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PREFACE

The project of "Application of X-ray photoelectron spectros-
copy to the study of silicate minerals" was carried out as one of
the general research projects at the sediment and soil chemical
analysis section of chemistry and physics division.

Silicate minerals are the most ubiguitous components of en-
vironmental particulate matter, not only soils and sediments but
also airborne particles. Chemical nature of elements associated
with minerals is the one of key factors governing the envirconmen-
tal behavior of the elements. The purpose of this project is to
elucidate the honding state of constituent elements in silicate
minerals by X-ray photoelectron spectroscopy. The unique infor-
mations obtained by this approach give the basis of understanding
the chemical nature of the elements and of identifying their
chemical states in the environmental materials. The technique
was further extended to the study of surface chemical composition
of the materials thermochemically formed from silicate minerals.
The surface sensitivity is another important property of the
electron spectroscopy. The results reported have clearly demcon-
strated that this technique deserves the more extensive exploita-
tion in the environmental analytical chemistry. The biblicgraphy
in Appendix IT, including the authors' own works, indicates the
recent trend in this direction of the environmental and related
application of X-ray photoelectron spectroscopy.

Mr. H. Seyama is the main investigator of the project and
the content consists the major part of his doctoral thesis.

H. MATSUSHITA
Director of

Chemistry and Physics Division

QOctober 1987
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ABSTRACT

Silicate minerals widely distribute in the environment and
play a decisive role in the environmental circulation of elements
because the formation, weathering and other chemical reactions of
silicate minerals are significant factors controlling the geo-
chemical behavior of wvarious elements. The properties and
distribution of silicate minerals are also concerned in human
activity. For example, some of the toxic metal ions become
incorporated intc clay minerals by the cation exchange reaction
and remain in soil. Therefore, the identification of silicate
minerals and the characterization of bonding states of elements
in silicate minerals are very important., This is especially true
for the analysis of surface of minerals because the transfer of
elements between-minerals and the envirconment occurs through the
surfaces. In this study, X-Ray photoelectron spectroscopy has
been applied to the analysis of surface chemical composition and
the bonding state characterization of silicate minerals.

The systematic shifts of the photoelectron hinding energies
of 8i%*, 02- ana tetrahedrally coordinated Al3* ions in the sili-
cate framework suggest that the negative charge on the framework
is delocalized over these ions. On the other hand, the Fez*,
octahedrally coordinated Al3+ and Mg2+ ions are not subject to a
strong effect from the negative charge on the framework. The
oxidation state of Fe ion (Fe?t or Fe3') in the silicate miner-
als 1is determinable on the basis of Fe 2p spectrum.

A comparison of the photoelectron and Auger electron ener-
gies of the .exchangeable Na‘, Mg2*, ca?*, sr?*, BaZ* and ca2*
cations in montmorilleonite with thogse of the reference compounds
has revealed that the bonding state of these exchangeable cations
is similar to that of corresponding cations in typically ionic
compounds such as their fluorides and chlorides.

The surface composition of montmorillonite containing ex-
changeable Na® and X' ions is consistent with the bulk composi-
tion, but after the sample is recrystallized at 1100°C, the
surface abundance of Na' ions increases, whereas that of k*
ions decreases, In contrast to montmorillonite, the elemental
distribution in kaolinite grains is approximately maintained

homogeneous during the heating.



CHAPTER
1

GENERAL INTRODUCTION

There are many kinds of rocks, soils and sediments on the
earth. One of the important constituents of them is silicate
mineral. Numerous silicate minerals have so far been found in
nature. A large number of investigations on silicate minerals
have been undertaken for a long time and their elemental composi-
tion, structures, physical and chemical properties, etc. have
been clarified.

Silicate minerals comprise 5i0O4 units which are independent
or linked together in a wvariety of ways. On the basis of the
structure, silicate minerals are classified into six groupsl) as

shown in Fig. 1-1. The six basic structures are as follows:

1) Nesosilicates comprise independent Si04 units (Fig. 1-1(A)).
A typical example is olivine.

2) Sorosilicates contain some S5iO4 units linked to form larger
independent Sin0§§fr2)-(n = 2, 3,++++) anions. For example,
lawsonite (CaAl,Si,0,(OH),+H,0) contains Sizo$- anions (Fig.
1-1(B}).

3) Cyclosilicates have ring structures constructed with 8510,
units to form Sinogg_(n = 3, 4, ++++)} anions, For example,
beryl (Be;Al,5igz0qg) contains ring anions consisting of six
5i0, units (Fig. 1-1(C)).

4) Tnosilicates have chain structures which are built with
5104 units in the form of linear chains. 2Two kinds of
chains are known. One is a single chain (SiOy ) and pyrox-
ene is one example of it (Fig. 1-1{D1}). The other is a
cross-linked double chain (Si401;) and characteristic of
amphibole (Fig. 1-1(D2)}.

5) Phyllosilicates have layered structures which comprise 510,
units linked to form flat sheets (Sizog—: Fig. 1-1(E)}.
This structures are found in clay minerals.

6) Tectosilicates have network structures which contain SiOy
units forming three-dimensional networks (51i0,}). Quartz,

cristobalite (Fig. 1-1(F)) and other silica minerals are




good examples although they are not silicates but silicon
dioxides. In other tectosilicates such as feldspars, some
of the Si%* ions are replaced with Al3* ions (isomorphic

substitution).

Co
* Si

Fo  Fo%

(a) (B) (C)
NESOSILICATE SOROSILICATE CYCLOSILICATE

(LAWSONITE) (BERYL)
{D1) (D2}
INOSILICATE INOSILICATE
SINGLE CHAIN OOQUELE CHAIN

(E} (F)
PHYLLOSILICATE TECTOSILICATE
{CRISTOBALITE)

Fig. 1-1 Basic structures of silicate minerals

Since the investigations concerning clay minerals {mont-
morillonite and kaolinite) are described in Chapter 4 and 5, the
structure of phyllosilicate should be explained in more detail.
The layer structure of phyllosilicate is made up of two kinds of
sheets. One sheet consists of 5i%* and 02~ ions (510, units).
As shown in Pig. 1-1(E), the tetrahedral units face the same
direction and the 02~ ions at their bases are linked to form
hexagonal rings. This sheet is referred to as tetrahedral sheet.

4+ jon for Al3* jon sometimes

The isomorphic substitution of Si
occurs in the tetrahedral sheet. The other sheet consists of
A13+, 02~ and OH™ ions and is named octahedral sheet. The a13+
ijon is octahedrally coordinated by 02- and OH™ ions which are

shared between adjacent octahedral units, so that the structure
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is continuous in two dimensions. The octahedral sheet has a
tendency for the isomorphic substitution of al3* ion for Mg2*,
Fe3* or other cations.,

One of the principal structures of phyllosilicate is a two-
layer structure which consists of a single tetrahedral sheet
linked to a single octahedral sheet by sharing some of the 02-
ions. An example of it is found in kaclinite. Another typical
structure of clay minerals is a three-layer structure and ob-
served in montmorillonite. In this structure, an c¢ctahedral
sheet is sandwiched between two tetrahedral sheets., The complete
structures of montmorillonite and kaolinite are shown in Fig. 4-1
{Chapter 4) and 5-1 (Chapter 5), respectively.

The formation and weathering of silicate minerals are impor-
tant facters controlling the geochemical behavior of various
elements. !’ Clay minerals and zeclites have cation exchange
capabilities and greatly influence the behavior of cations in na-
ture.'r2)  Thus the propefties of silicate minerals are very
important in the elucidation of the geochemical circulation and
distribution of elements. For example, concentrations of cat-
ions in sea water are remarkably influenced by the cation ex-
change properties of clay minerals accumulating at the bottom of
the sea.l:2)

However, info;mation regarding the bonding states of ele-
ments in the silicate minerals is insufficient simply because
suitable experimental methods applicable to probe into the bond-
ing states of various elements in the silicate minerals have not
been available. Recent spectroscopic developments have enabled
bonding state characterization of elements. Investigations on
silicate minerals using NMR, ESR, Mdssbauer and other spectro-
scopic techniques have proceeded.3'4’ In particular, many high
resolution NMR studies of 29Si, 271 and other nucleus in sili-
cate minerals (natural silicates and synthetic zeolites) have
been undertaken and the accumulation of 2%5i chemical shift data
is available.%r5)

In addition to these techniques, application of X-ray photo-
electron spectroscopy (XPS) in mineralogy has been rapidly de-
veloped in recent years.3'4'6) XPS is sometimes referred to ESCA
(Electron Spectroscopy for Chemical Analysis). The XPS measure-
ment of solid involves the ejection of core-electrons by X-rays
and the detection of the ejected photoelectrons under an ultra-




high vacuum. The following important features of XPS should be

mentioned in view of its analytical implication5:3'7'8)

1) XPS is a surface sensitive analytical method. The analyti-
cal sampling depth is typically less than 10 nm.

2) It is possible to detect all elements except H and He and to
determine the concentration of element from the intensity of
electron emission.

3) Detailed spectral features such as chemical shift in elec-
tron enerqgy, satellite structure, etc. give information
about the bonding state of elements.

4} Ameorphous as well as crystalline samples can be examined.

The detection limit of ¥XPS is 1-0.1% atomic concentration
within the analytical volume.?) Thus the sensitivity of XPS is
not wvery high. In spite of the relatively low sensitivity, XPS
is utilized as a useful surface analytical method because of its
above mentioned advantages. Applications of XPS are numerous in
various fields such as catalysisa), materials sciences), environ-
mental cﬂémigfrfg){ etc.' 'A 1is£ ofrreferences concerning the
environmental and geochemical applications of XPS .is given in
Appendix II. XPS has been also applied to gas and the core elec-
tron binding energy data for gaseous atoms and molecules have
been accumulated.'Q) Furthermore, the XPS measurements of lig-
uids and sclutions have been attempted by the use of the special
apparatus and the information, e.g., concerning solvation of
ions, has been systematically obtained.'!) several types of
apparatus for the small area XPS have been developed recently

12} In addition,

and permitted detection of 1-0.02 mm diameter.
photoelectren microsceopy (PEM) has been performed using a magnet-
ic lens system {about 2 um resolution)13'14) or a conventiconal
transmission electron microscope-type lens system (about 10 nm
resolution)iS) for imaging via photoelectron. XP5 will become
more widespread in the future with rapid advances in the XPS
measurement system.

Attempts have already been made to investigate minerals by
XP5. A part of those investigations are summarized in the refer-
ences.3'4'6) Investigations were undertaken to characterize the
bonding states of Si4+, Al‘?'L and 02~ ions in silicon-oxygen and

aluminium-oxygen compounds (minerals and other compounds} by




XPS.16_18] Koppelman et al. applied XPS to the study of cations
adsorbed on clay minerals.19_23) The changes in the surface
compesition of silicate minerals during weathering were reported
by Berner et al,24-29) X-Ray photoelectron diffraction (XPD}
technique was employed for the elucidation of surface structures
and composition of single-crystal clay minerals.30-37)  The oxi-
dation mechanism of Co2* ions adsorbed on ferromanganese nodules
was shown in a series of investigations by Dillard et al,38-42)
The oxidation and reduction reactions of clay minerals43+:44) and
the reduction of cations adsorbed on mineral surfaces were con-
firmed by the spectral change of photoelectrons.21'45'45)

In spite of such applications of XPS and other spectroscopic
techniques in mineralogy, the relationship between the structure
of silicate minerals and the bonding state of the constituent
elements has remained obscure. In addition, the information con-
cerning the change of the bonding state of elements in the sili-
cate minergls on heating, chemical weathering, etc. is extremely
insufficient. From these points of view, this study was de-
csigned as a part of systematic investigations to elucidate the
bonding states and their changes of various elements in natural
silicate minerals. XPS was employed for this purpcse and studies
shown in the following chapters were undertaken.

In Chapter 2, the XPS measurement system and the method of
the measurement are explained. The thecoretical background of XPS
is also described in this chapter.

In Chapter 3, the relationship between the structure of
silicate minerals and the bonding states of the constituent ele-
ments is discussed.

In Chapter 4, the bonding state of exchangeable divalent
cations in montmorillenite is deduced from comparisen of their
photoelectron and Auger electron energies with those of reference
compounds.,

In Chapter 5, the structural changes of montmorillonite and
kaclinite on heating are reported on the basis of not only XPS

measurements but also X-ray diffraction measurements.




CHAPTER
2

ANALYTICAL METHOD OF X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

2.1 OUTLINE OF ELEMENTAL ANALYSIS BY XPS

The emission of electrons from a substance can he caused by
the photons of adequate frequency. Figure 2-1 illustrates emis-
sion processes of photoelectrons and Auger electrons induced by
X-ray which are observed in XPS measurements. The binding energy
(BEy) of a photoelectron (ep) ejeéted from an inner orbital
(energy level X} of an atom is represented by the X-ray energy
(hv]) and the photoelectron kinetic energy {KEp) as follows:

BEx = hv - KEp (1)

BEy ¢an be determined by the measurement of KEp and the atom
ejecting a photoelectron can be identified because the photoelec-
tron binding energy is characteristic of a specific core electron

of a specific atom.

e e T 7
° A KEp
—————————————————————————— FERMI LEVEL — hv
9@ /| @ zZLEEL 2
BEv &
99/ 0@ YLEvL —X 3
X-RAY %
\\\\& BEx
e OO xvm — Y v

PHOTOELECTRON AUGER
ELECTRON

Fig. 2-1 Photoelectron (ep) and Auger electron tey)
emission processes induced by X-ray




The photoelectron emission leaves the atom in an unstable
excited state. Auger transition is one of the relaxation proc-
esses of the excited atom, in which an outer orbital electron
{energy level Y) transfers to the vacancy in the inner orbital
{energy level X) and the excess energy is released as the emis-
sion of another outer orbital electron {energy level 7). The
ejected electron is called the XYZ Auger electron. The Auger

electron kinetic energy (KEp) is given approximately by Eg.(2}.
KEA = BEy - BEY - BEZ (2)

KEp, as well as BEy, is characteristic of a specific Auger tran-
sition ¢of a specific atom. 1In XPS, photoelectrons and Auger
electrons ejected from a sample are measured under vacuum.

Most of the samples used in this study were electrically
insulating specimens such as minerals. During the XPS measure-
ment on insulator, electrostatic charges can be built up at the
sample surface due to the electron emission process, In prac-
tice, the measured kinetic energy (KE,) differs from the ideél

value (KE;), i.e. KE, in Eg.(1) or KE, in Eg.{2), by the sum of

B
the retarding enerqgy of the sample charging and the work func-

tion. The relationship between REq and KE; is given by

KE; = KBj - dg, - Eg (3)

where ¢Sp is the work function of the spectrometer which is the
energy reguired to bring the electron from the zerc binding
energy level (Fermi level) to the spectrometer., E_. is the addi-

c
tipnal retarding energy owing to the sample charging.

