma pyrolysis and gasification of fossil fuels,
2) Analysis of the mineral component of materials as a

means of estimating the amount of organic oxygen present.

A recent account of the plasma chemistry of fossil fuels 63

reviews the areas of research currently underway which alm to develop the
producfibn of organic compounds from complex organic materials sﬁch as
coal, shale and tar using plasma degradative techniques. This is likely
to be of growing importance in the manufacture of acetylene and natural
gas, the fossil fuel in shortest supply and greatest demand, and also
provide new routes to the molecules which act as building blocks in
lérge-scalé organic chemical production. Various types of plasma have
réqéived attention,. namely glow discharges, |65Amicrowave diséharges,
166, 187-8 | '

electrical arcs and'plasma Jets. Hydrogen, nitrogen, argon,

carbon dioxide and mixtures of these gases have been used as the exciting

med i um. 163-4 The review by Venugopalan et al also discusses the
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app!lication of lasers '67 and flash heating techniques, and the status

of work on plasma desulphurisaffon of cdal and petroleum.

The second area of applicafion relates to the problems associated
with oxygen stoichiometry in analyses of coal and related materials, a
subject reviewed by Volborth 168 in some detail, and discussed in
" Chapter Two of this +hesfs. | The determination of organic oxygen content
is important for the classification, assessment and utilisation of coal.
The method of determining oxygen content 'by difference; s unreliable;
moreover it considers only the total oxygen found in the analysed sample
and not the organic oxygen cémponenf. A knowledge of the original mineral
composi+ioﬁ of a coal is therefore necessary. This is especially so when
the characteristic properties of a coal are being evaluated. Formulae
have been‘broposed to give an estimate of the percentage mineral matter

169, 170

content from high temperature ashing. Relationships between the

mineral matter and inorganic oxygen content in the ash are available in

the literature. 1712

The low temperature ashing procedure based on that described by
Gluskoter 173 in 1965 has been used to analyse ash for its compoﬁenf
minerals.  Hamrin and co-workers 74 have emphasized the importance of
subtracting the defermined inorganic oxygen content fn order to obtain
a more accurate value for organic oxygen by the formula

oorg B O+o+ - Aoinorg _ : (3.?)

Even though LTA is far more gentle than the high temperature
ashing method, during which alteration of the nature of the mineral matter
is known to occur, the ash so formed does not contain a[l,The mineral matter

In the coal in i*s-origihal state. Several research groups have pointed

out the problems in the LTA determination: ’ some pyrite may be oxidised
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to haematite and some organic sulphur may be fixed in the ash as sulphate,

especially in sub-bituminous coals and lignites.

SO3 fﬁmes may form, partially decomposing Tﬁe carbonates, and
considerable nitrogen and unburned carbon may be present. - These unwanted
side reactions cannot -be totally eliminated énd it follows then that
equation 3.2 is not sfriéfly correct. However, Miller, Yarzab and Given'77
have described a ﬁew method for determining the mineral matter contents
of coals, based on LTA, using an oxygen plasma in thch these side reactions
are minimized, thereby providing an accurate and rapid evaluation.

Studies of the p!ésma ashing of coal and other geochemical samples
have concentratedion either kinetic aspects using weight loss measurements

and analysis of the gaseous products evolved, or have focussed on the

composition, both chemical and structural, of the residual ash. Analytical

X-ray diffraction, 173 chemical analyses 73 and more recently instrumental

neutron activation analysis. 179

The work to be presented in a later section of this chapter
(Section 3.6) is concerned with the interaction of the species exisfing in
'cool! plasﬁas (for the most part those excited in oxygen) with the surface
region of some meterials of geochemical interest (a selection from those
al ready encounfered.in Chapter Two). Emphasis is to be placed on the initial
changes brought about by very mild plasma +rea+men+§, with the aim of
introducing a certain selectivity to the attack in an a+f§mp+ to probe the
relative susceptibility of the materials to the reactive species. In such
én investigation ESCA allows small changes in surface functionalisation to
be monitored with ease, in the initial sfages of reaction where bulk

analy+icai techniques would detect no change.

methods employed in the study of the ash have included infra-red spec*l‘r'oscopy,'78
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3.5 Modtfication of polymer surfaces by oxygen plasmas

3.5.1 Intrcduction

Complemén+ary to the Investigation of the changes, as detected -

by ESCA, affected by low ﬁower inductlvely coupled R.F. plasma, excited
in oxygen on the céal,.kerogen and bifumen samples analysed in Chapter Two,
a selection of polymer samples were also +reé+ed undef similar conditions.

'The rationale behind thls sfudy is two-fold. Firstly, research
in Durham 126, 212-5 has sﬁown that 'cool' plasmas may be conveniently used
to affect functionalisation at polymer surfaces in a ¢9h+rolleo manner,
both In terms of extent of reaction and the range over which functionalisation
occurs. . In the particular case of oxygen plésmas, 213 it has become
evident that a va}iefy of.funCTionalifles may be introduced and studies of
polyethylene (high and low density), polypropylene and polysfyrene'indica*e
the surface'sensi+ivi+y and sefecfivify of the prdcess;' Comparing and
contrasting the extent of oxygen uptake during the Initial stages of
Interaction of an oxygen plasma (0.2 torr and O.4W)Vwi?h polyethylene and
polystyrene films reveals the greater suscepfibili*y of po!ysfyfene to the
oxidation. Clark and Dilks found the relative order of reactivity of the
‘+hree polymers towards the oxygen glow dlscharge to Be polystyrene >
polypropyfene > polyethylene, which Is én+ire|y reasohable in terms of the
relative reactivities of unsaturated versus saturated s?sfems and of +er+féry
versus prihary and  secondary C-H bonds. The reaction is rapid and is
essentlally complete after approximately five seconds as.far as the change
In sﬁrface composifipn revealed by ESCA 1s concerned. Flgures 3.7 and 3.8
show the core level specfré of polyethylene and polystyrene before.treatment

and after éxposure to oxygen plasme respectively. The greater susceptibility

of the unsaturated system Is clearly evident.



121

Qis (xI0) Cis

A

Polysthylene

537 535 533 53 293 291 289
Binding energy (eV)

287 285 283 28

. Figure 3.7  ESCA core level spectra of untreated samples of polyethylene

and polystyrene flims

On increasing the time of exposure to an oxygen plasma

(0.2 torr, O.1W) all the components of the Cls spectra of treated polyethylene

andlpolys+yrene films were found to reach a constant intensity after

épproxlmaTely 16 seconds, by which *+ime a high extent of surface oxidation

had taken place. The relevant spectra for polyethylene are reproduced in

Figure 3.9. The data presented by Clark and Dilks 213 demonstrate that the =
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Flgure 3.8 Cls spectra for examples exposed to an oxygen plasma

(0.2 torr, 0.4W) for | and 5 sec

overall compositions of the oxidlsed polymers, when oxidations are carried
ouf‘in pure oxygen plasmas at low powér, are sensitive funcflons of.+he
mofecu!ar s+rﬁc+ures of the starting materials. I+ follows that the use of
polyethylene and polystyrene films as a means of monitoring the effects of
the plasmas subsequently employed In reaction wu+h materials of 111-defined
composlflon should aid +he development of a more thorough unders*andlng of
+he complex processes involved. This approach has been extended to include
a variety of polymer systems each having functionalities of particular

interest.
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Polyethylene

spectra of polyethylene versus time of exposure

Figure 3.9 C s and O'S

to an oxygen plasma (0.2 torr, O.IW)

Secondly, the surface modification of polymers, especially those

in flIm form, is an area of conslderable +echnologlcél and industrial

Importance In its own right. 214 Etectrical discharge (radio frequency,

microwave and corona) excited in a variety of gases Is a ftechnique widely
used as a method to increase the surface free enerqgy and wettability of ‘

the material. 215 This procedure has the advantage over wet chemlcal

processes In that the.interaction occurs at the gas/solld interface.



