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PR［「AC［  

The project of”Application o至 X－ray photoelectron spectros－  

copy to the study of siliCate mineralsIIwas carried out as one of  

the generalresearch projeCtS at the sediment and soilchemical  

analysis section of chemistry and phYSics division．  

Silicate minerals are the most ubiquitous components of enL  

Vironmentalparticulate matter，nOt Only soils and sediments but  

also airborne particles． Chemicalnature of elements associated  

With miTleralsis the one of keY factors governing the environmeTl  

talbehavior of the elements． The purpose of this projectis to  

elucidate the hondinrJ state of canstituent elements in silicate 

minerals by X－ray Photoelectron spectroscopy． The unlqueinfor－  

mations obtained by this approach give the basis of understanding  

the chemicalnature of the elements and ofidentifying their  

Chemical states in the environmentalmaterials． The technique  

was further extended to the study of surface chemical composition 

Of the materials thermocheTnically formed from silicate minerals．  

The surface sensitivityis anotherimportant property of the  

electron spectroscopy． The results reported have clearly demon－  

Strated that this technique deserves the more exterlSive exploita－  

tionin the environmentalanalyticalchemistry． The bibliography  

in Appendix 工7，including the authors■ own workslindicates the  

recent trend in this direction of the environITLental and related  

application of X－ray Photoelectron spectroscopy．  

t4r．th Seyama is the rnaininvestigator of the project and  

the content consists the maコOr Part Of his doctoralthesis．  
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ABSTRACT  

Silicate minerals widely distribute in the environment and  

Play a decisive rolein the environmentalcirculation of elements  

because the formation，Weathering and other chemicalreactions of  

Silicate minerals are significant factors contr011ing the geo－  

Chemical behavior of various elements・ The properties and  

distribution of silicate minerals are also concerned in human  

activitY． For example．some of the toxic metalions become  

incorporated into 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 veryimportant． Thisis especially true  

for the analysis of surface of minerals because the transfer of  

elements between minerals and the environment oc⊂urS through the  

Surfaces． 工n 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 binding energies  

of Si4＋′02－and tetrahedrally coordinated A13＋ionsin the sili－  
Cate framework suggest that the negative charge on the framework  

is de10Calized over theseions・ On the other handlthe Fe2十l  

octahedra11y c00rdinated A13＋and Mg2＋ions are not subject to a  
StrOng effect from the negative charge on the framework． The  

oxidation state of Feion（Fe2＋ or Fe3＋）in the silicate miner－  

a15 土s de亡errninable on 亡he basIs of Fe 2p specとrum．  

A comparison of the photoelectron and Auger ele（：trOn ener－  

gleS Of the＼eXChangeable Na十IMg2＋，Ca2＋r sr2＋IBa2＋and Cd2＋  

cations in montmorillonite with those of the reference compounds 

has revealed that the bonding state of these exchangeable cations  

is similar to that of corresponding cationsin typlCallyionic  

COmPOunds such as their fluorides arld chlorides．  

The surface composition of montmorillonite containing exL  

Cha叩eable Na＋ ∂J－d X＋ionsis consis亡eJlt wi亡h tlほ bulk composト  

tionlbut after the sampleis recrysta11ized atllOOOc，the  

Surface abundance of Na＋ionsincreases，Whereas that of K＋  

ions decreases． In contrast to montmorillonitelthe elemental  

distributionin ka01inite grainsis approximately maintained  

homogeneous during the heating．  

一1－   



CHAPTER  

I  

GENERALINTRODUCT10N  

There are many kinds of rocks．soils and sediments on the  
earth． One of the important constituents of them is silicate  
mineral． Numerous silicate rrLinerals have so far been found in  

nature． Alarge number of investigations on silicate minerals  
have been undertaken for along time and their elementalcomposi－  

tion，StruCtureS．physical and chemical properties．etc・have  

been clarified．  

Silicate minerals comprise Si04 units which are independent 
Orlinked togetherin a variety of ways． On the basis of the  
structure，Silicate minerals are classifiedinto six groupsl）as  
Shownin Fig．1－1． The six basic structures are as f0110WS：  

1）Nesosilicates compriseindependent SiO4units（Fig・l－1（A））・  

A typicalexampleis olivine．   

2）Sorosilicates contain some SiO4 unitslinked to formlarger   
2）． 

inde，endentSinO（n；2，3，…・）anions・F。reXample，   

lawsonite（CaA12Si20，（OH）2・H20）containsSi20子■ani。nS（Fig・  
1－1（B））．   

3）Cyclosilicates have ring structures constructed with SiO4  
units to form Sin。宣告‾（n＝3，4．・・・ ・）ani。nS・F。r eXample．  

beryl（Be3A12Si6018）contains ring anions consisting of six  

SlO4unl亡s（Flg・1－1（Cl）・   

4）工nosilicates have chain structures which are built with  
SiO4 unitsin the form oflinear chains・ Two kinds of  

‾ 
（S⊥0）andpyr。X－  Chains are known． One is a single chain  

ene is one example of it（Fig．1－1（Dl））． The other is a  
6－   

CrOSS－1inked double chain（Si4011）and characteristic of  

amphlb01e け1g．ト1（D2））．  

5）Phyl10Silicate5 havelayered structures which comprise SiO4  
2－  unitslinked to form flat sheets（Si205：Fig・1－1（E））・  
This structures are foundin clay minerals．  

6）Tectosilicates have network structures which contain SiO4   
units forming three－dimensionalnetworks（SiO2）・ Quartzr   

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

－ 3 「   



good examples although tI－ey are nOt Silicates but silicon  

dioxides． 1n other tectosilicates such as feldspars，SOme  

of the Si4＋ions are replaced with A13＋ions（isomorphic  
substltution）．  

00  

●Si  

・J・・ 、さ・－i  
（A）  （即  （C）  

NESOSIJJCATE ＄OFtOSILICATE CYCLOSIL．1CATE  
（uWSO川TE〉  （BERYL）  

（D2）  

lNOSILIC▲TE  
00∪8LE CHAIN  

（F】   

TECTOSILJCATE   
（CR椅TO8ALITE）  

（Dl）  

lNOSILICATE  
S州GL∈ CHAIN  

（EI  
PHYL．L．OSILJCATE  

Fig．1LI Basic structures of silicate minerals  

Since the investigations concerning clay minerals（mont－  
morillonite and kaolinite）are describedin Chapter 4 and 5，the  

structure of phYllosilicate should be explainedin more detail・  

ThelaYer StruCture Of phy110Silicateis made up of two kinds of  
sheets・One sheet consists of Si4＋and O2－ions（SiO4units）・  
As shownirlFig．1－1（E）．the tetrahedralunits face the same  

directiorland the O2－ions at their bases arelinked to form  
hexagonalrings・This sheetis referred to as tetrahedralsheet・  

Theisomorphic substitution of Si4＋ion for A13＋ion sometimes  

occurs in the tetrahedral sheet． The othe】：Sheet consists of  

A13＋，02r and OH－ions andis named octahedralsheet・The A13＋  
ionis octahedra11y c00rdinated by O2－ and OHrions which are  
shared between adjacent octahedralunits．so that the s亡ructure  

1 ．l   



is continuous in two dirrLenSions． The octahedral sheet has a  

tendency for theisomorphic substitution of A13＋ion for Mg2＋r  
Fe3＋ or other catlons．  

One of the principalstructures of phyllosilicateis a twoL  

layer structure which consists of a single tetrahedral sheet  

linked to a single octahedral sheet by sharing some of the 02- 

ions． An examPle ofitis foundin ka01inite． Another typlCal  

StruCture Of clay minerals is a three－1ayer structure and ob－  

SerVed in montmorillonite． 工n this structure，an OCtahedral  

Sheetis sandwiched between two tetrahedralsheets． The complete  

StruCtureS Of montmorillonite and kaolinite are shownin Fig．4－1  

（Chapter 4）and 5－1（Chapter 5），reSpeCtivelY．  

The formation and weathering of silicate minerals areimpor－  

tant factors controlling the geochemical behavior of various 

elements．1）clay minerals and ze01ites have cation exchange  

Capabilities and greatlyinfluence the behavior of cationsin na－  

ture．1・2）Thus the propeities 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．1′2）  

However，information regarding the bonding states of ele－  

ments in the silicate rrLinerals is insufficient simplY because  

Suitable e〉（periITtentalmethods applicable to probe into the bondr  
ing states of various elementsin the silicate miner∂1s have not  

been available． Recent spectroscopic developments have enabled  

bonding state characterization of elements． 工nvestigations on  

Silicate minerals using NMR，ESR，M8ssbauer and other spectro－  

scopic techniques have proceeded・3・4）＝n particular，many high  

res0lution NMR studies of29si，27Aland other nucleusin sili－  

Cate minerals（natural silicates and synthetic zeolites）have  

been undertaken and the accumulation of29sichemicalshift data  

ls avallable．4・5）  

In addition to these techniques，apPlication of XLray photo－  

electron spectroscopy（XPS）in minera10gY has been rapidly der  

velopedin recent years．3，4，6）xpsis sometimes referred to ESCA  

（Electron Spectroscopy for ChemicalAnalysis）． The XPS measure－  

ment of s01idinv01ves the e〕eCtion of core－electrorlS by X－rayS  

and the detection of the ejected photoelectrons under an ultra－  

－ 5 －   



high vacuum， The f0110Wingimportant features of XPS should be  

men亡⊥oned土n v土ew of⊥とs analyticalimpl土ca亡10nS：3・7′8）  

1）XPSis a surface sensitive analyticalmethod． The analyti－  

CalsaTnPling depthis typICallyless thanlO nm．   

2）工tis possible to detect a11elements except H and He and to  

determine the concentration of element from theintensity of  

electron emission．   

3）Detailed spectral features such as chemicalshiftin elec－  

tron energy，Satellite structure．etc．glVe information  

about the bonding state of elements．   

4）Amorphous as weユ1as crYStalline samples can be examined．  

The detection limit of XPS is l－0．1％ atomic concentration  

within the analyticalv01ume・7）Thus the sensitivitY Of XPSis  

not very high． ＝n spite of the relativelylow sensitivity，XPS  

is utilized as a usefulsurface analyticalmethod because of its  

above mentioned advantages． Applications of XPS are numerousin  

various flelds sTICh墾Catalysis8），materials science8）・enViron－  
mentalchemistry9）′ etC， Alist of references concerning the  

environmental and geochemical applications of XPS is glVen in  

Apperldix ＝＝． XPS has been also applied to gas and the core elecr  

tron binding energy data for gaseous atoms and m0lecules have  

been accumulated・10）Furthermore，the XPS measurements ofliq－  
uids and s0lutions have been attempted by the use of the special  

apparatus and the information，e．g．，COnCerning s0lvation of  

ions′ has been systematically obtained． 11）severaltypes of  
apparatus for the small area XPS have been developed recently  

and permitted detection ofト0．02 mm diameter．12）工n addition．  

Photoelectron microscopy（PEM）has been performed using a magnet－  

iclens sYStem（about 2 um res01ution）13，14）or a conventional  
transmission electroT）microscope－tyPe lens system（aboutlO nm  

res0lution）15）forimaging via photoelectron． XPS willbecome  
more widespread in the future with rapid advances in the xps 

measurement system・  

Attempts have already been made to investigate minerals by 

XPS． A part of thoseinvestigations are summarizedin the refer－  

ences．3・4′6）工nvestigations were undertaken to characterize the  
bonding states of Si4＋′ A13＋and O2－ionsin silicon－OXYgerland  
aluminiumroxygen compounds（minerals and other coITtPOunds）by  

ー 6 －   



xps・16L18）Koppelman et al・aPPlied XPS to the study of cations  
adsorbed on claY minerals．19－23）The changesin the surface  
composition of silicate miner∂1s during weathering were reported  

by Berner et al・24－29） x－RaLy Photoelectron diffractibn（XPD）  

technique was emp10Yed for the elucidation of surface structures  

and composition of single－CryStalclay minerals・30－37）The oxi－  
dation mechanism of C02＋ions adsorbed on ferromanganese nodules  

was shownin a series ofinvestigations by Dillard et al．38－42）  

The oxidation and reduction reactions of clay minerals43・44）and  

the reduction of cations adsorbed on mineral surfaces vere conL  

firmed by the spectralchange of photoelectrons．21′45・46）  

エn spite of such applications of XPS and other spectrQSCOplC  

techniquesin mineralogy，the relationship between the structure  

Of silicate minerals and the bonding state of the constituent  

elements has remained obscure．In addition，theinformation con－  

Cerning the change of the bonding state of elementsin the sili－  

Cate minerals on heating，Chernicalweathering，etC．is extremelY  

insufficient． From these points of view．this study was de－  

Slgned as a part of sYStemati．c lnvestigatlons to ellユCi．date the  

bonding states and their changes of various elements in natural 

Silicate minerals． XPS was employed for this purpose and studies  

Shownin the f0110Wing chapters were undertaken．  

工n Chapter 2．the XPS measlユreTnent SyStem and the methoa of  

the measurement are explained． The theoreticalbackground of XPS  

is also describedin this chapter．  

工n Chapter 3，the relationship between the structure of  

Silicate minerals and the bonding states of the constituent ele－  

ments is discussed．  

＝n Chapter 4， the bonding state of exchangeable divalent  

Cations in montmorillonite is deduced from comparison of their  

photoelectron and Auger electron energleS With those of reference  

COmpOunds．  

エn Chapter 5，the structuralchanges of montmori110nite and  

kaollnlte on hea亡1nq are repofted on the basIs of not only XPS  

measurements but also X－ray diffraction measurements．  

－ 7 －   



CHAPTER  
2   

ANALYTICAL METHOD OF X－RAY PHOTOELECTRON SPECTROSCOPY（XPS）  

2．1 0UTI．工NE Of■ EI．E比ENTAL ÅNAムYS工S BY XPS  

The emission of electrons from a substance can be caused by  

the photons of adequate frequency． Figure 2hlillustrates emisr  

sion processes of photoelectrons and Auger electrons induced by 

Xrray which are observedin XPS measurements． The binding energy  

（BEx）of a photoelectron（ep）ejected from aninner orbital  
（energYlevelX）of an atomis represented bY the X－raY energY  

（h＞）and the pho亡oelec亡ron kine亡土c eれer9y（KEp）as follows：  

BEx＝hv－KE 
p  

（1）   

BEx can be・determined bY the measurement Qf KEp and the atom  

eコeCting a photoelectron can beidentified because the photoelec－  

tron binding energy is characteristic of a specific core electron 

Of a speclflc atom．  

¢p  

－・ぎ∵  

FERMl LEVEL h
V
（
ら
已
N
u
ト
孟
－
さ
 
 

－● ●－   一書 手  Z LEVEL  

一手 舌  Y LEVEL  

J  
－●－－｛ト X LEVEL   

AUG∈R  
ELECTRON   

－●－－●  

PHOTOELECTFtON  

Fig・2－1Photoelectron（ep）and Auger electron（eA）  
emission processesinduced by X－ray  
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The photoelectron emission leaves the atom in an unstable  

excited state． Auger transitionis one of the relaxation proc－  

esses of the excited atoTn，in which an outer orbital electron  

transfers to the vacancy in the inner orbital  

and the excess energyis released as the ernisL  

outer orbital electron（energy level Z）． The  

ls called the XYZ Alユger elec仁ron． でhe Au冒er  

energy（KEA）is given approximately by Eq・（2）・  

（energy level Y）  

（energylevelX）  

Sion of another  

eつeCted electron  

electron kinetic  

（2）  KEA ＝ BEx － BEY － BEz   

KEA，aS Wellas BEx′is characteristic of a specific Auger tran－  

Sition of a spe⊂ific atom． 工n XPS．photoelectrons and Auger  

electrons e］eCted 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 oninsulator，electrostatic charges can be built up at the  

SaETZPle surface due to the electron emission process・ 1n prac－  

tice．the measured kinetic energy（KEm）differs from theideal  

Value（KEi）・i・e・KEpin Eq・＝）or KEAin Eq・（2），by the surn of  

the retarding energy of the sample charglng and the work func－  

tion. The relationship hetween KE, and KEi is given by 

KEm三KEi－㊥sp一己c  （3）  

Where ¢spis the work function of the spectrometer whichis the  

energy required to bring the electron from the zero binding  

energylevel（Fermilevel）to the spectrometer・Ecis the addi－  

t：ionalretarding energy owing to the sample charglng．  

2．1．1 Q11antitatlve AnalysIs by XpS  

The quantitative 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 atomin a s01id sample with a perfectly flat surfaceis  

SChematica11yi11ustratedin Fig．2－2． The probabilitY（p）of  

the photoelectron emission from an atominto vacuum withoutin－  

elastic scattering is given by 

9 －   



X－RAY  

Fig・2－2 Photoelectron（e）emission from an atomin a  
p  

SOlld sample  

8is the electron takeroff angle and zis the  

depth where the electronis ejected・  

（4）  P ＝ eXp   

Where入AXis the mean free path of the photoelectron e］eCted from  

theinner orbitalX of element Ain the sample；（）is the angle  

between the direction of a photoelectron c011ector and the sur－  

face of sample（electron take－Off angle）；Z is the depth where  

the photoelectronis eコeCted．  

For a homogeneous sample・theintensity（IAX）of the photor  

electronli－e，the number of detected photoelectrons per unit  

time，Can be obtained from Eq．（5）byintegrating the probability  

OVer the thickness of the sample：  

IAX＝JRロAXLAXCAXNAfxp（  （5）  

whereJis theintensity ofincident X－raY beam；Ris the effecL  

tive surface area of the sampleinv01vedin the analysis；OAX  
is the photoionization cross－SeCtion of theinner orbitalX of  
element A excited by a photon of energy hv；LAXis the anisotropy  
Of photoelectron emission；CAXis the termincluding the detec－  

tion efficiency of the analyzer and detector；NAis the v0lume  
concentration of element Ain the sample．  