2.1.1 Quantitative Analysis by XPS

The guantitative analysis by XPS is carried out on the basis
of the relation between the intensity of ejected electrons and
the relative atomic concentration, The photoelectron emission
from an atom in a solid sample with a perfectly flat surface is
schematically illustrated in Fig. 2-2. The probability (P) of
the photoelectron emission from an atom into vacuum without in-

elastic scattering is given by




X-RAY ep

SAMPLE

Fig. 2-2 Photoelectron (ep) emission from an atom in a
solid sample
8 is the electron take-off angle and z is the
depth where the electron is ejected.

-2
P = expc—-———f——) (4}
Apx sin®

where A,y is the mean free path of the photoelectron ejected from
the inner orbital ¥ of element A in the sample; B is the angle
between the direction of a photoelectron collector and the sur-
face of sample {electron take-off angle}; 2z is the depth where
the photoelectron is ejected.

For a homogenecous sample, the intensity (IAX) of the photo-
electron, i.e. the number of detected photoelectrons per unit
time, can be obtained from Eq.(5) by integrating the probability

over the thickness of the sample:

-z
Ipg = JROAXLAXCAXNAJ;XP(K;;_;I;E) dz {5)

where J is the intensity of incident X-ray beam; R is the effec-
tive surface area of the sample invelved in the analysis; Opy
is the photoionization cross-section of the inner orbital X of
element A excited by a photen of energy hv; Lpy is the anisotropy
of photoelectron emission; Cpy is the term including the detec-
tion efficiency of the analyzer and detector; N, is the volume
concentration of element A in the sample.

The values of O,y for Al K, and Mg K4 excitations have been




theoretically determined and tabulated in the literature.47) 1t
has begen also attempted to experimentally determine Opyx fer
Mg Ky excitation.58s49)

Lpx depends on the angle (y) between the direction of inci-
dent X-ray and that of the photoelectron coliector and is given
by the following equation:

1 3.9
LAX =1 + —BAx(ESlﬂ Y - 1) {6)

where B,, is the angular distribution asymmetry parameter and has
been theoretically calcylated,>9)

AAX mainly depends on the kinetic energy of electron. It
also depends on the matrix from which the electron is ejected
into wvacuum. But for similar matrices such ﬁs inorganic com-
pounds, Ay can be approximately regarded as a function of the
kinetic energy alone. Several methods for the calculation of AAX
have been proposed48'51“53). The kinetic energies of electrons
measured by XPS using Al K,; and Mg Ky X-ray sources are mostly in
the range of about 100 to 1500 eV. In this energy range, AAX in-
creases with increasing kinetic energy. The calculated wvalues
of AAX for inorganic compounds are approximately equal to 1 and
4 nm for 100 and 1500 eV kinetic energies, respectively.sz) Thus
the probing depth of XPS is very shallow. The surface sensitivi-
ty of XPS arises from this limited probing depth.

Cax 1s determined by the characteristics of the electron
enargy analyzer and detector. In their constant operating condi-
tion, CAX depends on the kinetic energy of photoelectrons. CAX
is inversely proportional to the square root of the kinetic ener-
gy54) under the operating condition (see 2.2. Apparatus) used in
this study.

Because the value of XAX is extremely small, the integration
of Eg.{5) over the actual sample thickness is adequately approxi-
mated by integration from ¢ to =. Equation (5) then becomes

Tpax = JR UAXLAXCAXNA?\AXsine {7}
From Eq.(7), the concentration of element A relative to a ref-

erence element B (atomic ratio, NA/NB) is represented by the
following equation:



Na _ %yLpyCey’BY Iax
Ng  OaxlaxCax*ax Iy

1T
AX (8)
Sap Ipy

where Spp is the relative atomic sensitivity factor and can be
determined experimentally from the spectral intensities of mate-
rials of known chemical composition containing elements A and B.
Consequently, the relative concentration (Np/Ng) can be de-
termined from the relative intensity (Ipy/Ipy) and the relative
atomic sensitivity factor (Spp) by Eg.(8). -The intensity of
Auger electrons can be formally expressed by Eq.(5) and therefore
the atomic sensitivity factor for the specific Auger transition
can be determined similarly. The atomic sensitivity factor
depends on apparatus. In order to utilize the intensity data
measured by various apparatus in the quantitative analysis, it
has been attempted to establish the relative intensity-energy
response functions of various spectrometers under various operat-
ing conditions, 55,56}

For actual samples, its surface is rough and the distribu-
tion of elements in its particle is not always homogeneous.
Furthermore, the probing depth of XPS varies with the electron
kinetic energy. Therefore the elemental composition of. a sample
determined by XPS is the averaged one of the surface layer
(<10 nm).

2.1.2 Bonding State Characterization by XpS

Characteristic features of photoelectron and Auger electron
spectra such as the peak position, satellite structure and multi-
plet splitting reflect the bonding state of elements. The shift
of the peak position (electron energy shift} is called the chemi-
cal shift. It is a useful method to compare the photoelectron
binding energy and/or Auger electron kinetic energy of the sample
with those of the reference compound for the bonding state char-
acterization of the element in the sample, It is possible to
measure both photoelectron and BAuger electron spectra for some
elements. In such cases, it is informative to utilize a two

dimensional plot of both electron energies for the purpose of the



bonding state characterization. Such a plot has been proposed
by Wagner et al. and called chemical state plot.57)

The chemical shift in the photoelectron binding energy
(ABEX) is dependent on the state of the atom, in particular the
electron density on that atom. Generally speaking, a photoelec-
tron binding energy decreases with increasing electron density.
The nature of atoms surrounding the host atom also influences the
chemical shift. In a photoionization process, a relaxation oc-
curs through a flow of electronic charge toward the host atom
from neighboring atoms. It is called the extra-atomic relaxation
and causes a lowering of the photoelectron binding energy of the
host atom.

According to the theoretical investigation by Kowalczyk
et al.58’, the correct representaticn of the Auger electron ki-
netic energy (KEA), which is given by adding correction terms to
Eg.(2), is as follows:

KE, = BEy - BEy - BE; - F(YZ) + R, + Rg (9)

In Eq.(9), F(YZ) is the interaction energy between the positive
holes in the ¥ and Z levels of the atom in the final state. Both
R, and R, are the relaxation energies in the Auger transition.
Thus R; is the atomic relaxation energy, arising from the col-
lapse of electronic orbitals of the atom ejecting the Auger elec-
tron, and R, is the extra-atomic relaxation energy.

From Eg.(9), the chemical shift in the Auger electron kinet-
ic energy (AKEA) of an element in a compound referred to the ele-
ment in a reference compound is given by the fecllowing equation:

AKE, = ABEy - ABEy - ABE, - AF(YZ) + AR, + AR (10)

e
The chemical shifts in three core electron binding energies are
approximately constant; i.e. ABEy = ABE, * ABE; = ABEp where BEp
is a photoelectron binding energy of the element. Since F(YZ)
and R, are characteristic quantities of an atom and hence they
should be constant from one compound to another, AF(YZ) and AR,
are considered to be equal to zero. Thus a good approximation is
obtained.

A(BEp + KE;) = AR {11}

e



The sum of BEp and KE, has been defined as the modified Auger
parameter (') by Wagner et al.%7+52) 7The value of the differ-
ence in the extra-atomic relaxation energy (AR} of an element
between the sample and the reference material, which can be cal-
culated by the use of Eg.(11), is useful for the bonding state

characterization.

2.2 APPARATUS

A Vacuum Generators ESCA LAB 5 apparatus was used to record
photoelectron and Auger electron spectra. A schematic diagram
of the apparatus is shown in Fig. 2-3. The apparatus is essen-
tially a composite electron and mass spectroscopic surface ana-
lytical system with several excitation sources. It comprises
three vacuum chambers, i.e. the analyzer chamber, the preparation
chamber and the quick entry chamber. The analyzer chamber is
isolated from the preparation chamber by a gate valve. Similar-
ly, the preparaticon chamber is separated from the quick entry

ESCA LAB 5 ﬁuscmou ENERGY ANALYZER
I ]
- ]

TRANSFER LENS

EVAPORATOR

X-RAY SOURCE ARGON 10N GUN QUICK ENTRY

MANIPULATOR

t
GATE VALVE GATE VALVE

ANALYZER CHAMBER PREPARATION CHAMBER

Fig. 2-3 Schematic diagram of Vacuum Generators ESCA
LAB 5

Parts which are not used for the XPS measure-

ment are omitted in this figure.



chamber by a second gate valve. The apparatus incorporates sam-
ple transfer systems based on a rack and pinion drive for the
transfer of a sample from a chamber to another.

A sample is introduced into the apparatus through the quick
entry chamber. The guick entry chamber is evacuated by means of
a rotary pump from an atmospheric pressure to about 1072 Torr
(1 Torr = 133.322 Pa). The analyzer and preparation chambers are
independently pumped out by means of oil diffusion pumps. The
pressure of these chambers is about 10~2 Torr. The sample is
placed in the preparation chamber before the XPS measurement.
An evaporator for evaporating a geld film onto the sample is
mounted on the preparation chamber. The sample is finally trans-
ferred to the high precision manipulator in the analyzer chamber
and irradiated with X-ray for the XPS measurement. Heating and
cooling of the sample on the manipulator are possible by using a
heater and a cryostat containing ligquid nitrogen, respectively.
The pressure of analyzer chamber rises to about 108 Torr during

the XPS measurement described in Chapter 3-5.

2.2.1 X-Ray Source

A twin anode X-ray source with an aluminium window is mount-
ed on the analyzer chamber. The X-ray source has magnesium on
one side and aluminium on the other. It can provide X-ray beams
of 1253.6 (Mg Kg) and 1486.6 (Al Ky} ev. Figure 2-4 shows the
X-ray source. The operating conditions of the X-ray source in

this study are: anode voltage, 10-13 kV; emission current, 10 mA.

2.2.2 Electron Energy Analyzer

A simplified schematic diagram of the XPS measurement system
is shown in Fig. 2-5, The photoelectrons and Auger electrons
ejected from a sample are transferred to an electron energy an-
alyzer through a transfer lens situated at an angle of 65° (v in
Eg.(6)) from the direction of the incident X-ray. The analyzer
is a spherical sector analyzer of 100 mm mean radius which is
combined with the channel electron multiplier detector. The
electrons are retarded to a constant pass energy by a scanned
retarding potential applied to a mesh electrode placed at the
entrance of the analyzer and the analyzer acts as a filter with
a very narrow band pass. The retarded electrons pass through the
analyzer and then are detected by the electron multiplier. The
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slits are placed at the entrance and exit of the analyzer. The
width of the two slits is the same.

In order to evaluate the effect of the operating condition
of the electron energy analyzer on the spectral intensity and the
resolution, the Ag 3d spectra of a vacuum evaporated silver film
were taken by using Mg K, X-ray. Some of the measured Ag 3d
spectra are shown in Fig. 2-6. Figures 2-7 and 2-8 show varia-
tions of the area intensity of Ag 3d and the full width at the
half maximum (FWHM) of Ag 3dg/p with the electron pass energy
({PE) and the slit width (D), respectively. The intensities giwven
in these figures are the values relative to the intensity (100)
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Fig. 2-6 BAg 34 spectra of silver excited by Mg K, ra-
diation
The operating condition of analyzer are: slit
width, 4 mm; pass energy, (A) 80 ev, (B) 50
ev, (C) 20 ev and (D) 5 ev. The intensity
scales of spectra (C}) and (D) are expanded

twice and sixteen times, respectively.




at 50 eV pass energy and 4 mm s}lit width. Both intensity and
At the con-

the intensity is approximately propor-

FWHM decrease with decreasing electron pass energy.
stant slit width
tional to PE'+6 and the values of FWHM are 2.7, 1.8 and 0.8 eV at
ao, At the constant
pass energy (50 eV), the intensity is approximately proportional
to D'-8, whereas the FWHM (1.8-
1.6 eV), The operating conditions of the analyzer used in this

study are: electron pass energy, 50 eV; slit width,

(4 lTllTl)r

50 and 5 eV pass energies, respectively,

is approximately caonstant
4 mm.

2.2.3 8Signal Averager .

In order to remove the noise contribution from the spectrum,
a Nicolet 1070 signal averager connected to the apparatus is
(5, 12.5, 25 and

50 eV) are accumulated on the averager until appropriate signal

used. Electron signals for narrow range scans

to noise ratios are attained.
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Fig. 2-7 Variations of the area intensity of Ag 3d

excited by Mg K, radiation with

(A) electron

pass energy at 4 mm slit width and with (B)
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2.2.4 Argon Ion Gun

An argon ion gun is mounted on the analyzer chamber. The
argon ion beam 1is employed to sputter surface c¢ontaminant layers
for several samples. The energy and the current of argon ions

used in this study are 5 keV and 10-20 UA, respectively.

2.3 MEASUREMENTS

2.3.1 Procedures

The samples used for the XPS measurement were natural sili-
cate minerals and inorganic compounds. Inorganic compounds were
commercial materials of guaranteed purity and used without
further purification. All the samples except phlogopite were
ground to powder with an agate mortar and a pestle. The powdered




sample Qas fixed onto the stainless steel sample holder of 10 mm
diameter using double sided sticky tape or directly deposited
onto the sample holder from acetone suspension. A cleaved flake
of phlogopite was cut from a single crystal and fixed onto the
sample holder by double sided sticky tape. The prepared sample
was placed in the preparation chamber of the apparatus for at
least several hours. After the pressure of preparation chamber
fell encugh, the sample was transferred to the analyzer chamber
and the XPS measurement was carried out. After the XPS measure-
ment, a geld film was evaporated onto the sample and the XPS
measurement of the gold evaporated sample was carried out again
for electron energy calibration (see below).

In order to determine photoelectron binding energy and Auger
electron kinetic energy, a measured kinetic energy should be
corrected for the work function and the sample charging (see
Eq.(3}). For the electron energy calibration, the Au 4f7/2 peak
of a gold film evaporated onto the sample was used as a primary
standard in this study. Since the Au 4f,;, binding energy (84.0
eV) of gold has been determined 60'61), the electron energies of
the sample can be determined relative to the Au 4f;,, binding
energy on the basis of the assumption that the Fermi level of the
sample coincides with that of the evaporated goclgd.