It is a clean reaction which takes only seconds to achleve the required
results and is therefore ideally suited.to a flow-system. Whilst
producing profound changes in the surface properties 6f the polymer
(permeabi!ity, bondability, printablllty), the overall properties of
the maferial; for which 11 was originaliy chosen, remain unchanged
(élecfrléal chafac+erls+lcs, +ensi!e's+rené+h etc.).

| The advent of surface sensitive forms of spectroscopy has,
in reéen+'years, allowed considerable pfogress to be made In the
investigation of the surface chemistry brought about by a variety of
surface treatments of poéymers; This is par+icu!arfy true Tnbfhe case
of glow discharge techniques where the thickness -of the modi fled layer
has been estimated to be in the range of O to lOﬁm, 33 depending on

the conditions of the discharge (pressure, power, gas and flow rate).

3.5.2 Experimental

3.5.2a Polymer Samples

This investigation Involved a total of seven different

homopolymers (Figure 3.10) studled in the form of thin fllms.

Detalls of the.origins of the polymer samples are as follows:
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Figure 3.10 Polymers Investigated
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High densily polyethylene

Polystyrene'

Poly(ethylene
terephthalate)

Nylon 6,6

Bisphenol - A
polycarbonate

Bisphenol - A
polysulphone

Polyphenyiene
sulphide

) High density polyethylene (HDPE) TFE 554>was supplied by

- the Metal Box Company and is known to contaln the anti-

oxidant lrganox 1076, [Octadecy! 3-(3,5-diterbutyl-4-

hydroxy! phenyl) propionate] at the 0.016% level.

2) Polystyrene film was supplied by Dr A. Davis of the

Ministry of Defence.

- 3) Poly(ethylene terephthalate), (PET), 'Mylar' fiIm was

supplfed by Dr T. Kent of the Home Office (PSDB).

4) Nylon 6,6 was manufactured by Cel lomer Assoclates.
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5) Bispheno!-A poiycarbonate film was cast onto glass from

a 12% wi/vo!l solution in chloroform.

6) Bispheno!-A polysulphone film was prepared by Or A. Davls,

MOD.

7) Polyphenylene sulphide, 'Ryton' was manufactured by

Phillips Chemical Company.

Also included in this study was a sampl!e of ferrous sulphide

. (technical grade), representative of an inorganic sulphide.

3.5.2b Sample Preparation

All films were used in their 'as received' forms without
pre+rea+men+. Prior to being subjected to plasma ﬁodificafion, samples
were mounted on a spectrometer probe-tip composed of copper by means
of double-sided adhesive 'Scotch' insulating tape. In the case of the
ferrous sulphide samble, a small portion of the solid»was crushed to a
powder using a pestle and mortar. The powder waé then pressed onto
the tape with the aid of a metal spatula and the excess that had not

adhered was tapped off.

3.5.2¢ Piasma Instrumentation

Plasmas were excited in all cases using a Tega! Corporation
radio frequency generator éapable of delivering a power output from
0.05 - 100 watts, continuously varlable and operating at a frequency
of 13.56 MHz.' (This is a frequency allotted by international
communications authoritlies at which one can radiate a certain amount

of energy without interfering with communications.) The system includes
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a pulsing facili%y4whith may be employed on a micro#écond time scale
to glive. greater stability to the plasma at low averége.power loadings
(< VW, Tuning of the radlo frequency power 2 “was achieved by an
L-C matching network in an inductively coupled mode and monitored by

the standing wave ratio using & Heathkit HMIOZ R.F. power meter.

d.c. power
supply

mofeha‘ny
network

Figure 3.11 I.Schémafic representation of the plasma rig electronics

The purpose of this network is to increase the power dfssipafibn in the
discharge and to protect the genera*of. A schematic of the electronics

associated with the plasma rig Is shown in Figure 3.11.
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3.5.2d Plasma Configuration

The plasma reactor was mounted in a greaseléss vacuum system,
pumped by a two stage rotary pump with a pumping speed rating of
50 & min-'. Pressures were monitored using a Pirani vacuum gauge
for oxygen plasma work and the gas introduced via a leak valve.

The reactor consisted of 6cm diameter Pyrex tubing in an

inverted 'T' shape configuration, as shown in Figure 3.12.

.{,

b 3 x
K P4 J l .C
D
E
Figure 3.12 Schematic diagram of the inductively coupled R.F. plasma

instrumentation: A, reactor; B, R.F. coil; C, matching unit;

D, standing wave ratio bridge; E, R.F. source; F, leak valve;

G, Pirani gauge; :H, Penning gauge; |, cold trap;
J, backing pump;“MK, diffusion pump; X, vacuum valve.
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The overall dimensions were 37cmllong agd 30cm high, with inlet and
outtet tubes 1/4" and 1/2" diameter respectively, the inlet tube being
at the top. The dischafge was excited in the vertical .1imb by a
9 turn 6uH copper coil electrode wound exfernally and centred 18cm from
the inlet tube. |

The premounted gample was positioned on a glass slide resting on
the walls of the reactor such that the sample was positioned along the
length of the reactor, its surface horizontal and facing uppermost and
lying I.5cm from the reactor floor at the centre of the 'T'.  (Since
there is a concentration profile of ions, radicals and neutral species
extending through the glow region and into the region immediately outside
of the reactor, the orientation of the sample in.relafion to fhé reactor
geometry becomes important [f processing under reproducible conditions

is to be affected.) 132, 217

3.5.2e - Experimental Procedure

The sample, mounted on the prﬁbé—fip, was positioned In the plasma
reactor and the system evacuated to a pressure in the region of 5 x IO-Z
torr.  Oxygen gas from standard laboratory cylinders, obtained from the
British Oxygen Corporation, was used without further purification. The
vacuum !Iné was flushed wl%h oxygen gas, evacuafed, and then let up ' to
the required pressure (0.2 torr) via a Ieak.valve. The system was purged
for approXiméTely 20 minutes before the-glow discharge was. initiated.
~In +hts way -any. residual nitrogen would be removed,léhd allowed an
‘equitibrium flow to be established. | |

Chosen power-settings for this investigation were 10 W and 0.4 W,

the latter achieved by means of. the pulsing facility described previously;

a treatment time of 5 seconds was used throughout. The characteristic
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electromagnetic eufpuf in the Qisible region gave a pale white tinge
to the oxygen plasma and was sometimes very difficult to observe at the
0.4 W power setting. In all cases the glow region extended Throﬁghouf
the length of the vertlcal coil region and for a SUbefan+ial distance
on either side of the sample position in the horizontal portlon of the
reactor.

Once treated, the polymer was removed from the reactor, attached
to the spectrometer probe and introduced into the spectrometer via the
fast insertion chk. Typical?y, ESCA anelysis began approximately

three minutes after treatment and took 40 minutes to complete.

3,5.2f ESCA Instrumentation

Spectra of the untreated and plasma modified samples were
recorded on the A.E.l. ES200B spectrometer using MgKa, , radiation
’
as previously described. In all cases fhe.measqred binding energies

are quoted with a precision of +0.2 eV and area ratlios, determined by

curve fitting procedures, #5%  accuracy.

3.5.3 Results and Discussion

I+ is convenient here to presenf an account of the comparisons
which can be made from the effects of oxygen plasma treatment at 10 W
and 0.4 W power settings at a pressure of 0.2 torr and treatment time
5 seconds on samples of polyethylene and polystyrene fiim. From the
knowledge so obfaiﬁed, together with preliminary date regarding the
‘extent of reaction (as far as ESCA is concerned) of the geological
materials at the higher power setting, and the more fherough study of
' gijsonife (Section 3.6.2a), the grounds.on which the more genfle oxygen

plasma was chosen for the major part of the work in this chapter will
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become clear. Discussion of the changes occurring for each polymer
system will be dealt with in turn, before summarising the conclusions
whichlmay be drawn regarding the surface effects of such oxygen plasma

treatments on the polymer films as a whole.