The values of oAX for Al K, and Mg K, excitations have been 
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theoretica11y determined and tabulatedin theliterature．47）工t  

has been also at亡emp亡ed 亡o experimenta11y determine oAX for  

M9KαeXCltatlon・描′49）  

LAX depends on the angle（Y）between the direction ofirlCi－  

dent X－ray and that of the photoelectron c011ector andis glVen  

by the f01lowing equation：   

LAX＝1・；BAX（言sln2Y－1）  （6）  

Where BAXi5the angular distribution asymmetry parameter and has  
been theoretically calculated．50）  

入AX mainly depends on the kinetic energY Of electron・ ＝t  

also depends on the matrix from which the electronis e〕eCted  
into vacuum． But for sirnilar matrices such as inorganic com－  

POunds′ 入AX Can be approximately regarded as a function of the  

kinetic energy alone・Severalmethods for the calculation of 入AX  

have been proposed48・5l－53）・The kinetic energies Qf electrons  

measured by XPS using AIKαand Mg KcL X－raY SOurCeS areIT10Stlyin  

the range of aboutlOO t01500eV・In this energy range′ 入AXin－  

CreaSeS With increasing kinetic energy． The calculated values  

Of 入AX forinorganic co爪POunds are approximately equalt0land  

4nm forlOO and1500eV kinetic energies′reSPeCtively・52）Thus  

the probing depth of XPSis very shallow． The surface sensitivi－  

ty of xps arises fromthislimited probing depth．  

CAXis determined by the charactel・istics of the electron  
energy analyzer and detector・ ＝n their constant operating condi－  

tion，CAX depends on the kinetic energy of photoelectrons・ CAX  

isinversely proportionalto the square r00t Of the kinetic ener－  

gy54）under the operating condition（see2．2．Apparatus）usedin  

thls study．  

Because the value of 入AXis extremely sma11′theintegration  

Of Eq．（5）○Ver the actualsample thicknessis adequately approxi－  

mated byintegration from O to ⊂p， Equation（5）then becomes  

工AX＝JR％x⊥AXCAXNA入AXSin8  （7）   

From Eq．（7），the concentration of element A relative to a ref－  

erence element B（atomic rati0．NA／NB）is repreSented bY the  

f0110Wln9equaヒ10n：  
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NA ロBYLBYCBY入BYIAX  
NB ロAXLAXCAX入AX＝BY  

lIAX  
SAB IBY 

（8）  

where SAB is the relative atomic sensitivity factor and can he 

determined experimenta11y from the spectralintensities of mate－  

rials of known chemicalcomposition containing elements A and B．  

ConsequentlY，the relative concentration（NA／NB）can be de－  

termined from the relativeintensity（1AX／1BY）and the relative  
atomic sensitivity factor（SAB）bY Eq・（8）・LTheintensity of  
Auger electrons can be forma11y expressed by Eq．（5）and therefore  

the atomic sensitivity factor for the specific Auger transition  

Can be determined siJ71ilarlY． The atoJnic sensitivity factor  

depends on apparatus． 工n 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－  

1ng cond土tlons．55′56）  

For actual samples．its surfaceis 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 elementalcomposition of、a Sample  

determined by XPS is the averagedlOne Of the surface layer  

（く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 chemiA  

cal shift． ＝t is a usefulmethod 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． 工t is possible ヒo  

measure both photoelectron and Auger electron spectra for some  

elements． ＝n such cases．it isinforrrLative to utilize a two  

dimensional plot of both electron energies for the purpose of the 
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bonding state characterization． Such a plot has been proposed  

by Wagner et al・and called chemicalstate plot・57）  

The chemical shift in the photoelectron binding energy  

（△BEx）is dependent on the state of the atom，in particular the  

electron density on that atom． Generally speaking′ a Photoelec－  

tron binding energy decreases withincreasing electron densitY．  

The nature of atoms surrounding the host atom also influences the 

Chemicalshift． In a photoionization process，a relaxation ocr  

CurS through a flow of electronic charge toward the host atom  

from neighboring atorns． ＝tis 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 representation of the Auger electron ki  

netic energy（KEA），Whichis given by adding correction terms to  

Eq．（2）′1s as f0110WS；  

KEA＝BEx－BEY －BEz － F（YZ）十Ra ＋Re  （9）  

工n Eq．（9）．F（YZ）is the interaction energy betweerlthe positive  

holes in the Y and Z levels of the atomin the finalstate． Both  

Ra and Re are the relaxation energiesin the Auger transition・  

Thus Rais the atomic relaxation energy，arising from the col－  

1apse of electronic orbitals of the atom e］eCting the Auger elec－  

tron，and Reis the extra－atOmic relaxation energY，  

From Eq．（9），the chemicalshiftin the Auger electron kinetr  

ic energy（AKEA）of an elernentin a compound referred to the ele－  

mentin a reference compoundis glVen by the f0110Wing equation：  

△KEA＝△BEx－△BEY－△BEz－△F（YZ）＋△Ra十△Re （10）   

The chemical shifts in three core electron binding energleS are  

approximately constant；i・e・△BEx亡△BEY＝△BEz ＝△BEp where BEp  
is a photoelectron binding energy of the element． Since F（YZ）  

and Ra are characteristic quantities of an atom and hence theY  

Should be constant from one compound to another，△F（YZ）and△Ra  

are considered to be equalto zer0． Thus a g00d approximationis  

Obtained．  

△（BEp←KEA）巴△Re  （11）   
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The sum of BEp and KEA has been defined as the modified Auger  
parameter LcLl）by Wagner et al．57・59）The value of the differ－  

enCein the extra－atOmic relaxation energy（△Re）of an element  

between the sample and the reference material，Which can be cal－  

Culated by the use of Eq・（11）．is usefulfor the bonding state  

Characterlzatlon．  

2．2 AI〉PARAT－us  

A Vacuum Generators ESCA LAB 5 apparatus was used to record  

Photoelectron and Auger electron spectra． A schematic diagram  
Of the apparatusis shownin Fig・2L3・ The apparatusis essenr  

tially a composite electron and mass spectroscoplC Surface ana－  
1yticalsystem with severalexcitation sources・ ＝t comprises  

three vacuum chambers■i・e・the analyzer chamberlthe preparation  

Chamber and the quick entry chamber・ The analyzer chamberis  

isolated from the preparation chamber by a gate valve． SimilarT  
ly，the preparation chamberis separated from the quick entrY  

Fig．2－3 Schematic diagrarn of Vacuum Generatcrs ESCA  

LAB 5  

Parts which are not used for the xps measure＿  

rnent are omittedin this figure・  
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Chamber by a second gate valve． The apparatusincorporates sam－  

Ple transfer systems based on a rack and pinion drive for the  

transfer of a sample from a chamber to another．  

A sampleisintroducedinto the apparatus through the quick  

entry chamber・ The quick entrY Charnberis evacuated by means of  

a rotary pump from an atmospheric pressure to about 10-2 Torr 

（1Torr 三133．322 Pa）． The analyzer and preparation chambers are  

independently pumped out by means of oildiffusion pumps． The  

pressure of these chambersis aboutlOL9 Torr・ The sampleis  

placed in the preparation chamber before the XPS measurement．  

An evaporator for evaporating a gold film onto the sample is 

mounted on the preparation chamber・The sampleis finally trans－  

ferred to the high precision manipulator in the analyzer chamber 

andirradiated with X－raY for the XPS measurement・ Heating and  

C001ing of the sarnple on the manlPulator are possible by using a  

heater and a cryostat containingliquid nitrogen，reSPeCtively．  

The pressure of analyzer chamber rises to aboutlO－8Torr during  

the XPS measurement describe（］in Chapter 3－5．  

2．2．1 Ⅹ－Ray Source  

A twin anode XLray SOurCe With an aluminium windowis mount－  

ed on the analyzer chamber． The X－ray SOurCe has magnesium on  

One Side aT－d aluminium on the other・It can provide X－ray beams  

Of1253・6（Mg KcL）and1486．6（AIKα）eV・ Figure 2－4 shows the  

Xrray source・ The operating conditions of the XLray SOurCein  

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 shownin Fig・2－5・ The photoelectrons and Auger electrons  

eコeCted from a saITtPle are transferred to an electron energy an－  

alyzer through a transferlens situated at an angle of 65O（JYin  

Eq・16））from tりe direction of theincident ズーraY． The anaユYZer  

is a spherical sector analYZer OflOO mm mean radius whichis  

COmbined with the channelelectron multiplier detectQr． 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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Flg．2－4 Twln anode X－ray SOurCe  

ELECTRON ENERGY ANALYZER  

MESH ELECTRODE  

X－RAY 50URC亡   

CHANluEL  

ELECTRON  

MULTIPLIER  

SIGNAL  

AVERAGER  

X－Y RECORDER  

Fig．2rS schernatic diagram of xps measurement system  

of ESCA 工．A日 5  
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Slits are placed at the entrance and exit of the analyzer． The  

width of the two slits is the same，  

工n order to eValuate the effect of the operating condition  

of the electron energy analyzer on the spectral intensity and the 

res0lution，the Ag 3d spectra of a vacuum evaporated silver film  

Were taken by using MgIくq X－raY・ Some of the measured Ag 3d  
spectra are shownin Fig．2－6． Figures 2－7 and 2－8 show varia－  

tions of the areaintensity of Ag 3d and the fullwidth at the  

half rnaximum（FWHM）of Ag 3d5／2 With the electron pass energy  
（PE）and the slit width（D）．respectivelY． Theintensities given  

in these figures are the values relative to the intensity（100）  

385  370  375  

BINDING ENERGY ／eV  

Flg．Z－6 Ag 3d spectra of sllver exclted bY 机g tくα ra－  

dlation  

The operating condition of analyzer are：Slit  

width．4 mrn；paSS energy，（A）80 ev．（B〉 50  

ev．（C）20 eV and（D）5 eV． Theintensity  

scales of spectra（C）and（D）are expanded  
twice and sixteen times，reSPeCtively．  
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at 50 eV pass energy and 4 mm slit width・ Bothintensity and  

FWHM decrease with decreasing electron pass energy． At the con－  

Stant Slit width（4 mm），theintensityis approximately propor－  

tionalto PEl・6and the values of FWHM are2．7．1．8and O，8eV at  

80′ 50 and 5 eV pass energies．respectively． At the constant  

PaSS energy（50 eV）．theintensityis approximately proportional  

to Dl・8，Whereas the FWHMis approximately constant（1．8－  

1・6 eV）． The operating conditions of the analYZer uSedin this  

Study are：electron pass energy，50 eV；Slit width，4 mm．  

2．2．3 S19nalA▼era9er  

In order to remove the noise contribution from the spectrum′  

a Nic01etlO70 slgnalaverager connected to the apparatusis  
used・ Electron signals for narrow range scans（5．12．5，25 and  

50 eV）are accumulated on the averager untilappropriate signal  
to noise ratios are attained．  
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1  
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Fig・2－7 variations of the areaintensity of Ag 3d  

excited by 呵 Kα radlatlon wlth（A）elecとron  

pass energy at 4 nm slit width and with（B）  

Slit width at 50 eV pass energY  
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Fig．2－8 variations of the fullwidth at the half max－  

1mum（FWHM）of Aq3d5／2eXCited by Mg Kαごa－  

diation with（A）electron pass energy at 4 mrn  

Slit width and with（B）slit width at 50 eV  

paSS energY  

2．2．4 Arqon 工On Gun  

An argonion gunis mourlted on the analyzer chamber． The  

argonion beamis employed to sputter surface contaminantlayers  

for several samples． The energy and the current of argon ions  

usedin this study are 5 keV andlO－20 UA，reSpeCtively．  

2．3 HEAStJREHENでS  

2．3．1 Procedu工・eS  

The sarnples used for the XPS measurement were natural siliT  

Cate minerals andinorganic compounds． ＝norganic compounds were  

COrnmerCial 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  
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sample was fixed onto the stainless steel sample holder of 10 mm 

diameter using double sided sticky tape or directly deposited  

OntO the sample h01der from 去cetone suspension． A cleaved flake  

Of phlogopite was cut from a single crystalan（】fixed onto the  

SamPle h01der by double sided sticky tape． The prepared sample  

was placed in the preparation chamber of the apparatus for at 

least severalhours・ After the pressure of preparation charnber  

fellenough．the sample was transferred to the analyzer chamber  

and the XPS rneasurement was carried out． After the XPS measure－  

ment，a g01d film was evaporated onto the sample and the XPS  

measurement of the gold evaporated sample was carried out again  

for electroT）energy Calibration（see below）．  

工n order to determine photoelectron binding energy and Auger  

electron kinetic energy．a measured kinetic energy should be  

COrreCted for the work fuTICtion an（］the sample charging Lsee  

Eq・（3＝・For the electron energy calibration・the Au4f7／2peak  

Of a g01d film evaporated onto the sample was used as a primary  

Standardin this study・Since the Au4f7／2binding erlergy（84・O  

ev）of g01d has been determined60，61）′ the electron energies of  

the sample can be determined relative to the Au 4f7／2 binding  

energy on the basis of the assumption that the Fermilevelof the  

Sample coincides with that of the evaporated g01d．  

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 Xrray source  

due to the overlap of photoelectron and Auger electron lines that 

OCCurred when other X－ray SOurCe WaS uSed． For example，the Ca  

2p and Mg KLIL23 Augerlines excited bY AIKcL radiation overlap・  

The Mg is and KL2JL23 Auger lines were measured using only the 

aluminium X－ray SOurCe because the energy of Mg Kc（X－rayis t00  

10W tO eXCite electrons at the levels of these lines． The AI  

KL23L23Auger 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 Eq．（8）were used  

for the quantit＿ative analysis by XPS， They were determined  

experimentally from the relative areaintensities of the photo－  

electron and Auger electron spectra of the reference compounds．  

Simpleinorgarlic salts（fluorides，Chlorides，Sulfat：eS and ace－  
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tate）and minerals（ze01ites and halloysite）were chosen as the  
reference compounds Df known chemical composition・ Table 2－1  
shows the atomic sensitivity factors relative to K 2pline・  

Table 2－1 atomic sensitivity factors relative to K 2p’  
and compounds used for their estimation  

COmpOund  Å1K（1  M9K（1   

1  
1  KF′ KCl′ K2SO4■ CH3COOK′  

X3Fe（CN）6and K4Fe（CN）6・3H20  

CH3COOK  

Cn3COOK  

XF  

NaF and NaCI  

M9F2and MgC12・6H20  

Å12（SO4）3・XH20and  

mlneralsb  

KCI  

CaF2 and CaC12 
日nC12・4H20  

K3アeくCN）6an邑R4Fe（C椚6・ユ賃20  

SごF2  

CdC12  
BaF2and BaC12・2H20  

0．182   0．192  

Q、464   0．407  

0．701   0．588   

1．29  1．コ5   

2．03  

0．132   0．149  

0．254   0．201  

0．552   0．560  

1．18  1．16  

2．44  て．93   

2．60  2．21  

1．36  1．39  

5．17  ノl．70  

8．44  6．69  
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 a The measuring conditions are：Xrray powerJ10－13kVIX10mA；   

electron pass energY，50 eV；Slit width，4 rnm・  

b r［alloysite and molecular sieves14Åand13X）・  

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（2p3／2and L3M45M45Auger）・Ag（3d5／2and M4N45N45  

Auger）and Au（4f7／2）were measured and compared with the stan－  

dard values．61）でhe measured spectra are shown⊥n Flq・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 werel・1－1・2 eV for AIKα eXCitation and  

O・8－0・9 eV for Mg Kα eXCitation・ Thelinear relationship be－  

tween the deviation（DEV）and the binding energy（BE）whichis  

obtained by theleast－SquareS rnethodis represented as f0110WS＝  
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Fig・2－9（a）（A）Cu 2p3／2 and（B）L3川45M45 Auger  
SPeCtra Of copper excited by AIKclradi－  

a亡10n  

The measuring conditions are： Ⅹ－ray  
power．12 kV xlO mA；electron pass  

energY，10 eV；Slit width，4 mm．  

lA巨＝．Ag3d5／2  
Ag M5N●5N45  

Ag M4N45Nヰ5  Åg3d3′2  

、・′へ  

■へ■・－一一J  

3TO  3丁5  858  348  

81NDING ENERGY／OV  KINETIC ENERGY．／oV   

Flす・2－9（b）（A）Ag 3d and（8）M4．5N45N45 Auger  

SPeCtra Of silver excited bY AlIくcL radi－  

a亡10n  

The measuring conditions are the same as  

thosein Fi9．2－9（a）．  
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Fig・2r9（C） Au 4f spectrum of g01d excited by AIKα  
radlaヒion  

The measuring conditions are the same as  

thoseln F19．2－9（aト  
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81NDING 亡NERGY／OV   

Fig．2－10 Deviations of measured binding energies of  

Cu．Ag and Au from standard values as a  

function of binding energy  

The straight lines obtained by the least－  

SquareS method are drawn for AIKα（●）and Mg  

Xα（○）excltatlons・  
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DEV ＝ A x BE ＋ B  ‖2）  

A±1・25Ⅹ10－4T B＝1・11eV for AIKq eXCitation  
Aこ7・55xlO－5，B＝0・79eV for Mg KQ eXCitation   