Most of photoelectron and Auger electron spectra were re-
corded using both magnesium and aluminium X-ray sources. Some of
the electron spectra were recorded using only one X-ray source
due to the overlap of photoelectron and Auger electron lines that
occurred when other X-ray source was used. TFor example, the Ca
2p and Mg KLiL,q Auger lines excited by Al Ky radiation overlap.
The Mg 1s and KL,3L,y Auger lines were measured using only the
aluminium X-ray source because the energy of Mg K, X-ray is too
low to excite electrons at the levels of these lines, The Al
KL23L23 Auger electrons which are excited by bremsstrahlung62?

were recorded using the magnesium X-ray source.

2.3.2 Atomic Sensitivity Factors

The atomic sensitivity factors defined by Eg.{8) were used
for the guantitative analysis by XPS. They were determined
experimentally from the relative area intensities of the photo;
electron and Auger electron spectra of the reference compounds.

Simple inorganic salts {fluorides, chlorides, sulfates and ace-




tate) and minerals (zeolites and halloysite) were chosen as the
reference compounds of known chemical composition. Table 2-1

shows the atomic sensitivity factors relative to K 2p line.

Table 2-1 atomic sensitivity factors relative to K 2p-

and compounds used for their estimation

X-ray source

element line Al Kg Mg K, compcund
X 2p 1 1 KF, KCl, K,S04, CH3COOK,
KaFe(CNJG and K4Fe(CN)6'3H20
c 1s 0.382 0.192 CH3COOK
1s Q.464 0.407 CH3COOK
F 1s 0.701 0.588 KF
Na KLj3Lsg 1.29 1.35 NaF and NaCl
Mg KLy3Log 2.03 - MgF, and MgCl,+6H,0
al 2p 0,132 0.349 Al,(804) 3» xH,0 and
si 2s 0.254 0.20 mineralsP
Cl 2p 0.552 0.560 KCl
Ca 2p 1.18 1.16 CaFy and CaCl,
Mn 2p 2.44 1.92 MnCl,* 4H50
Fe 2p 2,60 2.21 K3FE(CN)6 and K,Fe(ClH)gr3H0
Sr 34 1.36 1.39 SrF,
cd id 5.17 4.70 ¢dcl,
Ba 3d 8.44 6.69 BaF5 and BaC12-2H20

The measuring conditions are: X-ray power, 10-13 k¥V.x 10 ma;
electron pass energy, 50 evV; slit width, 4 mm.
b Halloysite and molecular sieves {4A and 13X}).

2.3.3 Errors

The energy scale of the electron spectrometer was checked by
the method proposed by Anthony and Seah.61'63) The electron en-
ergies of Cu (2p3/2 and L3MugMyg Auger}, &g (3d5/2 and MyNygliyg
Auger) and Au (4f7/2) were measured and compared with the stan-

dard values.61)

The measured spectra are shown in FPig. 2-9.
Figure 2-10 illustrates plots of the deviations of the measured
binding energies from the standard values61’ against the binding
energy. The deviations were 1.1-1.2 eV for Al K, excitation and
0.8-0.9 ev for Mg K, excitation. The linear relationship be-
tween the deviation {DEV) and the binding energy (BE) which is

obtained by the least-squares method is represented as follows:
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DEV = A x BE + B (12)

1.25 x 104, B
7.55 x 10-?, B

o
Ik

1.11 eV for Al Xy excitation

>
1]

0.79 eV for Mg Ky excitation

Therefore the voltage scaling error (& x (BE - 84.0) eV) in
the determination of the electron energy relative to the Au
4f7/9 binding energy is within 0.2 eV over the binding energy
range 0-1500 eV.

The reproducibility in the determination of the electron en-
ergy was checked by the measurement of the Si 2s binding energy
of montmorillonite (Kunipia F). The average Si 2g binding ener-
gies of six samples for both Al Ky and Mg K, excitations were the
same (153.6 eV). The standard deviation of twelve measured val-
ues was 0.17 eV. Conseguently, it is considered that the repro-
ducibility in the determination of the electron energy relative
to the Au 4fq9/2 binding energy is usually +0.2 eV. However, the
reproducibilities for some inorganic salts such as NaCl are more
than this value and about +0.5 eV.

The uncertainty in the quantification of XPS arises mainly
from the application of the atomic sensitivity factor to samples
with different matrices.54) For an example, the area intensity
ratios of the Na KL,,3Ly3 Auger to K 2p determined by the XPS
measurements of fluorides, chlorides, bromides and sulfates are
shown in Table 2-2. The deviations of the maximum wvalues from
the minimum values for Al K, and Mg K, excitations are 10 and
22%, respectively. Thus the error in the determination of the
relative atomic concentration by XPS5 is as large as 20%.
However, the error would rarely exceed this value because the
intensity of the photoelectron which has a small kinetic energy
is sensitive to the amount of surface contaminants. The
reproducibility in the determination of the relative intensity
was checked by the measurement of the area intensity ratios of
Si 25 to Al 2p of montmorillonite (Kunipia F}. The average
intensity ratios of six samples were 4.31 + 0.16 for the Al K,
excitation and 2.82 + (.18 for the My K, excitation. Therefore,

the relative intensity is reproducible within +10%.



Table 2-2 Area intensity ratios of Na KL;3L53 Auger to
K 2p determined by the XPS measurement of
fluorides (KF and NaF), <chlorides (K1 and
NaCl), bromides (KBr and NaBr) and sulfates
{K5;504 and Na,S04)

X-ray source

Al Ky Mg Kg
fluoride 1.32 1.35
chloride 1.27 -a
bromide 1.26 1.36
sulfate 1.38 1.65




CHAPTER
3

BONDING STATE CHARACTERIZATION OF THE CONSTITUENT ELEMENTS OF
SILICATE MINERALS

3.1 INTRODUCTION

Silicate minerals have various structures which consist of
tetrahedral 5i0,; units and other elements. There have been some
attempts to investigate the bonding states of elements in the
silicate minerals by XPS. Carriére et al. measured the X-ray
photoelectron spectra of some silicon-oxygen compounds and found
that there is a difference in the Si 2p binding energy between
quartz and silicates such as feldspars and micas.!6) Adams
et al, measured the Fe 2p, 3s and 3p spectra of silicate miner-
als containing Fe?* and/or Fe3+ ions.®4) They reported no sig-
nificant difference in the photoelectron binding energies of Fe
between FeZ*- and Fe3+—containing silicate minerals.®%) on the
other hand, Koppelman and Dillard found a different Fe 2p3/2
binding energy of Fe2* ions from that of Fe3+* ions in clay miner-

19)

als. The Fe 2p3y/; binding energy shifts due to the reduction

2+ ion in nontronite and bio-

of Fe3* ion and the oxidation of Fe
tite, respectively, were also observed- by Stucki- et ar.13.,44)
Evans and Raftery determined the oxidation states of Ti in bio-
tite and phlogopite and of Mn in lepidolite based on the binding
energies of these elements.35’65)

Wagner et al., measured the Auger electron kinetic energies
and the photoelectron binding energies of gid*, a13* ana 02-
ions in aluminium-oxygen and silicon-oxygen compounds (minerals
and other compounds).17) They found that the Si and Al 2p bind-
ing energies and KL;3L,3 Auger kinetic energies of silicate
minerals wvary systematically according to their structures and
that the 0 1s and Si 2p binding energies have a highly positive

173 Furthermore, they distinguished between the

l3+

correlation.
tetrahedrally and octahedrally coordinated A ions based on the
Al 2p and KLp3L23 Auger electron energies and showed that the
electronic environment of the former al3* ion is less polarizable

than that of the latter.'’} West and Castle measured the Si and




Al 1s and KLy3L,3 Auger electron spectra of silicates by the use
of a Zr X-ray source and related those electron energies to the
polarizabilities of 02~ ions surrounding si%* and al3+ ions.18)
The tetrahedrally and octahedrally coordinated Al3t ions were
also differentiated in their study.18) However, knowledge of the
bonding states of other elements in the silicate minerals such as
Mg is not sufficient, In this study, the photoelectron binding
energies and Auger electron kinetic energies of the major ele-
ments (Si, 0, Al, Fe, Mg and Na) in a series of silicate minerals
have been determined. Silicate mineral samples have been system-
atically chosen with regard to structure so that the results
of the XPS study can be related to the silicate frameworks of
minerals.

3.2 EXPERIMENTAL

The silicate minerals used for XPS measurements are listed
in Table 3-1. The basic structures of silicate minerals are
shown in Chapter 1 (Fig. 1-1). HNesosilicates comprise jindepen-
dent Si0, units (8104‘: 0/8i atomic ratio = 4). Inosilicates
({single chain) have chain structures (Siog_: 0/51 atomic ratio =
3). On the other hand, phyllosilicates consist of layered struc-
tures (8105_5: 0/Si atomic ratio = 2.5). Tectosilicates and
guartz have network structures (31051 0/8i ateomic ratio = 2).
In phlogopite, feldspars ({(albite, orthoclase and anorthite) and

4+ jons are replaced with Al3* ions (iso-

analcite, some of the Si
morphic substitution).

The montmorillonite sample (Kunipia F) was transformed to
Na-montmorillonite containing only Nat ions as exchangeable
cations. The procedure of the transformation is described in
Chapter 4, To avoid the effect of aging, all the minerals were
ground to powder or cleaved just before ingserting the samples
into the high vacuum‘chamber of the apparatus for XPS measure-
ment. The magnesium oxide sample was exposed to argon ion
bombardment before the XPS measurement in order to remove hy-
droxide and carbonate contaminants. Further details o¢f the
XPS measurements of magnesium compounds are also described in
Chapter 4.




Table 3-1 BSilicate minerals used for the XPS measure-

ments
mineral formal composition source
(nesosilicate)
(1) clivipe 1 (Mg, Fe),5104 Arizona, U.S.A.;
Bon Earth Sciences Inc.
(2) olivine 2 (Mg, Fe),5i0, Hokkaido, Japan;
Hori Mineralogy Ltd.
{3} olivine 3 {Mg,Fe) 510y Hull, Quebec, Canada;
Hori Mineralogy Ltd.
(4) almandine FeqAl,5i30¢, Ely, MNevada, U.S.A.;
Bon Earth Sciences Inc.
(5) andradite CazFe,S8iz04, Nagano, Japan;
Hori Mineralegy Ltd.
(inosilicate)
{6) orthopyroxene (Mg,Fe)SiO3 Bamble, Norway;
Hori Mineralogy Ltd.
(7) wecllastonite CaSiO3 Kycto, Japan;
Bon Earth Sciences Inc.
(phyllosilicate)
(8) talc Mg3si4010(OH)2 China;
Hori Mineraleogy Ltd.
{9} kaelinite Al;S1,05(0H) U.S.A.; Engelhard Minerals &

Chemicals Corporation {ASP 100}

{10) montmorillonite Na1/3A15,3Mg1/3514010(0H}2-nH20 Yamagata, Japan; Kunimine
Industries {(Kunipia F) '

(11} phlogopite KMg3Si3AlG1U(OH,F]2 Besakoa, Madagascar;
Bon Earth Sciences Inc.

[tectosilicate)
{12) albite NaAlSiyOg Tharaki, Japan;
Hori Mineralogy Ltd.

{13) orthoclase KAlSi3Oa Gifu, Japan;
Bon Earth Sciences Inc.

(14) anorthite CahAl,S5is0g Hokkaido, Japan;
Hori Mineralogy Ltd.

{15) analcite NaAlSi,04-H,0 Yamagata, Japan;
Bonn Earth Sciences Inc.

(16} gquartz? 510, Arkansas, U.S.A.;
Mt. Ida Garland Co.

4 aptthough quartz is not silicate but silicon dioxide, it has been classified into
tectosilicate in view of its structure.




3.3 RESULTS AND DISCUSSION

Peaks of the photoelectron and Auger electron due to the
constituent elements of the silicate minerals and to carbon
atoms of organic compounds present as surface contaminants were
found in the X-ray photcoelectron spectra of the mineral samples.
The wide-scan X-~ray photcoelectron sgspectra of all the mineral
samples excited by Al K, radiation are shown in Appendix T.

Since the information obtained by XPS esgsentially concerns
the surface, a comparison of the surface composition obtained by
XPS with that of the bulk should be mentioned. The atomic con-
centrations in the mineral samples relative to Si determined by
XPS are shown in Table 3-2. Several samples contain some cations
which are not found in the formal compositions. These cations
are impurities or intrcduced in the minerals by isomorphic sub-
stitution. It is considered that Fe?* ions in almandine are
partly replaced with Mn2+ ions, and K* and Ca2+ ions in ortho-
clase and anorthite, respectively, are partly replaced with Na®*
ions.

Table 3-Z Atomic concentrations in mineral samples

relative tc 31 {atomic ratios) determined by

XPS

mineral Si Al Fe Mn Mg Ca Na K 4] F
olivine 3 1 - 0.27 - 1.98 - - - 5.64 -
olivine 2 1 - 0.20 - 1.87 0.07 - - 5.55% -
olivine 3 1 - 1.87 - 0.18 - - - 6.05 -
almandine 1 0.70 0.65 0.24 - - - - 5.76 -
andradite 1 - 0.57 - - 1.02 - - 5.55 -
orthopyroxene 1 - 0.14 - .98 - - - 4.30 -
wollastonite 1 - - - - ;.98 - - 4.44 -
talc - 1 - - - 0,90 - - - 4.03 -
kaelinite 1 1.00 - - - - - - 5.72 -
montmorillonite 1 0.46 - - 0.10 - 0.12 - 3.78 -
phlogopite 1 0.36 - - 1.17 - - 0.42 4.65 0.87
albite 1 G.46 - - - - 0.40 - 3.68 -
orthoclase 1 0.36 - - - - ©.12 .27 3.66 -
anorthite 1 1.00 - - - 0.29 0.03 - 5.4% -
analcite 1 0.53 - - 0.04 0.086 0.45 - 3.96 -
quartz 1 - - - - - - - 2.75 -
The symbol "-" indicates that no detectable peak of the element was observed in

the wide-scan photeoelectron spectrum {Appendix T}.