3.5.3a ~ Polyethyiene, Pblysfyrene, Poly(ethylene terephthalate) and

Bispheno!-A polycarbonate polymer films

The core level spectra for the untreated and plasma treated
samples of polyethylene and po!ysfyrene afe displayed in Figures 3.13
and 3.14. The oxygen p'asma treatments, at either p@wer setting,
clearly give rise to considerabie oxidative funcfjonajisafion.

The information ievels available from the ESCA experiment have
been coveféd'in Chapter Cne. towever, the particular features of

interest in this study arise from analyses of:

) The integrated relative intensities of C%sAand O's core
levels, particularly as a function of the electron take-
off angle 8 (either 30° or 70° normal to the sample

surface).f

2) The component peak analysis of the individual core level

band profiles.

t The spectrometer configuration was such that the X-ray source
" and entrance slit to the analyser were at right angles to one another.

A take-off angle of 90~ therefore corresponds to grazing exit with
‘respect to -the sample surface (Figure 1.12). TheoESCA sagpling :
depth varies with take-off angle, spectra at 6 = 30° and 70" relating
to 'subsurface' and 'surface' composition respectively. Hence
depth profiling may be achieved using angular dependence studies.
This subject, and the angular dependence of absolute and relative
peak intensities has been discussed elsewhere.
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Figure 3.13 Els and Ols spectra of polyethylene before and after oxygen plasma treatment (0.2 torr)




Figure 3.14
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This oxidative functionallsation is evident by the Increased
intensity of the Olg core level signal and the development of a
shoulder to the higher bindling energy side of the CIs photoelectron
peak at 285 eV representative of (Qﬂz)n environments. Analysis of
the Cls level$é of both polyethylene and polystyrene at the 30° and
' 70° take-off angles by standard line shape analysis shows that the
oxldative functionalisation provides C - 0, >C =0,

0 0
i i ’
C-0and -0=~-C-0 structural feafures. In the case of the

plasma treated polystyrene films, there is a marked decrease in the

C|S component occurring in the region of 292 eV associated with low=-energy

T + 7 shake-up transitions accompanying core ionisation. 39 This Is

indicative of oxidative attack on the aromatic ring.

In the case of polyethylene, whilst for the untreated material

the low level of oxygen functionality (corresponding to ~ | carbon

in-150) is manifest in terms of a low intensity O'S peak, corresponding

to ~ 1% of the intensity of the Cl peak; for the oxygen plasma
s

treated sample (0.4W, 5 sec) the O, levels correspond to ~ 19% and

s

27% of the C < intensity at take-off angles of 300 and 70° respectively.

!
A simi}ar trend is apparent for polystyrene film, although the extent
of reaé?lon, as far as the level of oxygen uptake is concerned, is
greater. The distinctive difference for the two take off angles
confirms that reaction is confined to the ou+erm65+ few monofayers and
is therefore not detectable by IR or MATR for exémp!e. This suggests

that the surface reaction is diffusion limited an¢ the time scale of

the experiment indicates that the reactive species.in the plasma

+

2

systems,

(0, 0, etc.) react with low activation energy, even with saturated
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Comparing the soectra obtained from the stronger oxygen plasma
of polyethylene and poly$+yrene with the specfré pfeviously preseﬁfed by
Clark.and Dilks, 213 it is apparent that the higher power treatment
produces extensively oxidised surfaces for both polymers. For this
reason the milder plasma"+rea+mén+ (0.4 W, 0.2 forr and 5 seconds) was
used for the main part of the experimental work, so'as to highlight any
differences in mddificaffon which may occur.

| The results of the deconvoluted spectra for the polymer systems,
containing carboﬁ and oxygen onjy, fﬁvesfigafed under oxygeh plasma are
set out in tabular form (Table 3.2) and include those samples oxidised
at the 10 W powef setting. A convenient form by which 'at a glance'
comparisons may be drawn between treated and untreated samples Is presented
in Figure 3.15.

Reasonable homogenelty exists between surface and subsurface
for-+he untreated polymer samples as revealed by varying the take off
angle. Stight contamination caused by the presence of silicon as silica
(SI2p at 102.1 eV binding energy detectable on the wide scan spectrum)
accounts for ~ 74% of the oxygen signal at the surface of the polystyrene
film.  The untreated poly(ethylene terephthalate) shows a slightly more
intense peak at 285 eV at 70° compared with the corresponding peak at 30°
take-off angle. This points to a fine layer of hydrocarbon build=up on
the film which would tend to mask the oxygen funcfioﬁalify at the very
surface.

A feature which Is common to all four polymers (and indeed is
found in the ofhér polymers containing ni+rogeh and'sdlphur functional
groups) concerns Thé surface specificity of the modifications affected
under the conditions of the oxygen plasma. The extent of oxidation is
greater for the 70° take-off ang!e spectra. The aromatic polymer,

polysfyrene, is considerably more susceptible to oxygen plasma than the



Table 3.2

Polyethylene

Polystyrene |

Oxygen plasma (0.2 torr) treatments of poiymer films. Relative area intensities of C

s and Ols spectra
at 30° and 70° take-off angles. (Total Cls'peak taken as 100 units area)
0 0
1 i ls/
6 C-H C-0 =C=20 C-0 0~-C =0 > 0, 370,
= = = = = is i's
_ 30° 95.2 4.8 - - - - 1.1 90.9
Untreated o
70° - 9%.0 5.5 0.5 - - - 1.1 90.9
30° 84.0 10.1 3.4 1.7 0.8 - 18.5 5.4
0.4 W, 5sec o
70 80.0 1.2 4.0 3.2 1.6 - 27.2 3.7
30° 76.3 1.5 5.3 3.1 3.8 - 30,5 . 3.3
10 W, 5sec °
70 69.9 13.3 6.3 3.5 7.0 - 35,7 2.8
. 30° 90. 1 4.5 - - - 5.4 1.9 52.6
Untreated o '
70 89.8 5.1 - - - 5.1 2.5 40.0
30° 73.5 1.8 5.9 z.7 2.9 2.2 39.7 2.5
0.4 W, 5sec o : .
: 70 61.3 5.3 11.0 7.4 4.3 0.6 65.0 1.5
30° 70.9 10.4 6.1 4.3 3.1 1.2 a1.1 2.4
10 W, 5sec o '
70 50.8 18.3 1.2 8.1 10.2 1.5 72.1 1.4

9¢ |



Table 3.2 (Continued)

Poly(e+hyieneA
terephthalate)

Bisphenot~-A
polycarbonate

Untreated

0.4 W, Ssec

Untreated

0.4 W, 5sec

30

70

30

70

30

70

30

70

59.0

52.4

53,2

78.1

78.4

66.7

64.0

21.
7.

25.

16.

5.9

4.0

5.0

2.3

2.0

2.0

0.8

53.1

45.8

66.7

67.8

23,2

24.3

38.8

46.0

4.3
4.1

2.6

2,2

Lel
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_Effect of oxygen plasma [Ssec 04W O2torr]

Relctive
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— /4 . L — / M ) ~
c1s ' ols C15 ols C1s Ols, C1s o‘ls
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_ |
50 4 V
JHE% .
. 4
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50 - -1 /
il ﬂ N =1 H
Cis O Cis O Cis Ot Gs O

[C4g component key as in Figure 3-28]

Figure 3.15 Effect of oxygen plasma treatment (0.2 torr) on polyethylene,

pdlysfyrene, poly(ethylene terephthalate) and bisphenol-A

polycarbonate polymer films
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.safurafed polymef high density polyethylene under identical conditions.
The oxidation of polystyrene is accompanied by a substantial drop in
aromatic surface composition. = This is revealed byA+he decrease in the
intensity of +he:shake-up sateilite, arising from m » w* excifafions
accompanying core ionisation. A similar sifuaffon is found to exist

for the other systems containing aromatic rings as part of the polymer
chain backbone (in con+fas+ to the pendant aromatic rings In polystyrene).