Therefore the voltage sc∂1ing error LA x（BE － 84．0）eV）in  

the determination of the electron energY relative to the Au  

4f7／2 binding energyis within O・2 eV over the binding energy  

ran9e O－1500 eV．  

The reproducibilityin the determination of the electron en－  

ergy was checked by the measurement of the Si 2s binding energy 

Of montmoril10nite（Kunipia F）． The average Si2s binding ener－  

gies of six samples for both AIKα and Mg K。L eXCitations were the  

same（153．6 eV）． The standard deviation of twelve measured val－  

ues was O，17 eV・ ConsequentlY．itis considered that the repro－  

ducibility in the determination of the electron energy relative 

to the Au4f7／2binding energyis usually土0・2eV・However．the  

reproducibilities for someinorganic salts such as NaClare more  

than this value and about ＋0．5 eV．  

The uncertainty in the quantification of XPS arises mainly 

from the application of the atomic sensi亡ivitY factor to samples  

with different matrices・54）For an examplelthe areaintensity  

ratios of the Na KL23L23 Auger to K 2p determined by the XPS  

measurements of fluorides．chlorides，bromides and sulfates are  

shown in Table 2－2． The deviation＄ Of the maximum values from  

the minimum values for AIKcL and Mg KcL eXCitations arelO and  

22％，reSPeCtively． Thus the error in the determination of the  

relative atomic concentration by XPS is as large as 20％．  

110WeVer． 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 determinatiQn Of the relative intensity  

was checked by the rneasurement of the area intensity ratios of  

Si2s to A12p of montmorillonite（Kunipia F）． The average  

intensity ratios of six samples were 4・31土 0・16 for the AIKα  

excitation and 2・82土0・18 for the朗g f（ct excitation・ Thereforet  

the relativeintensityis reproducible within ＋10％．  
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Table2－2 Areaintensity ratios of Na KL23L23Auger to  

K 2p determined by the XPS measurement of  

fluorldes（KF and NaF）． chlorides（KCl and  

NaCl），broITlides（KBr and NaBr）and sulfates  

（K2SO4and Na2SO4）  

X－ray SOurCe  

AlIくα  M9 K（l  
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CHAPTER  
3   

BONDING STATE CHARACTERIZATION OF THE CONST（TUENT ELEMENTS OF  
SILICAT［M［NERALS  

3＿1 工NTRODUCで工ON  

Silicate minerals have various structures which consist of  

tetrahedral SiOq units and other elements. There have heen some 
attempts to investigate the bonding states of elements in the 
silicate minerals by XPS． Carri占re et al．measured the X－raY  

photoelectron spectra of some siliconroxygen compOunds and found  
that thereis a differencein the Si2p binding energy between  

quartz and silicates such as feldspars and micas・16）Adams  

et al．measured the Fe 2p，3s and 3p spectra of silicate miner－  

als containing Fe2＋and／or Fe3＋ions．64）They reported no sig－  

nificant difference in the photoelectron binding energies of Fe 

between Fe2＋－and Fe3＋－COntaining silicate mirlerals・64）oTl亡he  

other hand．Koppelman and Dillard found a different Fe 2p3／2  

binding energY Of Fe2＋ions from that of Fe3＋ionsin clay miner－  

als・19）The Fe2p3／2binding energy shifts due tothe reduction  
of Fe3＋ion and the oxidation of Fe2＋ionin nontronite and bio－  
tite．respectivelY．Were also observed・by Stucki・et al・ 43，44）  

Evans and Raftery determined the oxidation states of Tiin bio－  
tite and phlogopite and of Mninlepid01ite based on the binding  
energies of these eleEnentS・ 35，65）  

Wagner et al● meaSured the Auger electron kinetic energleS  
and the photoelectron binding energleS Of Si4＋′A13＋and O2－  
ionsin aluminium－OXygen and silicon－OXygen COmpOunds（minerals  
and other compounds）・ 17）They found that the Siand A12p bind－  

ing energies and KL23L23 Auger kinetic energleS Of silicate  
minerals vary systematically according to their structures and  

that the 01s and Si2p binding energleS have a highly positive  

correユ∂tion．17）Furtわermore′ とbey d⊥sti叩山Shed be亡ween the  

tetrahedra11y and octahedrally coordinated A13＋ions based on the  
A12p and KI・23L23 Auger electron energies and showed that the  

electronic environment of the forrner A13＋ionisless p01arizable  
than that of thelatter． 17）west and Castle measured the Siand  
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A11s and KL23L23Auger electron spectra of silicates by the use  

Of a Zr X－ray SOurCe and related those electron energleS tO the  

polarizabilities of O2－ions surrounding Si4＋ and A13＋ions．18）  

The tetrahedrally and octahedrally c00rdinated A13＋ions were  

also differentiatedin their study．18）However，knowledge of the  

bonding states of other elements in the silicate minerals such as 

Mgis not sufficient． 工n this study，the photoelectron binding  

energleS and Auger electron kinetic energleS Of the ma〕Or ele－  

ments（Si．0，Al，Fe，Mg and Na）in a series of silicate mirlerals  

have been determined・ Silicate mineralsamples 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  

mlnerals．  

3．2 EXPER工nENTAム  

The silicate minerals used for XPS measurements are listed  

in Table 3－1． The basic structures of silicate minerals are  

Shownin ChapterllFig．1－1）． Nesosilicates compriseindepen－  
4－  

dent SiO4 units（SiO4 ‥ 0／Siatomic ratio ＝ 4〉■ ＝nosilicates  
r （Single chain）havechainstructures（SiO：0／Siatomic ratio＝  

3）・On the other hand，PhY110Silicates consist oflayered struc－  

tures（SiO2．5：0／Siatomic ratio＝ 2・5）・Tectosilicates and  

quart2・have network structures（SiO2：0／Siatomic ratio；2）・  
工n phlogopi．te．王eldspafS（albi．te，OrtllOClase aTld anorthlte）and  

analcite′SOme Of the Si4＋ions are replaced with A13＋ions（isor  
morphic substl亡utlon）．  

The montmorillonite saInple（Kunipia F）was transformed to  
Na－mOntmOri110nite containing only Na＋ions as exchangeable  
Cations． The procedure of the transformation is described in  

Chapter 4． To avoid the effect of aging，allthe minerals were  

ground to powder or cleaved just before inserting the samples  

into the high vacuum chamber of the apparatus for XPS measure－  

ment． The magnesium oxide sample was exposed to argonion  

bombardment before the XPS measurement in order to remove hy－  

droxide and carbonate contaminants． Further details of the  

XPS measurements of magnesium compounds are also described in  

Chapter 4．  
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Table 3rl Silicate minerals used for the xpsITLeaSure－  

ments  

（nesosillcate）  

（1） 011vlnel  

（2） 01ivlne 2  

（3） 011vlne 3  

（4） almand土ne  

（5） an（ヨradl亡e  

丹吋・Fe）2SlO4   

（Mg′Fe）2SlO4   

（Mg′Fe）2SlO4   

Fe3A12S13012   

Ca〕Fe2S13012  

Arlzona，U．S．A．；  
Bon Earヒh Sclences 工nc．   

Hokkal（io，JapanF  
HorlMlneralogy Ltd．   

Hull，Quebec，Canada；  
HorlMlnerdl09yI」td．   

Ely．Nevada，U．S．A．；  
Bon Earth Sclences 工nc．   

Na9anO′Japan；  
HorlMlneralogyI」td．  

（1noslllcate）  

（6）or亡hopyroxene （Mg′Fe）SiO3   

り）wollastonlte  CaSlO3  

（phylloslllcate）  

Bamble．Norway；  
HorlMlneralogy Ltd．   

Kyo亡0．Japan；  
Bon Earth Sclences Inc．  

M93S14010（OH）2  a 
⊥。eral。9yL亡。．  

刷kaDl山上e  A12S⊥205－OH）4  n 1亡 
（10－ monヒmorlllonl亡e Nal／3A15／3Mgl／3S14010（OH）2・nH20 Yama9aヒa・Japan；Kunlmlne                                       I 

ndus亡rles（Runlpla F）  

Besakoa，Madagascar7  

Bon Earth Sclences 工nc．  

（11）phlo90pl亡e  KMg3S13AlolO（OH■F）2  

（亡ectoslllcate）  

工baraki．Japan；  
HorlMlneralo9y Ltd．   

Gifu．Japan；  
Bon Ear亡h Sciences 工nc．   

Hokkaido．Japan7  
Horl帆neralogY L亡d．   

Yama9ata．Japan；  
Bon Ear亡h Sclences Inc．   

Arkansas′ U．S．A．7  
朗亡．工da Garland C0．  

NaAISi308   

KAIS1308   

CaA12S12D8   

NaAIS1206・H20   

SlO2  

（12） alblヒe  

（13） orthoclase  

（14） ano】一亡hlヒe  

（15） analclte  

（16）quartza  

a Althou9h quar亡Zis noヒSilicaヒeわ此Silicく）n dioxide′i仁厄S be即Cユ∂5Sified血to   
tectosilicatein view ofits structure．  
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3．3 RESULTS AND D工SCtJSS工ON  

Peaks of the photoelectron and Auger electron due to the  

constituent elements of the sili⊂ate minerals and to carbon  
atoms of organic compounds present as surface contaminants were  

foundin the X－ray Photoelectron spectra of the mineralsamples．  

The wide－SCan X－ray Photoelectron spectra of all the mineral  
SamPles excited by AIKcL rmdiation are shownin Appendix T・  

Since the information obtained by XPS essentially concerns 

the surface．a comparison of the surface composition obtained by  

XPS with that of the bulk should be mentioned． The atomic con－  

Centrationsin the mineralsamples relative to Sidetermined by  

XPS are shownin Table 3－2． Severalsamples contain some cations  

Which are not fQund irlthe formal compositions． These cations  

areimpurities orintroduced in the minerals by isomorphic subL  

stitution．1tis considered that Fe2＋ionsin almandine are  

partly replaced with Mn2＋ions■ and K＋and Ca2＋ionsin ortho－  
clase and anorthite′ reSpeCtivelylare Partly replaced with Na＋  

10nS．  

Table 3－2 Atornic c（⊃nCentrations in rnineral samples  

relative to Si（atomic ratios）deterIninea by  

XpS  

mlneral  SI  AI  Fe  Mn h9   Ca Na  K  O  F  

5．64  

5．55  

6，05  

5．76  

5．55  

4．30  

4．44  

011vlne 2  

011vine ニヲ   

almandlne  

andradlte  

0．20  1．87  0．07  

1．87   －  0．18   一  

0．70  0．65  0．24  

0．57  

Orthopyroxene l  O．14  0．98  

W011as亡Onlte l   

仁alc  l  

kaollnlte  l  l．00   

mOntmOrillonite 1 O．46  

phlo90plt二e  l  O．36  

albite  †  0．46  

0rヒhocl邑Se  l  O．36   

anorthit二e  l  l．00  

analcl亡e  l  O．53  

0．90  

0．10  

1．17  

0．04  

4．03  

5，72  

3．78   －  

42  4．6ら  0．67  

つ．68  

ユ7  3．66  

5．41  

3．96  
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The sYmbolll－■lindicates that no detectable peak of the element waS Observedin  

the wide－SCan pho亡Oelecヒron speeヒrum（Appendlx Tト  
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The relative atomic concentrations of elements, except for 

O．in montmori110nite obtained by XPS arein agreement with the  

relative bulk atornic concentratioITS Of the elements calculated  

from the nominalcomposition of montmoril10nite（Kunipia F）with  
errors of aboutlO％ or less（See Chapter 4）． ＝n addition，the  

relative atomic concentrations of the rnain elements in the miner－  

alsamplesleXCePt for Oin most samples and Alin albite′ Ob－  
tained by XPS are consistent with those calculated from the  

formalcomposition of the minerals within 30％． The relative  

atomic concentrations of Oin the mineralsleXCePt for mont－  

mori110nite and analcite10btained by XPS are 30－50％larger than  
those calculated from the formalcomposition． The excess of sur－  

face oxYgen atOmS in these minerals is presuTnablY attributable  

to surface O打‾ion and／or adsorbed H20・As mentioned above′ the  

Surface composition and formal（bulk）composition do not differ  
slgnificantlY though oxygen species other than O2rion contrib－  

ute to oxygen atoms contained in the surface layers of minerals 

to some extent． ＝t has been alreadY POinted out by Adams et al．  

that XPS is a useful bulk quantitative analytical technique for 

silicate minerals．66）Thereforeitis considered that the photo－  
electron binding energleS and Auger electron kinetic energleS  

are representative of the bulk properties of the minerals． 工n  

the albite sample．the relative atomic concentration of Al  

（Al／Si＝ 0．46）obtained by XPSis 39亀Iarger than that（Al／Si＝  

0．33）calculated from the formalcomposition． Thislarge devia－  

tion is considered to indicate that the isomorphic substitution 

of Si4＋ions for A13十ionsin the wh01e crystalstructure（both  
bulk and surface）of the albite sample occurs more than that  

e】くPeCted for the formal composition． AIso the relative atomic  

COnCentration of Nain the albite sample（Na／Si＝ 0．40）islarger  

than that（Na／Si＝ 0．33）calculated from the formalcomposition，  

the result suggesting thelargerisomorphic substitution．  

Some of the measured Si2s，01s，A12p and Fe 2p spectra  

are shownin Fig．3－l，3－2，3－3 and 3－4，reSPeCtively． The spec－  

tra of Mg and Na（1s and KL23L23Auger）of severalminerals are  
also shownin Fig．3－5 and 3－6，reSpeCtivelY． The measured pho－  

toelectron binding energies and Auger electron kinetic energleS  

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  

energleS Of the silicate minerals willbe discussed belowin  
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150  155  160  

8川DIN（；EHERGY ／ oV  

Fig・3rl Si2s spectra of（A）quartz，（B）talc，（C）  

W01lastonite and（D）olivinelexcited by Mg  

Kα radiatlon  

Theintensity of each spectrumis arbitrary・   

relation to their structures．  

ュ．3．1 Silicon  

Figure 3－7illustrates how the Si2s binding energy varies  

With the O／Siatomic ratio of the silicate． Wagner et al．  

pointed out the existence of a relationship between the structure  

of silicate minerals and the electron energleS Of the Si4＋ion  

－Si2p and XL23L23Augerlines）・ 17）The Si2s binding energY  
ShiftlShownin Fig・3－71SuppOrtS their observation（i．e● the  

Si2s binding energy of a silicate mineralin which theiso－  

morphic substitution of si4＋ion for A13＋ion does not occur  
（shown by filled circlesin Fig．3－7）decreases by more thanleV  
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52丁  532  537  

馴ND川G ENERGY／oV   

Fig・3－2 0ls spectra of（A）quartz，（B）ka01inite，  

（C〉almandine and（D）andradite excited by Mg  

Xq radlatlon  

Thein亡ensiとy of eacわspec亡rurn⊥s arb土亡rary・  

as the O／Siatomic ratioincreases from 2 t0 4． ttis considered  

that this shlft results from anincreasein the negative charge  

Oり the silicate framework owing to theincreasein the O／Siatom－  

ic ratio. With increasing negative charge on the framework, the 

electron density on the Si4＋ion mayincrease and the relaxation  
effect by the surrounding negative charge in the photoionization 

process may become stronger・ This effect of the negative charge  

10WerS the Si2s binding energy・In addition，the si2s binding  

energy of a silicatein which theisomorphic substitution of Si4＋  
ion for A13十ion occurs（shown by open circlesin Fig．3r7）is  
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TO  75  80  

BINDING ENERGY ／ oV   

F19・ヨーヨ A12p spectra of（A）analciヒe．（B）ortho－  

Clase．（C）almandine and（D）phlogopite ex－  

Cited by Mg KcL radiation  

TheintensitY Of each spectrumis arbitrarY．  

lower than that of a silicatein which theisomorphic substitu－  

tion does not occur，PrOVided that the O／Siatomic ratiois kept  

COnStant． For example．the Si2s binding energy of anorthiteis  

O・8 eVlower than that of quartz． ＝t is considered that this  

lowering of the Si2s binding energy results from anincreasein  

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

ment of the tetravalent Si4＋ion by the trivalent A13十ion・  
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710  720  丁ユ0  740  
81NDIH（；∈NERGY／OV   

Fig．3－4 Fe 2p spectra of（A）andradite．（B）01ivine  

3，（C）almandine and（D）01ivinelexcited bY  

AIXα radlatlon  

Theintensity of each spectrumis arbitrarY・  

㌧（A）  

ヽ．上＿．  

1299  130g  l185  11丁ら  

81NDING ■ENERGY ′ oV  KINETIC EIJERGY／OV  

Flg・3－5Ⅰ喝1s and KL23L23 Au9er SpeC亡ra of（A）01ト  

Vineland（B）phlogopite excited bY AIKcL  
radlation  

The intensity of each spectrum is arbitrary. 
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1068  1（け8  993  98：I  

81N【〉lNG 亡N亡RGY ノ OV  KINモTIC ENERGY／8V  

Flg・コー6 Nals and KL2コL23Auger spec亡ra of（A）anal－  

Cite and（B）albite excited bY AIKcL radia－  

tlon  

でhein仁ensity Of each spectrumls al：bltrarY．  
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○  ●K▲OLINITE   

OAL8汀E ●丁▲LC   

O  ●  ●oRTHOPYROXENE  
しAN。R，Hけ［MONTMOR・LLO”TE  

●wOLLASTONITE  

PHLO（iOPlTEO  ▲LH小IDINE・OLIVIN亡2●  
OLIVINE8●  

ANDRAD汀∈・OLIVINEl●  

3  

0／SlÅTOl州C RAT10  

Fig・ユー7 Relatlonship betⅥeeTISiZs blndlnく】eTle工gY and  

O／Siatomlc ratio  

●．a silicate mineralin which theisomorphic  

substitution of Si4＋ion for A13＋ion does  

not occur；0．a silicate mineralin which  

thisisomorphic substitution does occur・  
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Table 3r3 Si2s．A12p and 01s binding energies of  

slllcate mlnerals  

rnineral  Si2s／ev A12p／ev OIs／ev  

152．9  531．2   

153．1  531．3   

153．0  531．1   

153．1  74．2  531．4   

152．9  531．0   

153．6  531．7   

153．3  531．5  

Olivine 1 

011vlne 2  

011vlne 3  

alman（ヨ1ne  

andra（】1亡e  

Orthopyro】くene  

w011astonlte   

亡alc   

ka011nlte   

monヒmorlllonlte  

phlogoplte  

alblte   

or亡hoclase   

anorthl亡e   

analc⊥te  

quartz  

Table3L4 Fe2p3／2binding energies of Fe compounds  

compound  Fe2p3／2／ev oxldatlon state of Fe  

andrddl亡e  

Fe203  
0rヒhopyroxene  

011vlne 3  

almandlne  

011vlnel   

ollvlne 2  

FeOa  

a Ref．67．  
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Table3－5 Mgls binding energies′ Mg KL23L23 Auger  

kinetic energleS and △Re Values of Mg corn－  

pounds  

COmPOund  Mgls／ev  Mg KL23L23／ev  △Re／eva  

MgF2  

phlo90pl亡e   

ヒalc   

Orヒhopyroxene   

ollvlne 2   

montmorlllonlte   

Ollvlnel   

MgC12・6H20  

M90  
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a△Re＝【BE（Mヮ1s）＋KE（M9KL23L23＝x一柑E（M91s｝＋KE（M9KL2コL23｝】MgF2・  