The relative atomic concentrations of elements, except for
O, in montmorillonite obtained by XPS are in agreement with the
relative bulk atomic concentrations of the elements calculated
from the nominal composition of montmorillonite (Kunipia F) with
errors of about 10% or less (see Chapter 4). In addition, the
relative atomic concentrations of the main elements in the miner-
al samples, except for © in most samples and Al in albite, ob-
tained by XPS are consistent with those calculated from the
formal composition of the minerals within 30%. The relative
atomic concentrations of 0 in the minerals, except for mont-
morillonite and analcite, obtained by XPS are 30-50% larger than
those calculated from the formal composition. The excess of sur-
face oxygen atoms in these minerals is presumably attributable
to surface OH™ ion and/or adsorbed Hy0. As mentioned above, the
surface composition and formal (bulk} composition do not differ
significantly though oxygen species other than 02~ ion contrib-
ute to oxygen atoms contained in the surface layers of minerals
to some extent. It has been already pointed out by Adams et al.
that XPS is a useful bulk quantitative analytical technique for
silicate minerals.®®) Therefore it is considered that the photo-
electron binding energies and Auger electron kinetic energies
are representative of the bulk properties of the minerals, In
the albite sample, the relative atomic concentration of Al
(Al/Si = 0.46) obtained by XPS is 39% larger than that (Al/Si =
0.33) calculated from the formal composition. This large devia-
tion is considered to indicate that the isomorphic substitution
of si%* ions for Al3* ions in the whole crystal structure (both
bulk and surface) of the albite sample occurs more than that
expected for the formal composition. Also the relative atomic
concentration of Na in the albite sample (Na/Si = 0.40) is larger
than that {(Na/Si = ¢.33) calculated from the formal composition,
the result suggesting the larger isomorphic substitution.

Some of the measured Si 2s, 0 1s, Al 2p and Fe 2p spectra
are shown in Fig. 3-1, 3-2, 3-3 and 3-4, respectively. The spec-
tra of Mg and Na (1s and KLy3Lp3 Auger) of several minerals are
also shown in Fig. 3-5 and 3-6, respectively. The measured pho-
toelectron binding energies and Auger electron kinetic energies
of the silicate minerals and other compounds are shown in Tables
3-3, 3-4, 3-5 and 3-6. The photoelectron and Auger electron

energies of the silicate minerals will be discussed below in
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Fig. 3-1 Si 2s spectra of (&) gquartz, (B) talc, (C)
wollastonite and (D) olivine 1 excited by Mg
Ky radiation

The intensity of each spectrum is arbitrary.

relation to their structures.

3.3.1 8Silicon

Figere 3-7 illustrates how the Si 2s binding energy varies
with the 0/Si atomic¢ ratio of the silicate. Wagner et al.
pointed out the existence of a relationship between the structure
of silicate minerals and the electron energies of the si%* ion
(Si 2p and KLy3L,3 Auger lines).17) The Si 25 binding energy
shift, shown in Fig. 3-7, supports their observation, i.e. the
Si 2s binding energy of a silicate mineral in which the iso-
morphic substitution of si%* ion for Al3* ion does not occur

(shown by filled circles in Fig. 3-7) decreases by more than 1 eV
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Fig. 3-2 0 1s spectra of (a) quartz, (B} kaolinite,
(C) almandine and (D) andradite excited hy Mg
Ky radiation

The intensity of each spectrum is arbitrary.

as the 0/5i atomic ratio increases from 2 to 4. It is considered
that this shift results from an increase in the negative charge
on the silicate framework owing to the increase in the 0/Si atom-
ic ratio. With increasing negative charge on the framework, the

4+ ion may increase and the relaxation

electron density on the Si
effect by the surrounding negative charge in the photoionization
process may become stronger. This effect of the negative charge
lowers the Si 2s binding energy. In addition, the Si 2s binding
energy of a silicate in which the isomorphic substitution of si4+

ion for al%* ion occurs {shown by open circles in Fig. 3-7) is
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Al 2p spectra of (A} analcite, (B) ortho-
clase, (C) almandine and (D)} phlogopite ex-
cited by Mg Ky radiation

The intensity of each spectrum is arbitrary.

lower than that of a silicate in which the isomorphic substitu-

lowering of the 8i 2s binding energy results from an increase in

the negative charge on the silicate framework due to the replace-

4+ jon by the trivalent al3* ion.

=33 —

provided that the 0/Si atomic ratio is kept
the Si 2s binding energy of anorthite is
Tt is considered that this
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Table 3-3 Si 2s, Al 2p and O 1s binding energies of
silicate minerals

mineral Si 2s / eV Al 2p [/ ev 015 [ ev
olivine 1 152.9 - 531.2
olivine 2 o153 - 531.3
clivine 3 153.0 - 531.1
almandine 153.1 74.2 531.4
andradite 152.9 - 531.0
crthopyroxene 153.6 - 531.7
wollastonite 153.13 - 531.5
talc 153.8 - 531.8
kaolinite 154.0 74.7 532.2
mentmorillonite 153.6 74.5 531.9
phlogopite 153.1 73.6 531.2
albite 153.8 74.6 531.9
orthoclase 154.0 74.6 532.3
ancrthite 153.6 74.7 531.9
analcite 154.0 74.8 532.3
quartz 154.4 - 532.6

Table 3-4 Fe 2p3/2 pinding energies of Fe compounds

compound Fe 2p3/2 / ev oxidation state of Fe

andradite 712.3 +3
Fes0q 711.1 +3
crthopyroxene 710.8 +2
¢livine 3 710.8 +2
almandine 710.7 +2
clivine 1 710.4 +2
olivine 2 710.4 +2
Fe0? 709.5 +2
4 Ref. 67.




Table 3-5 Mg 1s binding energies, Mg KL,3L;3 Auger

kinetic energies and AR, values of Mg com-

pounds
compeund Mg 1s [/ ev Mg KLy3Lpy / eV AR, / eyd
MgF, 1306.5 1176.8 0.0
phlogopite 1303.7 1180.5 0.9
tale 1303.9 1180.5 11
crthopyroxene 1304.0 1180.5 1.2
olivine 2 13047 1180.¢6 1.4
montmorillonite 1303.8 1181.0 1.5
olivine 1 1304.4 1180.5 i.6
MgClz-GHZO 1304,8 ' 1180.2 1.7
MgO 1303.9 1161.3 1.9

8 ARy = [BE(Mg 1s) + XE(Mg KipyLp3lly - [BE(Mg 1s} + KE(Mg KLzaLza)JMng-

Tabhle 3-6 HNa 1s bkinding energies, Na KL23L23 Auger

kinetic energies and AR, values of Na com-

pounds
compound Na 1s / eV Na KLpglyy / ev ARy / ev®
NaF 1072.7 987.4 0.0
analciteP 1072.9 988.1 0.9
montmorillonite® 1072.7 988.5 1.1
albite 1072.2 989.0 1.1
NacCl 1072.8 988.5 1.5
NaBr 1072.5 989.7 2.1

? &R, = [BE[Na 1s) + KE(Na KLy3Lp3)ly - [BE(Na 1s) + KE(Na KLyjLaz)lgap-

b na ion is contained as an exchangeable cation.




3.3.2 Oxygen

The oxygen specles present in the silicate minerals are 02-
and OH™ ions and HZO' The 02“ ion, which is a constituent of the
silicate framework, is the main species among them. Wagner
et al. showed that the magnitudes of the O 1s and Si 2p binding
energies of minerals and other silicon-cxygen compounds have a
highly positive correlation, although they did not distinguish
between oxygen species.17’ In order to clarify the argument, the
0 1s and S8i 2s binding energies of the silicate minerals con-
taining only 02> ions as oxygen species in their formal composi-
tion are dealt with in this discussion. The relationship between
the 0 1s and Si 2s binding energies of these silicate minerals is
shown in Fig. 3-8. There is an excellent positive correlation
between the O 1s and 3i 25 binding energies. Thus the binding
energy difference between the 0 1s and Si 2s of silicate minerals
is consgtant (378.2 + 0.1 eV) within the experimental error. This
result indicates that the O 1s binding energy of the 02- ion in
the silicate framework, as well as the Si 2s binding energy, is

correlated with the negative charge on the silicate framework.
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Fig. 3-8 Relationship between the O s and Si 2s bind- -
ing energies of silicate minerals containing
only 02~ ions as oxygen species




3.3.3 Aluminium

There are two types of coordination of Al3* ion in the mea-
sured minerals, One of them is octahedrally coordinated al3* ion
(almandine, montmorillonite and kaolinite)} and the other is tet-

rahedrally coordinated one which can substitute si4+

ion (phlogo-
pite, albite, orthoclase, anorthite and analcite}. The Al 2Zp
binding energies of the octahedrally coordinated al3* ions are
74.2, 74.5 and 74.7 eV and the energy differences among them are
small {not more than 0.5 eV), although in these three minerals
the A13* ions have different coordination structures, having six
02~ ions in almandine, four 02~ ions and two OH™ ions in mont-
morillonite and two 02~ ions and four OH™ ions in kaolinite.

In contrast to the octahedrally coordinated A1+ ions, tet-
rahedrally coordinated al3* ions have Al 2p binding energies in
the range 73.6-74.8 eV, Figure 3-9 is a plot of the Al 2p bind-
ing energy of tetrahedrally coordinated Al13* ion against the
8i 2s binding energy. The magnitudes of the Al 2p and Si 2s
binding energies have a positive correlation though it is not so
good as the correlation between the O 1s and Si 2s binding ener-
gies. Thus both Al 2p and Si 2s binding energies of phlogopite
are lower than those of tectosilicates (anorthite, orthoclase,

albite and analcite) as shown in Fig. 3-9. This correlation is
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Fig. 3-9 Relationship between the Al 2p and Si 2s
binding energies of silicate minerals con-

taining tetrahedrally coordinated al3+* ions




thought to indicate that the Al 2p binding energy of the ald* ion
in the tetrahedral sites, as well as the photoelectron binding
energies of $i%* and 02~ ions in the silicate framework, is in-
fluenced by the negative charge on the silicate framework. It
was alsoc observed by Wagner et al. that the Al 2p binding ener-
gies and KLyqL53 Auger kinetic energies of tetrahedrally coor-
dinated A13* ions in synthetic zeolites decrease and increase,
respectively, with increasing aluminium content, i.e. increasing

negative charge on the zeolite framework.'!’)

3.3.4 1Iron

2+ ions in the minerals

The Fe 2p3/2 binding energies of Fe
(clivines, orthopyroxene and almandine) are in the narrow range
710.4-710.8 eV and lower (about 1.5 eV or more) than the binding
energy of Fe3* ion in andradite. In addition, the shape of 2p
spectrum of the Fel* ion in the minerals differs from that of
the Fe3* ion (see below). It was pointed out by Berner and
_Schott that the Fe2* ion in the surface layer was oxidized to
Fe3* ion during weathering of silicate minerals.%8:2%)  1In order
to estimate the influence of air, a sample of olivine 3 was pre-
pared in an atmosphere of argon and transferred to the apparatus
without exposure to air. Its Fe 2p spectrum was the same as
that of the sample of clivine 3 prepared in air which is shown in
Fig., 3-4, showing the characteristic features of Fe2* ion in the
silicate minerals. It can therefore be presumed that the contact
of Fe?* ion in the surface layer of silicate minerals with air in
a short time does not significantly influence the bonding state
of the Fe?* ion. Accordingly, the iron contained in the surface
layers of olivines, almandine and orthopyroxene samples is essen-
tially Felt*

The Fe

ion and represents the bonding state ¢f bulk iron.

2+ ions in olivine and orthopyroxene are coordinated

2+ ion in almandine is surrounded

with six 02~ ions and the Fe
with eight 02~ ions. The Fe 293/2 binding energy difference due
to the coordination number was not observed. The Fe 2p3/2 bind-

2+ jons in the silicate minerals are higher

ing energies of Fe
than the binding energy (709.5 ev®’}) of Fe2* ion in iron oxide
(FeQ} coordinated with six 02~ ions.

The Fe3* ions both in andradite and in Fe,05 are coor-
dinated with six 0%~ ions. However, the Fe 2p3/2 binding energy

{(712.3 eV) of andradite is about 1 eV higher than that (711.1 eV}




of iron oxide (Fe,03) as in the case of Fel* ion.

From comparison of the Fe Zp3/ binding energies of silicate
minerals and the c¢orresponding oxides, it is deduced that the 02-
ion in the silicate minerals has a stronger interaction with the
tetravalent $i%* ion than with the trivalent Fe3* or divalent
Fe?* jon. Thus the net charge on the Fe ion (Fe?t or Fe3*) in
the silicate minerals is considered to be more positive than that
on the Fe ion in the corresponding iron oxide. The relaxation
effect from the negative charge of neighboring 02- ions for the
Fe 2p photoelectron emission in the silicate minerals is also
considered to be weaker than that in the corresponding iron
oxide. These kinds of effect may increase the binding energy of
the Fe ion in the silicate minerals.

All Fe 2p spectra of Fe?* ions in the mineral samples are
accompanied by satellite peaks (shoulders) on the higher binding
energy sides of 2p3/2 and 2p1/2 peaks. The Fe 2p spectra of oli-
vines and almandine are shown in Filg. 3-4. The satellite struc-
ture of olivine 3 is not so clear as those of other Fel*-contain-
ing minerals. The satellite-main peak energy differences of Fe
2p3/2 spectra are about 4-5 ev. This spectral feature has been
already observed in the Fe 2p spectrum of fayalite (Fe25104).68)
On the basis of the Fe 2p3/2 binding energy of andradite, the
positions (binding energies) of the satellites are tooc high to be
assigned to re3* ions produced by the surface oxidation. On the
other hand, the weak satellite peaks at about 8-9 eV above the
main peaks are found in the Fe 2p spectrum of Fe3* ion in andra-
dite as shown in Fig. 3-4.

The satellite peaks have so far been observed in the Fe 2p
spectra of many iron compounds.69f7o) The occurrence of satel-
lites at approximately 6 and 8 eV above Fe 293/2 peaks of Fe2+

ion in FeO and Fe>t

ion in Fe,05, respectively, was reported
67,71,72)

previously. Thus the satellite structures of Fe 2p
spectra of silicate minerals are similar to those of iron oxides.
The principal scurce of the satellite peak is considered to be
due to electron shake-qug) or photoelectron-valence-electron
spin-exchange interaction.To’

Tt has been revealed by this measurement that the Fe 2p
spectra of silicate minerals are accompanied by the satellite
peaks characteristic of oxidation states (Fe2+ and Fe3+). Fur-

thermore, it is seen that the Fe 2p3;; binding energy of the re3*



ion is higher than that of the Fel* ion. Accordingly, the Fel+t

3+

and Fe ions in the silicate minerals are distinguishable from

each other by the Fe 2p spectrum.

3.3.5 Magnesium

The coordination numbers of M92+ ions in the measured miner-
als are all six, although the anions surrounding the Mgz+ ions
differ from one another, i.e. six 02~ ions in olivines and ortho-
pyroxene and four 02" and two OH™ ions in montmorillonite, talc
and phlogopite. In phlogopite, a number of OH™ ions are replaced
with F~ ions. The magnesium content of olivine 3 is small and it
was deduced from the X-ray powder diffraction (XRD) measure-
ment that the sample of olivine 3 contains a small amount of
antigorite (Mg35i,05(0H}y) or other clay minerals as an impurity.
Therefore the Mg 1s and KLj3L;3 Auger electron energies of
olivine 3 are not taken into account in this discussion.