The trend to become apparent is that the grea+és+ decrease In arometic

character manifests itself at the outermost surface of the film.

3.5.3b  Nylon 6;6, Polyphenylene sulphide,'Bisphenol-A pofysulphone

and Ferrous sulphlde

Turning now to consider the éhanges occurring when the polymer

films of nylon 6,6, polyphenylene sulphide and bisphenol-A polysulphone
‘are subjected to oxygen plasma treatment, it is convenient to consider
the core level phofoelecfﬁon spectra themselves, together with figures
relating to the changes In overall elemental composition as revealed in
"the ESCA experiment. The pertinent spectra and data are to be found in
Figures 3.16 - 18 and Table 3.3 respectively.

It is interesting to note that nylon 6,6 experiences a comparatively
small oxygen upTaké and very little change in nitrogen levels as far as
chemical nature and concentration are concerned." Analysis of the Cis
envelope reveals low level hydroxyl formafibn (286.6 eV) accompanied by

.groQTh of a peak in the region of 289.5 eV binding energy which indicates
the existence of = C - O structural features present either as the free
acia or ester functionalities. The former may be underestimated due to
the proximity of the predominant C - H peak (285 eV) and 9.— N signal

(286.1 eV).
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Figure 2.16  Effect of oxygen plasma on the core level spectra of nylon 6,6
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Figure 3.17 Effect of oxygen plasma on the core leve!l spectra of polyphenylene sulphide
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Figure 3,18 Effect of oxygen plasma on the core level spectra of bisphenol-A polysulphone
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~Table 3.3 Relative intensities of the core level épecfra of

Nylon 6,6, Polyphenylene sulphide and Bisphenol-A

polysulphone before and after oxygen plasma treatment

I's Is Is 2p
- (30° 100 6.1 . 20.3 -
Nylon 6.6 Untreated ( o o
: (70 100 15.8 22.1 -
(30° 100 16.9 29.8 -
Plasma (
.4 W
5 sec) (70 100 15.7 39.0 -
Polvohen Ieﬁe (30° 100 - 5.1  29.7
su'yﬁidey . Untreated (
>ulp (70 100 - 8.6  15.5
Plasms (30 100 - 48.0  23.0
(.4 W (
5 sec) (900 100 - 57.6  13.8
‘éosgc) 30° 100 - 56.6  30.0
o (30° 100 - 19.1 7.8
B;?p23?o;;A Untreated (
polysulphone (70 100 - 17.2 6.8
(30° 100 - 42.5 7.8
Plasma ( : .
0.4 W (

5 sec)  (70° oo . - 58,2 5.8
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Although the surface sfotchloﬁefry of the sample of polyphenylene
sulphide, as determined using the 70° +ake-off data, is not representative
of the elemental composition expected for the pureAmafefia!, and a low
level of éxygen also exists, the material does serve as a model for
organic sulphide groups in an aromatic chain. fndeed, on exposure to
oxygen plasma, the well-resolved doublet of the S2p beak (caused by spin
orbit splitting, Section 1.4.2) is aTTééked. The oxidised sulphur moiety
gives rise to a broad band centred at a binding energy of 168.6 eV; a
signal correspondingly reduced in infenéiTy'from uno*idised sulphide is
found at 164.2 eV. Oxfda+lon of the organic carbon also occurs and is

shown by the formation of a broad shoulder on the CIS peak. The oxidised
0 - 0
' : 1 1
carbon is present as E_- 0,>=0,C-0and -0 = C + O functionalities.
Use of an oxygen plasma at 10W power for 5 seconds produces more extensive

oxidation of the sulphide groups, but has surprisingly little effect on

the C’S'envelope (Figure 3.17),

As an example of an inorganic sulphide, ferrous sulphide (FeS,),

which occurs naturally as pyrite and is recognised‘as being a component

208

ofvfhe mineral matter present in coal ahd kerogen, 228 was included

in the series of materials of well defined composition. Technical grade
pellets of the sulphide were ground to a powder Eefore use. Spectra of
untreated and plasma treated samples are shown in.Figure 3.19. Whilst
little oxidation is evidenT‘af the low power oxygen plasma (.4 W), a
marked éhange n SZp | ine shape becomes noticeable u;ing a 10 W oxygen
'plasha over a period of 5 seconds.

Bisﬁhehol—A pélysulphone which contains the SUIpthe I inkage

0
I ,
( = S -) shows oxidative functionalities under the carbon envelope on
il :
0
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exposure' to oxygen plasma (Figure 3.|85. The nature and concentration

of the sulphur present at the surface of the film remains unchanged.

Ssec 10W

" 5sec Q~kw

4\4\ o

167 163 289 285 533 529
S 1s(x03) 01S(x03)

2 Blndmg energy (eV)

Fe3p

Figure 3.19 Effect of oxygen plasma on the core level spectra of
ferrous sulphide

In conclusion to the work on surface modifica%ion of polymer
films b\) oxygen plasma, +h§a power setting of 0.4 W a+ 0.2 torr for a
persiod of 5 seconds has been seen to offer a suitable dosage to provide
a means of. probing the surface sensitivity and selectivity of the

treatment employing ESCA as the analytical technique.
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3.6 Modification of a series of geochemical materials by oxygen .

plasma treatments

The plasma treatments of the series of polymer samples discussed
in the previous section suggesf that extensive oxygen functionalisation
" as detected by the ESCA experiment may occur for the samplés of geochemical
interest considered.in Chapter Two, even affer very gentle plasma
treatment. This section investigates the degree of modification which
does occur for a selection of coal, kerogen and bitumen samples subjected
to glow discharge excited in oxygen princibally at the same dosages
élready encountered. Special attention ié’paid to a study of the

oxidation of gilsonite as a function of treatment time and plasma power.

3.6.1 Experimental

The experimental details are basically the same as those
relating to the previous section. Samples were used as powders and
mounted on a spectrometer probe-tip by means of douﬁle-sided Scotch
insulating tape beforeATreafmenT. In the case of the treatment of
gilsonite at 50 W power setting, for a fotal period of 80 minutes, the
powder sample was placed in a small pyrex watch-glass and positioned on
fhe’glass slide inside the piasma reactor. At intervals during treatment,
the watch-glass was removed and +he contents reground so as to aid the
uniform ashing of the sample. After treatment the sample was powdered
and mounted on a probejfip ready for ESCA analysis.

All ESCA analyses were carried ou+ using the ES 200B spectrometer

and the specfra’weré deconvoluted in the usual manner.



3.6.2 Results and Dlscussion

3.6.2a Plasma treatment of Gllsonite

O, , N, and S, core level spectra

Is’ “Is’ 'Is 2p
for samples of gilsonite treated In an oxygen plasma (0.4 W, 0.2 torr)

Figure 3.20 shows the C

for varylng treatment tImes. Progressive uptake of oxygen is evident
as treatment time increases, with little variation in nitrogen level
and functionality, The low level of éulphur, as monitored by the

S, peak, remains after 10 seconds freatment and shows a broadening of

2p
the band to higher binding energy. This may be explained by oxidation

éf the sulphur components preéenf in the bitumen. The intensity of the
. sulphur peak 1is hard to determine with a high degree of accuracy due

to .the level of background no?se and weak nature of the signal. There

appears to be little observabte change in sulphdr concentration.