Table 3－6 Nals binding energies′ Na KL23I・23 Auger  

kinetic energleS and △Re Values of Na com－  

pounds  

COmpOund  Nals／ev  Na KL23L23／ev  △Re／eva  

NaF  

analcl亡eb  

montmorillonlteb   

albj．te   

NaCI  

Na8r  

1072．7   

1072．9   

1072，7   

1072．2   

1072．8   

1072．5  

987．4   

988．1   

988．5   

989．0   

988．8   

989．7  

a△Re＝【BE（Nals｝＋KE（Na XL23L23）】Ⅹ－【BE（Nals－＋KE（Na KL23L23｝】NaF・  

bNalonls con亡alnedas an exchan9eable cahon．  
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3・3．2 0Ⅹy9en  

The oxygen species presentin the silicate minerals are O2－  
andO月－ionsandH20，The O2－ion′Whichis a constituentof the  
Silicate framework，is the main species among them． Wagner  

et al．showed that the magnitudes of the OIs and Si2p binding  
energies of minerals afld other silicon－0ⅩYgen COmpOund5 have a  

highly pQSitive correlationl although they did not distinguish  
between oxygen species・17）工n order to clarifY the argument，the  

OIs and Si2s binding energleS Of the silicate rninerals con－  

taining only O2－ions as oxygen speciesin their formalcomposir  
tion are dealt within this discussion． The relationship between  

the OIs and Si2s binding energleS Of these silicate mineralsis  

Shown in Fig．3－8． There is an exce11ent positive correlation  

between the OIs and Si2s binding energies， Thus the binding  
energY difference between the 01s and Si2s of silicate minerals  

is constant（378．2 土 0．1eV）within the experimentalerror． This  

resultindicates that the OIs binding energy of the O2－ionin  
the silicate framework．as wellas the Si2s binding energy，is  

COrrelated with the negative charge on the silicate framework．  

QUÅRTZ●  

OR丁目OCL▲SE●  

＞   
＼ 532  

ÅNORmT亡● ●AL81TE  

●OR丁目OPYROXEN∈  

●wOLLASTONITE  
●ALMANDl〃E  
oLlVlNE 2 2 

●OL川≠肥1   
●oLIVINEユ  

158  154  

Si2油l【lNDING ENEllGY／oV  

Fig．3－8 Relationship between the OIs and Si2s bind＿  

ing energies of silicate minerals containing  

only O2－ions as oxy9en SpeCles  
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3．3．3 Alu皿1nlu爪  

There are two types of coordination of A13＋ionin the mea－  

sured minerals・One of themis octahedra11y coordinated A13＋ion  

（almandine．montmori110nite and kaoliniteIand the otheris tet－  

rahedrally c00rdinated one which can substitute Si4＋ion（phlogo－  

Pite，albite，Orthoclase．anorthite and analcite）， The A12p  

binding energies of the octahedrally coordinated A13＋ions are  
74・2，74・5 and 74．7 eV and the energY differences among them are  

Sma11（not more than O．5 eV）．although in these three minerals  

the A13＋ions have different c00rdination structureslhaving six  
O2－ionsin almandine′ four O2－ions and tw00H－ionsin montL  

morillonite and tw002－ions and four OHrionsin ka01inite．  

＝n contrast to the octahedra11y c00rdinated A13＋ions．tet－  

rahedrally coordinated A13＋ions have A12p binding energiesin  
the range 73・6－74・8 eV・ Figure 3－9is a plot of the A12p bindr  

ing energy of tetrahedrallY C00rdinated A13＋ion against the  
Si2s binding energy． The magnitudes of the A12p and Si2s  

binding energleS have a positive correlation thoughitis not so  

g00d as the correlation between the OIs and Si2s binding ener－  

gies. Thus hoth Al 2p and Si 2s binding energies of phlogopite 

are lower than those of tectosilicates（anorthite，Orthoclase，  

albite and analcite）as shownin Fig．3－9． This correlationis   
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153  154  

Sl之0 81NPING El」∈R（；Y ′ 8V   

Fig・3r9 Rela亡ionship between the Å12p and Si2s  
binding energies of silicate minerals con－  

taining tetrahedrally c00rdinated A13＋ions  
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thought toindicate that the A12p bindinq enerqy of the A13＋ion  
in the tetrahedral sites．as well as the photoelectron binding  

energleS Of Si4＋and O2rionsin the silicate framework′isinL  
fluenced by the negative charge on the silicate framework． It  

WaS als0 0bserved by Wagner et al．that the A12p binding ener－  

gleS and KL23L23 Auger kinetic energleS Of tetrahedrally c00r－  
dinated A13＋ionsin synthetic zeolites decrease andincrease′  
respectively，Withincreasing aluminium content，i．e．increasing  

negative charge on the ze01ite framework．17）   

3．3．4工ron  

The Fe2p3／2binding energies of Fe2＋ionsin the minerals  
（011vines．orヒhopyェ‾oXene and almandlne）are ln the nar工OW range  

710．4－710．8 eV andlower（aboutl．5 eV or rnore）than the binding  

energy of Fe3＋ionin andradite．In addition，the shape of2p  
spectrum of the Fe2十ionin the minerals differs from that of  
the Fe3十ion（see below）・工t was pointed out bY Berner and  
schott that the Fe2＋ionin the surfacelayer was oxidized to  
Fe3十ion during weathering of silicate minerals．28・29）工n order  
to estimate theinfluence 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 olivine 3 preparedin air whichis shownin  

Fig．3r4L．Showing the characteristic features of Fe2＋ionin the  

silicate minerals． ＝t can therefore be presumed that the contact  

of Fe2＋ionin the surfacelayer of silicate minerals with airin  
a short time does not significantly influence the bonding state 

of the Fe2＋ion．Accordingly，theiron containedin the surface  
layers of olivines′ almandine and orthopyroxene samplesis essen－  

tia11y Fe2＋ion and represents the bonding state of bulkiron・  
The Fe2＋ionsin01ivine and orthopYrOXene are C00rdinated  

with six O2－ions and the Fe2＋ionin almandineis surrounded  
witheightO2－ions・The Fe2p3／2binding energydifference due  
to the coordination number was not observed・The Fe2p3／2bind－  
ing energies of Fe2＋ionsin the silicate minerals are higher  
than the binding energy（709．5eV67））of Fe2＋ioniniron oxide  

（FeO）c00rd土hated山仙six O2－まon5・  
The Fe3＋ion5bothin andradite andin Fe203are C00r  

dinated with sixO2rions・However・the Fe2p3／2bindingenergy  
（712．3 eV）of andraditeis aboutleV higher than that（711・leVl  
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ofironoxide（Fe203）asinthecaseof Fe2＋ion・  

From comparison of the Fe2p3／2binding energies of silicate  
minerals and the corresponding oxideslitis deduced that the O2－  
ionin the silicate minerals has a strongerinteraction with the  

tetravalent Si4＋ion than with the trivalent Fe3＋ or divalent  

Fe2＋ion．Thus the net charge on the Feion（Fe2＋ or Fe3＋）in  

the silicate mirleralsis 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 em15Sion in the silicate minerals is also  

COnSidered to be weaker than that in the corresponding iron  

OXide． These kinds of effect maYincrease the binding energy of  

the Fe ion in the silicate minerals．  

A11Fe 2p spectra of Fe2十ionsin the mineralsamples are  

accompanied by satellite peaks（shoulders）on the higher binding  

energy sides of2p3／2and2pl／2Peaks・The Fe2p spectra of01i－  

Vines and almandine a】：e shownin Fig．3－4． The satellite strucr  

ture of01ivine3is rlOt SO Clear as those of other Fe2＋rcontainr  
ing minerals． The satellite－main peak energY differences of Fe  

2p3／2 SPeCtra are about 4－5 eV・This spectralfeature has been  

already observedin the Fe2p spectrumof fayalite（Fe2SiO4）・68）  
On the basis of the Fe 2p3／2 binding eT］ergy Of andradite・the  

POSitions（binding energies）of the satellites are t00 high to be  

asslqned to Fe3＋10nS prOduced by the surface oxldatlon・On the  

Other hand．the weak satellite peaks at about 8－9 eV above the  

main peaks are foundin the Fe2p spectrum of Fe3十ionin andra－  

dite as shownin Fig．3－4．  

The satellite peaks have so far been observed in the Fe 2p 

spectra of maTiyiron compounds・69，70）The occurrence of satel－  

1ites at approximately6and8eV above Fe2p3／2Peaks of Fe2＋  
ionin FeO and Fe3＋ionin Fe203・reSPeCtively．was reported  
previously．67，71′72）Thus the sate11ite structures of Fe2p  

SpeCtra Of silicate rrLinerals are sirrLilar to those ofiron oxides．  

The principalsource of the satellite peakis considered to be  

due to electron shake－uP 69）or photoelectron－Valence－electron  

spin－eXChangeinteraction．70）  

It 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＋）－ Furr  

thermore′itis seenthattheFe2p3／2bindingenergyOf theFe3十  
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ionis higher than that of the Fe2＋ion・Accordingly′ the Fe2＋  

and Fe3＋ionsin the silicate minerals are distinguishable from  
each other by the Fe 2p spectrum．  

3．3．5 覿a9neSiu爪  

The c00rdination numbers of Mg2＋ionsin the measured miner－  

als are allsix．although the anions surrounding the Zqg2＋iQnS  

differ from one another，i．e．six O2－ionsin01ivines and ortho－  

pyroxene and four O2－and tw00H－ionsin montmorillonite，talc  

aTld phloqopite・ ＝n phlogopiter a number of OH‾ions are replaced  

with F．ions． The magnesium content of 01ivine 3is sma11andit  

was deduced from the X－ray POWder diffraction（XRD）measurer  
ment that the sample of olivine 3 contains a small amount of 

antigorite（Mg3Si205（OfT）4）or other clay minerals as animpurity・  

Therefore the Mg is and KL23L23 Auger electron energies of 
01ivine 3 are not takeninto account in this discussion；  

A chemicalstate plot for Mgis shownin Fig・3－10 for the  
purpose of comparison of Mg is and KL23L23 Auger electron ener- 
gleS Of the silicate minerals with those of the magnesium halides  
and oxide．The positionsin the chemicalstate plot of Mg2＋ions  

in01ivines．0rthopYrOXene，talc and ph10gOpite arelocated cIose  

each other－ The Mgls binding energleS Of these minerals fallin  
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the narrow range1303・7－1304・4eV and the Mg KL23L23Auger kinetL  

ic energleS Of them arel180・5 0rl180・6 eV・ The Mgls binding  
energy（1303．8 eV）of montmorilloniteisin the sarne energy re－  

gion，While the Mg KL23IJ23 Auger kinetic energy（1181・O eV）of  

montmorillonite is slightly larger than the kinetic energies of 

Other mlne】二als， 工n contrast t0 0theて mi爪erals，the allユmlnosllト  

Cate layer of montmorillonite is not electrically neutral but  

has a negative charge orlglnating froITtisomorphic substitution of  

the trivalent A13＋ion for the divalent Mg2＋ion・ ＝n order to  

COmPenSate for the negative charge．the exchangeable cations are  

held between the aluminosilicate layers of montmorillonite．  

Thereforeitis considered that the negative charge due toiso－  

morphic substitution results in a slightincreasein the Mg  

KI・23L23 Auger kinetic energy of montmorillonite（see below）．  

Figure 3－10 shows that the positionsin the chemicalstate plot  

of allMg2＋ionsin the measured minerals arelocated close to  

the position of magnesium oxide・ The Mg KL23L23 Auger kinetic  

energies of the minerals are somewhat smaller（0．3－0．8 eV）than  

the kinetic energY Of magnesium oxide． The differencein the Mg  

ls binding energy between the minerals and magnesium oxide is  

als01ess thanleV－ Thus the bonding state of Mg2＋ionsin  
these mineralsis comparable to that of the Mg2＋ionin 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 Eq．（11）in Chapter 2． The calculated  

extra－atOmic relaxation energy differences（△Re）areincludedin  

Table3－5・Allof the△Re values of Mg2＋ionsin the silicate  

minerals are intermediate between those of magnesium fluoride  
and chloride and sITLaller than the value ofITtagneSium oxide．  

This result suggests that the Mg2＋ionin the silicate minerals  
is not subject to the strong extra－atOmic relaxation from the02－  

ions which constitute the silicate framework and are the main  
nearest neighbor anions for the Mg2＋ion． Thereis a general  

tendency for the△Re values of silicate minerals except for mont－  

morillonite・ The △Re values of the phyl10Silicates（phlogopite  

and talc）are slightly smaller than those of the nesosilicates  

t01ivines）・The△Re value of theinosilicate（OrthopYrOXene）is  

intermediate between the values of the phyllosilicates and neso－  
Silicates・In addition，the negative charges on aluminosilicate  
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laYerS Of montFnOrillonite，aS mentlOrled above，CauSe a Slightin－  

creasein the extra－atOmic relaxation energy of Mg2＋ions because  

the aRe value of montmorillonite is larger than the values of 

the other phyl10Silicates．  

3．3．6 Sodium  

Figure 3－11shows a chemicalstate plot for Na・ A compari－  

SOnis made between the Nals and KL23L23Auger electrorlenergleS  

Of the silicate minerals and those of sodium halides． Chernical  

Shiftsin the Nals and】くL23L23Augel－electron energleS Of sodium  

COmPOunds are smaller than thosein the Mgls and KL23L23Auger  

electron energleS Of magnesium compounds． Two of the three min－  

erals plottedin Fig・3－11，i．e．montmorillonite and analcite．  

hQld Na＋ions as exchangeable cat－ions． The exchangeable Na＋  

ions■in montmorilloni亡e are hel（〕between the aluminosilicate  
layersIWhile the exchangeable Na十ionsin analcite are keptin  

the cavity of the aluminosilicate network． The positions of the  

two kinds of the exchangeable Na十ionsin the chemicalstate plot  

fa11between those of sodium chloride and fluoride． Thus the  

bonding state of exchangeable Na十ionsin the silicate minerals  

is comparable to that of Na＋ionsin the typICa11yionic sodium  

Ch10ride and fluoride． This result is consistent with the bond－  
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ing state of exchangeable divalent cations in montmori110nite  
（See Chapter 4）．  

The extra－atOrnic relaxation energy differences（△Re）of the  

Na＋ion（Which were calculatedin the same method as△Re value of  

the Mg2＋ionlareincludedin Table3，6・The△Re value of the  

Na＋ionin the silicates shows a similar tendency to that of the  
Mg2＋ionli．e・intermediate between the values of sodium fluoride  

and chloride・ Since these △Re values are nearly equalt0leV′  

it is considered that the effect of extra－atOmic relaxation on  

Na＋ions in the three minerals is approximatelY Of the sarne  
magnl亡ude．  

3．4COⅣCI－US工0¶S  

The photoelectron binding energleS Of Si4＋102－and tetra－  

hedra11Y C00rdinated A13＋ionsin the silicate framework of min－  

erals decrease withincreasing negative charge on the framework・  

Therefore this negative charge is considered to be delocalized 

over the S14十l02－ and 亡etrahedrally c00rdlna亡ed A13＋10nS and  

influences the photoelectron binding energleS Of alltheionsin  
thesilicateframework．  

＝n contrast to the tetrahedrally c00rdinated A13＋ions′the  

A12p binding energleS Of octahedrally c00rdinated A13＋ionsin  
the silicate minerals fallin the narrow ranqe． No systematic  

Variation of the photoelectron and Auger electron energleS Of  
Fe2＋and Mg2＋ions with the negative framework chargeis found・  

Therefore it is considered that the octahedrally coordinated 

A13＋，Fe2＋and Mg2＋ionsin the silicate minerals are not subject  

to strong effect from the negative charge on the framework・  

The Fe2＋and Fe3十ionsin the silicate minerals are distin－  

guishable from each other because of the Fe2p3／2binding energy  
shift and the characteristic satellite structures found in Fe 2p 

spectrum． The bonding state of exchangeable Na＋ionsin mont－  

morillonite and analciteis comparable to that of Na＋ionsin  
the typICallyic）nic sodium chlorideand fluoridelaS deduced from  
the chemicalstate plot for Na．  

ー 45 －   



CHAPTER  
4  

EXCHANGEABLE DIVAL［NT CAT）ONSIN MONTMORILLONITE  

4．1 工ⅣTRODUCT工ON  

Clay minerals greatlYinfluence the geochemicalbehavior of  
various cations owing to their cation exchange capabilities・2）  
Manyinvestigations 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 theoretiA  
calapproaches have been also made to describe theion exchange  
equilibria．74－76）However′ there has been alack of systematic  

investigations concerning the bonding states of exchangeable cat－  
ionsin clay minerals． XPSis 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 cationsin beide11ite bY XPS・77）  
The valence state of Pb in montmorillonite was studied based on  

the Pb4f binding energies．78）Koppelman et al・SyStematically  
investigated the adsorption of transition metal ions and their 
complexions on chlorite，illite and ka01inite・19－23）The ori－  
gln Of the negative charge on the particles of these three clay  
mineralsis considered to be due to a smallamount ofisomorphic  
substitution，t0latticeimperfection and to broken bonds at the  
edges of the particles． Therefore the cation exchange capaci－  

ties（CEC）of them arelow（0．1－0．4mequiv．g－1for chlorite and  

illite and O．03－0．15mequiv．g－1for kaolinite）・ 2）  

In this chapter，an XPS study of montmoril10nite（a tYPical  

smectite clay mineral）containing a series of divalent exchange－  

able cations（Zqg2＋，Ca2＋，Sr2＋，Ba2＋and Cd2＋ions）willbe re－  
ported・ The structure of montmorilloniteis shownin Fig・4－1・  

