c el .
ANALYTICAL APPLICATIONS OF X-RAY

PHOTOELECTRON SPECTROSCOPY

by

PAUL KA-HANG CHAN

B.Sc.(Hons.), UNIVERSITY OF VICTORIA, 1985

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

in
THE FACULTY OF GRADUATE STUDIES

(Department of Chemistry)

We accept this thesis as conforming

.to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

April 1987

® Paul Ka-Hang Chan, 1987

392



In presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, | agree that the Library shall make it
freely available for reference and study. | further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is. understood that copying or
publication of this thesis for financial gain shall not be allowed without my written

permission.

Department of C,\'\E:M \STRY

The University of British Columbia
1956 Main Mall

Vancouver, Canada

V6T 1Y3

Date RD R\ \g*— -\’

DE-6(3/81)



ABSTRACT

The surface-specific analytical technique of X-ray
photoelectron spectroscopy (XPS) is described, and was used

to study various geochemical materials and organic compounds

.Variation of surface pyrite density with coal particle
size (53-250mum) in a‘typicai Canadian coal (Minto) provided
some interesting data- it is very likely that_as coal is
crushed, one eventually reaches a particle size where the
"surface pyrite/carbon ratio maximizes. It is this parameter
that is examined here, and correlations were found between
(i) sﬁrface pyrite concentration,(ii) surface pyrite/sulfate
ratio,‘ and (iii) oxidized and non-oxidized sulfur with
particle size., This is information which should find useful
application in coal cleaning technology. For non-oxidized
coal, we find the area of exposed pyrite on the coal surface
is approximately inversely proportional to coal particle
radius. However, for oxidized coal the appearance of curves
depends on the oxidation times, but there is a particle size
vwhich.exhibits maximum surface pyrite relative to 1/radius,
corresponding to the interceﬁt point of the two 1linear
segments (low and higher values of 1/R) for the non-oxidized
coal (fig. 3.9), and which 1is evidently that we will call

the "characteristic" size of constituent pyrite.
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XPS 2p | sulfur peaks from major sulfur constituents
other than 2£§fate in sediment recovered from Mahoney Lake
(south-central British Columbia, Canada) show a surprisingly
periodic variation in sulfur 2p binding energy (BE), and
hence molecular structure, with3£§diment age. The pattern
ceases at a core depth of about 3.2 meters, where a major
deposit of fine sandy sediment occurs just below ash
deposition (2.6m) from a major eruption of Mount Mazama,
Oregon, approximately 6500 year ago, which 1led to the
formation of Crater Lake. Sedimental sulfur exists mainly
as sulfate; however, there is a pronounced increase in amount
of the lower BE sulfur species relative to sulfate toward
lower depths. The "reduced" species also shows a trend
towards slightly higher oxidation level at lower depths. We
are aSle to suggest the probable chemical forms in which the

sulfur species exist, which is of interest°to biologists

working on sulfur transformation studies in lakes.

BE's for nitrogen 1ls and sulfur 2p in the metal
chelates of dibenzyldithiocarbamic acid3l‘{I%DBDTC)n for n=2,
M=Cu(II) and 2Zn(II), and for n=3, M=Bi(III), have been
measured. The nature of the spectral peaks and core BE's
indicates that the nitrogen atom in the DBDTC 1is not
intramolecularly bound with the metal as had been previously
suggested. The relatively high BE's for the nitrogen ls
orbitals indicate planar geometry for the coordinated

- 3 -
ligands, and the form {Bszc;;ﬁgz}to reasonably represent

their structure, which agrees with previous infrared studies.
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CHAPTER ONE

X-RAY PHOTOELECTRON SPECTROSCOPY
(XPS)

1.1: INTRODUCTION

a) Historical

One of the earliest references to the importance of the

relationship between the surface «composition of solid

materials and its effect on the materials' ©properties,

appeared in the illuminated manuscript "De Proprietatibus
1

Rerum" (The Properties of Things) of 1250 AD:

"When a plate of gold shall be bonded with a plate of
silver, or joined  thereto, it is necessary to beware of
;hree things, of dust, of wind, and of moisture: for if any
come between the gold and silver they may not be joined

together ...".

It remains a fact that the manner in which any solid
surface interacts with its énvironment, or with any other
solid surface, 1is determined by the precise nature of the
specimen surface,. Although bulk and surface compositions

may be related, to a greater or 1lesser degree, it 1is



generally accepted that the nature of a solid surface 1is

influenced more by sample environment than the bulk.

Compositional, <chemical state and molecular bonding
information about the topmost atomic layefs of solid
specimens (metals, organic and inorganic chemicals, polymers
and powders, fibres and films) is therefore crucial if we
are to understand how they behave when placed in a
particular environment. XPS is an excellent technique for
supplying such information, and it has many applications in
areas of science and technology where =solid surfaces or

interfaces are involved.

-\MFAs an analytical technique, XPS has its foundations in
the pioneering work of Siegbahn and co—workers2 in Sweden
during the 1950's. However, the history of the field goes
back to the time of Heinrich HertzB, who in 1887 noticed
that the maximum length of the spark of.an induction coil is
increased By illuminating the gap with wultraviolet 1light.
He had, in fact, ©produce photoelectrons between the gap
electrodes. In 1905, Einstein4 showed that the kinetic
energy of the photoelectrons is equal to the quantum energy
of tﬁe radiation minus the electron binding energy (BE) and
the "work function" of the solid. This was called the’
"photoelectric effect". By reducing the X-ray wavelength it.
was possible to investigate the ionization of inner electron
shells, This was first called X-ray absorption-edge spectro-

5
scopy, and in 1920, Bergengren related the positions of X-

=



ray absorption-edges to oxidation states of atoms in various

materials.

It later became <clear that not only could one
profitably examine the absorption of X-rays in the direction
of the X-ray beam, but also photoelectrons ejected at right
angles to it. Siegbahn found that BE's of atomic electrons
could be sufficiently affected by the chemical environment
of that atom to produce a measureable shift in the
"photoelectron spectrum. This was termed the '"chemical
shift". kealising that any tool capable of readily
differentiating between chemical states of the same element
had enormous potential in chemical anélysis, Siegbahn
dééignated the new spectroscopy as Electron Spectroscopy for
Chemical Analysis, or "ESCA", but it is more wusually

referred to as "XPS", or X-ray Photoelectron Spectroscopy.

For many years, XPS remained primarily an academic
research technique, simply because of the expénsive
instrumentation required, and the necessity of taking
extreme care in its application and interpretation. The
advent of modern commercial spectrometers, however, - has
enabled spectroscopists to improve their understanding and
use of the technique to the point where it is a major
contributor in industrial analysis and problem solving, as

well as in pure research.



b) Basic Principles

The basic photoionization process promotes an electron
to the free electron level (fig.l.1). XPS, like UPS (ultra-
violet Phoﬁoelectron Spectroscopy), is based on the same
photoelectric effect, but employs soft X-rays to remove core
rather than valence shell electrons . In the basic XPS
experiment, a small (< 2 cmz) sample surface is illuminated
with X-rays, generally Al Ka(l1486.60 eV) or Mg Ka(1253.60 eV),
under high vacuum (10—7tbrr). Ultra-high vacuum (10_8—10-11
torr) is desirable when gas absorption on the surface is a
factor, to ensure that surfaceé once cleaned will ‘remain
free from contamination. High vacuum also ensures that

photoelectrons emitted will have a sufficiently long mean

free path to survive energy analysis to the detector .

In the XPS of solids, the sample is placed on a metal
probe. If the sample is metallic, there are two conductors
in contact and their Fermi levels will adjust to coincidence.
If éhe sample is non-metallic, a sufficient number of free
charge carriers are usually present in the sample for it to
adjust to the thermodynamic equilibrium state and so again
the Fermi levels will coincide. Figure 1.18 relates the BE,

work functions, etc. relative to the Fermi level of the

materials. If there is any difference in the work functions



M

FEL
| | EL
52%5 QZ%S

H_ [Tcs
V

| Jﬁ
- ‘1

O

FERMI
B[ LEVEL

SPECTROMETER

' CORE
LEVEL

SAMPLE

E = Energy

Er = Recoil Energy }
d%p = Work Function of Spectrometer
‘; ® Work Function of Sample
CB = Conduction Band
VB = Valence Band
FEL = Free Electron Level
E = Energy of Exciting X-radiation

x-T8y
KE ' = Kinetic Energy of Photoelectrons Before
Entering the Monochromator

KE = Kinetic Energy of Photoelectrons After
Entering the Monochromator

BE = Binding Energy of Core Level Electron Ejected

Figure 1.1: The Energy Levels Involved in XPS

»



of the spectrometer and samples, i.e. the energy required to
move an electron from the Fermi level to free electron
level, the result of the formation of a common Fermi level
is to make the ehergy difference between the sample and the

probe equal to the difference in their work functions.