Changes in abundance of oxygen and ni+ro§en, relative to the
core level spectrum for the untreated sample, aé a function of treatment
time, together with the change in hydrocarbon to functionalised carbon
ratio are presented in Figure 3.2!. The relative Intensity of the O|s

signal is plotted against treatment time in Figure 3.22. Also

indicated in Figure 3.22 are the changes in C,_ envelope shape with

Is

oxygen uptake. It may be seen from Figures 3.2! and 3.22 that the
surface composition tends to . a steady value affer less than 10 seconds.
This eqﬁifibrium value corresponds to a stoichiometry at the surface

| region’of CIOO N3 027 50.26; compared with a stoichlometry of

C N, O, S for the starting meterial as detected by ESCA.

100 '3 "2 70.17
Deconvolution of the Cls envelopes into thelr component peaks

allows analysis of the types of carbon-oxygen functlonality introduced

at the surface. This information Is presented In tabular form (Table 3.4)
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Figure 3.20 Core level spectra of gilsonite versus timé of exposure
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to an oxygen plasma (0.4 W, 0.2 torr)
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Figure 3.2l  Changes in 0Is and N!s intensities and hydrocarbon to

functional ised carbon ratio, relative to the untreated

sample for gllsonite versus time of exposure to an

oxygen plasma (0.4 W, 0.2 torr).

and a graphical representation is offered in Figure 3.23. }TheAunTrea*ed
gilsonite spectra show a very low level of oxygeq'funcfionalisatlon.
Comparison of the peak at 286.3 eV binding energy under the carbon
envelope with the in'l‘egra'l'ed'C'S/O|s intensity data suggesfs that fpe
carbon singly bonded to oxygen corresponds almost exclusively to ether

I Inkages, rather than free hydroxy! groups. ~ Interaction of the plasma )
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Flgure 3.22

Relative intensity of O, signal as a function of

s

oxygen plasma (0.4 W, 0.2 torr) exposure time,

ls -

showing -accompanying changes in shape of C

envelope



Table 3.4 - Gilsonite exposed to an Oxygen Plasma (0.4 W, 0.2 torr)

~Relative area iIntensities of core electron signals, figures In brackets indicate binding energies (eV)

Total - ' 0o 0
Treatment _ 1 i A
time (secs) Cis 9_-'H c-0 >C =0 c-0 -0-C-0 O Nig
(286.3) (288.5) (290.1) (534.0)  (400.0)
0 100 88. | 10.6 - 0.9 0.4 2.9 3.4
(286.6)  (288.2)  (289.6) (290.6) (533.5)  (400.2)
! 100 72.2 17.3 6.5 2.9 0.4 24.5 3.0
(286.5) . (288.2)  (289.5) (290.5) (533.6)  (400.1)
3 100 70.7 15.5 8.5 4.9 0.4 31.8 3.3
(286.5)  (287.8)  (288.9) (290.1). (534.1)  (400.9)
> 100 62.1 18.6 9.3 . 6.8 8.1 - " 39,1 3.0
(286.2)  (287.6)  (288.9) (290.1)  (533.8)  (400.3)
10 100 53.1 22.3 117 8.5 4.5 45.1 3.4
(286.3)  (287.7)  (288.9) (290.1) (533.7)  (400.6)
16 100 54.9 20.3 9.3 8.2 7.1 44.0 4.0
(286.3)  (287.7)  (289.0) (290.1) (533.9)  (400.7)
25 100 53.8 21.0 10.8 7.0 7.5 aa. | 4.1

isl
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Figure 3.23 Intensities of the individual oxidised carbon component

peaks (expressed as % of total C!s band intensity)

plotted against treatment time

with.the material results in extensive oxygen uptake In the very early
stages of reaction (after | second treatment time), during which
0 | |
1 : ‘ -

c-0, >g = 0 and C - O structural features become notably more apparent.

Build-up of carbonate groups on the material, as sampled by ESCA,
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Increases after about the third second of treatment and reaches a s%eady
value after a period of 16 seconds treatment. This Iaffer.+rend is
common to the other functional groups present, although a sfeady.growfh
rate Is shown to apply. |

Certain simllarities are found to exist between the development
“of Tﬁe various components of the CIs spectrum fof polyethylene as a function
of time of exposure to an oxygen plasme (0.1 W, 0.2 torr) as reported by
Clark and Dilks, 213 andi+he plo+ for gilsonite freafed‘in a 0.4 W okygen
plasma (Figure 3.23). |

An important point to rote re|é+es to the extent of reaction which
has taken place after 5 seconds treatment of gllsonite. The interaction
with +He oxygen plasma, although well advanced, has not reached its
limiting value, as far aé:oxygen uptake or change in.carbon funcTionaIi+y
are concerned. ‘|+ has been assumed +ha+ a similar situation is likely to
exist for the other materials to be considered here when subjected to
oxygen plasma under identlcal conditlons.

“In order to galn some feeling for the strength of the oxygen
plasma inltiated at 0.4 W, samples of gilsonite were exposed to a IQ W
plasma for 5 seconds, a 50 W plasma for 5 secondé; and a far longer
'Trea+hen+ comprising four 20 minute consecutive periods at 50 W power.
The sample for the latter experiment was placed, in powder form, on a
watch-glass as described in the experimental sectlon (Section 3.6.1)

and reground between 'ashing' periods. Core level spectra for the C[s,

0 N

Og2 components are shown in Figure 3.24.°

Is and S2p

As might be anticipated, more extensive oxidation occurs after
5 seconds at 10 W than Is present using a 0.4 W oxygen plasma for the same .
length of time. This higher degree of oxidation Is also exhibited In the .

sulphur func+ional'gr0ups. Substantlial oxidation is also introduced at



Figure 3.24

291 285 537 6533 404 400 396 T 168 166 160
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Core level spectra of gilsonite to show the effect of oxygen plasma treatments (0.2 torr) at different

powers. (i) untreated; (ii) 5 sec at 0.4W; (i1i) 5 sec at IOW; (iv) 5 sec at 50W;
(v) 4 x 20 mins at 50W.

sl
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a power of 50 W. | The_restdue_obTaIned'from prolonged pfasmé treatment
was notlceably a darkefvshade of brown than un+reafed gilsonite and was
' also more char-like in texture.

The ESCA core levél spectra for the gilsonite sample exposed to
a 50 W plasma for a total +Ime‘of 80 minutes, and prepared for analysis
as previouély described,-offer close resemblance to those for untreated
gllsonite. The oxygen ‘concentration shows épproxlmafély a 2.5 fold
increase compared to Thelconsiderably greater {hcreases in surface
oxidation experienced uﬁder the other conditions of treatment and analysis.
Thé cérbon envelopes for the unfreafed sample and treated sample ground
prior to analysis are closely similar. The spectrum of the latter sample
includes a slightly greater carbon singly bonded to oxygen peak than for
. the untreated material: the component at 283.2 eV bfndlng energy is
represenfafive of:graph"%ic carbon; The sulphﬁr band of the 'pre-ground'
sample shows a comparaTIvely(lafge component of uanidised sqlphur;
agaln a similarity to the untreated spectrum is evident.

Li++le difference s found between the microanalysis data

(wt. %) for the untreated and plasma treated samples:

C H N S Ni v Sn

* % * %
Untreated 84.25 12.38 2.84 0.6! 0.02 '<0.0| <0.01

Plasma
treated 84.07 10.93 2.96 0.60 0.04 <0.0% <0.01 -

*
denotes an averaged value_

The ' inaccuracies encountered when determining oxygen analyses.
fby dl fference' have already been discussed. It can be seen that the
mfcroanal?sis figures for the untreated powder account for 100.! wt, ¥

of the sample and 98.6 wt. % of the plasma treated gilsonite. Infra-red
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specfroscopy employing samples'prepared as KBr discs showed no apparent
differencés between plasma treated and untreated gilsonite.