工n contrast tO the above mentioned chlorite，i11ite and kao－  

1initela Sufficientisomorphic substitution occursin smectite  
clay minerals・Some of the A13十ions are replaced by Mg2＋ions  
in the case of montmori110nite． tn order to compensate the nega－  

tive charge origlnating fromisomorphic substitution′ eXChange一  
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able cations are held withinterlayer water between the alumino－  

Silicate layers．re5ultingin 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．agriculturaland environmentalimportance・  

EXCHANGEA6L亡 CAT10NS  

00  ●Si  

◎OH   ◎Ål，Mg  

Flg．4－1 Struc亡ure of monヒmorlllon土亡e  

4．2 EXPER工軋EⅣTAL  

The montmorillonite sample was Kunipia F which was obtained  

from Kunimine ＝ndustries．It was prepared from bentonite．mined  

in the Tsukinuno mine，YaITLagata，Japan and purified by the removr  

a10f impurities． The norninal composition of KunlPla F in wt％  

WaS aS f0110WS：SlO2・57・96；A1203′ 21・87；Fe203′1・92；M90′  

3・44；CaO′ 0・54；Na2012・98；K20′ 0・14・ 工t was transformed to  

Na－mOntmOrillcnite containing only Na＋ion a5 an eXChangeable  
cation in accordance with the method used by Posner and Quirk. 79）  

The origlnalpowdered claY WaS WaShed withlmoldm－3NaClaqueL  
OuS S0lution and then decantedr this treatment being repeated six  

times．Then．the montmori110nite was suspendedinlm01dm－ 3  

NaCl aqueous solution at pH 3 adjusted with hydrochloric acid 

for aboutlh，f0110Wed by separation from the s0lution by cen－  

trifuglng． After this procedure was repeated four times′ the  
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montmori110nite was resuspendedinlTnOldm－3NaClaqueous s0lu－  

tion at pH 3r stirred for about 36 hin order to replace com－  

Pletely the exchangeable cationsin the montmorillonite with Na＋  

ion，Separated again by centrifuging and washed twice with dis－  

tilled water． ＝t was then dialYZed against deionized water for  

about 2 daYS andfreeze－dried． X－RaY POWder diffraction（XRD）  

analysis of Na－mOntmOri110nite showedit to contain a very small  

but detectable amount of quartz as animpuritY．  

MLmOntrnorillonite containing an exchangeable divalent cation  

of川2＋（M＝Mg，Car Sr／Ba or Cd）was prepared by cation exchange  
Of Na－mOntmOri110nite． Na－mOntmOrillonite was suspended in  

7xlO－3moldm－3M（NO3）2aqueOuS S01ut⊥on for more than24h・  
The totalam？unt Of M2＋ionin the solution was about four times  

as large as the CEC of montmori110nite． The initial and final  

concentrations of M2＋ionin the s01ution were determined by  

EDTA chelatometrY． The CEC of montmori110nite for each kind of  

M2＋ions was calculated from the concentration change of M2＋ions  

in the s01ution． After the cation exchange reaction，MrmontA  

morillonite wasseparated from the s01ution by centrifuging，  

washed by resuspending in distilled water．separated again by  

Centrifuging and driedin a vacuum desiccator．  

The sample of CdO was heated（6000c，1day）in the analyzer  

Chamber of the apparatus for the purpose of dehydration and de－  

Carbonation of CdLOEI）2 and CdCO3 COntaminants，reSPeCtively，  

Prior to making XPS measurements according to the procedure pre－  

viously described by Hammond et al・80）  
The samples of alkaline earth oxides were exposed to 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 Qf the bombardment，Which was  

COntinued until the spectra of the metalion became stationary．  

Before bombardment，the OIs spectrum of each alk：aline 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 from contaminants of residual  

hydroxide and／or carbonateions，perhapsin the bulk． Therefore  

the spectra of alkaline earth oxide samples treated in this way 
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were stillnot free fromimpurities．  
For the XPS measurements Of montITtOrillonite samples． the  

Si2s binding energy（153．6eV），Which was determined relative to  

Au4f7／2binding energy（84・O eV）′WaS uSed as aninternalstan－  

dard for the calibration of the electron energy・  

4．3 RESULTS AND D工SCUSS工ON  

The CEC values of montmori110nite for Mg2＋lCa2＋lSr2＋，Ba2＋  
and Cd2＋ions are glVenin Table 4－1・ They were allidentical  

（0．99mequiv．g，1）within experirnentalerrorsIand henceit was  

confirmed that there was no difference in the exchangeahle cation 
content of montmoril10nite for the various cations．  

Table 4－1 Cation exchange capacities（CEC）of morLt－  
morlllonlte for dlvalent catlons  

ca亡10n CEC／mequlv．9▲1  

q
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r
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d
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C
 
 

The wide－SCan X－ray photoelectron spectra of montmorillonite  

samples are shownin Fig．4－2（a）and（b）・ Photoelectron and  

Auger electron peaks due to the constituent elements（Si，Al，Mg  

and O）of the montmorillonitelattice and to carbon atoms of  
organic compounds present as surface contaminants were found in 
the spectra of allthe montmorillonite samples・ 工n addition，  

characteristic peaks due to the exchangeable cation・SuCh as the  

Ba4d，3d and M4′5N45N45Augerlines for Ba－mOntmOri110nite′Were  

observed for each montmorillonite sample． The photoelectron and  
Auger electron spectra of exchangeable cations are Shownin Fig・  

4－3．4－4．4－5．4－6．4－7 and 4－8．  
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Fig．4－2（a） Wide－SCan X－ray Photoelectron spectra of  

montmorillonlte samples e】くCited by AIKα  

radlation  

Fig．4r2（b） Wide－SCan X－ray Photoelectron spectra of  

montmori110nite 5amPles excited by Mg f：cL  
radiatlon  
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Fig・4－3（A）Nals and（B）Na KL23L23Auger spectra of  

Na－mOntmOrillonite excited by AIKcL radiation  
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Fig．4－4 Deconv0lutions of（A）mg ls and（B）74g  

KL23L23 Auger speCtra Of Mg～mOntmOri110nite  

exc土ヒed by AIK（1radlatlon  
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Ca2pl／2  
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Fig．4－5 Ca 2p spectrum of Carmontmorillonite excited  

by叫才Ⅹα 工adlatlon  
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Fig．4－6（A）Sr 3p3／2 and（B）Sr 3d spectra of Sr－  
rnontmoril10nite excited by AIK（ユ radiation  

Sr3p3／2SPeCtrumis accompanied by CIs sat－  
ellite peak excited by AIKcL3，4radiation・  

一 52 一   



T00  700  800  

81NDIHG【11ERGY／oV  

5g0  570  

KIHETIC EllERGY ′ ●V  

Fig・4－7（A）Ba3d and（B）Ba M4．5N45N45Auger spectra  

Of BaLmOntmOrillonite excited by AIKcL radia－  

tlon  
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Fig・4－8（A）Cd3dand（B｝CdM4，5N45N45Auger spectra  
Of Cd－mOnt∫nOrilユ0山te exciヒed by AIXαrad土a→  
tlon  
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4．3．1 Åtomic Co皿pOSltion  

The atomlc concent工ati．ons ln the mon亡mori＿110nl上e samples  

relative to AI Latomic ratios）obtained by XPS are givenin Table  

q
一
l
 
 

4－2． The average concentrations of Siand  

Catelayers of montmori110nite relative to   

in the aluminosili－  

Were 2．17 and O．22．  

respectively． The bulk concentra亡ions of Siand Mg relative to  

AIcalculated from the nominalcomposition of Kunipia F were 2．25  

and O．20，reSPeCtively，Which were consistent with the average  

COnCentrations obtained by XPS withinlO％． This result suggests  

that the bulk chemical composition is maintained at the surface  

Of the particle． Since Mg－mOntmOrillonite contains exchangeable  

M92＋10nSln addl亡10n tO the non－eXChangeable M92＋10nS aS COn－  

Stituents of the aluminosilicate layers，the atomic concentra－  

tion（0・34）of Mg relative to Alin MgLmOnヒmori110niteislarger  
than that（0．22）in other montmorillonites containing only non－  

exchangeable Mg2＋ions． Thus the difference（0．12）between the  

relaヒ1ve aヒOmic corユCent工、atioTIS Of 洞91n M9－mOntmO工1110nlte and  

in other montmorillonites is assiqned to the relative atomic 

Table 4－2 Atomic concentrations irl mOntmOrillonite  

Samples relatlve to Al（atomlc rat土os）  
determlned by XpS  

element llne Na一  山g－  Ca－  Sr一  石a－  Cd－  mean  

1  1  1  1  1  1  

2．13  2，24  2．25  2．11 2．13  2．17  
1
 
2
 
 

●
 
 

Al  ：≧p  

S1  2s  

M9 XL23L23   0．22 0．21 0．23 0．23 0．22b   
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0．11  

0．12  

a Rela亡1ve atomlc concentratlon of exchan9eable M9   

川．34（ヒ○亡alMg）－ 0・22（non－e】くChangeable M射 ＝ 0・12）・  

b Mean value for samples except for Mg－mOntrnOrillonite・  
C The sYrnb01‖－Hindicates 亡haヒTIO detectable peak of the elr   

ement was observedin the wide－SCan Phqtoelectron specヒrum  

（Flg．42（a）and（b）〉．  
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concentration of the exchangeable Mg2＋ionin Hg－mOntmOrillonite．  

L The atomic concentrations of exchangeable divalent cations  

relative to Alin the montmorillonite samples r∂nge from O．11t0  

0・15（mean ＝ 0．12）and are equalto approximately half the amount  

Of Na＋ionin Na－mOntmOri110nite・ The saTne quantity calculated  

from the CEC（0・99 mequiv・g，1）and the nominalcomposition of  

Kunlpia Fis O・12，Whichisin good agreement with the relative  

atomic concentration of exchangeable cation determined by XPS．  

The relative atomic concentration（0．15）found for Ba2十ion  

in Ba－mOntmOrilloniteis 25％1arger than the average value for  

the exchangeable divalent cations and requires comment． Adams  

and Evans used XPS to estimate the atomic concentrations of ex＿  

changeahle cations relative to Si in beidellite and reported that 

the relative atomic concentration of Ba2＋ionin Ba－beidellite  

was about 50％greater than that of Ca2＋ionin Ca－beidellite．77〉  

Preferentialexternalsurface adsorption of Ba2＋ion was sug－  

gested as an explanation for the excess Ba detected by XPS．77）  

The same phenomenon was observed for K－ and Pb－beide11ites．77）  

Although both beide11ite and montmorillonite are smectite clay  

minerals′ the deviation of the amount of Ba found by XPS from  
that calculated from the CECin this caseis not so pronounced  

as in their result． ＝t should be also noted that the Ba 3d  

Photoelectrons have relativelylow kinetic energies（about 700  

and470eV for AIKαand Mg KαeXCitation′ reSPeCtively）and that  

their escape depths are shallowr as compared with the escape  
depths of measured electrons of other exchangeable cations．  
Thus theintensity of the Ba 3dline 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. It may therefore he presumed that in this 

CaSe the preferentialexternalsurface adsorption of exchangeL  

able divalent cations 川g2＋，Ca2十．sr2＋，Ba2＋and Cd2十ions）  

does not occur and that they are held exclusivelY between the  
aluminosilicatelayers of montmorillonite．   

4・3・2 叫1s and R＝・23I・23Auger Spectra of Mg－JnOntmOrillonite  

Flgure4－4shows the机gls and KL23L23Auger spectra of机g－  

montmorillonite excited bY AIKα radiation・ They are broadin  

COTnparison with the Mgls and KIJ23L23 Auger spectra of montr  
mori110nite containing only nonLeXChangeable Mg2＋ion・ ＝n Mg－  
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montmorillonite′ the exchangeable and non－eXChangeable Mg2＋ions  

have different locations，i，e．the former exist between the alur  

minosilicatelayers while thelatter form one of the c〔）nStituents  

Of the aluminosilicatelaYerS． Accordingly，the broad character  

Of the spectra of Mg－mOntmOril10nite can be ascribed to the exis－  

tence of two kinds of Mg2＋ions・The observed Mgls and KL23L23  
Auger spec・tra Were eaCh deconv0lutedinto two components as f0l－  

lows・The Mg KL23L23Auger kinetic energy for the non－eXChange－  

able Mg2＋ion anditsintensity relative to the A12pline due  
to skeletal AI were determined for the montmorillonite samples  

which did not contain Mg2＋ions as exchangeable cations． The  

componeTlt Of the non－eXChangeable Mg2＋ions was thus subtracted  

from the壇g KL23L23Auger spectrum of Mg－mOntmOrillonite and the  

residualspectrum was assigned to the exchangeable Mg2＋ion・  

The result of the deconv01utionis shownin Fig．4－4． The rela－  

tiveinte∫】Sities of the two components were consistent with the  

atomic rati0 0f the non－eXChangeable skeletalMg2＋ion to the  

exchangeable cation as determined with other montmoril10nite  
Samples．  

The 壇glsline was also deconv0luted by the similar way but  
with readjustment of the intensitY factor of non－eXChangeable  

Hg2＋ion so thatlthe relativeintensitY Of the deconv0luted spec－  

tra became consistent with the Mg KL2jL23 Auger result, as the Mg 
Is intensity relative to the Al 2p line varied from sample to 

Sample． This variationis attributed to the shallow escape depth  
Of Mgls photoelectron，Which has fairly small kinetic energy  

（about180 eV）so that its intensity is very sensitive to the  

amount of surface contaminants． The deconv0luted Mgls spectra  

are als01ncludedln Flg．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，L．－4，4r5 and 4－6・ The measured starting materials  

for magnesium chloride and bromide were the hexahydrates・ How  

ever，the observed OIs peak heights for the cornpounds werelower  
than those expected for the hexahy（】rates，SOit was considered  

that the water of crystallization of these samples was partly  
lostin the high vacuum・ Theloss of the water of crysta11iza－  

tion w畠s als0 0bserved for XPS measurements of other halides・  
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Table 4－3 PhQtOelectrQn binding energies of Ca and Sr  

じOmpOunds  

co叩Ound  ca2p3／2／eV Sr3pl／2／ev  

fluoride（CaF2・SrF2）  349・2  

exchan9eable catlon  348．8  
1nl¶OntmOrlllonl亡e  

Chlorlde（CaC121  348・7   

0Xlde（CaO．SrO）  346．1  

a This value vas not able to be determined oving to o、′erlapplng Of   

Sで3pっ／2and C12sllnes・   

Table4－4 Mgls binding energies′ Mg KL23L23 Auger  

kinetic energies and ARe values of Mg  

COmpOU∫1d5  

COmpOUnd  M91s／ev  Mg KL23L23／ev  △Re／eva  

M9F2  

exchan9eable M9  
1n monヒmoご11lonlte   

non－eXChan9eable Mg  
ln montmorlllonl亡e   

MgC12・6H20   

封90   

M9Br2・6H20  

1306．5  

1305．3  

1303．8  

1304．8  

†303，9  

1305．3  

1176．8  

1179．0  

a△Re＝ほE川91sトKE川9KL23L23＝x一【BE（Mgls）◆XE㈹XL23L23）】輿け  

A chemicalstate p10t for 机gis shQWnin Fig・4－9． エn the  

Chemicalsta亡e pIotr the position of exchangeable Mg2＋ionin Mgr  
montmorillonite fa11s between the po岳itions of magnesium chlo－  
ride and fluoride． There are only smalldifferences（aboutleV  

Driess）in the Mg 7s bindiTlg energY be亡ween the exchangeable  
Mg2＋ion and magnesium halides．The differencesin the Mg  

KL23L23 Auger kinetic energy between the exchangeable Mg2＋ion  
and magnesium halides arelarger than the differencesin the Mg  

Is binding energy. Such larger differences in the Mg KL23L23 
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Table4－5 8a3d5／2binding energies・Ba MAN45N45Auger  
klnet土c energies and △Re values of Ba  
COmpOunds  

COmpOund  且a3d5／2／ev B包材4Ⅳ45Ⅳ45／ev ARe／eva  

BaF2  

exchan9eable Ba  
ln monヒmorillonl亡e   

BaC12・2H20   

もaO  

781．7  

781．2  

781．6  

779．7  

594．9  

595．2  

594．9  

597．8   

0．0  

－0，2  

－0．1  

0．9  

aARe＝【BE（Ba3d5′2）◆ⅩE（Ba町げ45N45）】x－【8E＝如l∃d5／2‥KE（由叫■叫5N45〉】ぬF2・  

Table4－6 Cd 3d5／2binding energies，Cd M4N45N45Auger  

kinetic energleS and ARe values of Cd  
COmpOunds  

CQmp。und  Cd叫／2／ev cd朗4Ⅳ45Ⅳ45／eV  △Re／eva  

CdF2  

e）．Chan9eable・Cd  
ln mon亡morlllonlte  

l  

CdC12・2乏H20  

C舶r2・4H20  

Cdエ2  

C（ヨ0  

406．0  

406．4  

405．7   

405．7   

405．8   

404．2  

378．2  

378．3  

379．8  

380．0   

380．5   

382．5  

1
 
 
1
 
 
つ
‘
 
 
2
 
 

a△Re＝［BE（Cd3d5／2l＋XE（CdM4N45N45）】x一【BE（Cd3d5／2）＋ⅩE（Cd川4N45N45）］cdF2・   

Auger kinetic energy maY be attributed to the effect of extra－  

atomic relaxation（see below）．   

In contrast to the position of exchangeable叶g2＋ionin the  

chernicalstate plotIthe position of nonLeXChangeable Mg2＋iont  
whichis surrounded by four O2－and tw00HriorlSin the alu－  

minosilicate layer of montmori110nite，is located close to the  

position of magrleSium oxide・ The Mgls bindirlg energies of  
the exchangeable and non－eXChangeable机g2＋ions are1305・3 and  