Photoionization takes place in the sample surface. In
the absence of electrical contact between the sample and the
probe, the resultant photoelectrons have a kinetic energy

KE' related to the X-ray energy ho by_the Einstein relation:

KE' = ho - BE - ¢ - E
S r

where ¢ is the sample Qork function, and Er is the recoil
energy, resulting from conservation of momentum in the
ejected electron parent-ion system. This equation can
readily be understood by . examining figure 1.1 again. In a
real system with eiectrical contact between the spectrometer
and the sample we have an additional term, the contact

potential, Vc

KE = ho - BE-¢ -E -V
S r C

where KE is slightly different from KE'. As already
discussed, VC is the difference between the work functions
of the probe ¢§p and the sample. Thus we have, on substitut-

ing for %: and ¢ :
s

KE = ho - BE - ¢ - E
sSp



In practice the recoil energy is extremely small (<< 1 eV)
and can be neglected. For Mg Ka radiation, which is used in
our laboratory, the maximum recoil energy is less than 0.1
eV, and Er varies directly with X-ray energy and inversely
with the mass of the parent atomz. Moreover, the use of the
Fermi level as a BE reference zero allows the same work
function correction to.be applied to all measurements, 1i.,e.
® is constant for a given spectrometér. The above

Sp
considerations lead to the simple relationship:

KE = ho - BE- ¢
sp
KE 1is well defined and any uncertainty in the determination
of BE is due to the natural width of tHe level from which
the“ electron has been ejected and to the width of the
g

incident X-ray line . In practice instrumental broadening

will add to this (see below).

In XPS emission of photoelectrons with well-defined
KE's results in photoelectron spectra -in effect direct

images of the atomic energy levels if Koopmans' Theorem (KT)

were true (see section 1.2¢). Table 1.1 shows the
variations of electron BE's with atomic number. The core
lines of the constituent elements of a compound are

characteristically atomic and their ordering does not depend
on chemical environment,which makes line assignment very
9

easy . Thus, information on electrons' BE's within a sample .

allows qualitative elemental analysis. Electron BE's within
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10
any one element are far from fixed (fig.l1.2) , and

variations (of wup to 10 eV) may occur, depending on
molecular environment. These so called "chemical shifts" may

be used to provide valuable information on chemical
11

bonding .

After photoionization, the ion will revert to the
ground state either by releasing a photon (X-ray
fluorescence) or by electron (Auger) emission. In the former
case the ?acant orbital may be filled by an electron from an
outer orbital and the energy emitted as an X-ray, while in

the latter an electron from an outer orbital drops into the
10
primary hole, and other electron(s) are ejected (fig 1.3) .

As an example of Auger terminology, KL LIII indicates that

the primary vacancy occurred in the K shell, the LI electron
underwent a transition to fill the primary vacancy and a

LIII electron was ejected. The three processes are

represented in the following equations:

Photoionization:
+% -
M + ho(l) —»M + e (1)

X-ray Fluorescence:
+* + :
M — M + ho(2)
Relaxation
Auger Emission: Processes
+%* ++ -
M —M + e (2)

where ho(l) is the exciting radiation.

£
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The relative probabilities of Auger and X-ray emission
are given in figure 1.4. Auger processes are dominant in
light elements, which is an indication of the difficulty of
X-ray fluorescence techniques in this area and the value of
the XPS methods. Auger electron spectroscopy (AES) is a

surface analytical technique in its own right, and further

information can be found in references 12-16.
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1.2: THE SURFACE ANALYTICAL TECHNIQUE OF XPS

a) Sampling Depth

The average sampling depth (depth from which photo-~
electrons may escape without inelastic scattering)7 from a
solid is considerably less than the penetration depth of the
exciting rediation. Table 1.2 gives typical penetration
depths of photons, electrons, and ions in the energy.range
commonly used for surface analysis. A photon-in/ photon-out
technique will clearly not normally be surface specific and

either the beam-in or the beam-out must involve electrons or

ions.

The escape depth of a particle such as an electron or

ion depends on the energy of the photoelectron and the

matrix environment through which it travels to the
17,18
surface ; the relationship of the escape depth of
~ 15

electrons versus KE is given in figure 1.5 . Notably, very
low and high energy electrons have relatively large escape
depths, the former of little use in analytical applicaﬁions
since they mostly result from inelastic collisions.
Electrons having energies of about 100 eV have the lowest
escape depths, and so spectroscopy involving high energy or
low energy electrons will likely not be surface specific. In
XPS, however, the photoelectrons are usually in the 100-1000
eV range,. from depths of <10-20 A, i.e. the first two or

three molecular layers. For this reason, XPS is classified
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INCIDENT PENETRATION

PHOTON 1000 > 10000

ELECTRON 1000 20

ION 1000 10
TABLE 1.2 Penetration Depths of Particles into a

Typical Solid Surface
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as a surface spect}oscopy. Compreﬁensive data on experi-
mentally determined escape depths are contained in reference
17. It 1is possible to use the variation in escape depths
with kinetic energies to distingﬁish between elements which
are present on the surfacelg. In section 1.2d, the effect

of sampling depth on quantitative surface analysis will be

discussed.

XPS studies must take surface impurities and con-
taminants into account. Contamination layer(s) wusually
comprise species adsorbed from the atmosphere, through
handling, or orginating from the vacuum system. It is
obviously highly desirable to have ultra-high vacuum and a

samﬁle preparation chamber in which samples may be cleaned

prior to analysis. In our case, vacuum is achieved  using
extremely low vapour-pressure o0il diffusion pumps in
conjunction with the usual rotary backing pumps. The

diffusion pump oils used in the Varian IEE-15 system are
Convalex-10 and Neovac-SY which are polyphenyl ether and

alkylated diphenyl ether, respectively.

b) Calibration of the Binding Energy Scale

In order to realize the potential of XPS fully,
accurate calibration of the spectral energy scale is

essential, since different chemical environments wusually
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cause only small (typically 1/10 to a few eV) shifts in peak
position. Generally speaking, BE's are accurate to +0.2 eV
in our measurements; however, having a solid sample makes
calibration difficult in the following sense- the BE zefo
for a solid is arbitrarily set at the Fermi level, the
highest electronic energy level that is occupied by an
electron in conductors at room temperature, whereas for a
free molecule it is defined with respect to the ejected
electron at rest at infinityzo. Therefore, it is a natural

choice for conductors to be used as standards, because in

principle, any would define the Fermi level.

If one is bombarding a surface with charged particles
or~»qharged particles are emitted from a surface, sample
charging may occur. This is a significant problem in all
such spectroscopic techniques involving electrons or ions -
for example, sample charging can distort spectra and shift
the 1location of peaks on the energy scale, the extent
depending on the nature of the sample. For insulators,
charging effects can be quite severe, while in conductors
they are relatively small. Fortunately, the surface
conductivity of most samples is much greater tham the bulk
conduétivity, and so an even chargé diitribution builds up
on the surface to a steady state value . In XPS there are
frequently stray electrons in the vicinity of the sample
which also help to reduce sample chargé, especially in our

spectrometer, 1in which electrons are ejected from the

aluminum film between the X-ray source and sample. Because
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of this conducting cloud the sample will assume a potential
8
very close to that of the film .

For insulators, there are two possible approaches to
the calibration problem: one may attempt to prevent charge
from building up on the sample or one <can measure the
magnitude of the charge and apply a correction. The first
.approach almost always employs stray electrons (as mentioned
above) or by using an electron "flood gun" -that is a
source of 1low energy (thermal) electrons from a heated
filament. The second approach is to employ calibration
material (internal or external) that effectively monitors
surche charge and changes the spectrometer work function in
the computer program to compensate. Using internal
calibrants, when a series of related compounds is being
examined, one signal from a common element in the compounds
is chosen and all other signals are méasured relative to it,
which works quite satisfactorily. Also, an intimate mixture
of sample with various inert materials of known BE such as
graphite (our preference), metal oxides, and potassium

21,22
salts can be used for calibration purposes.
Ratioﬁale of this internal procedure is that the surface
charge produces a field around the sample which affects the
KE of all photoelectrons, and hence all peaks experience the
same shift. Use o0f external calibrants relies on the
calibrant and sample being charged to the same extent. The

C 1s peak of a graphite sample and the adhesive "scotch"

>
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23
tape or the 4f peak of metallic gold are excellent
7/2,5/2
external calibrants. Table 1.3 summarizes some of the

difficulties caused by sample charging.

¢) Chemical Shifts

When étoms are brought close together to form molecules,
the orbitals of individual atoms are perfurbed and may then
be represented by molecular orbitals (MO's). Since valence-
shell electrons are directly involved in-bonding, they are
very sensitive to substituent and other structural effects,
but because the MO's they occupy are generally multi-centred,
it “is not wusually possible to identify the individual
component atoms of a molecule from its valence-shell photo-
electron spectrum. Moreover, different types of valence-
shell orbitals have very similar energies, resulting in
overlap of adjacént bands in photoelectron spectra.
However, inner core orbitals do retain their atomic identity
to a greater extent, which allows XPS to provide a viable

elemental analysis.

Notwithstanding the above comments, core electrons do
suffer small changes in BE as their environment is changed.
This may be explained by regarding individual atoms in a
molecule as spheres of differing potentials. Inside each
charged sphere the atomic potential, set up by charge shift

to or from its surface to the neighbouring atom(s), is
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PROBLEMS IN XPS:

DISTORTION OF SPECTRA
SHIFTS OF PEAK LOCATION
MOVEMENT ON SURFACE

XTENT OF LEM:
INSULATORS > SEMICONDUCTORS > CONDUCTORS

COMPENSATION:
SURFACE CONDUCTION
STRAY ELECTRONS
CALIBRATION

FLOOD-GUN

Table 1.3: Difficulties Caused by Sample Charging
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constant, according to classical electrostatics. The result

of this change in atomic potential is a shift of the whole

inner energy level system of any atom by a small
24,25

amount . These changes or "chemical shifts" due to

electrostatic interaction allow useful structural deductions

to be made from XPS spectra.