It is clear from the data obtained using bulk characterisation
techniques and the data obtained from the ESCA ﬁpecfra of the powder
ground after plasma treatment that the chemical modification effects of
plasma o*idafién do not §ene+ra+e the bulk of the sélid to any significant
extent.

Throughout the experimental results on gilsonite the nitrogen
levels of +helplasma treated samples remain Ii++|evaffec+ed. Vanderborgh
and co-workers 167 in +heir study of the laser pyrolysis of carbonaceous
rocks monitored by gas chromatography - mass spectrometric analysis of
the gaseous products, include a sample of gilsonite. They note that
their analysis shows little evidence of nitrogen compounds, even though
it is known that gilsonite confélns significant porphyrin (condensed-
pyrroles) content. lf-is suggested the pyrrole nitrogen is left behind
in the graphitic char. A similar situation Was found in the case of a |
sahple ofvhigh volatile bituminous coal. |

Preliminary work on the action of hydrogen plasme on gilsonite

is reported in Section 3.7.

3.6.2b  Oxygen blasma treatment of a series of coal, kerogen and

bitumen samples

The results presented In this discussion relate to the effects
of oxygeﬁ'plasma +reafmen+, at 1OW and 0.4W power settings at a pressure of
0.2 torr and treatment time 5 seconds, on a series of sahplés al ready
enéoun+ered in Chapter de. |

Table 3.5 shows fnformafion pertaining to the relative intensities

of the core level signals of the elements carbon, oxygen, nltrogen and
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sulphur for samples before and after treatment. It may be seen that a
striking feature, common to all the materials, is the incfeése In the

relative Intensity of the O, slgnal upon interaction with the oxygen

Is
plasma.  This increase In surface oxldation is greater for the stronger
(10W) treatment. Analysis of,+he shape ana location on the blnding energy
scale of the core ltevel énvelopes reveals that the additlonal oxygen Is
present, for the most part, in the forh of oxidised carbon functionalities
(Figure 3.25).

There is also a tendency for the centroid of the S2p peak to
move to higher binding energy which may indicate the oxidation of the
sﬁlph!de—fype sulphur species. This inference should not be taken as
belng the general case since elimination of organic sulphur moleties from
the solid éanno+ be ruled out. 1f such reaction were to take place, whilst
the oxidised sulphur com?onenT‘remalned unaffected, then there would»be a
relative incfease.in The:bropor+ion of oxiqised sulphur present.

As far as the reaction of Inorganic sulphide with the oxygen
plasma Is concerned, in the case of ferroué sulphide (FeS,), which is known
to be present in the minéra! phase of both coal 208 and kerogen, 228
no significant loss of sulphur Is found to occur. The spectra illustrated
in Figure 3.19 show the formation of a peak at 168.9eV binding energy after
treatment of FeS2 in a IOW oxygen plasma (6.2 torr) for 5 seconds. The
growth of this peak corresponds to the creation of sulphate envlronments.
The relative intensities of the fotal sulphur band with fespect to the Fe:,’p
: peak Intensity for the treated and untreated samples do not differ to any

significant ex+en+."
Kimmeridge kerogen has the highest sulphur'confeh+ of the geo-
‘chemlcal samples in this Investigation. The behaviour of the distinct

~doublet of the S, core level, indicative of the bresence of both sulphide

2p
and oxidised sulphur func+lbnall+ies, when subjected to oxygen plasma, was

monitored with interest.



Table 3.5 Effect of oxygen plasma (0.2 torr, 5 seconds) at 0.4W and 10W power, Relatlve area intensitles of
core electron slignals, total C' area taken as 100 units, figures in brackets indicate
binding energles (eV)

0 0
. . 1 [H
C-H t-0 >Ca0 c-0 0-C-0 . 0 N S
_ - - - - - : Is - Is 2p
Gllsonlte o (286.3) (288.5) . (290.1) . (534.1)  (400.0)  (163.6) .
Untreated 88. 1 10.6 - 0.9 0.4 2.9 3.4 0.32
0.4 | (286.5) (287.8) (288.9)  £290.1) (534.1)  (401.9)
. - 62. 1 18.6 9.3 . 6.8 8.1 9.1 . 3.0 .  0.32
low (286.2) (287.6) (289.0)  (290.2) (533.8)  (400.8) (167.6)
: 51.5 22.7 11.9 8.8 5.2 52.6 3.9 - 0.29
Weathered Gllsonite (286.3) (287.9) (289.1)  (290.5) (533.0)  (399.5) ‘
Untreated 83.3 13.3 1.7 . 0.8 0.8 6.3 3.5 .0.64
0.4W . | (286.2) (287.4) (288.7)  (289.8)(290.9) (533.9)  (400.6)
| 53.5  22.5 .2 6.4 5.3 11 44.9 - 3.5 0.47
1 OW ' (286.6) (287.9) (288.9)  (289.8) (533.7)  (400.8) -
- 62.9 16.4 5.5 4.2 4.2 55.3 2.6 0.20

COnTInued overleaf.seeeeeeoesss

861 -



Table 3.5 (Continued)

Untreated
Torbanite (283.5)

Untreated 6.5

, (283.4)
0.4W 5.5

Demineral Ised
Torbanite

Untreated
0.4w .
Kimmeridge

Kerogen
Untreated

0.4W

1OW

46.

34,

69.

55,

76.

65,

52.

(286.3)
34.6

1 (286.2)

30.9

(286.3)
19.6

(286.3)
18.3

(286.3)
16.2

(286.5)
13.3

(286.4)
18.5

(287.6)

10.3

(287.8)
14.4

(287.9)
5.6

(287.5)
10.6

(287.5)
4.0

(287.8)
7.6

(287.7)
1.6

(289.4)
4.2

(289.4)
8.9

(289.4)
3.5

(288.5)

6.7

(288.8)
2.0

(289.2)
5.7

(289.0)

9.5

(290.0)
1.4

(290.6)
4.5

(290.1)
1.4

(289.6)
7.8

(290.2)
|

(290.1)
2.4

(290.0)
7.4

(292.0)
0.9

(292.2)
1.4

(291.0)
1.1

(534.1)
162.6

(533.9)
216.5

(533.7)
1.4

(533.8)
52.2

(532.8)
16.1

(533.6)

41.3

(533.7)
68.8

Continued overleaf

le

(401.2)
1.5

(401.7
2.5

(400.5)
2.1

(400.6)
2.4

(400.5)
3.1

(400.7)
2.9

(401.0)
4.5

Sop
0.7
0.7
s
OX
(168.8)
9.4 3.5
(168.7)
5.4 3.2
(1€8.9)
6.8 4.2

Ssulphlde
(163.5)
5.9

(163,3)
2.2

(163.9)
2.6

66|



Table 3.5 (Continued)

Vitrinite
Unfreafed
0.4W
10W
Brown Coal
(283.8)
Untreated 5.9
' (283.9)
0.4w 5.8
(283.6)
10W 1.7

69.0

49.8

442

1 52.5

44.8

(286.4)
20.7

(286.5)
18.9

(286.4)
17.3

(286.2)
23.8

(286.4)
22.0

(286.4)
20.8

(288.0)
5.1

(287.6)
10.4

(287.6)
14.6

(287.6)
9.9

(287.7)
9.9

(287.6)
14.0

0
i
c-0

(289.1)
0.7

(288.6)
9.5

(289.0)

13.7

(288.9)

" 4.0

(288.9)
11.2

(289.,0)

1.9

"
0-C-0

(2%90.2)
2.1

(289.8)
10.0

(290. 1)
8.8

(290.0)

3.0

(290.1)
5.4

(290.1)
8.1

(291.6)
1.4

(291.8)
I.5

(291.9)
1.3

(291.6)
.0

(291.6)
0.9

(291.9)
1.3

(533,
19.