1303．8 eV．respectively．Itis apparent that thereis a differ－  

ence of more thanleVin the binding energy b（≧tWeen the two  
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Fig・4－9 chemicalstate p10t for Mg   

kinds of朗g2＋ions・The朗g KL23L23Auger kinetic energleS are  

l179・O eV for the exchangeable Mg2＋ion and1181．O eV for the  

non－eXChangeable Mg2＋ion・Thus the kinetic energy of the  

exchangeable Mg2＋ionis 2 eV smaller than that of the non－  

exchangeable one． Theselarge differencesin the electron ener－  

gies may be attributed to the effect of neighboring atoms′i．e．  

the flow of electronic charge to the Mg2＋ion and the extra－  

atomic relaxation from surrounding oxygen atoms are larger for 

the non－eXChangeable Mg2十ion．  

Chemicalstate plots for Ba and Cd are shownin Fig．4－10  

and4－11・The M4N45N45Augerlineis weaker than the M5N45N45  

Augerline butis chosen for the chemicalstate plots for Ba and  

Cd because the M5N45N45Augerlineis not sharp and therefore  
less suitable for a chemicalstate pIQt aS pOinted out previous－  
1y・59）chemicalshiftsintheBa3d5／2andM4N45N45Augerelec－  
tron energies of harium compounds are smaller than those in the 

Mgls and KL23L23 Auger electron energies of magnesium com－  
pounds′ and the proximity of the position of exchangeable Ba2＋  

ionin the chemicalstate plot to the positions of barium hal－  
idesis more pronounced・Thus the Ba M4N45N45Auger kinetic  
energy of the exchangeable Ba2＋ionin Ba－mOntmOrilloniteis  

Slightlylarger（0．3 eV）than the kinetic energies of barium  
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flu。rlde and chlorlde．AIso the dlfferenceln the Ba3d5／2blnd－  
ing energy between the exchangeable Ba2＋ion and barium halides  
is O．5 eV orless．On the other handlthere are differences of  

・・ 
∴、・ 

the case of the exchangeable Mg2＋ion andmagnesiumoxide・  
The che爪icalstate plot for Cd（Fig・4－11）shows a tendency  

similar to that for Mg（Fig・4－9）・ The differencesin the Cd  
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3d5／2 binding energY between cadmium halides and the exchange－  
able Cd2＋ionin Cd－mOntmOrillonite are small，Whereas the difL  
ferencesin the Cd M4N45N45Auger kinetic energy between cadmium  

halides and the exchangeable Cd2＋ion arelarger． The differ－  
enceinthe Cd3d5／2binding energy between the exchangeable Cd2＋  
ion and cadmium fluorideis small（0・4eV）・AIso the Cd M4N45N45  
kinetic energy of the exchangeable Cd2＋ionis approximately  
equalto that of cadmium fluoride． On the other hand．thereis  

alarge difference（2・2 eV）in the Cd 3d5／2 binding energy be－  

tween the exchangeable Cd2＋ion and cadmium oxide′ and the Cd  
M4N45N45Auger kinetic energy of exchangeable Cd2＋ionis sig－  
nificantly smaller（4．2 eV）than that of cadmium oxide．  

In the XPS measurements of calcium compoundsl the Ca  

L23M23M23Augerlineis observed butis not veryintense・ Fur－  
thermoreritis difficult to determineits precise peak position  

becauSe the Ca L23MZ3M23 Au4er spectrum is complex and its shape 
Varies from compound to cornpound・ Neitheris anintense Sr Auger  
line observedin the xpS measurements of strontium coITLpOunds・  
Therefore only photoelectron binding energleS Of exchangeable  

Ca2＋and Sr2＋ionsin montmorillonite were compared with those of  
Calcium and strontium compounds・ The measured Ca 2p3／2 and Sr  
3p3／2 binding energies are shownin Table 4－3・In those cases  
alsolthe differences in the photoelectron biTIding energleS  

between the exchangeable cations in montmorillonite and the  

COrreSPOnding halides are sma11．whereas the differences in the  

photoelectron binding energleS between the exchangeable cations  

and the corresponding oxides arelarge．  

By the use of Eq．（11）in Chapter 2，the differencesin the  

extra－atOmic relaxation energleS Of Mg2十IBa2＋and Cd2＋ions  
between fluorides and other compounds were calculated． The  

Calculated extra－atOmic relaxation energy differences（△Re）are  
includedin Tables4－4・4－5and4－6・The△Re values of exchange－  
able Mg2＋ and Cd2＋ionsin montmorillonite areintermediate  
beヒween those of the corresponding fluorides and chlorides． The  

overa11variation of△Revalue of Ba2＋ionamong barium compounds  
is smaller than that of△Re values of Mg2＋and Cd2＋ions and the  
△Re value of exchangeable Ba2＋ionin Ba－mOntmOrilloniteis ap－  
PrOXimately the saTne aS the △Re values of barium fluoride and  
Chloride（△Re巴 0）・tn addition，the△Re values of exchangeable  
Mg2＋′ Cd2＋and Ba2＋ions are smaller（aboutleV or more）than  
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those of the corresponding o】くides． Thus the effect of extra＿  

atomic relaxation for the exchangeable Mg2＋（Cd2＋ and Ba2十ions  
in montmorilloniteis comparable to that for the same cationsin  

the corresponding fluorides and chlorides but not so strong as  

that for the same cationsin the corresponding oxides． This  

result suggests that these exchangeable cations in montmorillor  

nite are not subject to the strong extraLatOmic relaxation from  

the O2Lions which constitute the aluhinosilicatelayers of  
montmorillonite． On the other hand，itis considered that the  

non－eXChangeable Mg2＋ionin the aluminosilicatelayeris more  
Subject to the extra－atOmic relaxation than the exchangeable  

Mg2＋ion′aSindicated by the△Re value of the non－eXChangeable  
Mg2＋ion whichis O・5eVlarger than that of the exchangeable  
One． The effect of extraLatOmic relaxation for the non－eX＿  

changeable Mg2＋ion．however，is not so strong as that for the  
Mg2＋ionin magnesium oxide because the△Re value of the non－  
exchangeable Mg2＋ionis smaller by O・4eV than that of the Mg2＋  
ionin rrLagneSium oxide．  

4．4 CONCI－US工ONS  

The bonding state of exchangeable alkaline earth and cadmi－  

um cations between the aluminosilicate layers of montmorillonite 
is coJTIParable to the bonding state of the cationsin the typl－  

Ca11yionic 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＋ionin  
montmorillonite by XPS（See Chapter 3）． These results indicate  

that the exchangeable cations are not strongly influenced by the 
negative charge of the O2－ionsin the mohtmorillonitelattice．  

The present result can be compared with XPS measurements on  

Ze01ite which also h01ds exchangeable cations to compensate the  

negative charge orlglnating from the replacement of Si4＋ion with  
A13＋ionin thelattice・＝t has been shown by XPS that the ex－  

Changeable metalcationsin ze01ite also have a highly ionic  

bonding character．81′82）Thereforeitis suggested that the  

exchangeable cations which compensate the negative charge origi- 

nating fromisomorphic substitutionin the silicate minerals form  

nearly pureionic bonds with the minerals．  
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CHAPTER  
5  

EFFECT OF HEATING ON MONTMORILLONJTE AND KAOLINITE  

5．1 工NTRODUCT工ON  

The structuralchange of clay minerals．such as montmorillo－  

nite and kaolinite，On heating has been investigated for many  

years．2） Montmori110niteis a smectite mineraland h01ds ex－  

Changeable cations with interlayer water between the alumino－  

Silicate layers． The structure of montrrLOrillonite is shown in  

Chapter 4（Fig．4－1）． Montmori110nitelosesinterlaYer Water at  

lOOL2000c′ dehYdroxylates at 500－8000c and undergoes the struc－  

turalco11apse and recrystallization at800－10000c・2）The ther－  
mochemical properties of montmorillonite substantially depend on 

the nature ofits exchangeable cations．2）The major crystalline  

PrOducts formed by the recrYStallization of montmorillonite at  

high temperatures have beenidentified as quartz．cristobalite，  

Splnel．rnullite and cordierite by means of X－ray pOWder diffrac－  

tion（XRD）．2，83）These crystalline products contain Si4十．A13十′  

Mg2＋and O2－ions．but no cations which are contained as exr  

changeable cationsin montmori110nite． The exchangeable cations  

may therefore be incorporated into noncrystalline materials  

f0110Wing the recrysta11ization step，but little information is  

available about bonding changes of the exchangeable cations in  

montmorlllonl亡e on heatln9．  

00  ●Si  

●OH   ◎AI   

Fig．5－1 Structure of kaolinite  
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Raoliniteis a tYplCalkaolin mineralandits structureis  
shownin Fig．5－1．Kaolinite dehydroxylates at400－8000c・2）The  

dehydroxYlated materialis called metakaolin which has no we11－  
defined structure． BrindleY and Nakahira proposed a structural  
model for metaka01in on the basis of a single－CryStalX－ray  

diffraction measurement．84）MacKenzie et al．recentlyinvestiA  

gated the structural change of kaolinite on heating by means of 
29siand27AIsolid－State NMR85，86）and proposed a new structur－  

almod苧1for metakaolin．85）According to their modellthe dehY－  

droxylationisincomplete and OH‾ions remain partlyin the  
structure of metaka01in．85）Mulliteis formed by the recrYStal－  

1ization of metakaolin at 900－10000c and cristobalite appears at  
about13000c．2）＝n addition to mullite′ the crystalline product  

which has a spinel－tyPe StruCture apPearS at 900－10000c・2，86）  
This product was considered to be －Y－alumina or SiLCOntaining  

spinel．2，87）The recent result of an NMR measurementindicated  

that the formatlon of Y－alu－nlnals morelikely 亡han 亡hat of Sl－  

containing spinel・86）Aluminiumionsin kaolinite are octahed－  

rally c00rdinated（four O＝r and tw002－ions）′ Whileitis con－  

sidered that the c00rdination number of A13＋ionsin ka01inite  
changes from 6 t0 4with the dehydroxylation・i・e・the formation  

of metaka01in．85）Mullite and Y－alumina have both tetrahedrally  

and octahedrally c00rdinated A13＋ions・Thusitis presumed  
that the bonding state of A13＋ionsin ka01inite drastica11Y  
changes on heating．  

XPSis a convenient to01forinvestigating thermal changes  
of silicate rninerals becauseitis applicable to both noncrystal－  
1ine and crystalline materials・ However，attemPtS have scarcely  

been made toinvestigate thermalchanges of clay minerals by the  
use of XPS． Cobalt 2p and Auger spectra of calcined cobalt－  

ka01inite materials were measured bY Di11ard et al・ 88）＝n this  

chapterlthe effect of heating on the surface elementalcomposi－  
tion and on the bonding state（⊃f exchangeable cations in mont－  

morillonite and A13十ionsin ka01inite wi11be reported on the  

basIs of XPS and XRD data．  
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5－2  EXpER工出ENTAI  

The sources of montmorillonite，ka01inite and other mineral  

samples are describedin Chapter 3・ The montmorillonite saITtple  

（Kunipia F）was trarlSformed to Na－mOntmOrillonite containing  

only Na＋ions as exchangeable cations（see Chapter 4）・ Samples  

containing exchangeable Na十and K＋ions were prepared by the cat－  

ion exchange of Na－mOntmOril10nite which was suspendedin 2・5 and  

lOO mmoldm－3KNO3aqueOuS S0lutions for40－50h for the prepara－  
tion of Na／K－mOntmOri110nite containing both Na＋ and K＋ions  

（K／Na atomic ratio ＝ 0．73，See Table 5－1）and of KLmOntmOrillo－  

nite（the exchange of Na＋ions to K＋ions was not complete．see  

Table 5－1），reSpeCtively， After the cation exchange，the mont－  

mori110nite was separated from the s0lution by centrifuglng，  

washed by resuspendingitin distilled water，SeParated again by  

Centrifuglngland freeze－dried・ The montmorillonite was heated  

in a platinum cruciblein an electric furnace forlh atllOOOc・  

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 concentrar  

tions of cations in two heated samples of Na／K－mOntmOrillonite  

preparedindependently 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 withinlO％． The relative concentrations of Na and K of two  

Samples differed by 24％ and14％，reSpeCtively． The error caused  

by the sample preparation was therefore not more than 30％・  

Th■e ka01inite sample（ASPlOO）was used without pretreat－  

ment．It was heated forlh at 600′ 800，1000 0rllOOOcin a  

similar manner as that for the montmorillonite sample． The  

heated samples of ka01inite were obtained as powder・  

The structural change of the montmorillonite and kaolinite 

Samples on heating was checked by the thermogravimetric analysis  

（TG）and differentialthermalanalysis（DTA）． TG and DTA curves  

were recorded simultaneously using a Rigaku Thermoflex therITtal  

analYTLer at a heating rate oflOOc min－1・XRD meaSurementS Were  

Carried out by the use of a Rigaku RAD一工工A powder diffractometer  

with a Cu KαX－ray SOurCe′ Operated at40kV and25mA・Powdered  
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samples were placed on glass sample h01ders・ The XRD pattems  
were recorded over a 20 range of 20 to 90O and compared with the  
JCPDS mineralpowder diffraction file・89）  

5．3 RESt】もTS AHD D工SCUSS工Otl  

5．3．1 Montmorillonite  

The TG and DTA curves of Na／K－mOntrrLOril10nite are shownin  

Fig．5－2，They show weightloss and endothermic peaks due to the  

loss ofinterlayer water and the dehydroxylation at aboutlOO and  

6500c，reSpeCtively．At a high temperature（900－10000c），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 structuralc01lapse and recrystallization．2）The  
TG and DTA curves of Nar and 王く－mOntmOri110nites were also simi，  

1ar to those of Na／K－mOntmOril10nite． Thusitis considered  

that the heated samples of montmori110nites atllOOOc have re－  

crystallized structures．  

The wideLSCan X－raY photoelectron spectrum of unheated Na／K－  

montmorilloniteis shownirlFig．5－3． The electron emissior土▲  

lines due tQ the constituent elements of the montmc．ri110nite and  

400  800  800  1000  1200  
TEMPERATURE／OC  

0  200  

Fig．5－2 TG and DTA curves Of Na／K－mOn亡morlllonlte  
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Fig．5－3 Wide－SCan XLray Photoelectron spectrum of  

Na／X－mOnt爪Orillonlte exciヒed by AI Kα  

radi．atiOn  

to carbon atoms of organic compounds present as surface contarni－  

nants were observed in the spectrum． Although the same lines  

Ⅵere Observedin the spectrum of the heated sample．the relative  

intensities of the lines of the unheated and heated samples were 

differer】t． ＝n generaユ，the absoユute spec亡ralintensities of a  

heated sample of montmorillonite are weaker than those of un－  

heated montmori110nite because the heated sample is coarse and  

its surface area is smaller than that of the unheated sample．  

The spectralchanges of exchangeable cationsin Na／K－mOntmOrillo－  

nite on heating（Nals・Na KIJ23L23 Auger and K 2p）are shownin  
Flg．5－4 and 5－5．  

The XRD patterns（Fig．5－6）showed that the heated saETIPle of  

Na－m⊂〉ntmO】二ill⊂）nite containea more cristobalite than that of Na／Kr  

montmori110nite， No XRD line of cristobalite was observed in the  

Pattern Of the heated sample of K－mOntmOrillonite． 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 comparableinten－  

Sities． Cristobalite，SPineland mu11ite detected by XRD con－  

tain essentia11y no Na＋ and K＋ions・ Consequently，Na＋ and K十  

iQnS are prObably containedin the noncrystalline materiallthe  
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9g2  g87  982  

KINETIC ENERGY ／ eV  

10¢7  1072  1077  

81NDING ENERGY／○∨  

Fi9・5－4 Nals and KL23L23 Auger spectra of（A）un－  

heated and（B）heated samples of Na／K－mOntL  

mori110nite excited by AlIくQ radiation  

Theintensity scale of Na KL23L23Auger spec－  

trals expanded tlヾ1ce．  

290  295  300  

B州DIN（；EHERGY／OV   

Fig．5－5 K 2p spectra of（A）unheated and（B）heated  

samples of Na／X－mOntmOrillonlte exc土ted by AI  

Kαradlatlon  

Theintensity scale of the spectrurn of heated  

sampleis expan（］ed twice．  
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Fig．5－6 X－RaY pOWder diffractions of heated sarnples  

Of Na－．Na／X－ andI（－mOntmOrllloniヒes  

presence of which is evidenced by the broad hump in the XRD 

pattern between 20 ＝100 and 400．  

Table 5－1 shows the elemental composition of sample sur－  

faces determined by XPS．The sum of the amounts of Si4＋lA13＋l  
Mg2＋r Na十and K＋ionsin each sampleis taken asIOO％ and the  

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

Surface composition of three unheated montmorillonites was conL  

Sistent with each other． Within experimentalerrors．the surface  

COnCentごatlons o王 Si．．Al and 机g ln threelユnheated samples were  

59．5，27．6 and 5．8％，reSPeCtively． The bulk at＿Omic concentI‾a－  

tions of these elements calculated from the cation exchange  

capacity（0・99 mequiv，g－1（See Chapter 4））and the nominal  

COmPOSition of Kunipia F（see Chapter 4）were as f0110WS：Si，  

61．1％；Al．27．2％；Mg，5．4％． The surface and bulk values differed  

by not more thanlO％． 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 difL  
ference between two values was also within the unc・ertainty of  

the XPS method・Accordinglylthe preferentialadsorption of Na十  

and K＋ions on the outer surface of montmorillonite did not seem  

to be slgnificant and these cations appeared to be held mostly  
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Table 5－1 Surface composl亡ion of montmorllエonite sam－  