The application of XPS to the solution of structural
problems can be simplified by developing methods for
predicting reasonably accurafe BE values for any particular
structural formula one might propose for a given‘ compound,
These methods will not be described in detail here as
quantitative chemical shift analysis has not been attempted

in the work described in this thesis.

It 1is important to mention Koopmans' Theorem (XT), a

factor wusually involved in molecular orbital calculations
26-28

based on semi-empirical and empirical methods . This
theorem relates orbital energies29 with the 1ionization
energy obtained from photoelectron spectra, and is a useful
approximation bridging experimental data and theoretical
calculations. The theorem assumes that the molecular
orbitals are  unaltered by ionization (frozen orbital
aproximation), thus the BE's calculated using KT wusually
differ from the actual experimental BE's. The most important

limitation is the neglect of correlation energy between the

neutral molecule and the ion ~this should make the calculated
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ionization energy too small. The further approximation that
the electron interactions are exactly the same in the ion
and molecule, which is manifestly not true, as the electrons
in the ions can always attain a more stable state than the
one defined by their motions in the molecule, should give a
calculated ionization energy that is too high. In general,
the <cancellation of errors in using KT due to neglect of
both correlation energy and electron interactions enables
the theorem to effect a good approximation for many small
molecules; however, there is substantial evidence which shows
that use of KT is not justified where relativistic effects
30,31
(electron correlation and relaxation) are important .
The most accurate calculation is the "exact" Hartree-Fock
SCF kself consistent field) methods; these have a serious
disadvantage with regard to the size of computations

involved.

In spite of these problems, good correlations between
experimental chemical shifts and theoretical estimates of
fhem, and therefore of the atomic potential, have been
obtained32. The simplest model is provided by the electro-
static point charge potential33,34 which relates the

chemical shift, AE, of the atom to several factors:
AE(i) = kq(i) + V + 1

where q(i) is the charge difference on an atom i between the

molecule under consideration and a reference molecule, and V

o
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is the interatomic effective potential, or molecular potent-
ial found from:
V = i
2 a(i)/R,
J#1
The parameter k and 1 of the equation are constants

determined by a least squares plot to fit the experimental

data characterizing the type of chemical compound,. The

o 35
atomic charge can be estimated by Pauling's procedure , or
36

by CNDO (Complete Neglect of Differential Overlap) methods

It is also possible to determine "group shift" parameters in
which chemical shifts are represented by the sum of para-
meters characteristic of the atom(s) or substituent groups

- 35
attached to the atom under consideration .

d) Interpretation of Data

XPS 1is one of the most useful surface techniques to
emerge into widespread use in the last decade. Providing
the exciting energy is high enough, core level spectra can
be obtained for all elements of the periodic table except H
and He, and the BE's of these core levels are sufficiently
unique for their wunambiguous assignment (cf. table 1l.1).
Since the BE of an atom within the molecule reflects its
environment, it should be possible to construct correlation
tables (cf. fig.l1.2) which would serve to identify the

oxidation condition of an atom within a molecule and thereby
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help to identify its immediate environment.

When a photoelectron spectrum from the sample of
interest has been obtained, analysis may be carried out at
one or more of several levels of interpretation, where the
degree of complexity of the task increases with the level of
sophistication. At the lowest level, identification and
assignment of the photoelectron peaks in the spectrum allow
a qualitative analysis to be carried out. The analysis may
be made quantitative to a fairly high degree of accuracy by
measurement of relative photoelectron peak intensities or
areas. Since the intensity of a core level peak from species
X in the spectrum is proportional to the surface concentrat-
ion of the species (where surface, here, means the top 2 nm
or léss of the solid), it is possible to arrive at a value
for the surface concentration of X, providing the relevant
sensitivity factors are known. Details of this procedure

will be discussed later.

XPS sensitivity (in bulk terms) is only about 0.1 atom
%Z for elements with average <cross-sections; however, its
surface specificity puts it in a much higher class as a
analytical t00137. Sophisticated spectrum deconvolution és
necessary to obtain high resolution spectra in some cases3 ,
and from these the absolute BE's of the core levels can be
measured (to within 0.1 eV), and the presence of any fine

structure detected (such as multiplet splitting, shake-up

etc). Knowledge of the core level BE and fine structure



25

permits more rigorous assignments of the features to be
made, since it is ©possible to distinguish more easily
betyeen different oxidation states of an element, or even to
infer the ©presence of particular chemical species such as
the various form of pyrite (further information may be found

in references 10, 39 and 40).

The intensity of a peak derived from a given orbital is
proportional to photon flux, orbital occupancy and the photo-
ionization <cross-section of the orbital (see table 1.4)41.
The <cross-section varies in a complex way with a number of
factors such as the shape, size and number of nodes of the
orbital and the energy of the ionization radiationzo. Peak
intensity may also be affected by other processes which take
place, such as "shake-up" and "shake—off"éz. In the former,
an electron 1is excited to a  higher level within the
molecules at an expenditure of E*eV, resulting in a peak_
E*eV above the main ionization peak. A "shake—off" process

is one in which a second electron is ejected, giving rise to

double ionization.

Notwithstanding these difficulties, Wendt et al. and
43,44 '
Swingle have wused a simplified expression relating
measured photoelectron intensity to fundamental parameters,

for an infinitely thick sample:

I(i) = KY(3IN(F) / S(3)

where I(j) 1is the peak intensity corresponding to photo-



ls Level for Mg Ka (1253.60 eV) Radiation

~n=-
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1H 0.0002
2 He 0.0089
3L 0.059 0.0008
4Be 0200 0.007
88 0491 0022
6C 100 0047 0.0008 0.0012
TN 178 0084 0.0025 0.0049
80 285 0.134 0.0073 0.0148
®F 426 0.199 0.0178 0.0352
10Ne 898 0277 00381 0.0781
11 Na 799 0390 0.0714 0.141 0.0039
12 Mg 03525 0121 0239 0.0261
13 Al 0.681 0.193 0.380 0.048S 0.0012 0.0023
us 0.855 0.292 0.573 0.0728 0.0050 0,0097
18P 105 0422 0.528 0.0998 0.0129 0.0253
168 123 0590 1.158 0.130 0.0269 0.0527
11 a 148 0810 1.364 0.163 0.0493 0.0963
18 Ar .71 108 207 0199 0.0503 0.161
19K 196 137 267 0243 0.122 0238 0.008
20 Ca 221 174 339 0.305 0.169 0.330 0.023
21 Se 246 218 424 0.3% 0.216 0420 0002 0.003 0.027
2T 271 268 522 0408 0268 0521 0.008 0.009 0.031
23V 298 328 6.3 0462 0326 0633 0014 0.021 0034
24 Cr 323 392 160 0511 0382 0.740 0030 0.044 0.014
25 Ma 348 463 899 0.575 0460 0.892 0.048 0.071 0.040
2 re 370 8543 105 0634 0535 1.04 0079 0.116 0.043
27 Co 392 628 122 0693 0616 119  0.122 0.179 0.948
28 Ny 416 18 133 0753 0701 1.38  0.181 0.26% 0.048
29 Cu 438 818 139 0805 0779 1.50  0.268 0.390 0.019
30 Zn 455 939 190 0.873 0882 1.70  0.365 0.532 0.052
31 Ga 108 203 0943 0593 192 0485 0.708 0.074 0.008 0.011
32 Ge 212 102 111 215 0631 0.920 0.094 0.018 0.034
33 As 110  1.24 240 0802 1.17 0.114 0.037 0.071
34 Se 118 137 265  1.00 148 0,134 D064 0123
35 Br 126 1.50 292 134 180 0156 0.)00 0.181
36 Xr 135 164 320 150 219 0.178 0.144 0.276
37 Ry 143 179 348 181 263 0209 0.187 0.361 0.008
38 sr 1.52 193 378 213 314 0.242 0.230 0.445 0.021
Y 161 208, 409 254 370 0.273 0.268 0.521 0.013 0.019 0.028
40 2 170 224 440 287 433 0.305 0.307 0.596 0.035 0.031 0.029
41 Nb 179 239 471 348 801 0333 0.340 0.661 0.082 0.118 0.013
“2 Mo 169 284 503 397 817 0364 0379 0.739 0.130 0.187 0.014
43 Te 198 260 536 454 6.60 02387 0.419 0.818 0.192 0.278 0.018
44 Ru 207 284 568 817 T.51 0.429 0460 0.899 0.269 0.387 0.018
4% Rn 218 1298 800 584 §.48 0.483 0.501 0.981 0.363 0.524 0.016
Table 1.4: Photoelectric Cross-sections Relative to C



G2 Byz iz W3z Pz i wanp Mann s Az 4e12 032 4133 4dg sz A9 S Beygz dp3r My Mz Sa; Sl Seyp 013 6032