A chemical state plot for Mg is shown in Fig. 3-10 for the
purpose of comparison of Mg 1s and KL,3Lp3 Auger electron ener-
gies of the silicate minerals with those of the magnesium halides
and oxide. The positions in the chemical state plot of Mgz+ ions
in olivines, orthopyroxene, talc and phlogopite are located c¢lose

each other. The Mg 1s binding energies of these minerals fall in
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Fig. 3-10 Chemical state plot for Mg



the narrow range 1303.7-1304.4 eV and the Mg KL,3L3;q Auger kinet-
ic energies of them are 1180.5 or 1180.6 eV, The Mg 1s binding
energy (1303.8 eV) of montmorillonite is in the same energy re-
gion, while the Mg KLy3Lo3 Auger kinetic energy (1181.0 eV) of
montmorillonite is slightly larger than the kinetic energies of
other minerals. In contrast to other minerals, the aluminosili-
cate layer of montmorillonite is not electrically neutral but
has a negative charge criginating from isomorphic substitution of
the trivalént A13* ion for the divalent M92+ ion. In crder to
compensate for the negative charge, the exchangeable cations are
held between the alumincsilicate layers of montmorillonite.
Therefore it is considered that the negative charge due to iso-
morphic substitution results in a slight increase in the Mg
KL53Lp3 Auger kinetic energy cf montmorillonite (see below).
Figure 3-10 shows that the positions in the chemical state plot
of all Mg2+ ions in the measured minerals are located close to
the position of magnesium oxide. The Mg KL,p3Ljy3 Auger kinetic
energies of the minerals are somewhat smaller (0.3-0.8 eV) than
the kinetic energy of magnesium oxide. The difference in the Mg
1s binding energy between the minerals and magnesium oxide 1is
also less than 1 eV. Thus the bonding state of Mgz+ ions in
these minerals is comparable to that of the M92+ ion in magne-
sium oxide.

The differences in the extra-atomic relaxation energy of
Mg2+ ion between magnesium fluoride and other compounds were
calculated by the use of Eg.(11) in Chapter 2. The calculated
extra-atomic relaxation energy differences (ARe) are incliuded in
Table 3-5. All of the AR, values of Mg?* ions in the silicate
minerals are intermediate between those of magnesium fluoride
and chleride and smaller than the value ¢f magnesium oxide.
This result suggests that the Mgz+ ion in the silicate minerals
is not subject to the strong extra-atomic relaxation from the 02-
ions which constitute the silicate framework and are the main
nearest neighbor anions for the Mg2+ ion, There is a general
tendency for the ARe values of silicate minerals except for mont-
morillonite, The AR, values of the phyllosilicates (phlogopite
and talc) are slightly smaller than those of the nesosilicates
{olivines). The AR, value of the inosilicate (orthopyroxene) is
intermediate between the values of the phylleosilicates and neso-

silicates. 1In addition, the negative charges on aluminosilicate




layers of montmorillonite, as mentioned above, cause a slight in-
crease in the extra-atomic relaxation energy of Mg2+ ions because
the AR, value of montmorilleonite is larger than the values of
the other phyllosilicates.

3.3.6 Sodiuam

Figure 3-11 shows a chemical state plot for Na. A compari-
son is made between the Na 1s and KL;3L,3 ARuger electron energies
of the silicate minerals and those of sodium halides. Chemical
shifts in the Na 1s and KLj3Ly3 Auger electron energies of sodium
compounds are smaller than those in the Mg 1s and KLj3L,3 Auger
electron energies of magnesium compounds. Two of the three min-
erals plotted in Fig. 3411, i.e. montmorillonite and analcite,
hold Na' ions as exchangeable cations. The exchangeahle Na®t
ions- in montmorillonite are held between the aluminosilicate
layers, while the exchangeable Na‘t ions in analcite are kept in
the cavity of the alumincsilicate network. The positions of the
two kinds of the exchangeable Na' ions in the chemical state plot
fall between those of sodium chloride and fluoride. Thus the
bonding state of exchangeable Na' ions in the silicate minerals
is comparable to that of Nat ions in the typically ionic sodium

chloride and fluoride. This result is consistent with the bond-
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ing state of exchangeable divalent cations in montmorillenite
(see Chapter 4).

The extra-atomic relaxation energy differences (4R,} of the
Na* ion, which were calculated in the same method as AR, value of
the Mg2+ ion, are included in Table 3-6. The AR, value of the
Na* ion in the silicates shows a simiiar tendency to that of the
Mgz+ ion, i.e. intermediate between the values of sodium fluoride
and chloride. Since these AR, values are nearly equal to 1 eV,
it is considered that the effect of extra-atomic relaxation on
Nat ions in the three minerals is approximately of the same

magnitude.

3.4 CONCLUSIONS

The photoelectron binding energies of si4+, 02- and tetra-
hedrally coordinated A13* ions in the silicate framework of min-
erals decrease with increasing negative charge on the framework.
Therefore this negative charge is considered to be delocalized

4+ 02- and tetrahedrally coordinated al3* ions and

over the Si
influences the photoelectron binding energies of all the ions in
the silicate framework. .

In contrast to the tetrahedrally coordinated a13+ ions, the
Al 2p binding energies of octahedrally c¢oordinated al3* ions in
the silicate minerals fall in the narrow range. No systematic
variation of the photoelectron and Auger electron energies of
Fe?t and Mg ions with the negative framework charge is found.
Therefore it is considered that the octahedrally coordinated
A13+, re?* and M92+ ions in the silicate minerals are not subject
to strong efiect from the negative charge on the framework.

The Fe2+ and Fe3* ions in the silicate minerals are distin-
guishable from each other because of the Fe 2p3/2 binding energy
shift and the characteristic satellite structures found in Fe Z2p
spectrum. The bonding state of exchangeable Na' ions in mont-
morillonite and analcite is comparable to that of NWa' ions in
the typically ionic sodium chloride and fluoride, as deduced from
the chemical state plot for Na.




CHAPTER
4

EXCHANGEABLE DIVALENT CATIONS IN MONTMORILLONITE

4.1 INTRODUCTION

Clay minerals greatly influence the geochemical behavior of
various cations owing to their cation exchange capabilities.z)
Many investigations on the cation exchange reactions of clay min-
erals have been undertaken and many data, e.g. concerning cation
exchange capacities, have been accumulated.2'73) The theoreti-
cal approaches have been also made to describe the icon exchange
equilibria.74“76) However, there has been a lack of systematic
investigations concerning the bonding states of exchangeable cat-
ions in clay minerals. XPS is a suitable method applicable to
probing the bonding states of various exchangeable cations.

XPS has been applied to the analysis of exchangeable cations
in clay minerals. Adams and Evans attempted the quantitative
analysis of the exchangeable cations in beidellite by xps. 77}
The valence state of Pb in montmorillonite was studied based on

78)

the Pb 4f binding energies. Koppelman et al. systematically

investigated the adsorption of transition metal ions and their

19-23) The ori-

complex ions on chlorite, illite and kaolinite.
gin of the negative charge on the particles of these three clay
minerals is considered to be due to a small amount of isomorphic
substitution, to lattice imperfection and to broken bonds at the
edges of the particles. Therefore the cation exchange capaci-

ties (CEC) of them are low (0.1-0.4 meqguiv. g_1 for chlorite and

1 for kaolinite).z)

illite and 0.03-0.15 mequiv. g~

In this chapter, an XPS study of montmorillonite (a typical
smectite clay mineral) containing a series of divalent exchange-
able cations (Mg2+, Ca2+, Sr2+, Ba2+ and Cd2+ ions) will be re-
ported. The structure of montmorillonite is shown in Fig. 4-1.
In contrast to the above mentioned chlorite, illite and kao-
linite, a sufficient isomorphic substitution occurs in smectite
clay minerals. Some of the a13* ions are replaced by Mg2+ ions
in the case of montmorillonite. In order to compensate the nega-

tive charge originating from isomorphic substitution, exchange-




able cations are held with interlayer water between the alumino-
silicate layers, resulting in high CEC values (0.8-1.5 mequiv.
g'1).2) The choice of exchangeable cations was based not only on
systematic considerations (the alkaline earth elements) but also

on geochemical, agricultural and environmental importance.

00 S
@ OH ® Al Mg

Fig, 4-1 Structure of montmorillonite

4.2 EXPERIMENTAL

The montmorillonite sample was Kunipia F which was obtained
from Kunimine Industries. It was prepared from bentonite, mined
in the Tsukinuno mine, Yamagata, Japan and purified by the remov-
al of impurities, The nominal composition of Kunipia F in wt%
was as follows: Si0,, 57.96; Al,04, 21.87; Fey04, 1.92; MgO,
3.44; CaO, 0.54; Na,0, 2.98; K50, 0.14. It was transformed to
Na-montmorillenite containing only Na't ion as an exchangeable
cation in accordance with the method used by Posner and Quirk.79)
The original powdered clay was washed with 1 mol dm‘3 Nall ague-
ous solution and then decanted, this treatment being repeated six
times. Then, the montmorillonite was suspended in 1 mol dm~3
NaCl aqueous solution at pH 3 adjusted with hydrochloric acid
for about 1 h, followed by separation from the solution by cen-

trifuging. After this procedure was repeated four times, the



montmorillonite was resuspended in 1 mol dm~3 Nacl agueous solu-
tion at pH 3, stirred for about 36 h inp order to replace com-
pletely the exchangeable cations in the montmorillonite with Nat
ion, separated again by centrifuging and washed twice with dis-
tilled water. It was then dialyzed against deionized water for
about 2 days and freeze-dried. X-Ray powder diffraction (XRD}
analysis of Na-montmorillonite showed it to contain a very small
but detectable amount of quartz as an impurity.

M-montmorillonite containing an exchangeable divalent cation
of M2* (M = Mg, Ca, S5r, Ba or Cd) was prepared by cation exchange
of Na-montmorillonite. Na-montmorillonite was suspended in
7 x 1073 mol dm~3 M{NO3), aqgueous solution for more than 24 h,
The total amount of M2* jon in the solution was about four times
as large as the CEC of montmorillonite. The initial and final
concentrations of MZ2% jon in the solution were determined by
EDTA chelatometry. The CEC of montmorillonite for each kind of
M2+ ions was calculated from the concentration change of M2+ jons
in the solution. After the cation exchange reaction, M-mont-
morillonite was separated from the solution by centrifuging,
washed by resuspending in distilled water, separated again by
centrifuging and dried in a vacuum desiccator.

The sample of CdO was heated (600°C, 1 day) in the analyzer
chamber of the apparatus for the purpose o©of dehydration and de-
carbonation of Cd(OH); and CdC0O, contaminants, respectively,
pricr to making XPS measurements according to the procedure pre-
viously described by Hammond et a1.80}

The samples of alkaline earth oxides were exposed tec argon
ion bombardment for several decades of minutes in order to remove
hydroxide and carbonate contaminants on the sample surface. The
photoelectron binding energies and the Auger electron kinetic
energies of the alkaline earth metal ions decreased and in-
" creased, respectively, as a result of the bombardment, which was
continued until the spectra of the metal ion became stationary. .
Before bombardment, the O 1s spectrum of each alkaline earth
oxide consisted of only one line derived from the surface con-
taminants. After bombardment, the same spectrum became broad or
accompanied by a shoulder or other peak on the higher binding
energy side due to contributions £rom contaminants of residual
hydroxide and/or carbonate ions, perhaps in the bulk, Therefore

the spectra of alkaline earth oxide samples treated in this way



were still not free from impurities.

For the XPS measurements of montmorillonite samples, the
Si 25 binding energy {153.6 eV}, which was determined relative to
Au 4f7/2 binding energy {(84.0 eV), was used as an internal stan-
dard for the calibration of the electron energy.

4,3 RESULTS AND DISCUSSION

The CEC values of montmorillonite for Mg2*t, cCa?*, sr2+, Bal+
and Cd2* ions are given in Table 4-1., They were all identical
{(0.99 mequiv, g'1) within experimental errors, and hence it was
confirmed that there was no difference in the exchangeable cation

content of montmorillonite for the various cations.

Table 4-1 Cation exchange capacities (CEC) of mont-

morillonite for divalent cations

cation CEC / mequiv. g~
Mg2+ 0.96
Calt 1.01
sr+ 1.00
Bal+t 1.02
ca+ 0.96
mean d.99

The wide-scan X-ray photoelectron spectra of montmerillonite
"samples are shown in Fig., 4-2{(a) and (b). Photoelectron and
huger electron peaks due to the constituent elements (Si, Al, Mg
and 0) of the montmorillonite lattice and to carbon atoms of
organic compounds present as surface contaminants were found in
" the spectra of all the montmorillonite samples. In addition,
characteristic peaks due to the exchangeable cation, such as the
Ba 4d, 3d and M4,5NygsNys Auger lines for Ba-montmorillonite, were
observed for each montmorillonite sample. The photoelectron and
Auger electron spectra of exchangeable cations are shown in Fig.
4-3, 4-4, 4-5, 4-6, 4-7 and 4-B. ’
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4.3.1 Atomic Composition

The atomic concentrations in the montmorillonite samples
relative to Al (atomic ratios) obtained by XPS are given in Table
4-2. The average concentrations of Si and Mg in the aluminosili-
cate layers of montmorillonite relative to Al were 2.17 and 0.22,
respectively. The bulk concentrations of 8i and Mg relative to
Al calculated from the nominal composition of Kunipia F were 2,25
and 0.20, respectively, which were consistent with the average
concentrations obtained by XPS within 10%, This result suggests
that the bulk chemical composition is maintained at the surface
of the particle. Since Mg-montmorillonite contains exchangeable
Mgz+ ions in addition to the non-exchangeakle Mg2+ ions as con-
stituents of the aluminosilicate layers, the atomic concentra-
tion (0.34) of Mg relative to Al in Mg-montmorillonite is larger
than that (0.22) in other montmorillonites containing only non-
exchangeable Mg+ ions. Thus the difference (0.12)} between the
relative atomic concentrations of Mg in Mg—montmérillonite and

in other montmorillonites is assigned to the relative atomic

Table 4-2 Atomic concentrations in montmorillonite
samples relative to Al (atomic ratios)
determined by XPS

M-montmorillonite

element line Na- Mg~ Ca- Sr- Ba- cd- mean
al 2p 1 1 1 i 1 1 1
si 2s 2.17 2,13 2.24 2,25 z.11 2,130 2.7
Mg  KLp3lpy  90.21  0.34  0.22  0.21  0.23 0.23 ©.22°
(0.12)8
Na  KL,jlpy  0.26 - - - - -
Ca 2p - - 0.11 - - -
Sr ad - - - 0.12 - -
Ba 3d - - - - 0.15 -
cd 3d - - - - - 0.11

Relative atomic concentration of exchangeable Mg
{0.34(total Mg) - 0.22(non-exchangeable Mgl = 0.12).