(533,
57.

(533,
77.

(533,
46,

(534,
79.

(534
85.

2)

6)

9)

3)

)

.3)

6

Is’

(399.9)
3.0

(400.2)
4.0

(400.8)
3.0

(400.6)

1.5

(400.3)
.4

(401.2)
2.4

S2p

(164.4)
0.8
.4

0.25

091



Table 3.5a Effect of oxygen plasma (0.2 torr, 5 seconds) at 0.4W and IOW power

. L |  (Untreated)
- Relative Intensities !nfensify Ratio (Plasma treated)
v C-H
, C-H Os Nis 525 To Ors  Nig S2p
Gilsonite
Untreated 88.1 2.9 3.4 0.32
0.4W 62.1 39. | 3.0 0.32 4.5 0.07 . 1.1 1.0
10w 51.5 52.6 3.9 0.29 7.0 0.06 0.9 1.1
Weathered Gilsonite
Untreated _ 83.1 6.3 3.5 0.64
0.4W 53.5 44 .9 3.5 0.47 4.3 0.14 1.0 1.4
10w 62.9 55.3 2.6 0.20 2.9 0.11 l.4 3,2
Untreated Torbanite
Untreated 46,7 162.6 1.5 -
0.4Ww ©34.4 216.5 2.5 - 1.7 0.75 0.6 -
Demineral ised
Torbanite : )
Untreated 69.9 I1.4 2.1 0.7 . ‘ _ .
0.4W : 55.5 52.2 2.4 0.7 1.9 0.22 0.9 1.0

Continued overleaf

191



Table 3.5 (Continued)

: s . . (Untreated)
Relative Intensities S Intensity ratio (Plasma freated)
C-H
C-H Ors Nis S2p C-0 O1s Nis SZp
Kimmeridge Kerogen :
Untreated - 76.8 16,1 3.1 9.4 S S . ’
: , _ ox sulphide
0.4W : 65.2 41.3 2.9 5.4 1.8 - 0.4 1.1 1.7 1.1 2.7
10W : 52.9 68.8 4.5 6.8 2.9 0.2 0.7 1.4 0.8 2.3
Vitrinite :
Untreated 69.0 19.8 3.0 0.8
0.4W 49.8 57.7 4.0 1.4 2.2 .34 0.8 0.6
1ow 44.2 77.0 3.0 0.3 2.8 .26 1.0 2.7
Brown Coal
Untreated 52.5 46.5 1.5 -
0.4wW 44.8 79.4 1.4 - .4 0.6 | -
10W 42.4 85.6 2.4 0.3 1.5 0.5 0.6 -

291
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Figure 3.25 Effect of oxygen plasma treatment (0.2 torr) on the

geochemical materials
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Figure 3.25a Effect of oxygen plasma treatment (0.2 tcrr) on °

the geochemical materials.
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Relative intensity measurémgnfs show that Theré }s an overalf'
"decreaéeAin sulbhur level after plasma treatment (Table 3.5). ‘From a
comparis&n of the shape of fhefszﬁ'envelopes before-and éffer treatment
(Flgure 3.26), it is evident that the higher bindfng energy component of

the doublet structure becomes more predominant upon eXQOSure to oxygen

plasma.

IO‘W S5sec

0O4W Ssec

Untreated

T T
168 164 160
Binding energy (eV)

T T
172
SZp

S2p COfe level spectra for Kimmeridge kerogen before and

after oxygen plasma treatment

Figure 3.26 S

These observations would seem to indicate that the low binding

energy sulphur peak includes a component other than Inorganic pyrite,

presumably organic sulphide. The sulphide functionalities in polyphenylgne.
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sulphide have been shown to be susceptible to oxidative attack even at
the 0.4W treatment level'(Figure 3.17), resulting In the growth of an
oxidised sulphur:éomponenf.

An additional process whlch is likely fo accompany the surface
oxidation phenomena concerns the elimination of organic fragments from the
maTerIal as a whole, Indeed, this is the basié of low temperature plasma
ashing (Sections 3.34 and 3.4) although far stronger plasma treatments are
employed in such processes. Recently, Suhr and coworkers 212 have
investigated the desulphura+ton by plasma technique of a series of thio-
ethers as mode! compounds for sulphur func+ionalifle§ present in crude oil.
It was found that while alliphatic, as well as aromatic thioethers and fhio-
phene react easily, benzothliophenes are hard to desulphurise. The addition
of oxygeﬁ to the blasma'sysfem greafly‘improved'+he desulphurisation
reactions..

It is quite plausible, therefore, that it is the elimfnafion of
organic sulphide, rather than the increase of oxidised sulphur moieties,
which is the overriding factor behind the observed changes In S2p envelope
shape._

As was found to be the case for gi!soni+e, oxygen plasma treatment
~ has comparatively Ii++l§ effect on the pos?fion o*A+he le sigpal. in |
particular, no evidence was found foE the presence of oxidised nitrogen
functional Ities.

The nature of the silicon and éluminium components of the mineral.
phase of the 'raw' torbanite sample before and after treatment was also
sfgdied: No cﬁange in binding energy of either fhe szp or Azzp peak was
fouhd. The fnfeﬁsifies of both peaks, relative to the total carbon intensity,
were increased, the respective Intensity ra+ios'of the silicon and alumiﬁium

2p signals for untreated : plasma treated (0.4W) being 100 : 120 and 100 : '116.
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This could be due to elther removal of the organic phase at the surface
of the maTerial; !éaving_a greater proportion of mineral component exposed,
or,.*he inhomogeneous nature of the torbanite itself. |

Figure 3.27 shows the change in oxygen level, relative to the.

oxygen leve! in the untreated sample, plotted against the relative intensity

Relative
Intensity
C,; 285eV BE. {untreated)

90 ) G
80
70 Gilsonite ‘select
WG Weathered gilsonite
i K Kimmeridge kerogen
v Vitrinite
60 BC Brown coadl
DT Demineralized torbanite
E T Untreated torbanite
50 o 0.4W S5sec
° now 5sec
1 T : T T T T =T T T T T T T 7 T T N
2 4 6 8 10 12 ‘ 14 16 18

. . ftreated
015 Intensity ratio (Untreated )

Figure 3.27 A measure of the oxygen uptake of a series of materials

exposéd to oxygen plasma (C.2 torr, 5 secs).

of the unoxidised carbon component (at 285eV binding energy) of the untreated
matertal, for the samples examined. Results at both plasma powers are
incfudea. The Trehd to emerge from this diagram is that the greater the
proportion of unpxidised carbon in the unfreafed‘sample, the greater will

be the change in oxygen leve!, relative to the oxygen level In the untreated



168

sample, on exposure to oxygen plasma. This is qulte reasonable since
there will be more available sites at which reaction could oécur for a
material such as gilsoni+e, with predominantly hydrocarbon character, than
for brown coal orva material already containing a substantial proportion
of oxidised carbon prior to oxygen plasma treatment.

In the case of two materials each having the same initial
e[emenfal stoichiometry, the more reactive ﬁaferial, with respect to
Inferac*!on with an oxygen plasma, would be expe¢+ed to show a higher éxfenf‘

213 on the relative

of oxygen Uptake. The work of Clark and Dilks
reactivity of'pol95+yrene, polypropylene and polyethylene has already been
cited (Section 3.5.!) as demonstrating the grea+ér susceptibility of
unsa+ura+ed systems, as opposed to saturated systems, fowards oxygen plasma.
It is also expected that the more reactive material will exhibit less
varia+idn in oxygén uptake when a genffe or a more powerful plasma is
employed.  Analysis of the experimental data presented in Table 3.2 for
polyethylene and polystyrene films exposed to oxygen plasma at 0.4W and
IOW power doeé in fact exempl ify these i deas.