Ples determined by XPS  

sample  sI  Al  叫  Na  lく  

unhea亡ed ≡，ample  

Na－mOntmOrllloni亡e  

Na／Ⅹ－m（】nヒmorlllonlte  

R－mOn亡morillonl亡e   

heated sample（11000c）  

Na－mOntmOご1110nlte  

Na／K－m（〉n亡mor⊥1loni亡e  

K－mOn亡爪Orlllonlte  
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Values are relative concent＿rations（atomic ％）of cations．I，ine5 uSed for  

Calculatlon are S12s′ A12p′川9KL23L23Au9er′Na KL23L23Au9er and K2p・  

between the montmori110nitelayers・ This result was consistent  

With that for the exchangeable divalent cations（see Chapter 4）－  

Orlthe other hand．the surface composition of each heated  

Sample was not the sahe as thatr of the correspondlng unheated  

SamPle，nOr did the surface compositions of three heated samples  

agree． A common trend′ however，WaS nOtedin the change of the  

Surface composition with heating（see Table 5－1）． The surface  

COnCentration of Sidecreased，Whereas the surface concentrations  

of Aland P4gincreased on heating・ Although the Na＋ and K＋ions  

in montmori110nite are both exchangeable．the surface coneentra－  

tion of Naincreased，but that of K decreased on heating． These  

results suqgest that the elemental distribution with depth of the 

montrrLOril10nite grain becomes heterogeneous as the montmorillo－  

niteis de5trOyed and recrystallizes atllOOOc，  

The Nals birlding energleS and KL23L23 Auger kinetic ener－  

gleS Of montI¶Orillonite samples and other compounds are sh⊂，Wnin  

Table 5－2． A11the electron energleS Of the three unheated mont－  

morillonites are identical within experimental errors． The  

differences in the electron energies between the unheated and  

heated samPles of rnontmorillonite are Small・ The Nals binding  
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Table 5－2 Nals blndlng energles and 軋2ヨL23 Auger kト  

netic energies of montmorillonite samples and  

oヒher compounds  

COmpOund  Nals／eV  Na KL23L23／ev  

unheated sample   

Na－mOnヒ爪Orlllonl亡e   

Na／K－mOntmO】▲1110nite   

K－mCnヒmorlllonlte  

heated sample（11000c）   

Na－mOntmOrlllonlte   

Na／K－mOn亡morlllonlte   

K－mOn亡morlllonl亡e  

Naア  

NaCI  

NaBr   

analclte  

albi．te  

1072．7   

1072．6  

1072．5  

1072．3   

1072．1  

1072．1  

1072．7  

1072．8  

1072．5   

1072，9  

1072，2  

energleS Of the heated samples． however， are Slightly smaller  

than those of the unheatea 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  

Wi亡h とhose of oとわer compoundsis shownin a chem土Calsta亡e plot  

for Na（Fig．5－7）． As pointed outin Chapter 3，the positions of  

the exchangeable Na＋ions of montmori110nite and analcitein the  

Chemicalstate plot fallbetween those of typicallyionic sodium  
chloride and fluoride・ The position of Na＋ionin the heated  

sample of montmorillonite shif亡s close to that of Na十ionin  

albite・ Accordingly，by the destruGtion of the montmoril10nite  

laYer StruCture，Na＋ionis probablyincorporatedinto a noncrys－  

talline material having a network structure similar to that of  

albl亡e．  

The K 2p3／2 binding energies are shownin Table 5－3・ The  

K2p3／2binding energies of two unheated爪OntmOrillonites′ Which  

are the same within experimentalerrors．are sma11er than those  

Of potassiuITt fluoride and close to those of potassium chloride  

and bromide and orthoclase． Potassiumion，the radius of which  

islarger than that of Na＋ion，tends to be fixed between the  
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Flg．5－7 Chemlcals亡ate plot for Na  

◇．unheated montmorillonite；  

Sample of montmorlllonlte；  

COmpOurld．  

◆． heated  

●． 0ther  

Table5r3 K 2p3／2 binding energies of montmorillonite  

Samples and other compounds  

COmpOund  R2p3／2／ev  

unheated sample   

Na／K－mOntmOrlllonlte   

K－mOntmOrillon］亡e  

heated sa爪ple   

Na／K－mOntmOrlllonlt二e   

K－mOn亡morlllonlte  

KF   

KCI   

KBr  

or仁hoclase  

phl090plte  
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aluminosilicatelayers of clay minerals●  Thus the tく＋ions in  

montmorillonite appear to be more subject to screening and relax－  

ation in the photoionization process by the negative charge on  

the aluminosilicatelayer than the Na十ionsin montmorillonite．  

This effectlowers the K 2p3／2 binding energY andis more pro－  

nouncedin ph10gOPite because the K＋ionsin phlogopite are com－  

Pletely fixed between the aluminosilicatelayers・ This fixation  

Of K十ions explains why the K2p3／2binding energies of unheated  

montmorillonite and phlogopite can be smaller than the binaing  

energy of orthoclase，Whereas the Nals binding energY Of un－  

heated montmorillorlite is larger than that of albite． Although  

the K2p3／2binding energy difference between the unheated mont－  

morillonite and orthoclaseis small・theincreasein the K2p3／2  

binding energy of montmori110nite on heating suggests that the  

K＋ionisincorporatedinto the feldspar－1ike noncrystalline  
materialin the same manner as Na＋ion．  

5．3．2 Kaolinite  

The TG and DTA curves of ka01inite are shownin Fig．5－8．  

They show anintense endothermic reaction at about 5000c・ This  
reaction corresponds to the dehydroxylation（the formation of  

0  200  400  800  800  1000   1200  
TEl虞PERÅTURE／Oc  

Fig．5－8 TG and DTA curves of kaolinite  
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metaka01in）． The DTA curveindicates an exothermic peak（］ue to  

the recrystallization of metaka01in at aboutlOOOOc．  

The wide－SCan X－ray Photoelectron spectrum of unheated kao－  

1initeis shownin Fig．5－9． Allthe spectra of heated samples  

Of ka01inite are similar to that of unheated sample． Because the  

AIKIJ23L23 Auger electron excited by bremsstrahlung has a very  

high kinetic energy（about1390 eV），its peak appearsin the  

negative binding energy reglOn Of the spectrum obtained by the  

use of Mg Kα X－raY SOurCe andis not foundin the spectrum shown  

in Fig・5－9・The A12p and XL23L23Auger spectra of unheated and  

heated samples of kaolinite are shownin Fig．5rlO．  

Figure 5－11shows the XRD patterns of the heated samples of  

ka01inite・ XRDlines of anatase（TiO2）were observed for a11  
the heated samples． Anatase may be contained in the original  

ka01inite sample as an impurity though the lines of anatase  

CannOt be found in the XRD pattern of unheated ka01inite due  

to the interference of the intense lines of ka01inite．  ＝t is  

reveale（ヨ by the thermal ar】alYSis that the】くaOlinite samples  

heated at 600 and 8000c become metaka01in． The XRD patterns  

Of metaka01in samples（Fig．5－11）showed that no crYStalline  

matter ex．cept for anatase is contained in these samples． As  

0  200  400  600  800  

B州DING ENERGY／OV  

Fig．5－9 Wide－SCan X－raY photoelectrcn spectrum of  

kaolinite excited bY Mg Kαradiation  
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SpeCtra Of ka011nlte  

radiation 

（B） heated sample  

1390  1〇85  1880  
KINETIC EN亡RGY ノ OV   

Flg・5－10A12p andlく⊥23工・23 Auger  

Samples exclted by Mg K  

（A） unheated sample，  

（6000c），（C〉 heated sample（800Oc），（D）  

heated sample（1000Cc）．（E）heated sample  

（11000c）・TheintensitY SCale of AIKL23L23  

Auger spectrais expanded eight times．  

50  60  70  10  20  30  40  
20／O   

F19．5－11X－Ray powder diffrac亡lons of kaollnlte  

samples heaヒed a亡 6000c′ 8000c110000c and  

llOOOc  
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in the case of the heated sample of montmori110nite，the broad  

humpin their XRD patterns betweenlOO and 400in 28due tO the  

noncrystalline materialwas observed・ Thus the metaka01ins  
formed by heating at 600 and 8000c have no we11－defined struc－  

ture． The XRD patterns of kaolinite samples heated atlOOO and  

llOOOc（Fig．5－11）showed that mullite and Y－alumina are formed  

of metaka01in． However，the noncrysL  

contained in the recrystallized sample  

remains in the XRD pattern after the  

itis considered that part of Si4＋ions  

residualSi4＋ions are containedin the  

The A13＋ions which do not existin the  

he also contained in the noncrystalline 

by the recrystallization  

talllne materlal ls also  

because the broad hump  

recrystalllzatlon． Thus  

exist in mullite and the  

noncrystalline material．  

CrySta11ine productsITtay  

mater⊥al．  

The surface composition of the kaoliI－ite samplesis shownin  

Table 5－4． The constituent cations of the ka01inite lattice are  

only Si4＋and A13＋ionsIand hence the surface compositionis ex－  
pressed in terms of the relative concentrations（atomic ％）of  
these two cations， The surface conCentrations of both Si and  

A10f a11the ka01inite samples are approximately constant and  

agreed with the values（50％ for both cations）calculated from the  

formalcomposition of ka01inite vithin experimentalerrors・ Con－  
SequentlyIthe surface concentration of cations of kaolinite re－  

mains almost unchanged during the heating． This result suggests  

that oxYgen COntent in kaolinite decreases by dehYdroxylation，  

hut the elemental distribution with depth of the heated kaolinite 

Table 5－4 Surface conlPOSition of kaolinite sarnples de一  

亡ermlned by xps  

unhea亡ed s鋸叩1e  

heated sample（6000c）  

heated 5ample（800’c）  

heated sample（10000c）  

heated sa爪ple（11000c）  

5
 
0
 
8
 
0
 
1
 
 

Values are relative concentration5（atomic u of cations． Lines  

used for calculation are Si2s and A12p．  
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grainis maintained homogeneous・  

The Al 2p and KL2JL23 Auger electron energies and the 
extra－atOmic relaxation energy differences（△Re）arelistedin  

Table5－5・The△Re values for A13＋ion between phlogopite and  
other minerals were calculated by the use of Eq・（11）in Chapter  

2・Chemicalshiftsin the A12p and KL23L23Auger electron enerL  

gleS Of the ka01inite samples are small・ A comparison of A12p  

and KL23L23Auger electron energiesis shownin a chemicalstate  
plot for Al（Fig・5－12）・The AIKL23L23 Auger kinetic energies  

of the samples heated at 600and800Oc（metaka01in）are slightlY  

smaller than the kinetic energy of unheated ka01inite and close  

to the kinetic energies of feldspars（albite．0rthoclase and  

anorthite）． The positions of the kaolinite samples recrystal－  

1ized atlOOO andllOOOcin the chemicalstate p10t differ from  

those of metakaolin. The Al KL23L23 Auger kinetic energies of 
recrystallized samples are slightly larger than the kinetic 

Table5－5 A12p binding energies，AIKL23I・23 Auger kir  

netic energies and △Re Values of ka01inite  

SamPles and other silicate minerals  

compound  A12p／ev  AIKL23IJ23／ev  △Re／eva  

ka011nlte  

unhea亡ed sample   

heate（isampユe r6000cI   

hea亡ed sample t8000c）   

heated sample ＝0000c）   

hea亡ed sample（11000c）  

phl090pl亡e   

albite  

Or亡hocユase   

anorthlte   

montmorlllonlヒe   

alman（】1ne  

1387．0   

†386．5   

1386，4  

1387．0  

1386．7  

1387，4  

1386．5  

†386．5  

1386．5  

1387．3  

1388．0  
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energy of metakaolin although the Al 2p binding energies of 

recrYStallized ka01inite saTnPles are approximatelY equalto the  

binding energy of metaka01in． This kinetic energY Shift is  

COnSidered to be due to the change of c00rdination number as  

dlscussed below．  
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A12p B川DING EHERGY／●V  

F19．5－12 Chemlcalstate ploヒ foご Al  

0． kaolinite sample； ●′ Other mineral．  

Kaolinite samples are（1）unheated sample′  
（2）heated sample（6000c），（3）heated sarnple  

180QOc）．14）heaヒed sample1100DOc）and15）  

heated sample（11000c）．  

It has been pointed out by Wagner et al．17）that the sum of  

the A12p binding energy and AIKL23L23Auger kinetic energy for  
tetrahedrally coordinated A13＋ionsin the silicate mineralsis  
smaller than that for octahedrally c00rdinated A13＋ions・In  

Other words，the extra－atOmic relaxation energy for the fo】：mer  

A13＋ionis smaller than that for thelatter．As shownin Table  

5－5・the△Re values（0・7－1・2eV）of octahedrallY COOrdinated  

A13＋ions（almandine．ka01inite and montmorillonite）arelarger  

than those（0．OLO．2 eVIof tetrahedrallY C00rdinated ones（phlog－  

opite′ albite，Orthoclase and anorthite）・ This tendency for  

the aRe value is consistent with the result obtained by Wagner 
et al． 17）and reflects that the electronic environment of an  
octahedrallY C00rdinated A13＋ionis more polarizable than that  

一 78－   



Of a tetrahedra11y coordinated one． Thusitis considered that  

theincreasing c00rdination number causes theincreasing flow of  
electronic charge toward the A13＋ion from the c00rdinated an－  

ionsin the Auger transition．  

The change of △Re value of kaolinite on heating was not  

pronounced・ But the △Re values of the kaolinite samples heated  

at 600 and 8OODc are slightlY Smaller than the value of unheated  
kaolinite・ ＝tis presumed from this variationin the △Re value  

that the c00rdination number changes from 6 to 4 with the forma－  
tion of metakaolin． However，it is considered that both 4r and  

6－COOrdinated A13＋ions are present as a mixturein metaka01in  

because the △Re values of metaka01ins are not so smallas those  

Of phlogopite and feldspars． This resultisl＝OnSistent with the  

structuralmodelfor metaka01in proposed bY MacKenzie et al．85）  

The △Re values of the ka01inite samples recrystallized at1000  

andllOOOc arelarger than those of metaka01ins and close to  
those of ka01inite． montmorillonite and almandine． Therefore  

many A13＋ions Tnay be c0Ordinated octahedrallyin the recrystal－  

1ized sample of ka01inite although both octahedrally．and tetra  
hedrally c00rdinated A13十ions existin mullite and Y－alumina．  

Perhaps this result suggests that the A13＋ionsin the non－  

CrYStalline materialof the recrystallized sample are mainlyin  

OCtahedral c00rdination．  

5．4 CONCI．US工ONS  

Based on theinformation obtained by XPS and XRD，the struc－  

tural change of montmorillonite and kaolinite on heating was 

COnSidered． The recrystallization scheme of montmorillonite  

heated atllOOOcis proposed as f0110WS． For NaLmOntmOrillo－  

nitelCristobalitelSplneland mullite are formed and Na＋ionis  

excluded to a noncrystalline material． Cristobalite probably  

OCCupleS theinner part of the grain and Na－rich noncrystalline  

爪aとerialis se9reすaとe（］亡o tわe ouとer paヱ・亡． 工n fトCOn亡ainin9 mOnト  

morillonite． the crystallizatiQn Of cristobalite is hindered，  

presumably because of the stronger binding of K＋ions to the  

Silicate layers・ Potassium－COntaining noncrystalline rnaterial  

remains in the inner part of the grain，Whereas Na，COntaining  

noncrystalline materialis segregated to the outer part・  
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For ka01inite，the fol10Wing scheme of structuralchange on  

heatingis proposed． When metaka01inis formed by the dehy－  

droxylation，thelayered structure of kaoliniteis distorted and  

the c00rdinatiQn number of A13＋ions changes from 6 to 4 with  

the reaction（20H－→02－＋H20）・However，the change of the  
C00rdination numberisincomplete and both 4－ and 6－C00rdinated  

A13＋ions are presentin metaka01in which has no well－defined  

structure．AbovelOOOOc．mulll上e and Y－alumina are formed by the  

recrystallization of metaka01in． The noncrystalline material  
also exists in the recrysta11ized ka01inite． The c00rdination  

nurnber of A13＋ionin the noncrystalline materialis mainly 6・  

＝n contrast to montmorillonite， the elerrLental distribution in  

kaolinite grain is approximately maintained homogeneous during  

the heatln9．  
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CONCLUS10NS  

Ⅹ一Ray photoelectron spectroscopy（XPS）has been applied to  

the non－destructive analysis of silicate mineralsin this study．  

The surface composition of the minerals has been calculated from  
the areaintensities of photoelectron and X－rayinduced Auger  
electron spectra・ Theinformation concerning the bonding states  

Of the constituent elements of the minerals has been ob亡alned  
from the chemicalshiftsin the photoelectron binding energies  
and Auger electron kinetic energies．  