.6 Pa 224 312 833 6.58 9.54 0.494 0.538 1.06 0.498 0.701

a7 AL 233 22% 664 7.38 10.7  0.331 0.586 1.15 0616 0084 0.018

48 Cd 240 339 698 8.22 119 0.571 0636 1.28 0.747 1.01 0.048

a9 In 248 331 127 9.13 13.2 0.611 0.689 1.37 0.893 129 0.063 0.008 0011

80 Sn ) 2.3 362 1% 101 14.6 0.653 0.743 1.48 103 1.51 0.07¢ 0.017 0.031

81 Sb 2.60 3.7 1.86 1.1 18.1 0.696 0.799 1.80 1.22 1.18 0.090 0.033 0.063

52 Te 267 379 014 122 117 0.741 0.8%6 1.713 1.40 201 0.104 0.0% 0.104

831 273 387 MY 13.3 193 0.783 0.913 1,88 1.58 2129 0.117 0.080 0.158

54 Xe 283 393 064 149 21t 0.831 0971 1990 1.78 287 0.132 0.112 0.218

83 Cs 284 404 894 188 229 0.877 1.0 212 199 288 0.152 0.140 0.278 0.008
8 Ba 4.10 926 1720 248 0.924 1.09 226 2.21 3.20 0.174 0.168 0.334 0.017
87 La 406 932 182 268 0971 1.15 240 244 183 0.193 0.189 0.382 0.019 0.027 0.0t
58 Ce 967 197 286 1.00 1.18 249 2.38 3.74 0069 0.098 0.189 0.180 0.365 : 0018
%8 Pr 978 211 307 104 122 239 276 400 0.126 0.161 0.196 0.188 0.378 0.018
60 Nd 226 329 1.07 126 2.70 293 .28  0.200 0.257 0.202 0.191 0.390 0.018
61 Pm . 243 333 110 130 281 314 438 0296 0.378 0.208 0.198 0.400 0.018
62 Sm 261 3719 114 L34 281 333 482 0416 0.531 0.213 0.201 0.412 0019
63 Eu 2.2 409 117 137 301 381 . 509 0862 07180 0219 0205 0.422 0.019
64 G4 243 434 120 141 313 T3 541 0693 0887 0236 0.223 0.46% 0.032 0.031 0.022
65 To 208 1.22 143 321 388 561 0.949 121 0.228 0.211 0.440 0.019
€6 Dy 1.2 148 330 4.08 587 120 152 0232 0.214 0449 019
67 Ho ) 1.27 147 339 422 613 1.49 189 0.237 0.218 0.457 0.019
68 Er 1.29 1.49 348 439 637 1.82 231 0240 0.219 0.464 0.019
69 Tm 1.31 1.50 336 4.3 $62 220 278 0.244 0.220 0.471 0019
70 Yb 1.32 151 364 472 683 263 333 0247 0222 0.478 0.019
"M W ’ 134 1.82 173 49 713 303 387 0.261 0.237 0.519 0.021 0.029 0023
772 Ht 1386 1.53 383 35.10 742 350 448 0271 0.252 0.562 0.05¢4 0.07¢ 0.02¢
73 Te 1.38 1.4 333 8529 718 389 808 0.290 0.268 0.608 0.098 0.138 0029
MW : 1.39 1.8%5 4.03 B.48 801 492 878 0.306 0.283 0651 0.152 0.212 0.031
75 Re 141 1.8 4.13 861 "8.30 808 646 0.321 0.299 0.697 0.217 0.303 0.033
78 Os 1.42 1.88 4.24 Bb.8e 860 8567 122 0.337 0.314 0.743 0.293 0.410 0.033
(IR 1.43 1.5 4.34 808 890 6.30 0.0 0.350 0324 0.774 0.431 0.593

78 Pt 1.44 1.4 443 624 9.20 697 887 0.366 0.340 0.025 0.308 0.709 0017
19 Au 1.45 1.53 4.5% .42 950 768 9.79 0.380 0.353 0.877 0619 0.86% 0.017
80 Hg 1.45 1.52 468 &.60 979 843 108  0.397 0.368 0935 0.707 0997 0.040
ann 1.46 1.30 475 6.8 101 922 118 0.413 0.383 0.098 0.804 1.14 0051 0.004 0.008
s2m 1.46 1.47 486 6.94 104 100 128 0430 0.398 1.06 0800 1.29 0059 0011 0023
83 Bi 1.44 1435 496 111 106 109 14.0 0.448 0412 1.12 0.997 1.4¢ 0.068 0.021 0.048

Table 1.4 (cont.)

Lz
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electron j, Y(j) is the emissivity of atom j (approximated
by the atomic photoelectric cross-section), N(j) 1is the
number of these atoms per «cubic centimeter, K idis an
instrument response function dependent on the KE of the
photoelectron and S(j) is the total photoelectron scattering

.. . -1
coefficient in cm .

Electron scattering accounts for surface sensitivity of
XPS, and S(j) is inversely related to the inelastic mean
free path or escape depth, A (as mention in section 1.2a).
Moreover A vs KE plots show that in the region of interest
for XPS, A is approximately a function of E (see fig 5),
which also explains why S (or R) may not be the same for
each component (j) of a surface, because A for an electron
is determined by its KE. The KE of a photoelectron is in
turn a function of the BE which, of course, will be
different for each component. The K term varies approximately
as E_1 for instruments employing fixed analyzer transmission
energies (as in our spectrometer), or as E for those
employing fixed retardation ratios of emitted electron KE to
analyzer pass energies. The former type of instrument tends
to be:more common and, since both K and S(j) are inversely
proportional to KE in this case, some degree of cancellation
results in the previous equation, and I(j) will correlate

41,45-47
reasonably well with ¥(j) and N(j) .

The concentration distribution of a measured species as

>
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a function of depth «can seriously affect quantitative
surface measurements, because the concentration of the
species can vary from the outermoét surface layer into the
bulk, i.e. N(j) will vary with different surface layers. 1In
order to investigate the variation of composition with
depth, the sample may be etched using an ion beam, thereby
enabling the establishment of a composition depth

18,48
profile .
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CHAPTER TWO

INSTRUMENTATION

2.1 INTRODUCTION

In an XPS spectrometer an X-ray flux irradiates the
target sample and the ejected photoelectrons enter an
electron analyzer to be subsequentiy detected. Since the
number of ionization events is so small (typically 104/sec),
pulse counting techniques must be used. Pulses are counted
and recorded in a manner suitable for data analysis. An XPS
spectrometer should have resolution sufficient to reveal the
influence of the <tchemical surroundings wupon the energy
levels, and sensitivity as high as possible; howevef, as in

many forms of spectroscopy, a compromise must be reached

since the two requirements conflict.

A Varian IEE-15 ("Induced ZElectron Emission") solid
phase X—ray photoelectron spectrometer was used in the work
described in this thesis. The spectrometer was extensively
upgraded as part of this work, and now functions as well if
not better than when new. In this chapter the spectrometer
will be described in some detail. A brief description of

1,2
the spectrometer has also appeared elsewhere .
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2.2: THE VARIAN IEE-15 SPECTROMETER

a) General Considerations

A block diagram of the IEE spectrometer, illustrating
the main components, is shown in figure 2.1. The spectro-
meter system contains an X-ray source, a vacuum system, an
electrostatic electron analyzer, a Varian 620/i computer,
an IEE/computer interface with ASR33 teletypewriter, an X-Y

recorder, and an oscilloscope for spectral display.

Most of the constituent parts of the spectrometer (X-
ray anode, electron multiplier, ion and electron sources)
will operate only in high vacuum. Moreover, as mentioned
before, the high surface sensitivity of XPS requires as good
a vacuum as possible in order to maintain a clean sample

-9
surface, However even at 10 torr, exposure to a high
' 3
vacuum system for 1 h will approximate monolayer coverage .

Fortunately, if the sample is not susceptible to degradation

by small amounts of residual gases such as oxygen, water,

. -6
vacuum pump fluid vapours, a vacuum in the range of 10 -
10 torr may be tolerated. The normal background pressure
in the bresent IEE spectrometer is about 1x10 torr, and is

maintained by employing two pumping systems and baking the
chambers. Since a bakeable valve is used to separate the
sample preparation (inlet) chamber from the analyzer chamber
these two regions are pumped separately by o0il diffusion

pumps (285 L/sec for the former and 1500 L/sec for the
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latter), fitted with baffles and water cold traps to minimize
backstreaming of pump oil into the system. Each diffusion
pump is backed by a rotary pump, and in addition , a liquid
nitrogen-cooled trap 1is fitted before each chamber to
condense water and pump oil vapors, the two major potential
contaminants, Moreover, the sample can be changed without
affecting conditions in the analyzer. The vacuum lock
through which sample transferral takes place must not be
opehed until the preparation chamber is below 10_—5 torr,
otherwise rupture of the delicate aluminum foil window (7sm)
would occur. This thin window is used to separate the X-ray
tube and sample; moreover, it also prevents 1low energy
radiation from causing undesirable effects in the sample,
an&. scattered electrons from the X-ray gun reaching the
samplea. As mentioned previously, low energy electrons from

the inside of the window serve to neutralize sample

charging.

A fraction of the photoelectrons produced from the
sample pass through the annular entrance slit into the
spherical analyzer, essentially two concentric spheres with
a potential difference between them. The electron image of
the -entrance slit is at the annular exit slit, electrons
passing through being focussed on the aberture of a
berillium-copper electron multiplier5 (see fig.2.2).
Typically, a ©positive voltage is applied to the sample so

that initial photoelectrons are retarded to 100 eV upon

passing through the entrance slit. The geometry of the

>
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retarded region does not appear to be critical as 1long as
all electrons entering the analyzer originate from a
strongly irradiated portion of sample surface. However, the
photoelectrons' paths are constrained to prevent second
order aberrations from degrading the resolution of the
analyzer. Therefore, at a given resolutibn, the
photoelectrons' transmission is limited by the slit-width
and second order angular aberrations. The effect of angular
aberration 1is most easily visualized as in the case of
throwing a ball in a uniform gravitational field. The ball
will travel the maximum horizontal distance when it is
launched at 45 . If S is the distance thrown, and So is the

5
maximum distance then:

2
S - S =—280 (e- T4 )

o)

S, is a first order focal point with second order aberrations.