Mean value for samples except for Mg-montmorillonite,

€ The symbol "-" indicates that no detectable peak of the el-
ement was observed in the wide-scan photoelectron spectrum
(Fig. 4-2 (a) and (b)),




concentration of the exchangeable MgZ*

ion in Mg-montmorillonite.
- The atomic concentrations of exchangeable divalent cations
relative to Al in the montmorillonite samples range from 0.11 to
0.15 {(mean = 0,12) and are equal to approximately half the amount
of Na' ion in Na-montmorillonite. The same quantity calculated
from the CEC (0.99 meguiv. g'1) and the nominal composition of
Kunipia F is 0.12, which is in good agreement with the relative
atomic concentration of exchangeable cation determined by XPS.
The relative atomic concentration {0.15) found for BaZ* ion
in Ba-montmorillonite is 25% larger than the average value for
the exchangeable divalent cations and requires comment. Adams
and Evans used XPS to estimate the atomic concentrations of ex-
changeable cations relative to Si in beidellite and reported that
the relative atomic concentration of Ba* ion in Ba-beidellite
was about 50% greater than that of Ca?* ion in Ca-beidellite.’?)
Preferential external surface adsorption of Ba2* ion was sSug-
gested as an explanation for the excess Ba detected by xps,’7)
The same phenomenon was observed for K- and Pb-beidellites.’?!
Although both beidellite and montmorillonite are smectite clay
minerals, the deviation of the amount of Ba found by XPS from
that calculated from the CEC in this case is not so pronounced
as in their result. It should be also noted that the Ba 3d
photoelectrons have relatively low kinetic energies (about 700
and 470 eV for Al K, and Mg K, excitation, respectively) and that
their escape depths are shallow, as compared with the escape
depths of measured electrons of other exchangeable cations.
Thus the intensity of the Ba 3d line would be rather sensitive
to the amount of surface contaminant, which makes the accurate
determination of Ba concentration using the intensity of the Ba
3d line difficult. Tt may therefore be presumed that in this
case the preferential external surface adsorption of exchange-
able divalent cations {(Mg2*, ca®*, sr2*, Ba2* and Cd?* ions)
does not occur and that they are held exclusively between the

aluminosilicate layers of montmorillonite.

4.3.2 Mg 1s and KLy3Ly3 Auger Spectra of Mg-montmorillonite
Figure 4-4 shows the Mg 1s and KL,3L53 Auger spectra of Mg-

montmorillonite excited by Al K, radiation. They are broad in

comparisen with the Mg 1s and KLy3L53 Auger spectra of mont-

morillonite containing only non-exchangeable Mg2+ ion. In Mg-




montmorillonite, the exchangeable and neon-exchangeable Mg2+ ions
have different locations, i.e. the former exist between the alu-
minosilicate layers while the latter form one of the constituents
of the aluminosilicate layers. Accordingly, the broad character
of the spectra of Mg-montmorillonite can be ascribed to the exis-

tence of two kinds of MgZ*

ions. The observed Mg 1s and KL54Lo3
Auger spectra were each deconvoluted into two components as fel-
lows. The Mg KLy3Ly3 Auger kinetic energy for the non-exchange-
able Mg2* ion and its intensity relative to the Al 2p line due
to skeletal Al were determined for the montmorillonite samples

2+

which did not contain Mg ions as exchangeable cations. The

2% jons was thus subtracted

component of the non-exchangeable Mg
from the Mg KL,3Lp3 Auger spectrum of Mg-montmorillonite and the
residual spectrum was assigned to the exchangeable Mg2* ion.
The result of the deconvolution is shown in Fig. 4-4. The rela-
tive intensities of the two components were consistent with the

2+ ion to the

atomic ratio of the non-exchangeable skeletal Mg
exchangeable cation as determined with other meontmeorillonite
samples.

The Mg 1s line was also deconvoluted by the similar way but
with readjustment of the intensity factor of non-exchangeable
Mg2+ ion so that. the relative intensity of the deconveoluted spec-
tra became consistent with the Mg KL53Lo3 Auger result, as the Mg
1s intensity relative to the Al 2p line varied from sample to
sample. This variation is attributed to the shallow escape depth
"of Mg 1s photoelectron, which has fairly small kinetic energy
{about 180 eV) so that its intensity 1s wvery sensitive to the
amount of surface contaminants. The deconvoluted Mg 1s spectra

are also included in Fig. 4-4.

4.3.3 Bonding State of Exchangeable Divalent Cation

The measured photoelectron and Auger electron energies of
the montmorillonite samples and other compounds are shown in
Tables 4-3, 4-4, 4-5 and 4-6. The measured starting materials
for magnesium chloride and bromide were the hexahydrates. How-
ever, the observed O 1s peak heights for the compounds were lower
than those expected for the hexahydrates, so it was considered
that the water of crystallization of these samples was partly
lost in the high vacuum. Tha loss of the water of crystalliza-

tion was also observed for XPS measurements of other halides.

_56'_




Table 4-3 Photoelectron binding energies of Ca and Sr

compounds
compound Ca 2pyyy / €V Sr 3p3f; / ev
fluoride (CaF,, SrFy} 349.2 270.4
exchangeable caticn 348.8 270.5
in montmorillonite
chloride (CaCl,} 348.7 -a
oxide (CaO, Sr0) 346.1 269.0

2 This value was not able to be determined owing to overlapping of

ST 3pyyy and €1 2s lines,

Table 4-4 Mg ts binding energies, Mg KL;3Ly3 Auger

kinetic energies and AR, values of Mg

compounds

compound Mg 1s / ev Mg KLy3Loy / eV &R, [ ev®
MgF, 1306.5 1176.8 6.0
exchangeable Mg 1305.3 1179.0 1.0
in montmeorillonite
non-exchangeable Mg 1303.8 1181.0 ~1.5
in montmorilleonite : : B
MgCLye 6K,0 1304.8 1180.2 1.7 i
Mgl 1303.9 1181.3 1.9
MgBrZ-GHZO 1305.3 1180.,7 2.7

a 4R, = [BE(Mg 13} + KE(Mg KLy3La3)1y - [BE(Mg 1s) + KE{Mg KL23L23)]M9F2.

A chemical state plot for Mg is shown in Fig. 4-9. 1In the
chemical state plot, the position of exchangeabhle Mg2+ ion in Mg-
montmoriillonite falls between the positions of magnesium chlo-
ride and fluoride. There are cnly small differences (about 1 eV
or less) in the Mg 1s binding energy between the exchangeable
Mgz+ ion and magnesium halides. The differences in the Mg
KLy3Ly3 Auger kinetic energy between the exchangeable Mg2+ ion
and magnesium halides are larger than the differences in the Mg

1s binding energy. Such larger differences in the Mg KL,3Lg4



Table 4-5 Ba 3dg/p binding energies, Ba M N4gN,c Auger

kinetic energies and AR values of Ba

e
compounds
compound Ba 3d5/2 !/ ev Ba MyNy=N,c !/ ev 4R, / evd
BaF, 781.7 594.9 6.0
exchangeable Ba 781.2 595.2 -0.2
in montmorillonite - ) ’
BaClZ'ZHZO 781.6 594.9 -0.1
Bal 7179.7 597.8 0.9
a
ARE = [BE{(Ra 3d5/2) + KE{Ba M4N45N45]3x - [BE(Ba 3d5/2' + KE(Ba M4N45N45)]BaF2’

Table 4-6 Cd 3dgy, binding energies, Cd MyN4sN4g Auger

kinetic energies and AR, values of <Cd

compounds
compound Cd Idgy, / eV Cd M NNy eV AR, [ ev?
Cdr, 406.0 378.2 0.0
exchangeable. Cd 406 .4 378.3 0.5
in montmorilleonite )
1
CdClz'2§H20 405.7 379.8 1.3
CABr 5+ 4H,0 405.7 380.0 1.5
cdr, 405.8 380.5 2.1
cdaoc 404.2 382.5 2.5
® ARg = (BE(Cd 3dg;;) + KE(CA MyNygNyg)ly - [BE(CA 3dg,,) + KE(Cd MgN45N4s) car, -

Auger kinetic energy may be attributed to the effect of extra-
atomic relaxation (see below}.
In contrast to the position of exchangeable M92+ ion in the

chemical state plot, the position of non-exchangeable Mg2+

ion,
which is surrounded by four 02~ and two OH™ ions in the alu-
minosilicate layer of montmerillonite, is located close to the
position of magnesium oxide. The Mg Ts binding energies of

2% jons are 1305.3 and

the exchangeable and non-exchangeable Mg
1303.8 eV, respectively. It is apparent that there is a differ-

ence of more than 1 eV in the binding energy between the two
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Fig. 4-9 Chemical state plot for Mg

kinds of Mg2+ ions. The Mg KL,y3Ly3 Auger kinetic energies are
1179.0 eV for the exchangeable Mg?* ion and 1181.0 eV for the
non-exchangeable Mg2* ion. Thus the kinetic energy of the

exchangeable Mg<t

ion is 2 eV smaller than that of the non-
exchangeable one. These large differences in the electron ener-
gies may be attributed to the effect of neighboring atoms, i.e.
the flow of electronic charge to the Mgz+ ion and the extra-
atomic relaxation from surrounding oxygen atoms are larger for
the non-exchangeable Mg¢* ion.

Chemical state plots for Ba and Cd are shown in Fig. 4-10
and 4-11. The MgN45Nyg Auger line is weaker than the MeNyeNyg
Auger line but is chosen for the chemical state plots for Ba and
Cd because the MgNygNye Auger line is not sharp and therefore
less suitable for a chemical state plot as pointed out previous-
ly.59) Chemical shifts in the Ba 3d5/2 and M,N,gNyg Auger elec-
tron energies of barium compounds are smaller than those in the
Mg 1s and KL23L23 Auger electron energies of magnesium com-
pounds, and the proximity of the position of exchangeable BaZt
ion in the chemical state plot to the positions of barium hal-
ides is more pronocunced. Thus the Ba MyNy Ny Auger kinetic
energy of the exchangeable Ba’* ion in Ba-montmorillonite is

slightly larger (0.3 eV} than the kinetic energies of barium
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fluoride and chloride. Alsc the difference in the Ba 3dg/) bind-
ing energy between the exchangeable pa?* jon and barium halides
is 0.5 eV or less. On the other hand, there are differences of
more than 1 eV in both Ba 3d5/2 and MyN,cN,. Auger electron ener-
gies between the exchangeable Ba * jon and barium oxide, as in

2+ ion and magnesium oxide.

the case of the exchangeable Mg
The chemical state plot for Cd (Fig. 4-11) shows a tendency

similar to that for Mg {(Fig. 4-9}. The differences in the Cd




3d5/2 binding energy between cadmium halides and the exchange-
able Cd?* ion in Cd-montmorillonite are small, whereas the dif-
ferences in the Cd MyNygN4g Auger kinetic energy between cadmium
halides and the exchangeable Cd2* jon are larger. The differ-
ence in the C4d 3dg/, binding energy between the exchangeable cd2+
ion and cadmium fluoride is small (G.4 eV}. Also the Cd MgNggNys
kinetic energy of the exchangeable cd?+* ion is approximately
equal to that of cadmium fluoride. On the other hand, there is
a large difference (2.2 eV) in the Cad 3ds5 /o binding energy be-
tween the exchangeable cd?* ion and cadmium oxide, and the Cd
MyNygN4g Auger kinetic energy of exchangeable cd?* ion is sig-
nificantly smaller {4.2 eV} than that of cadmium oxidé.

In the XPS measurements of calcium compounds, the Ca
Lo3Mo3My3 Auger line is observed but is not very intense, Fur-
thermore, it is difficult to determine its precise peak position
because the Ca Ly3My3My3 Auger spectrum is complex and its shape
varies from compound to compound. Neither is an intense Sr Auger
line observed in the XPS measurements of strontium compounds.
Therefore only photoelectron binding energies of exchangeable
Ca2* and Sr?* ions in montmorillonite were compared with those of
calcium and strontium compeounds. The measured Ca 2p3/p and Sr
3p3/2 binding energies are shown in Table 4-3. In those caseas
also, the differences in the photoelectron binding energies
between the exchangeable cations in montmorillonite and the
corresponding halides are small, whereas the differences in the
photoelectron binding energies between the exchangeable cations
and the corresponding oxides are large.

By the use of Eg.{(11) in Chapter 2, the differences in the
extra-atomic relaxation energies of Mg?*, Ba?* and Cd2* ions
between fluorides and other compounds were calculated. The
calculated extra-atomic relaxation energy differences (4AR,) are
included in Tables 4-4, 4-5 and 4-6. The ARe values of exchange-
able Mg2+ and cast ions in montmorillonite are intermediate
between those of the corresponding fluorides and chlorides. The

2+

overall variation of ARe value of Ba ion among barium compounds

is smaller than that of AR, values of Mg2* and Cd2* ions and the

2+

AR, value of exchangeable Ba ion in Ba-montmorillonite is ap-

e
proximately the same as the ARe values of barium fluoride and
chloride {8Ry = 0). In addition, the ARe values of exchangeable

Mg2*, cd2* and Ba2* ions are smaller f{abont 1 eV or more) than



those of the corresponding oxides. Thus the effect of extra-
atomic relaxation for the exchangeable Mg2*, €d2* and Ba2' ions
in montmorillonite is comparable to that for the same cations in
the corresponding fluorides and chlorides but not so strong as
that for the same cations in the corresponding oxides. This
result suggests that these exchangeable cations in montmorillo-
nite are not subject to the strong extra-atomic relaxation from
the 02~ ions which constitute the aluminosilicate layers of
montmorillonite. On the other hand, it is considered that the
non-exchangeable Mgz+ ion in the aluminosilicate layer is more
subject to the extra-atomic relaxation than the eXxchangeable
Mg2+ ion, as indicated by the AR, value of the non-exchangeable
M92+
one. The effect of extra-atomic relaxation for the non-ex-
2+

ion which is 0.5 eV larger than that of the exchangeable
changeable Mg ion, however, is not so strong as that for the
Mg2+ ion in magnesium oxide because the ARe value of the non-
exchangeable Mg2+ ion is smaller by 0.4 eV than that of the Mg2+

ion in magnesium oxide.