Comparison of the overall oxygen uptake which occurs for gilsonite

with the corresponding values for polystyrene and polyethylene films

(at 6 = 30°) is as follows:

Untreated 0.4W oW
Gilsonite 2.9 39.1 52.6
Polyethylene 1.1 8.5 : 30.5
Polystyrene 1.9 - 39.7 41.1

1t would appear that the reactivity of gilsonite towards oxygen
plasma bears more resemblance to that of the aromatic film,.polysfyrene,

than to polyethylene.



At the time of writlng this account, it is not possible to draw

firm conclusions as to the relative reactivities of the coal, kerogen and

bitumen samples. Additional characterisation of the behaviour of the

individual samples when exposed to oxygen plasma, as functions of treatment

time and plasma power, are needed, along with similar date for model systems.

This work is currénfly underway.
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3.7 Hydrogen plaéma'+rea+men+s of gilsonite and brown coal

The oxidising properties of the plasma excited in oxygen has
been discussed in previous sections. Here the potential use of hydrogen
plasma in the reduction of oxidised species present in samples of gilsonite

and brown coal is investigated.

3.7.1 Experimental

Thé experimenfa? plasmé rig has alread* been described in
Section 3.5.2d and depicted in Figure 3.12. Care was taken to remove
' aTmosbhéric oxygen from The plasma environment. To this end the reactor
was pumped down to a pressure of ~ l0_4.+orr by means of a diffusion pump
for a period of approximately 30 minufeé before leaking In hydrogen gas
(supplied.by British Oxygen Corporation and used without fuffher
purification) to a pressure of 0.2 torr, as monitored by a Pirani pressure
gauge. The sysTem.was allowed fo equilibrate before the plasma was
initiated. The characteristic elec+rbmagne+ic radiation in the visible

region gave rise to a lilac glow.

| 3.7.2 Resu|+s and Discussion

The materials chosen for use in this study were brown coal and
gilsonite, both of which were found to undergo changes during hydrogen
plasma treatment. The results are shown in Table 3.6 and the core: level

spectra for carbon and oxygen are represented in Figures 3.28 and 3.29

v3.7.23 Brown coal

Hydrogen plasma treatment of brown coal clearly gives rise to
a decrease of oxygen functionalisation in the surface regions as.sampled

by ESCA. Indeed the surface stoichiometry (as far as carbon and oxygen



|

Table 3.6 .. Treatments involving the use of plasmas éxcited in hydrogen. Relative area intensities,

figures
in brackets indicate binding energies (eV) '
. 1§l [HE
Total C,. _ C-H Cc=0 =0 c-0 0-C=-0. 0,4

Brown Coal o (283.5) © . (286.2) © (287.6) (288.9) (290.0)  (291.6)
Untreated _ - 100 . 5.9 - 52.5 . 23.8 9.9 4.0 .3.0. 1.0 - 46.5
Hydrogen Plasma - | ‘ . (286.7)  (287.8) (289.8)
10 W, 30 sec o 100 - - 70.4 22.5 4.9 2.1 - - 35.2
Gilsonite )
Hydrogen Plasma . ‘ e (286.5)  (288.,1)
10 W, 30 sec _ 100 - 92.6 6.5 0.9 - - - 5.6
- ' ' - (286.3) (288.5) (290.1) .
Untreated - 100 ' - 88. 1 10.6 - 0.9 0.4 - 2.9
Oxygen Plasma ‘ ' (286.3) ~ (287.7) (289.0) . (290.1)
0.4 W, 25 sec - 100 - . 53.8 21.0 10.8 7.0 7.5 - 44,
Oxygen Plasma ) ‘
0.4 W, 25 sec ; ' (286.5)  (287.9) (289.4) (290.4) - |

+ ) 100 - 69.4 19.4 - 6.3 4.2 . . 0.7 - 34,7
Hydrogen Plasma ) '
10 W, 30 sec ) !

2.5

3.4

4.1

1L
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Figure 3.28 Effect of hydrogen plasma on brown coal

are concerned)-is shown to change from C|OO : 028 in the untreated

sample, to C|OO : OZI after hydrogen plasma treatment. As is to be
expected, this modification Is reflected not only in overall Cls : Ols
intensity ratios, but also in the nature of the component peaks within

the carbon photoionisation envelope itself. The<b}oader nature of the

CIs signal from the untreated sample is suggesfive of the presence of a
grgphi+ic carbon component to the lower binding energy side of the main
peak at 285 eV, representative of the hydrocarbon Eémponenf. On’ treatment
with hydrogen plaéma, the hydrocarbon peak is increased by 34% of its aféa

compared with its value In the untreated specimen, and the component from

graphitic carbon structure s no longer in evidence. Whilst C - 0O
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structural features remain essentially unchanged,carbonyl, carboxy! and
carbonate functionalities are substantially decreased, as is the peak

at 291.6 eV which is due to shake-up transitions occurring in.conjugated

systems.
3,7.2b Gilsonite

Comparison of the spectra from hydrogen plasma treated gilsonite

and untreated material (Figure 3.29) again shows an increase in the

Gilsonite 'selecf '

Relative
Intensity
100 Oxygen plasma 100 Oxygen plasma
0.4W 25sec ) O4W 25sec
- ‘Hydrogen ptasma

7 10W  30sec
50 - 7 50 - ,

10077 " Untreated 1007 Hydrogen plasma

W ‘ : 71ow 30sec
50 / 50 /

‘C1s : 015 N1s C1s- 015, Nis

¥ Cyg component key as in Figure 3.28

Figure 3.29 A comparison of the effects of oxygen and hydrogen

plasmas on gllsonite
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285 eV carbon sugnal aftar treatment. In con+ras+ to brown coal the
C -0 COmponen+ in gilsonite decreases in intensity on exposure to
hydrogen plasma.

Observation of the Ols core electron signal after hydrogen plasma .
modification doee in fact indicate that oxygen has been introduced at the
surface region. This apparent uptake is relatively small compared with
the oxidative effects of glow discharges excited in pure oxygen (or air).
A most likely explanafion accounting for this finding concerns reaction of
residual oxygen absorbed in the solid sample itself which is not completely
outgassed before the plaema is inifiafed. Reaction between the treated
surface and the aTmoephere, whilst ftransferring the sample to the
spectrometer for analysis, a|+hough it oannOT be ruled out completely,

Is thought to be of secondary importance in view of the low reactivity
of the species |ikely to be present. High density polyethylene, when
subjecfed to a mild hydrogen plasma (0.4 W, 10 sec, 0.2 torr), has been
shown to yield a surface confaining a Ievel of oxygen functionality
siighfly higher than for the untreated sample, according to ESCA
measuremen+s. 229 Laser Raman spectroscopy was unable to detect any
increase in oxygen content, confirming that reaction is confined to the
outermost few monolayers of meterial.

The surface speclificity of reaction is also demonstrated by the
sequential treatment of a sample of giisonife with oxygen and'hydrogen
plasmas. The carbon : oxygen stoichiometry changes from ClOO : 027 in
the oxygen pfasma.+rea+ed sampleA+o CIOO : OZI for a sample exposed to
both oxygen plasma and hydrogen plasma in a seduenf?ai function : the
stoichiometry of‘+he untreated gilsonite is CIOO : Ol 7. Treatment of
The plasma oxidised surface with hydrogen plasma increases the hydrocarbon

peak under the CI envelope, +he C -0 componenf is little affected,’



whilst the carbonyl, carboxyl and carbonate functionalities undergo

reduction, the latter component decreasing by the most substantial

amount.

A sys+ema+ic investigation of the effocts of sequential treatments
using oxygen and hydrogen plasmas on the surface composition of a series
of well-defined polymer systems has been carried out %29 a detailed

account is beyond the scope of this thesis.
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