This 1is a general expression valid for focussing of charged
1,2
particles in electric and magnetic fields.

An XPS spectrum is generated by varying the voltage
applied to the sample, with respect to the analyzer entrance
slit., This has.the advantage that the analyzer deflection
voltages remain fixed and the resolution of the analyzer
remains constant throughout a scan. One can improve the
analyzer resolution by reducing the energy at which the
electrons are analyzed. Nominally, electrons are analyzed

at an energy of 100 eV, and with the spectrometer designed



39

6
for 17 resolution , we commonly obtain a total spectrometer
resolution for the Au 4f doublet of ~1.7 eV full width
7/2,5/2
half maximum (including the Mg Ka radiation linewidth of
7 .

about 0.7 eV , figure 2.3). With an X-ray power output of
280 watts, an electron count rate of >»10,000 counts/sec can
be obtained at this peak maximum. In order to obtain a
perfect registry of the image of the annular entrance slit
onto _the annular exit slit, it is necessary to use an
electrostatic octopole focus corrector to adjust the position

and shape of the final electron image (see fig. 2.2).

In summary, the spectrometer has the following
features:

1. Spherical analyzer

2. Electron retardation between sample and analyzer

3. Electronically variable resolution

4. Annular source and detector slits

5. Annular X-ray tube (to be discussed in the next
section) :

6. Octopole focus adjustment

7. Cylindrical electron filter between analyzer and
detector

Since electron paths are influenced by magnetic fields,
it 1is necessary that the eleétron trajectory be determined
only by the field of the analyzer, and so the earth's
magnetic field (~500 mG) iﬁ the vicinity of an electron
spectrometer mugt be nullified. This may be done by usigg

Helmholtz coils or ferromagnetic shielding materials ;

>
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however, a basic Helmholtz system compensates only for
static and not for varying magnetic fields. In practice,
fluctuations in field can be observed in the 2-10 mG region
depending upon time of day and day of the week.3 Therefore
the electrostatic analyzer used in the IEE spectrometer is
shielded by a double layer of mu;metal, about 1 foot in

diameter and 4 feet high, which reduces the earth's magnetic

field to~0.3 mG at the spectrometer center.

b) The X-ray Source

An ideal X-ray source should provides an intense,
coﬁéfant level of sample radiation. The simplést type for
use in XPS is one which utilizes characteristic emission
lines from an anode bombarded by high energy electrons. The
energies " of these lines are dependent only on the anode
ﬁaterial. In addition to these characteristic 1lines, a
continuous spectrum dependent upon the primary electron
energy (Bremsstréhlﬁng) is also produced from the X-ray
tube, which increases the Dbackground 1level of the
photoelectron spectrum. However, .a more serious problem
concerns X-ray satellite lines,. The most commonly used X-

ray lines in XPS are the Al and Mg Ka emission 1lines,

1,2

which have linewidths of 0.85 eV and 0.7 eV and energies of

1486.60 eV and 1253.60 eV respectively. The Ka1 9 line is

essentially an unresolved doublet resulting from 2p
: 3/2,1/2
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to ls transitions; however, lines resulting from similar
10

transitions within multiply ionized atoms (Ka ,Ka4 ) and

3
from valence band to 1s transition (KB) are also present. In
the case of Al (and Mg) there are two satellites about 10 eV
to the high energy side of the main X-ray line which are
produced by transitions involving the K hole of a doubly
ionized atom. In XPS spectra these Ka3 and Ka4 satellites
can interfere and obscure weak peaks. As mentioned before,
one of the primary limitions on instrumental resolution 1is
the X-ray bandwidth; the narrower this is the more accurate
will be the information obtained. Hence, when considering
the choice of a suitable X-ray line, linewidth is always a
major consideration, the other being the energy itself since
this - determines the actual atomic orbitals which «can be

ionized.

Recently, there has been considerable intefest in the
use of X-ray sources other than the traditional Mg and Al Ka,
since alternation of source energies would increase the
flexibility of the technique. Obviously harder X-ray sources
make deeper core levels accessible; however,although more
photoelectron peaks would by obtained, the X-ray linewidth
increases so there_is some reduction in accuracy in deter-
minating peak positions. Some characteristic X-ray energies
and linewidths of the sources that have been wused in XPS

7,11
are given in table 2.1. These represent a wide range of

energies available to photoeject core electrons of most

elements of interest. The comparative broadness of the X-

»
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Line Be Y Zr Nb Mo Ru Rh C Ti Ti O Cr
K M{ M{ M{ M{ M{ M{ K Ll la K La

Energy (¢V) 108.9 132.3 151.4 171.4 192.3 236.9 260.1 278 395.3 452.2 524.9 572.8
Width(eV) 5.0 047 0.77 121 153 249 40 6 3 3 4 3

Line Ne Ni Cu Z2n Na Mg Al Zr Ti Cr Cu
Ka La La La Ka Ka Ka La Ka Ke Ka

Energy (V) 849 851.5 929.71011.71041.01253.61486.6 2042 4510 5417 8048
Width(eV) 03 25 38 20 042 07 08 1.7 20 21 26

Table 2.1: Some X-ray Lines Used in XPS
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ray sources, together with their attendant satellites (Ka3 A
and KgB) is undesirable, because they overlap with other
features in the spectrum. In modern commercial instruments,
the source is often monochromatized using a quartz crystal
diffraction grating to yield a narrow X-ray line devoid of
satellites. Typically the Al Ka line may be reduced from
0.85 to 0.6 eV FWHM. The X-ray flux is wusually somewhat
reduced. As a result, the monochromated source is used only
in circumstances where sufficient benefit is derived from
its narrow linewidth to offset the reduction in sensitivity.
Synchrotron radiation is also available and gives high count
rates. This radiation is produced by electrons accelerated
in a ring under static magnetic field conditions, yielding a
tuneble continuous radiation of high intensitylz. Obviously
a synchrotron facility is large and expensive, but many

successful XPS experiments have been done at Stanford,

Madison, etc.

The X-ray source used in this study is shown in fig.
2.4, Electrons produced by thermionic emission from a hot
annular tungsten filament (0.18mm diameter) strike the‘anode
of the annular X-ray tube, creating Mg Ka X-radiation at a
photon energy of 1253.60 eV. Several supports are provided
so the filament does not distort upon heating. The anode is
copper, vacuum-coated with approximately 0.3 cm of high-
grade magnesium. The X-ray tube is maintained at “'2x10—7

torr under typical operating conditions in order to prevent

voltage breakdown, and .to increase filament lifetime.
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Disadvantages in the traditidnal X-ray design are that
fast elastically scattered electrons from the anode can
strike the aluminum window, and the line-of-sight design
results in contamination of the anode by evaporation of the
filament material. The 1latter factor «clearly results in
attentuation of X-ray flux and introduces impurity 1lines.
The former can generate Al Ka X-rays and secondary
electrons in the window which may then irradiate the sample.
The presence of Al Ka is a disadvantage if an Mg anode is
in use, also secondary electrons can cause sample
degradation6. Fortunately some of these electrons can be
thermalized to reduce sample charging (mentioned abové). To
bypass such problems a positive potential (7-10 kV) is
applied to the anode while the filament, maintained at
ground potential, is placed out of direct line-of-sight of
the anode13. The positive potential ensures that scattered
electrons are drawn back towards the anode and do not strike
the window. Since the anode cannot "see" thé. cathode, a
cylindrical stainless steel shield between the anode tubing

and the filament is introduced to focus the electron beam

onto the face of the anode.

To prevent destruction of the aluminum window and the
anode itself by overheating, the X-ray tube is water-cooled
using electrically insulated pipes, and the anode itself is
insulated from ground by ceramic/metal seals. Anode

potentials between 7 to 10 kV give efficient production of
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characteristic radiation from Mg -operation of the X-ray gun
below 5 kV is avoided since space charge around the filament

would limit the electron current,

¢) The Sample

In principle,
14
liquids ,

any type of sample, including gases and

may be studied by XPS. However, the instrumental

design of the IEE-15 spectrometer restricts us to low vapour
-6
pressure (<10 torr) solids. The sample is inserted through

a vacuum lock and its temperature can be cooled by 1liquid

nitrogen flowing in the interior of the probe. Use of such

a. probe permits a wide range of materials to be

investigated. The sample size must be of diameter <1 cm;

however, the spectrometer «can accommodate three samples

simultaneously on the sample holder. The sample must
' 15,16

decompose under high vacuum .

not,

of course,

7
Methods of sample mounting are numerous , and are often
dictated by the nature of the sample itself. Bulk solid
samples may be held in a clip. Powdered samples are finely

ground (pestle/mortar) and spread on single-sided adhesive

"scotch" attached to out.

tape

This method is widely used

time for the pressure in

outgassing of the adhesive

for fibre samples.

the probe with sticky side

but leads to a longer Trecovery

the sample chamber because of

tape. Either method can be used
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It is worth noting, with regard to the sample insertion
mechanism, that if a cooled probe is being used a teflon
'O'ring contracts and may cause undesirable movement of the

probe, possibly causing loss of vacuum.

d) Data Collection

An intrinsic problem in this type of spectrometer is
the low signal/background (S/B) count ratio. The background
is mainly due to the <continuum radiation produced by
deceleration of the primary electrons on hitting the X-ray
target (Bremsstrahlung radiation). The ratio may be improved
.by X-ray monochromatization but this option is not available

for the Varian instrument.