4.4 CONCLUSIONS

The bonding state of exchangeable alkaline earth and cadmi-
um cations between the aluminosilicate layers of montmorillonite
is comparable tc the bonding state of the cations in the typi-
cally ionic chlorides and/or fluorides, as deduced from the
chemical state plots. The similar result was obtained in the
bonding state characterization of the exchangeable Na‘t ion in
montmorillonite by XPS (see Chapter 3). These results indicate
that the exchangeable cations are not strongly influenced by the
negative charge of the 02~ ions in the montmorillonite lattice.
The present result can be compared with XPS measurements on
zeolite which alsc holds exchangeable cations to compensate the
negative charge originating from the replacement of Si4+ ion with
a13* ion in the lattice. It has been shown by XPS that the ex-
changeable metal cations in zeolite also have a highly ionic
bonding character.81/82)  Therefore it is suggested that the
exchangeable cations which compensate the negative charge origi-
nating from isomorphic substitution in the silicate minerals form

nearly pure ionic bonds with the minerals.



CHAPTER
5

EFFECT OF HEATING ON MONTMORILLONITE AND KAOLINITE

5.1 INTRODUCTION

The structural change of clay minerals, such as montmorillo-
nite and kaeclinite, on heating has bheen investigated for many
years.z) Montmorillonite is a smectite mineral and holds ex-
changeable cations with interlayer water between the alumino-
silicate layers. The structure of montmorillonite is shown in
Chapter 4 (Fig. 4-1). Montmorillonite loses interlayer water at
100-200°C, dehydroxylates at 500-800°C and undergoes the struc-
tural collapse and recrystallization at 860-1000°C.2) The ther-
mochemical properties of montmorillonite substantially dependé on
the nature of its exchangeable cations.2) The major crystalline
products formed by the recrystallization of montmorillonite at
high temperatures have been identified as quartz, cristobalite,
spinel, mullite and cordierite by means of X-ray powder diffrac-
tion (XRD).2+83) rThese crystalline products contain si%*, a13t,
Mg2+ and 02- iens, but no cations which are contained as ex-
changeable cations in montmorillonite. The exchangeable cations
may therefore be incorporated into noncrystalline materials
following the recrystallization step, but little information is
available about bonding changes of the exchangeable cations in

montmorillonite on heating.

c0 ® Si
@ OH ® Al

Fig. 5-1 Structure of kaclinite




Kaolinite is a typical kaolin mineral and its structure is
shown in Fig. 5-1. Kaolinite dehydroxylates at 400-800°C.2) The
dehydroxylated material is called metakaolin which has no well-
defined structure. Brindley and Nakahira proposed a structural
model for metakaclin on the basis of a single-crystal X-ray
diffraction measurement,84} MacKenzie et al. recently investi-
gated the structural change of kaolinite on heating by means of
2%gi and 27A1 solid-state NMRE5:86) ang proposed a new structur-
al model for metakaolin.83) According to their model, the dehy-
droxylation is incomplete and OH™ ions remain partly in the
structure of metakaolin.85) Mullite is formed by the recrystal-
lization of metakaolin at 900-1000°C and c¢ristobalite appears at
about 1300°C.2) 1In addition to mullite, the crystalline product
which has a spinel-type structure appears at 900-1000°C. 2, 86)
This preoduct was considered to be y-alumina or Si-containing
spinel.2'87) The recent result of an NMR measurement indicated
that the formation of y-alumina is more likely than that of Si-
containing spinel.ss) Aluminium ions in kaolinite are octahed-
rally coordinated (four OH™ and two 02~ ions), while it is con-
sidered that the coordination number of al3* jons in kaolinite
changes from 6 to 4 with the dehydroxylation, i.e. the formation
of metakaolin.BS) Mullite and y-alumina have both tetrahedrally
and octahedrally coordinated Al3* ions. Thus it is presumed
that the bonding state of Al3* ions in kaolinite drastically
changes on heating.

XPS is a convenient tool for investigating thermal changes
of silicate minerals because it is applicable to both noncrystal-
line and crystalline materials. However, attempts have scarcely
been made to investigate thermal changes of clay minerals by the
use of XPS, Cobalt 2p and Auger spectra of calcined cobalt-
kaolinite materials were measured by Dillard et al.88)  1In this
chapter, the effect of heating on the surface elemental composi-
tion and on the bonding state of exchangeable cations in mont-

l3+

morillonite and A ions in kacolinite will be reported on the

basis of XPS and XRD data.




5.2 EXPERIMENTAL

The sources of montmorillonite, kaclinite and cther mineral
samples are described in Chapter 3. The montmorillonite sample
{Kunipia F) was transformed to Na-montmorillonite containing
only Na* ions as exchangeable cations (see Chapter 4). Samples
containing exchangeable Nat and K* ions were prepared by the cat-
ion exchange of Na-montmorillonite which was suspended in 2.5 and
100 mmol dm~3 KNO3 aqueous solutions for 40-50 h for the prepara-
tion of Na/X-montmorillonite containing both Na®t and K* ions
(K/Na atomic ratio = 0.73, see Table 5-1) and of K-montmorillo-
nite (the exchange of Na* ions to K% ions was not complete, see
Table 5-1), respectively. After the cation exchange, the mont-
morillonite was separated from the solution by centrifuging,
washed by resuspending it in distilled water, separated again by
centrifuging, and freeze-dried. The montmorillonite was heated
in a platinum crucible in an electric furnace for 1 h at 1100°C.

The heated samples of montmorillonites obtained as sintered
masses were pulverized as gently as possible in order to minimize
the destruction of each grain. The relative atomic concentra-
tions of cations in two heated samples of Na/K-montmorillonite
prepared independently were determined by XPS to check the repro-
ducibility of the preparation method. The differences in the
relative concentrations of Si, Al, and Mg between two samples
were within 10%. The relative concentrations of Na and K of two
samples differed by 24% and 14%, respectively. The error caused
by the sample preparation was therefore not more than 30%.

The kaolinite sample (ASP 100) was used without pretreat-
ment. It was heated for 1 h at 600, B0O, 1000 or #100°C in a
similar manner as that for the montmorillonite sample. The
heated samples of kaolinite were obtained as powder.

The structural change of the montmorillonite and kaolinite
samples on heating was checked by the thermogravimetric analysis
(TG) and differential thermal analysis (DTA). TG and DTA curves
were recorded simultaneously using a Rigaku Thermoflex thermal
analyzer at a heating rate of 10°C min~'. X¥RD measurements were
carried out by the use of a Rigaku RAD-TIA powder diffractometer
with a Cu K, X-ray source, operated at 40 kV and 25 mA. Powdered




samples were placed on glass sample holders. The XRD patterns
were recorded over a 20 range of 2° to 90° and compared with the
JCPDS mineral powder diffraction file.89)

5.3 RESULTS AND DISCUSSION

5.3.1 Montmorillonite

The TG and DTA curves of Na/K-montmorillonite are shown in
Fig. 5-2. They show weight loss and endothermic peaks due to the
loss of interlayer water and the dehydroxylation at about 100 and
650°C, respectively. At a high temperature (900-1000°C), the DTA
curve indicates that the third endothermic reaction occurs which
is followed by the exothermic reaction. This S-shaped DTA curve
is due to the structural collapse and recrystallization.Z) The
TG and DTA curves of Na- and X-montmerillenites were also simi-
lar to those of Na/K-montmorillonite. Thus it is considered
that the heated samples of montmorillonites at 1100°C have re-
crystallized structures.

The wide-scan X-ray photoelectron spectrum of unheated Na/K-
montmorillonite is shown in Fig. 5-3. The electron emission-

lines due to the constituent elements of the montmorillonite and

HEATING RATE 10 °C min-?
10.5 mg SAMPLE WEIGHT 14 mg

TG

DTA

12 uv

endothermic
] | 1 ] ]
0 200 400 800 800 1000 1200
TEMPERATURE / °C

exothermic

Fig. 5-2 TG and DTA curves of Na/K-mentmorillonite
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Fig., 5-3 Wide-scan X-ray photoelectron spectrum of
Na/K-montmorillonite excited by Al K,

radiation

to carbon atoms of organic compounds present as surface contami-
nants were observed in the spectrum. Although the same lines
were observed in the spectrum of the heated sample, the relative
intensities of the lines of the unheated and heated samples were
different. In general, the absolute spectral intensities of a
heated sample of montmorillonite are weaker than those of un-
heated montmorillonite because the heated sample is coarse and
its surface area is smaller than that of the unheated sample,
The spectral changes of exchangeable cations in Na/K-montmoriilo-
nite on heating (Na 1s, Na KL,3L,4 Auger and K 2p) are shown in
Fig. 5-4 and 5-5.

The XRD patterns {Fig, 5-6) showed that the heated sample of
Na-montmorillonite contained more cristobalite than that of Na/K-
montmorillonite. No XRD line of cristobalite was observed in the
pattern of the heated sample of K-montmorillenite. Thus the
crystalline product formed in the heated samples is influenced
by exchangeable cations. The XRD lines of spinel and mullite
were observed for all the heated samples with comparable inten-
sities, Cristobalite, spinel and mullite detected by XRD con-
tain essentially no Na® and K% ions. Consequently, Na* and k'

ions are probably contained in the noncrystalline material, the
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Fig. 5-6 X-Ray powder diffractions of heated samples
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presence of which is evidenced by the broad hump in the XRD
pattern between 20 = 10° and 40°.

Table 5-1 shows the elemental composition of sample sur-
faces determined by XPS. The sum of the amounts of si%*, a13+,
Mg+

g“', N

atomic percentage of each cation is given in Table 5-1. The

at and K* ions in each sample is taken as 100% and the

surface composition of three unheated montmorillonites was con-
sistent with each other. Within experimental errors, the surface
concentrations of 5i, Al and Mg in three unheated samples were
59.5, 27.6 and 5.8%, respectively. The bulk atomic concentra-
tions of these elements calculated from the cation exchange
capacity (0.99 mequiv. 9'1 {see Chapter 4)) and the nominal
composition of Kunipia F (see Chapter 4) were as follows: 8i,
61.1%; Al, 27.2%; Mg, 5.4%. The surface and bulk values differed
by not more than 10%. The total concentration of exchangeable
cations (Na* and K* ions) obtained by XPS was about 7.1% for each
unheated sample. The calculated bulk value was 6.3%. The adif-
ference between two values was also within the uncertainty of
the XPS method. Accordingly, the preferential adsorption of Nat
and k* ions on the outer surface of montmorillonite did not seem

to be significant and these cations appeared to be held mostly




Table 5-1 Surface composition of montmorillonite sam-
ples determined by XPS

sample Si Al Mg Na K

unheated sample

Na-montmorillonite 59.6 27.5 5.8 7.1 -
Na/K-montmorillonite 59.5 27.5 5.8 4.1 3.0
K~montmorillonite 59.3 27.7 5.8 0.3 6.9

heated sample (1100°C)

Na-montmorillonite 49.3 32.9 7.9 9.9 -
Ma/K-montmorillonite 39.% 41.2 1.1 5.8 2.1
K-montmorillonite 40.0 43,5 10,9 0.9 4.8

Vvalues are relative concentrations (atomic %) of cations. Lines used for

caleculation are S5i 2s, Al 2p, Mg KL,,L Auger, Na KL,4L Buger and K 2p.
23723 23423

between the montmorillonite layers. This result was consistent
with that for the exchangeable divalent cations (see Chapter 4).

On the other hand, the surface compositicon of each heated
sample was not the same as that of the corresponding unheated
sample, nor did the surface compositions of three heated samples
agree. A common trend, however, was noted in the change of the
surface composition with heating (see Table 5-1). The surface
concentration of Si decreased, whereas the surface concentrations
of Al and Mg increased on heating. Although the Na* and K* ions
in montmorillonite are both exchangeable, the surface concentra-
tion of Na increased, but that of K decreased on heating. These
results suggest that the elemental distribution with depth of the
montmorillonite grain becomes heterogeneous as the montmorillo-
nite is destroyed and recrystallizes at 1100°C.

The Na 1s binding energies and KLj3L,3 Auger kinetic ener-
gies of montmorillonite samples and other compounds are shown in
Table 5-2. All the electron energies of the three unheated mont-
morillonites are identical within experimental errors. The
differences in the electron energies between the unheated and

heated samples of montmorillonite are small. The Na 1s binding




Table 5-2 Na 1s binding energies angd KLy3Ly3 Auger ki-
netic energies of montmeorillonite samples and
other compounds

compound Na 1s [ ev Na KL23L23 / ev

unheated sample

Na-montmorillonite 1072.7 988.5

Na/K-montmorilleonite 1072.6 988.5

K-montmorillonite 1072.5 988.7
heated sample (1100°C)

Na-montmorillonite 1072.3 988.7

Na/K-montmorillonite 1072.1 989.0

K-montmorillonite 1072, 989.2
RaF 1072.7 987.4
NacCl 1072.8 9g88.8
NaBr 1072.5 989.7
analcite 1072.9 988.1
albite 1072,2 989.0

energies of the heated samples, however, are slightly smaller
than those o©of the unheated samples and there is a small differ-
ence in the Na KL23L23 Auger kinetic energy between the heated
and unheated samples. A comparison of these electron energies
with those of other compounds is shown in a chemical state plot
for Na (Fig. 5-7). As pointed out in Chapter 3, the positions of
the exchangeable Nat ions of montmorillonite and analcite in the
chemical state plot fall between thoée of typically icnic sodium
chleride and fluoride. The position of Na* ion in the heated
sample of montmorillonjte shifts close to that of Nat ion in
albite. Accordingly, by the destruction of the montmorillonite
layer structure, Wa® ion is probably incorporated into a noncrys-
talline material having a network structure similar to that of
albite.

The K 293/2 binding energies are sheown in Table 5-3. The
K 2p3/2 binding energies of two unheated montmorillonites, which
are the same within experimental errors, are smaller than those
of potassium fluoride and close to those of potassium chloride
and bromide and orthoclase. Potassium ion, the radius of which
is larger than that of Na' ion, tends to be fixed between the
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compound

X 2p3/2 / ev

unheated sample
Na/K-montmorillonite
K-montmorillonite

heated sample
Na/K-montmorillonite

K-montmerillonite

KF

KCl

KBr
corthoclase

phlogopite

293.3
293.4

293.8
293.8

294.6
293.7
293.3
293.6
292.9




aluminosilicate layers of clay minerals. Thus the K' ions in
montmorillonite appear to be more subject to screening and relax-
ation in the photoionization process by the negative charge on
the aluminosilicate layer than the Nat ions in montmorillonite.
This effect lowers the K 2p3/2 binding energy and is more pro-
nounced in phlogopite because the K% ions in phlogopite are com-
pletely fixed between the aluminosilicate layers., This fixation
of K* ions explains why the K 2p3/, binding energies of unheated
montmorillonite and phlogopite can be smaller than the binding
energy of orthoclase, whereas the Na 1s binding energy of un-
heated montmorillonite is larger than that of albite. Although
the K 2p3/2 binding energy difference between the unheated mont-
morillonite and orthoclase is small, the increase in the K 293f2
binding energy of montmorillonite on heating suggests that the
K* ion is incorporated into the feldspar-like noncrystalline

material in the same manner as Nat ion.