The computer is programmed to control most of the
spectrometef functions., The program will time_ average up to
2000 channels of data in up to 10 discrete regions.
Different combinations of number of channels, scan time (1l-
1000 sec), scan width (1-100 eV) and number of scans (1-999)
allow optimum choice of parameters. Increase_ of source
intensity will result in improving -data only to a point,
even 1if idincreased source intensity does not induce sample
decomposition, since high source intensity is accompanied by
an real increase in background. The S/B ratio «can be

improved by accumulation of data over a period of time with
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multiple scanning. Random noise should cancel, while real
signals reinforce. When the counting statistics are
sufficiently good, accumulation of data may be terminated
and the data stored for later use. This type of signal
enhancement 1is particularly important when one is dealing
with weak signals, such as from fractional monolayers on a
surface. Moreover, the data may be smoothed by least squares

6
fitting to polynomials before being plotted .
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CHAPTER THREE

THE DEPENDENCY OF PYRITE OXIDATION
IN COAL ON PARTICLE SIZE

3.1: INTRODUCTION

Coal is a complex material of variable composition on
both the macroscopic and microscopic levéls, and often
contains significant quantities of sulfur in the form of
associated minerals such as pyrites and /or sulfur in
organic combination as part of the coal substancel. The
major elements present in coal are carbon, hydrogen and
oxygen, with minor quantities of sulfur, silicon, nitrogen,
aluminum, iron, calcium, magnesium, potassium, sodium and
titanium, etc. Carbon is by far the major element present,
and combined with smaller amounts of hydrogen and oxygen
provides the structural integrity and most of the heat
content and reducing power of the fuel. Despite the obvious
structural complexities and composition variables, there has
been considerable speculation concerning the structure of
what might be <called a '"typical <coal molecule". For
example, Sheer has proposed a complex structure (fig.3.1)
in which aromatic and aliphatic units are linked together in

the basic coal structure.

3
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A Proposed Structure for Coal

Figure 3.1:
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Coal 1is a resource certain to be available to meet
future energy demands for some considerable time; however,
the major «cause of air pollution has been shown to arise
from combustion of fossil fuel to form sulfur oxides harmful
to both industry and the ecosystem. Moreover, sulfur is a
potential contributor to spontaneous combustion of coals in
mines and stockpiles3 and the pollution of ground water
flowing from or through coal minesl.' Generally, the higher
the sulfur content the worse the problems, which has led to

government legislation imposing stringent controls on coal

utilization.

Certainly, a better wunderstanding of the nature and
distribution of sulfurQbearing minerals and organic sulfur-
containing functional groups and their concomitant chemistry
will have a desirable impact on coal preparation processes
and the environmental acceptability of coal-derived energy.
Current ASTM practice is to analyze for various forms of

4,5
sulfur in coal such as organic, pyritic, and sulfatic .
Determination of organic sulfur is <carried out by a
subtraction technique, which, being indirect, tends to
accumulate errors involved in the inorganic analyses
(theméelves somewhat unreliable and tedious) . Clearly, an

instrumental method giving a direct quantitative indication

of coal-associated sulfur would be most desirable.

Comparatively few XPS studies have been reported relat-
8-18 12-18
ing to geochemical materials and coal science s

>
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which is surprising since the properties of coal surfaces
play such an important role in a number of coal utilizat-
ion technologies. Flotation, coal-liquid mixing and coking
prépertie; all depend on the <chemical nature of coal
surfaces1 . Since initial interactibn of a solid with its

environment occurs via 1its surface, XPS has obvious

advantages,

Of the available methods for controlling sulfur oxide
emissions, the physical removal of pyritic sulfur prior to

combustion is the most technologically developed and cost-

19
effective . XPS has been employed in our laboratory
12 .
before , to study the sulfur atoms' molecular environment
in various coals. Since XPS S 2p peaks from the probable
- 3/2.

coal-organic sulfide- or thiol- (R-S-R' ,-SH), disulfide-
(R-S-S-R'), or thiophene- (R—le_R') type sulfur moi§§i§§
can be expected to overlap with the pyrite S 2p peak ’

further study suggested that surface pyriié2 could be
separated by oxidation to reveal and directly measure the
organic sulfur present17. Coal-cleaning methods are normally
capable of removing only pyrite, and not organically bonded
sulfur, since only pyrite may be oxidized to soluble
sulfatic saltlz. Therefore, one of the important factors in
pyrite elimination would appear to involve crushing the coal
to the point where surface pyrite maximizes, which our

experiments indicate it to do. We call this the '"charact-

eristic" size, and refer to it later.
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3.2: EXPERIMENTAL

Experimental conditions are as described in Chapter 2.

Bulk Minto <coal samples as received from Chemical
Engineering UBC were <crushed very gently before sieve-
screening, to produce particles ranging from 53 to 250 #m in
diameter, which were immediately placed inside a vacuum
desiccator until analysis. Some samples were oxidized by
using the "Blue M"* controlled temperature and humi&ity
chamber, under 9941 7% relative humidity at 45°C for two
different intervals (3 and 15 h) to see if pyrite oxidation
wés“ time dependent. Table 3.1 indicates the appropriate
settings of wet and dry bulb temperatures for a particular
relative humidity. Samples were mounted on the XPS sample
holder before oxidation and subsequent analysed in the
IEE-15. The XPS S 2p3/2 and C 1s peak heights were used to

calculate the ratios of pyrite to sulfate, pyrite to carbon,

and sulfate to carbon. BE's were accurate to +0.2 eV.

. Relatively 1low X-ray intensities (280 watts) in ex-
posures of about 1 h were used to minimize radiation
damage, and in fact no evidence for sample deterioration was
detected. For all coal samples, spectrometer settings were

maintained constant in order to remove spectrometer
N

* Manufacturer: Blue M Electric Co., Blue Island, Illinois, USA

=
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variations from the analyses as much as possible. Moreover,
all BE determinations were referenced to the C ls peak from

graphite at 284 eV (fig. 3.2).

3.3: RESULTS AND DISCUSSION

Typical C 1s and S 2p spectra from "3M" Scotch tape are
shown in figure 3.3. This C 1s BE is shifted from that of
the carbon in coal or graphite, reflecting the different
chemical environments of carbon in these materials. Carbon
is difficult to study by XPS Dbecause of the high
concentration of carbon present in the adhesive tape and the
possibility of contamination of sample surfaces by
hydrocarbon present in the pumping system. To minimize
background carbon, the liquid nitrogen traps are kept filled
at all times, the adhesive tape should be completely covered
with sample, and all samples should be scanned for carbon at
the same time interval after the introduction into the
spectrometer. This procedure does permit a relative
calibration procedure as illustrated in figure 3.4.  Sulfur
analysis normally should not present the same problems as
carbon; since insufficient sulfur-containing species are
present and able to affect the samples during the course of

this work.

Probably the most valuable aspect of the XPS technique

is its ability to provide information on the electronic

>
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environment of a surface atom (see reference 8); This will
be valuable in studies relating to flotation mechanisms
since 1in reactions between solids and solvated species the
outermost atomic layers of the solid are primarily involved,
and the coal flotation process is based on differences in
surface propertieszo. Moreover, the S 2p peak provides a
3/2
good indication of the S oxidation state, since the sulfur
atomic electrons are particularly sensitive to their atomic
environment. XPS 1is sensitive enough to be used to detect
low 1level pyrite oxidation in coal at a very early stage,

when oxygen 1incorporation is too low to be detected by

conventional analysis.

‘Washability tests must be conducted to determine the
proper method and equipment needed in deep-cleaning; these
involve stage crushing to release impurities and specific
gravity fractionation to determine the quality and quantity

20,21
of the cleaned product . Even though these tests are
extremely valuable in predicting washability, they are
costly., We demonstrate here how XPS information can be used
to give maximum washing efficiency by indicating one of the

important conditions for pyrite elimination, the best size

of coal particle to use.

XPS spectra of coal samples usually showed two S 2p
3/2
XPS peaks, with a separation averaging 5.5 eV, These are

assigned to iron sulfides (163.5 eV) and iron sulfate (169.0

~»
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12
eV) . Surface oxidation often arises during sample

preparation (e.g. grinding); in fact several workers have
related the effects of ester <cross-linkage development
during oxidation to deterioration of cokingzz—za. A slight
shoulder to the higher BE side of the main hydrocarbon XPS
peak is characteristic of <carbon singly bonded to
oxygen17’18. Referring to our XPS measurements, it appears
that our fresh coal was low in sulfatic sulfur (fig. 3.5),
but significant amounts appear in weathered or oxidized
samples (figs. 3.6 & 3.7). It. appears, then, that surface
oxidation 1is not significant when samples are prepared by
crushing at ambient conditions, the S 2p spectra. showing
little or no sulfate (and the C 1ls peak ng/ihoulder). In the
process of «crushing, there may well be a degree of
preferential <cleavage along the mineral planes which will

reduce the amount of heat generated and hence surface

oxidation.

As shown in figures 3.8 and 3.9, the ©pyrite/carbon
ratio measured by XPS decreases as particle size increases,
which 1is consistent with having relatively more pyrite
dispersed over the coal surface in small coal particles than
for large ones. Furthermore, relatively less photoelectrons
will be ejected from S atoms in larger pyrite particles as
compared to those escaping from small ones. Therefore, the
pyrite/carbon intensity ratio is approximately inversely
proportional to radius for non-oxidized samples. This has a

possible implication that pyrite is finely dispersed or

>
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homogeneously distributed in Minto <coal, since otherwise
linearity in figure 3.8 will not be obtained. The above
observation may also reflect the fracture mechanism of the

18
coal particles .

After the non-oxidized samples were exposed to humid
air for some hours, the sulfate peak increased in intensity,
and the sulfide peak decreased (figs. 3.6 & 3.7). The
oxidation was performed under mild conditions (99+1 Z
relative humidity at 450C) since temperatures >75°C  could
result in 1loss of S-containing molecules from .the sample
surfacelz, and deterioration of for instance, coking

22-24
properties as mentioned above, during oxidation .
Figﬁres 3.6 & 3.7 show no evidence of such deterioration.
XPS results on pyrite oxidation after 3 and 15 h are shown
in figures 3,10 & 3.11 where we see pyrite maximized and
sulfate minimized at 53+3#m in radius. Note that prolonged
exposure to humid air does not change this "characteristic"
pyrite size for the coal we are wusing here. The same
explanation can be applied to the rising portion of the curve
as for non-oxidized coal. However, when one progressively
approaches the smaller particle size, surface oxidation
seems to be dominant, and the pyrite oxidizes rapidly to
sulfate regardless of the particle size at which maximum
pyrite surface concentration occurs. This is because at this

stage one is crushing pyrite itself and surface oxidation

will 1likely be approximately inversely dependent on radius,
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i.e. the smaller the pyrite particle size on the coal, the
faster the rate of oxidation. Incidentally, this
"characteristic" size also corresponds to the intercepts of

the curve extremities (point I) for the non-oxidized coal
pyrite/carbon versus particle radius curve in figure 3.9,

The mathematical implications of this are by no means clear.

The results obtained may be applied as a partition
apparatus for producing coal particles which are of optimum
cleaning size since they are close to the same size as the
pyrite clusters. This optimum size is almost certainly rank-
dependent, owing to variations in morphology, and mode of
coal evolution arising from the geochemical environments in

5
which the minerals were originally formed .

The determination of the intensity of XPS peaks is
important if quantitative analysis is desired. However, it
is often difficult to determine a "base" reference level in
a spectrum. In this study, an appropriate base line is
formed by base line extrapolation. The base lines for a set
of spectra from similar samples are approximately parallel,
which ‘improves the accuracy of our ratio values (i.e. the
inelastically scattered electron spectrum and all the peak
widths will ©be very similar). Table 3.2 summarizes the
relative peak intensities of the fresh and oxidized coal

samples.



FRESH THREE HOURS OXIDATION FIFTEEN HOURS OXIDATION
SIZE RADIUS luunus_'zl Fe-S/C | Fe-s/c ]re-s/sq, 150,27 1c | Fe-s/c Le-s/so,, 2- so4z'lc
(um) (um) (XIQI max | min [max | min {max |min | max {min [ max |min |max [min | max |min
pm )
53.0 26.5 3.77 .589| .572|.300{.294 .375{ .363{.809| .796| .371 .35& .328{.31411.1411.12
61.0 30.5 3.28 «573| .544(.386| .37 .973| .940} .404) .395| .365] .358 .410].402(.897].884
75.0 37.5 2.67 513 .494).396}.387 1.1111.08}.361} .353| .458] .444 .515}.500).896)|.884
90.0 45.0 2,22 484) .460).410]|.400 1.38]1.32].304] .295] .455] .44 .540].523|.849} .838
106.0 53.0 1.89 458 .634].436].428 1.55]1.49).288] .280| .496| .48 .910|.872].558|.534
125.0 62.5 1.60 .439| .424].390|.382 1.35/1.30].295] .288] .486 .473 .811}1.790.608].594
150.0 75.0 1.33 .423] .397}1.380]|.372 1.24]1.20].312] .303| .401].392 .674].656|.602}.591
180.0 90.0 1.11 .414) .3921.355/.3501 1.13/1.10}.319}.314|.395 .38} .562}.5431.710].699
208.0 104.0 0.96 .400| .386].338|.329 .502| .487)].679]| .670| .381] .371 .541].526]|.710].698
250.0 125.0 0.80 .401) .376] - - - - - - |.344}.334 .333}|.322(1.04]1.03
Table 3.2: Ratios of XPS Peak Heights at Various
Particle Sizes for Fresh and Oxidized

Samples of Minto Coal

cL
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It 1is believed that —coal surface characterization
obtained by XPS after various conditioning steps, and during
flotation, could well allow both "chemical shift" analyéis,
and semi-quantitative analysis based on relative intensity

measurements.
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CHAPTER FOUR

SULFUR SPECIATION IN LAKE SEDIMENT

4.1: INTRODUCTION

Various sulfur-containing compounds have 1long been
known to be major pollutants in many industrialized parts of
the worldl. Sulfur, an essential biological nutrient, is
found in both organic and inofganic forms. In living
material .it is present primarily in its most reduced
states, for example as -SH. When organic S-compounds are
decomposed by bacteria, the initial product is generally the
reduced form hydrogen sulphide. Since sulfate, as sulfuric
acid, 1is a major component Qf acidic precipitationZ,B, a
clear understanding of S dynamics and diagenesis in lakes is
most desirable since S transformations markedly affect this

4,5
acidification process .

Mahoney Lake is a small hypersaline meromictic lake (20 m

deep) located in southeast British Columbia, with the

sediment being preserved much as it was laid down

originally. The seasonal changes in its various
. 6,7

limnological features have been described , and it appears

that sulfur in its many oxidation states plays a dominant
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role in the chemical and biological processes occurring 1in

this lake.

The elemental composition of the surface layers can be
reasonably related to the origins of the sediments, because
lake sediments and their interfaces with overlying water are
major sites for sulfur accumulation and transformation8’9.
Moreover, geochemical reactions occur often only to a depth
of a few atomic layers, thus an analytical technique with
high surface sensitivity such as XPS is ideally suited to
analyse the elemental composition as well as the chemical

10-12
state(s) of molecules present which may be of

13
geochemical and/or mineralogical interest .

Although geologists have made ample use of Scanning
Electron Microscopy-Energy Dispersive X—fay Analysis (SEM-
EDX) and Electron Microprobe Analysis (EMA), such techniques
are seldom able to identify wunambiguously the phase(s)
present, and so they are often only of value for preliminary
surveys of surfaceslo. Moreover, current ASTM practice to

analyze various forms of sulfur is also somewhat unreliable

and tedious (see Chapter three).

XPS has recently found application in several environ-
14-17

mental studies and here we have attempted to

characterize, in a general way, the distribution of the

inorganic and organic S constituents in a core of Mahoney

Lake sediments.



78

4,2: EXPERIMENTAL

Experimental conditions are as described in chapter 2.

The sediment sample upon receipted from Professor T.Northcote
and his associates (Zoology Department UBC) was subdivided
into many 10 cm sections.to a depth of 455 cm, which were
stored in a vacuum desiccator at about —150C until analysis.

X-ray power of 320 watts was used, and no evidence of sample

decomposition during analysis was seen. The electron BE's

were_standardized against the potassium 2p (294.0 eV) 1line
) 3/2

from a 3/7 mixture of potassium chloride/sample. The

measurements were repeated after exposure of the samples to

air for two months, and no changes were seen,

4.3: RESULTS AND DISCUSSION

Sulfur «can accumulate by decomposition of particulate

matter or be derived by immobilization of soluble forms,
18
predominantly sulfate, from the water . All the XPS S

2p spectra show two peaks- one representing sulfur atoms
3/2
in the sulphate ion and the second, sulfur in more reduced

forms. Some typical spectra are shown in figure 4.1. The

second peak, slightly broader, has a maximum value of BE

>
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Figure 4.1: Sulfur 2p XPS Spectra of Some Mahoney
3/2
Lake Sediments (at indicated core sample
depths) '
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which varies with sediment depth in a remarkably periodic

way (fig. 4.2).

Many sulfqr—containing molecules have been étudied by
XPSlg, and hence we are able to predict the most likely S-
containing species at the various depths, as indicated in
figure 4.2, The S distribution in the sediment profile
reflects the exchanges of sulfate among other inofganic and
organic S-constituentszo. We find a progressive decline of
total sulphate <concentration with sediment depth, to the
point where at 400 cm the lower BE S represents about 40% of
the total sulfur, (Whereas for example, at 35 cm depth it

was only about 16 7).

Although organic sulfur compounds often lead to format-
ion of hydrogen sulfide in water, it is of interest that
Desulfovibrio bacteria can reduce SOZ_ to HZS by wutilizing

L . . . 21
it in the oxidation of organic matter

- +

2
SO 4 2(CH O) + 2H —» H_S 4+ 2CO_ + 2H O
4 2 2 2 2

Bacterial generation of HZS from sulfate :ions, with
subsequent formation of iron éulfides, has been clearly
estabiished in coastal lagoons and lakes/oceans in which
salinities and sulphate contents are high and organic
productivity is not dominantzz. Therefore, the major
pathway for incorporation of S in sediment may well be

through sulfate reduction and the formation of Fe-S

compounds of 1low solubilities. For example, in a 1lake

>
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Figure 4.2: Sulfur 2p Binding Energies of the Pre-
3/2
dominant "Lower Oxidation State" Sulfur
Species in Mahoney Lake Sediments (The error
bar is the estimated maximum error)
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experimentally acidified with sulphuric acid, Fe-S compounds
were found to be concentrated at the sediment surface23.
The process of pyrite formatioh originates as the result of
the reaction of dissolved hydrogen sulfide with fine-
grained iron minerals. However, Berner18 noted that the
substances which form by the reaction of iron minerals or
dissolved ferrous ion with hydrogen sulfide under simulated
sedimentary conditions in the laboratory are mainly non-
crystalline Fe-S, and gregite (cubic-Fe384). None of these
phases is thermodynamically stable under sedimentary

conditions. Therefore the final transformation of these

metastables (iron sulfides to pyrite) is believed to involve

the reactions with ‘elemental sulfur18. Moreover,
incorporation of lazelled aqueous SOj— by organic matter
has been observed2 to be bacterially mobilized and then
recovered as both ester- and carbon-bonded S. The

biodegradation of the S-containing amino acids cysteine,
cystine and methionine can result in production of volatile
organic S compounds such as methyl thiol and dimethyl
disulfide; however, carbon-bonded sulfides and polysulfides
are released as HS or possibly as mercapténs, which if
furthgr hydrolyzed may also contribute to pyrite
formationzz. The above processes would account for the

proncunced increase of organic/pyritic sulfur and loss of

sulfate in the basal zone.