5.3.2 Kaolinite
The TG and DTA curves of kaolinite are shown in Fig. 5-8.
They show an intense endothermic reaction at about 500°C. This

reaction corresponds to the dehydroxylation (the formation of

HEATING RATE 10 °C min™1
SAMPLE WEIGHT 13 mg

I 2uv exothermic

endothermic

-
0 200 400 600 800 1000 1200
TEMPERATURE / °C

Fig. 5-8 TG and DTA curves of kaolinite




metakaolin), The DTA curve indicates an exothermic peak due to
the recrystallization of metakaolin at about 1000°C.

The wide-scan X-ray photoelectron spectrum of unheated kao-
linite is shown in Fig, 5-9., BAll the spectra of heated samples
of kaolinite are similar to that of unheated sample. Because the
Al KLp3Ls3 Auger electron excited by bremsstrahlung has a very
high kinetic energy (about 1390 eV), its peak appears in the
negative binding energy region of the spectrum obtained by the
use of Mg K, X-ray source and is not found in the spectrum shown
in Fig. 5-%9. The Al 2p and KL,3L,3 Auger spectra of unheated and
heated samples of kaolinite are shown in Fig. 5-10.

Figure 5-11 shows the XRD patterns of the heated samples of
kaolinite. XRD lines of anatase (TiO,) were observed for all
the heated samples. Anatase may be contained in the original
kaclinite sample as an impurity though the lines of anatase
cannot be found in the XRD pattern of unheated kaolinite due
to the interference of the intense lines of kaolinite. It is
~revealed by the thermal analysis that the kaolinite samples
heated at 600 and 800°C become metakaolin, The ¥RD patterns
of metakaolin samples (Fig. 5-11) showed that no crystalline

matter except for anatase is contained in these samples. AS
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Fig. 5-9 Wide-scan X-ray photoelectron spectrum of
kaolinite excited by Mg K, radiation
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in the case of the heated sample of montmorillonite, the broad
hump in their XRD patterns between 10° and 40° in 29 due to the
noncrystalline material was observed. Thus the metakaolins
formed by heating at 600 and 800°C have no well-defined struc-
ture. The XRD patterns of kaclinite samples heated at 1000 and
1100°C (Fig. 5-11) showed that mullite and y-alumina are formed
by the recrystallization of metakaolin, However, the noncrys-
talline material is also contained in the recrystallized sample
because the broad hump remains in the XRD pattern after the
4+

recrystallization. Thus it is considered that part of Si ions

4+ jons are contained in the

exist in mullite and the regidual 5i
noncrystalline material. The Al13* ions which do not exist in the
crystalline products may be also contained in the noncrystalline
material.

The surface composition of the kaolinite samples is shown in
Table 5-4. The constituent cations of the kaolinite lattice are
only si%* and al3* ions, and hence the surface composition is ex-
pressed in terms of the relative concentrations (atomic %) of
these two cations. The surface concentrations of both Si and
Al of all the kaolinite samples are approximately constant and
agreed with the values (50% for both cations) calculated from the
formal compesition of kaolinite within experimental errors. Con-
sequently, the surface concentraticn of cations of kaclinite re-
mains almost unchanged during the heating. This result suggests
that oxygen content in kaolinite decreases by dehydroxylation,
but the elemental distribution with depth of the heated kaolinite

Table 5~4 Surface composition of kaolinite samples de-
termined by XPS

kaclinite Si Al
unheated sample 50.5 49.5
heated sample {600°C) 50.0 50.0
heated sample {800°C) 49.8 50.2
heated sample (1000°C) 49.0 5t.0
heated sample {1100°C) 54.1 45,9

values are relative concentrations {atomic %) of cations, Lines

used for calculation are Si 2s and Al 2p.




grain is maintained homogeneous.

The Al 2p and KL23L23 Auger electron energies and the
extra-atomic relaxation energy differences (4Rg) are listed in
tTable 5-5. The AR, values for a13* ion between phlogopite and
other minerals were calculated by the use of EqQ.(11) in Chapter
2. Chemical shifts in the Al 2Zp and KLj;3L,3 Auger electron ener-
gies of the kaolinite samples are small. A comparison of Al 2p
and KL23L23 Auger electron energies is shown in a chemical state
plot for Al (Fig. 5-12), The Al KLjy3Lyy Auger kinetic energies
of the samples heated at 600 and 800°C (metakaolin) are slightly
smaller than the kinetic energy of unheated kaolinite and close
to the kinetic energies of feldspars {(albite, orthoclase and
anorthite). The positions of the kaolinite samples recrystal-
lized at 1000 and 1100°C in the chemical state plot differ from
those of metakaolin. The Al KLp3Lp3 Auger kinetic energies of
recrystallized samples are slightly larger than the kinetic

Table 5-5 Al 2p binding energies, Al KL,3Lo3 Auger ki-
netic energies and AR, values of kaclinite

samples and cother silicate minerals

compound Al 2p [ ev Al KLygLoy / eV bR, / eyvd

kaolinite

unheated sample 74.7 1387.0 0.7

heated sample (600°C) 75.0 ‘ 1386.5 .5

heated sample {800°C) 75.0 1386.4 0.4

heated sample (1000°C) 75.1 1387.0 1.1

heated sample (1100°C) 75.1 1386.7 0.8
phlogopite 73.6 1387.4 0.0
albite 74.6 1386.5 0.1
arthoclase 74.6 1386.5 b.1
anorthite 74.7 1386.5 0.2
montmorillonite 74.5 1387.3 0.8
almandine 74,2 1388.0 1.2

a
AR, = [BE(Al 2p) + KE(Al KLyqLp3)lyx - [BE(AL 2p) + KE(Al RL;3Ly3}lph)ogopite*



energy of metakaolin although the Al 2p binding energies of
recrystallized kaolinite samples are approximately egual to the
binding energy of metakaoclin. This kinetic energy shift is
considered to be due toc the change of coordination number as

discussed below.
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Fig. 5-12 Chemical state plct for Al
0, kaolinite sample; ®, other mineral.
Kaolinite samples are (1) unheated sample,
(2) heated sample (600°C), (3) heated sample
1800°CY, 14) heated sample (1000°C) and (5)
heated sample (1160°C).

It has been pointed out by Wagner et al.'”) that the sum of

the Al 2p binding energy and Al KLjyqLgq Auger kinetic energy for
13* ions in the silicate minerals is

13+

tetrahedrally coordinated A
smaller than that for octahedrally coordinated A ions. In
other words, the extra-atomic relaxation energy for the former
A13* ion is smaller than that for the latter. As shown in Table
5-5, the ARe values (0.7-1.2 ev) of octahedrally coordinated
al3* ions (almandine, kaolinite and montmorillonite) are larger
than those (0.0-0.2 eV) of tetrahedrally coordinated ones (phlog-
opite, albite, orthoclase and anorthite). This tendency for
the AR, value is consistent with the result obtained by Wagner
et a1.17) and reflects that the electronic envireonment of an

octahedrally coordinated A13+ ion is more polarizable than that




of a tetrahedrally coordinated one., Thus it is considered that
the increasing coordination number causes the increasing flow of
electronic charge toward the al3+ ion from the coordinated an-
ions in the Auger transition.

The change of AR, value of kaclinite on heating was not
pronounced. But the AR, values of the kaclinite samples heated
at 600 and 800°C are slightly smaller than the value of unheated
kaolinite. It is presumed from this wvariation in the AR, value
that the coordination number changes from 6 to 4 with the forma-
tion of metakaolin. However, it is considered that both 4- and
6-coordinated Al3* ions are present as a mixture in metakaolin
because the AR, values of metakaolins are not so small as those
of phlogopite and feldspars. This result is consistent with the
structural model for metakaolin proposed by MacKenzie et al.85)
The AR, values of the kaclinite samples recrystallized at 1000
and 1100°C are larger than those of metakaclins and c¢lose to
those of kaolinite, montmorillonite and almandine. Therefore
many 213+ ions may be coordinated octahedrally in the recrystal-
lized sample of kaolinite although both octahedrally and tetra-
hedrally coordinated Al3t ions exist in mullite and y-alumina.
Perhaps this result suggests that the a13* jions in the non-
crystalline material of the recrystallized sample are mainly in

octahedral coordination.

5.4 CONCLUSIONS

Based on the information obtained by XPS and XRD, the struc-
tural change of montmorillonite and kaolinite on heating was
considered. The recrystallization scheme of montmorillonite
heated at 1100°C is proposed as follows. For Na-montmorillo-
nite, cristobalite, spinel and mullite are formed and Na' ion is
excluded to a noncrystalline material. Cristobalite probably
océupies the inner part of the grain and Na-rich noncrystalline
material is segregated to the outer part. In K-containing mont-
morillonite, the crystallization of cristobalite is hindered,
presumably because of the stronger binding of K* ions to the
silicate layers. Potassium-containing noncrystalline materijal
remains in the inner part of the grain, whereas Na-containing

noncrystalline material is segregated to the outer part.



For kaolinite, the folleowing scheme of structural change on
heating is proposed. When metakaolin is formed by the dehy-
droxylation, the layered structure of kaolinite is distorted and
the coordination number of Al3* ions changes from © to 4 with
the reaction (20H™—= 02" &+ H,0). However, the change of the
cocordination number is incomplete and bhoth 4~ and 6-coordinated
Al3* jons are present in metakaolin which has no well-defined
structure. Above 1000°C, mullite and y-alumina are formed by the
recrystallization of metakaolin. The noncrystalline material
also exists in the recrystallized kaolinite. The coordination
number of Al3* ion in the noncrystalline material is mainly 6.
In contrast to montmorillonite, the elemental distribution in
kaolinite grain is approximately maintained homogeneous during

the heating.




CONCLUSIONS

X-Ray photoelectron spectroscopy (XPS) has been applied to
the non-destructive analysis of silicate minerals in this study.
The surface composition of the minerals has been calculated from
the area intensities of photoelectron and X-ray induced Auger
electren spectra. The information concerning the bonding states
of the constituent elements of the minerals has been obtained
from the chemical shifts in the photoelectron binding energies
and Auger electron kinetic energies.

The relative surface atomic concentrations of elements,
except for oxygen, in the silicate minerals determined by XPS are
in agreement with the relative bulk atomic ceoncentrations. The
relative surface atomic concentrations of the exchangeable cat-
ions in montmorillonite are also consistent with the cation ex-
change capacity of montmorillonite. Therefore the bulk composi-
tion is approximately maintained in the surface of silicate
mineral. The relative atomic concentratien of oxygen in the
surface is larger than that in the bulk. The excess of surface
oxygen atoms 1is considered to be attributable to surface OH™ ion
and/or adsorbed H,0.

Silica;e minerals are made of frameworks of si%* and 02-
ions. A part of Si4+ ions in some minerals are replaced with
a13* ions {tetrahedrally coordinated a13+ ions). The systematic
shifts of the photoelectron binding energies of Si4+, 02~ and
tetrahedrally coordinated al3* ions in the silicate framework
have been observed. This result suggests that the negative
charge on the framework is delocalized over these ions. On the
other hand, it is deduced from the photoelectron binding energies
and Auger electron kinetic energies that the Fez+, octahedrally
coordinated Al3* and Mg2+ ions in the silicate minerals are not
subject to strong effect from the negative charge on the sili-
cate framework.

It has been found that the Fe 2p spectra of Fe’® and Fe3*
ions in the silicate minerals are accompanied by the character-
istic satellite peaks individually. It has been alsoc observed
that the Fe 2pj,, binding energy of the Fe3* ion is higher than
that of the Fe?* ion. These results indicate that the oxidation

state of Fe ion (Fe?* or Fe3*%) in the silicate minerals is deter-



minable on the basis of the satellite structure and the binding
energy shift of Fe 2p spectrum.

A comparison of the photoelectron binding energies and Auger
electron kinetic energies of the exchangeable Na*, €d2?* and alka-
line earth cations in montmorillonite with those of the reference
compounds (halides and oxides) has shown that the bonding state
of these exchangeable cations is comparable tgo that of corre-
sponding cations in typically ionic compounds such as fluorides
and chlorides. 1In contrast to the bonding state of the exchange-
able Mgt ion, the bonding state of the non-exchangeable Mg2* ion
in the silicate minerals is comparable to that of magnesium oxide
as deduced from the Mg 1s and KLj3L;3 Auger electron energies.

The exchangeable K* ions tend to be fixed between the alumi-
nosilicate layers of clay minerals. It is deduced from a com-
parison of the electron energies of XK' and Nat ions in various
compounds that the exchangeable K* ion in montmorillonite is
more subject to effect from negative charge on the alumino-
silicate layer than the exchangeable Nat ion. This effect is
considered to be more pronounced for K' ion in phlogopite which
is not exchangeable but completely fixed between the aluminosili-
cate layers because the K 2p3/2 binding energy of phlogopite is
smaller than that of montmorillonite.

The surface composition of unheated montmorillonite con-
taining exchangeable Na‘* and X' ions is consistent with the bulk
composition, but after the sample is recrystallized at 1100°C,
the surface poncentration of Na increases, whereas that of K
decreases. Because Na‘ and K¥ ions are not present in the high
temperature crystalline products, this behavior suggests that a
noncrystalline material is separated from the crystalline prod-
ucts. The Na 1s and KL,y3L,3 Auger electron energies of mont-
morillonite approach to those of the feldspar (albite) on heat-
ing. The K 2p3/2 binding energy of the heated sample of mont-
morillonite is also comparable with that of the feldspar ({ortho-
clase). These results suggest that the Na'* and K* ions are
incorporated into the feldspar-like noncrystalline materials.

In contrast to meontmerilleonite, the elemental distribution
in kaolinite grain is approximately maintained homogeneous during
the heating. It is deduced from the Al 2p and KL53L53 Auger
electron energy changes on heating that the coordination number
of A13* ion in kaolinite changes from 6 to 4 with the formation



of metakaclin and the recrystallized kaolinite contains 6-coordi-

nated al3* ions in the noncrystalline product.
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APPENDIX 1

Wide-scan X-ray photoelectron spectra of all the mineral samples

excited by Al Ky radiation
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