The fluctuations evident in figure 4.1 & 4.2 depend on
20
a complexity of abiotic, biotic and watershed factors and

»
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may well prove to be a useful index in assessing various
limnological processes, in which transformation and
translocation of S in its many oxidation states play
critical roles in the chemical and biological energetics of

4,5
lakes .

With our present instrumental resolution_ it is
impossible to separate the contributions of the various
organic S compounds to the 'reduced' peak et low BE. Also,
signals from sulfur in certain Fe-S compounds (i.e. FeS,
FeS2 , Fe 54 ), may be superposed, and so the average elemental
compositions of the surface layers of the material as
indicated here may vdeviate from those givenA by total
analysisl7. However, the strength of XPS analysis is in
providing data which reflects the origin and/or the history
of the sediment samples, which have acted as centres fpr
sulfur accumulation and transformation. The interpretation
of these data is an ongoing project in <conjunction with

other analytical studies on N, O and P etc. in the sample

core, in our laboratory and in the Zoology Department UBC.
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CHAPTER FIVE

THE BONDING OF DIBENZYLDITHIOCARBAMATE
METAL COMPLEXES

5.1: INTRODUCTION

Dithiocarbamate metal chelates are used in a wide
variety of chemical processes including rubber vulcanization
and the production éf agriculfural fungicides and
pesticidesl. Soluble dithioéarbamate salts have found exten-
sive application in the extraction of metal chelates from
acid solutionsz, and the chemical and physical properties
of. these complexeslare of much interest, particularly the
nature of the nitrogen-metal bonding.

3,4 5,6

Previous experimental data from NMR, IR and elect-

ron spectroscopy,7 as well as XPSB—12 have indicated two
possibilities for the bonding in these compounds:

AN
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Structure I illustrates the long-held view that the ligand
forms a stable four-membered <chelate ring. Early XPS
studies supported this idea solely on the basis of the
existence of only one broad sulphur 2p peak8—11: however
recent XPS studies on N 1ls BE's in 3(/Ii(II)—, Pb(II)- and
Sn(II)- diethyldithiocarbamate complexes by Cheng et al.12
suggested that there may exist an additional bond between
the N atom ahd the metal M (structure II) to form a
second four-membered ring, since they found the BE of the N
ls peak to be approximately the same as that in  the
complexes formed between the ions of the ?ékaline earths

and EDTA (ethylenédiaminetetraacetic acid), where the N

atoms are certainly coordinated to the metal ion.
In order to clarify this issue, we extended the XPS

studies to include the more thermally stable Cu(II), Zn(II)

and Bi(III) dibenzyldithiocarbamate (DBDTC) compounds.

5.2: EXPERIMENTAL

a) Preparation of Metal-Dibenzyldithiocarbamate Chelate:

The metal {Cu(II) and Bi(III)) chelates were

synthesized by‘ the general procedure outlined for the
12

synthesis of diethyldithiocarbamic acids. Zinc-DBDTC was

obtained from Eastman Kodak Chemical Company and was

recrystallized wusing a 1:1 mixture of chloroform and
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ethanol as solvent. The sodium salt of DBDTC was prepared
from Zn-DBDTC by ion exchange, and the other chelates were
then synthesized from the sodium saltla. The chelate
precipitates were filtered, washed with water, dried in

vacuum, and finally recrystallized from another chloroform-

ethanol solvent.

b) Instrumental

The 1liquid nitrogen cooled probe was wused in this
study, to minimize sample decomposition. Since metal
chelated dithiocarbamates powders are electrical insulators,
all BE's were calibrated with reference to the potassium
2p B peak (294.0 eV)A from a 3/7 mixture of potassium

3/2

chloride/sample as an internal standard.

5.3: RESULTS AND DISCUSSION

The study of the structure of inorganic or organic
complexes by XPS is often hampered by the decomposition of
the compounds during measurement. We obtained N 1ls BE data
on the dibenzyldithiocarbamate metal complexes <containing
Cu(II), Zn(II), and Bi(III), choosing benzyl compounds in
preference to the less stable ethyl derivative compounds
used in previous studies, -even so, with the lowest practical

X-ray power and sample probe cooled by liquid nitrogen, the
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hydrogen and sodium complexes decomposed in the spectrometer
The data obtained from the remaining complexes are given in

table 5.1, and the spectra are shown in figures 5.1 and 5.2.

Our results show that from Zn(II) to Bi(III) DBDTC the
S 2p BE increases, but the N 1ls BE remains essentially
unchgézed, as opposed to the case of the similar molecules
CuH,-EDTA and BiH-EDTA, where there is N-M bonding, and
where we see a difference in N 1s BE of approximately 2.0
eV. This is a strong indication that N is not bonded to the
metal in the DBDTC complexes. Furthermore, the N 1s
electrons in the DBDTC comple#es have a BE of about 1.0 eV
greater than "neutral" nitrogen in triphenylamine, which .

. 8+ 8-
suggests that the N-C bond in {R N;a;csz} is polar, 1leading
2

to local planarity , as has been previously observed in the
: 15,16
X-ray crystallography studies of diethyl complexes.
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PEAK SAMPLE BINDING ENERGY (eV) PEAK WIDTH (eV)
FWHM
N 1s Zn(DBDTC) 400.50 2.10
Cu(DBDTC) 400.55 ' 2.16
CuH (EDTA) 400.20 2.85
2
Bi (DBDTC) 400.50 1.95
BiH(EDTA) 402.25 2.47
S 2p Zn(DBDTC) 162.20 2.75
3/2
Cu(DBDTC) 162.20 2.61

Bi(DBDTC) 162.60 2.67

Table 5.1: XPS Data on Some Dibenzyldithiocarbamates,
Cu(II)Hz—EDTA and Bi(III)H-EDTA
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Figure 5.1: Nitrogen ls XPS Spectra of Some Dibenzyldithio-
carbamates,_pu(II)Hz—EDTA and Bi(III)H-EDTA
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SUMMARY

The minimal perturbing effect of the photoelectron
makes X-ray photoelectron spectroscopy an excellent
technique for surface analysis of almost any typé of solid
sample. The sample can take any shape or form, and often

needs no special preparation prior to analysis.

High resolution XPS instruments are now commercially
available, the wuse of which can lead to much improved
information on chemical bonding in addition to basic

elemental analysis.

The study on coal demonstrates how the XPS technique
may be used to study how the relationships between
concentration ratios involving sulfur in pyrite and
sulfate, and carbbn, on coal surfaces are dependent on
particle size. It also gives information to improve sulfur
elimination in <coal <cleaning processes, particularly
flotation, that depend on differences in surface properties.
This 'should have significant economic implications, for
instance reduction in capital investment required for
preparation plant equipment and operational costs relating
to the flow variables of mineral dressing. Moreover, the
results also reinforée the importance of XPS intensity

ratios as a measure of element dispersion,

>
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There are few studies which haQe considered the depth
distribution of sulfur in sediments. The sulfur content in
sedimental 'deposits from Mahoney Lake is primarily of two
types at any particular depth, -sulfate, and a second, which
is probably a mixture of several sulfur compounds in similar
oxidation forms, which displays a remarkable cyclic variat-
ion of oxidation state (more properly, sulfur atom elect-
rénic environment) with depth beneath the lake bottom. The

change in proportion of sulfur in SOA to S in other forms,
with time (lake sediment depth in our case), most probably
results from S exchange reactions in the lake itself. More-

over, portions of this sulfur pool are labile as reflected

in temporal fluctuations.

Clearly, XPS has a great potential for studying sulfur
vdynamics in lakes, and hence to obtain information on the
role of this element in limnetic nutrient cycles, as well as
for identification of geologic surface structures. However
to obtain accurate identification and quantification of such
complex heterogeneous materials spectra of much higher
resolution and sensitivity such as could be provided by
today's state-of-art instruments would be needed, especially

when studying lakes of lower sulfur content than Mahoney.

In the DBDTC complexes studied, S 2p binding energies
3/2
are shown to vary with the oxidation state of the metal. The

same change in oxidation state has no effect on the N 1s
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peak, -strong evidence that there is no metal-nitrogen inter-
action and consequently no intramolecular N-M bond, as had

been previously thought to be the case.

XPS 1is now a well established surface analytical tool,
finding widespread application in both fundamental research
and industrial problem-solving. It is likely to become
increasingly valuable as both our knowledge and wunder-
standing of surface chemistry increases, and the power of

the technique becomes more widely recognized.