The relative surface atomic concentrations of elements，  
except for oxygen，in the silicate minerals deternined by XPS are  

in agreement with the relative bulk atomic concentrations． The  

relative surface atomic concentrations of the e】くChangeable cat－  

ions in montmori1lonite are also consistent with the cation ex－  

Change capacity of montmorillonite・ Therefore the bulk c⊂〉mPOSi－  

tion is approximately maintained in the surface of silicate  

mineral・ The relative atomic concentration of oxygenin the  

Surfaceis larger than thatin the bulk． The excess of surface  

OXygen atOmS is considered to be attributable to surface OH▼ion  

and／or adsorbed H20・  

sll土ca亡e miれerals are 爪†ade of frameworks of S土4＋ and O2－  

ions・ A part of Si4＋ionsin some minerals are replaced with  

A13十ions（tetrahedra11Y C00rdinated A13＋ions）・The systematic  
shifts of the photoelectron binding energies of Si4＋′ 02－ and  

tetrahedrally c00rdinated A13十ionsin the silicate framework  

have been observed・ This result suggests that the negative  

Charge on the framework is delocalized over these ions． On the  

Other handlitis deduced from the pho亡Oelectron binding energleS  
and Auger electron kinetic energleS that the Fe2＋，OCtahedrally  

coordinated A13＋and Mg2十ionsin the silicate minerals are not  

Subject to strong effect frorn the negative charge on the sili－  
Cateframework．   

It has been found that the Fe2p spectra of Fe2＋and Fe3十  

ionsin the silicate rninerals are accompanied by the character－  
istic satellite peaksindividuallY． rt has been als0 Observed  
that the Fe2p3／2binding energy of the Fe3＋ionis higher than  
that of the Fe2十ion．These resultsindicate that the oxidation  

state of Feion（Fe2＋or Fe3＋）in the silicate mineralsis deteト  

ー 81   



minable on the basis of the satellite structure and the binding  

energY Shift of Fe 2p spectrum．  

A comparison of the photoelectron・binding energleS and Auger  

electron kinetic energleS Of the exchangeable Na＋，Cd2＋and alkar  

line earth cations in montmoril10nite with those of the reference  

COmPOunds（halides and oxides）has shown that the bonding state  

Of these exchangeable cations is comparable to that of corre－  

sponding cations in typically ionic compounds such as fluorides 

arld chlorides・ 工n contrast to the bonding state of the exchange－  

able Mg2＋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 Mgls and KL23L23Auger electron energleS・  

The exchangeable K＋ions tend to be fixed between the alumi－  

nosilicate layers of claY minerals． It is deduced from a comp  

parison of the electron energleS Of K＋ and Na十ionsin various  

COmpOunds that the exchangeable K＋ionin montmoril10niteis  

more subject to effect from negative charge on the alumino－  

Silicate layer than the exchangeable・Na＋ion． This effectis  

COnSidered to be more pronounced for K＋ionin phlogopite which  

is not exchangeable but completely fixed between the aluminosili－  

Catelayers because the K2p3／2 binding energy of phlogopiteis  

Smaller than that of montmorillonite．  

The surface composition of unheated montmori110nite con－  

taining exchangeable Na＋ and K＋ionsis consistent with the bulk  

COmpOSitionlbut after the sampleis recrystallized atllOOOcr  

the surface concentration of Naincreases．whereas that of K  

decreases・Because Na＋ and K＋ions are not presentin the high  

temperature crysta11ine products，this behavior suggests that a  

noncrYStalline materialis separated from the crystalline prod－  

ucts・ The Nals and KL23L23 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 montr  

morilloniteis also comparable with that of the feldspar（Orthor  

clase）． These results suggest that the Na＋ and K＋ions are  

incorporatedinto the feldspar－1ike noncrystalline materials．  

＝n contrast to montmorillonite，the elemental distribution  

in kaolinite grain is approximately maintained homogeneous during 

the heating・Itis deduced from the A12p and KL23L23 Auger  

electron energy changes on heating that the coordination number  

of A13＋ionin ka01inite changes from6 t04with the formation  
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Of metaka01in and the recrystallized ka01inite contains 6－C0Ordir  

naヒed A13＋ions土n亡he noncrys亡all土ne prOduct－  
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Alist of references concerning the environmentaland geochemical  

appllcatlons of XPS  
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ケイ醸塩鉱物研究へのⅩ纏光電子分光法の応用  

淵山春彦－・相馬光之l   

ケイ轍塩鉱物は土壌や鹿賀ばかりでなく大気粉じんなど固体の環境試料中に広く分布する真筆  

な成分で，その生成．風化，あるいはイオン交換反応などを通して．環境中の元来（捌こ公害に  

関与する有官金属イオンなど）の動きや分布に大きな影響を与え，人間活動とも深くかかわり合  

っている。環境中の有害食尽イオンの－一部は．陽イオン交換反応により土壌を構成している粘土  

鉱物の中に取り込まれ，土壌中に保持される。また，海底に堆積している粘土鉱物は，海水中の  

陽イオン濃度をコントロールする一つの重要な園子と考えられている。酸性雨や排水などは，岩  

石や土壌中のケイ酸塩鉱物の化学的嵐化の原因となり．鉱働を構成している種々の元素の塀嶋中  

への溶出か促進される。したがって，固体の環境試料中にどのようなケイ酸塩鉱物が含まれ．そ  

こで元素がいかなる状態に存在するか，特に環境との間の元素の移動に直接かかわっている鉱物  

表面における状態を知ることが重要である。   

ケイ酸塩鉱物の性質については．地球化学及び現場科学の立場から多数の研究が行われており，  

現在までにその組成や構造，また，物理的，化学的性質の多くが明らかにされている。従来の研  

究では，含まれる元素とその状態を知る方法として，主に化学分析やⅩ鯨岡折法による結晶成分  

の同定か用いられているが，多くの元素の結合状態を明らかにし，しかも鉱物表面の化学組成を  

解析できるような方法がなく，新たな分析法の開発か望まれていた。このような要請に答えられ  

る分析法として，近年急速な発展をとげた東棟光電子分光法（ⅩⅠ〕S）がある。X練光電子分光  

法は固体試料にⅩ娩を照射し，この時放出される光電子及びオージュ電子スペクトルを観測する  

ことにより，試料中の元素を検出する表面分析法の一つである。測定されたスペクトJレの化学シ  

フトや形状から試料中の元素の結合状態に関する情報も得られるので，Ⅹ線光電子分光法は元素  

の状態分析億としても非常に有効な分析手段である．本研究は環境中の固体成分分析という立場  

から，X珠光電子分此法をケイ酸塩鉱物研究に応用し．鉱物構成元素及び外から鉱物中に取り込  

まれた種々の元素の結合状態と鉱物構造との関連，また，鉱物表面における特異的元素分布を明  

らかにしようとするもので，以下の五牽からなっている。   

第1章では，ケイ酸塩鉱物の分類とⅩ梯光電子分光法による分析の特徴を鋭明すると共に，本  

研究の目的について述べた。   

革2茸では，本研究で用いられた実験方法について詳細に解説した。   

第3置では 骨格構造の異なる→連のケイ熊塩鉱物（ネソナイ酸塩，イノケイ酸塩，フィロケ  

イ酸塩，テクトナイ酸塩）と石：英のX線光電子スペクトル及びオージュ電子スペクトル測定結果  

1．国立公害研究所 計測技術部 〒305茨城腺っくば絹′ト野川16溺2  
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から，ケイ酸塩鉱物を構成する元素の結合状態と鉱物構造の間の関連について述べた．SiO。基  

本単位から成るケイ酸塩鉱物の骨格を形成する Si小，02‘－イオン及びSi＝ イオンを固形置換し  

ている4配位 A13－ イオンの光電子結合エネルギーには鉱物構造に対応する系統的なシフトがあ  

り（ケイ酸塩骨格中の負電荷は骨格を形成しているこれらイオンすべてに影響を与えていると考  

えられる。），Ⅹ娩光電子分光法がケイ酸塩鉱物の同左に有効であることが分かった。一方，ケ  

イ酸塩鉱物に含まれる Hgと十，Feク◆ 及び6配位Al3◆ イオンではケイ酸塩骨格坤の負電荷からの  

強い影響は観測されなかった。また，ケイ酸塩鉱物中の鉄の酸化状態（Fe3十 と Fe2←）か Fe2p  

スぺクト／レから区別された。交換性陽イオンとしてケイ酸塩鉱物内に保持されている Na＋イオン  

の結合状態は，典型的なイオン性化合物フツ化ナトリウムや塩化ナトリウム中の Na◆イオンの状  

態に類似していることが分かった。   

第4葦では，土壌中に広く分布する粘土鉱物モンモりロナイトに保持された交換性アルカリニヒ  

金属イオンと Cd2ト イオンの光電子及びオージュ電子スペクトル測定結果について述べた；陽イ  

オン交換反応によりこわら金属イオンがモンモリロナイいぃに取り込まれるとき，モンモリロナ  

イト表面への特異的な吸着は認められず，交換性陽イオンはアルミノケイ酸塩居間に均一に分布  

していることが明らかとなった。また，これらの交換性2価瞞イオンの結合状態はフツ化物や塩  

化物中の同じイオンの状腰に対応しており，契換性舶◆イオンの場合とよく・一致していた。同じ  

Mg2＋イオンでも交換性のものとア／レミノケイ酸塩層中にある非交換性のものでは，そのスペクト  

ルに大きな逢いか認められた。以上の結果は．粘土鉱物居間に交換性陽イオンとして保持された  

金属イオンの一一般的性質を示すものと考えられた。   

第5車では，柏土鉱物モンモリロナイトとカオりナイトの熱化学変化について，粉末X繰回折  

とⅩ椀光電子分光法を組み合わせた測定から考賛し，非晶架成分も含めⅩ枝光電子分光浅かケイ  

楔塩鉱物などの固体試料の表面化学組成に閲し重要な知見を与えることを明らかにした。交換性  

粕一 及び K－ イオンを含むモンモリロナイトを11000cで加熱，再結晶させるとモンモリロナイ  

ト粒子の組成は不均一・となり，粒子表面における Na－イオンの存在量は増大し．逆に K－ イオン  

の存脛亀は減少した。Ma→ と K◆ イオンは加熱試料の結晶生成物中には含まれておらず，これら  

陽イオンを含む非晶質の生成物が結晶性の生成物から分離したものと考えられた。一方，カオリ  

ナイトでは11000c まで加熱しても，カオリナイト粒子中の元素分利はほぼ鱒ト・に保たれていた。  

A12p と Kし2‡L23 オージェスぺクトナレの変化から，カオリナイト中のAlい イオンの配位故はメ  

タカオリン生成（600，8000c）と共に6から4へ変化し，さらに高温（1000．11000c）になると  

再び6鹿位のA】3十 イオンがきくなることか推定された。   

Appendixlには，本研究において測定された全てのケイ酸塩鉱物のX枚光電子スぺクト／レを  

示した．また，AppendixIlには，環境紙料分析へのⅩ嫁光電子分光法の応用に関する文献リス  

トを示Lた。  
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策－一昭和55～57年皮特別研究報告．く1984）  
※弟57号 陸水域の富果菜化防止に関する総合研究（Ⅷト一緒括報告－一昭和55－57年度特別研  

究報告．（1984）   
弟58号 責境試料による汚染の長期的モニタリング手法に関する研究－一昭和55～57年度特別  

研究総合報告．（1984）   
弟5g号 炭化水素一望素酸化物一硫黄酸化物系光化学反応の研究－一光化学スモッグチャンバー  

によるオゾン生成機構の研究－一大気申における有機化合物の光削ヒ反応機構の研究  
一一昭和55～57年度特別研究報告（第1分冊）．（1984）   

第60号 炭化水素一窒素酎ヒ物一哉黄酸化物系光化学反応の研究－一光化学エアロゾル生成機構の  
研究－一昭和55～57年度特別研究報告（第2分冊）．（1984）   

第61号 炭化水素一望素酸化物一哉黄酸化物系光化学反応の研究－一環境大気中における光化学二  
．次汚染物安生成機構の研究（フィールド研究1）一一昭和55ル57年度特別研究報告（第  

3分冊）．（1984）   
弟6Z号 有害汚染物質による水界生態系のかく乱と回復過程に関する研究－一昭和56～58年度  

特別研究中間報告．（1984）   
努63号 海域における富栄養化と赤潮の発生機構に関する基礎的研究一一昭和56年皮特別研究  

報告．（1984）  
X弟64号 複合大気汚染の植物影響に関する研究一一昭和54”56年度特別研究総合報告．（1984）  
※弟65号 Studies。n effects of air pollutant dixtures on plants－－Partl．（1984）  

（複合大気汚染の植物に及ぼす影響－一策1分冊）  
米英66号 Studies。neffects of air pollutantl］ixtures on plants－－Part2．（1984）  

（複合大気汚染の植物に及ぼす影響－一策2分冊）■   
弟67号 痴墳中の有害物質による人の慢性影響に関する基礎的研究－一昭和54－56年度特別研  

究総合報告．（1984）  
※第68号 汚泥の土壌還元とその環境影響に関する研究－一昭和56～57年度特別研究報告．（19糾）  
※弟69号 中禅寺湖の富栄養化現象に関する基礎的研究．（1984）   
第70号Studiesonchir？nOPid山dgesinlakesoftheNikkoNationalPark・（1984）  

Partl．EcologlCalstudies on chironol］idsinlakes of the Nikko NationalPark・  
Parl：Ⅲ．Taxononicaland E］OrPhologicalstudies on the chirononid species  

collected froDlakesin the Nikko NationalPark．  

（日光国立公園の湖沼のユスリカに関する研究  
一一第1部 日光国立公園の湖のユスリカの生態学的研究  
－一茶2部日光国立公園の湖沼に生息するユスリカ類の分類学的、生態学的研究）  

X第71号 リモートセンシングによる残雪及び雪田植生の分布解析．（1984）   
第72号 炭化水素一望素酸イヒ物一哉黄酸イヒ物系光化学反応の研究－一意境大気中に・おける光化学二  

次汚染物貿生成機横の研究（フィールド研究2ト一昭和55－57年度特別研究報告（弟4  
分冊）．（1985）   



※第73号 炭化水煮一塁素酸化物一硫黄腰化物系光化学反応の研究一一昭和55－57年度特別研究総  
合報告．（1985）  

※第74号 都市域及びその周辺の自然頚場に係る環境指標の開発に関する研究．頭境指標－その考  
え方と作成方法一昭和59年度特別研究報告．（1984）   

第75号 LirmoIogicaland environD）entalstudies of elenentsin the sedinent of Lake  
Bha．（1985）  
（琵琶湖底泥申の元素に関する陸水学及び環境化学的研究）   

第76号 A study on the behavior of p］OnOterpenSin thc atmosphere．（1985）  
（大気中モノテルペンの挙動に関する研究）   

第77号 扇境汚染の遠隔計測・評価手法の開発に関する研究一一昭和58年度特別研究報告．（1985）   
第78号 生活環境保全に果たす生活者の役割の解明．（1985）   
第79号 Studies on the E）ethod forlong terq］enVironmentald］Onitoring－－Research  

reportln1988－1982．（1985）  
（環境試料による汚染の長期的モニタリング手法に関する研究）   

第80号 海域における赤潮発生のモデル化に関する研究－一昭和57／58年度特別研究報告．（1985）   
弟81号 頻境影響評価制度の政男効果に関する研究－一地方公共団体の制度運用を中心として．  

（1985）   

第82号 植物の大気環境浄化機能に関する研究－一昭和57～58年度特別研究報告．（1985）   
第83号 Studies on chironolhid n）idges of soDelakesinJaparL．（1985）  

（日本の湖沼のユスリカの研究）   
第84号 重金属鼻墳汚染による健康影響評価手法の開発に関する研究－一昭和57～59年度特別  

研究総合報告．（1985）  
那5号 StudiesontheratecnStantSOffreeradicalreactionsandrelatedspectro‾  

scopic and them）OChemlCalparaneters．（1985）  
（フリーラジカルの反応速度と分光学的及び熱力学的パラメーターに関する研究）   

第86号 GC／MSスペクトルの検索システムに関する研究．（1986）   
第87号 光化学二次汚染物費の分析とその細胞毒性に関する研究一一昭和53～58年度総合報告．  

（1986）   

第88号 都市域及びその周辺の自然環境等に係る環境指標の開発に関する研究皿．責境指標一応  
用例とシステムー一昭和59年度特別研究報告．（1986）   

第89号 neasuring the vater quality of Lake Kasunigaura by LANDSAT renote serLSing．  
（1986）  

（LANDSATリモートセンシングによる霞ヶ浦の水質計測）   
弟90号 ナショナルトラスト連動にみる自然保護にむけての住民意識と行動－－知床国立公園内  

100平方メートル運動と天神崎市民地主運動への参加者の分析を中心として．（1986）  
第91号 Ecoonicanalysisof皿an，sutilizationofenvironDentalresourcesinaquatic  

envlrOnJ］entS and nationalpark regions．（1986）  
（人間による環境資源利用の経済分析一水環堵と国立公園地域を対象にして）   

弟92号 アオコの増殖及び分解に関する研究．（1986）   
第93号 汚泥の土壌還元とその環境影響に関する研究（Ⅰ）－一昭和58～59年度特別研究総合報  

告第1分冊．（1986）   
男94号 汚泥の土壌還元とその環境影響に関する研究（Ⅱ）一一昭和58「59年度特別研究総合報  

告第2分冊．（1986）   
第95号 自然浄化機能による水質改善に関する総合研究（Ⅰ）－一汚濁負荷の発生と流出・流達－  

一昭和58～59年度特別研究報告．（1986）  
※第96号 自然浄化機能による水質改善に関する総合研究（Ⅱ）－－水革帯・河口域・池沼の生態系構  

造と権能－一昭和58～59年度特別研究報告．（1986）   
第97号 自然浄化機能による水質改善に関する稔合研究（Ⅲ）一一水路及び土壌による水質の浄化  

－一昭和58～59年度特別研究報告．（1986）   
弟98号 自然浄化機能による水質改善に関する稔合研究（Ⅳ）一一自然浄化機能を活用した処理技  

術の開発と応用－一昭和5る～59年度特別研究報告．（1986）   
弟99号 有害汚染物質による水界生態系のかく乱と国技過程に関する研究－一昭和56－59年度  

特別研究総合報告．（1986）   
弟100号バックグラウンド地域における環境汚染物貿の長期モニタリング手法の研究一一特定汚  

染選択的検出法及び高感度分析技術の開発－一昭和58～60年度特別研究報告．（1986）   



弟101号複合ガス状大気汚凍物質の生体影響に関する突放的研究一一昭和57～60年度特別研究  
報告．（1986）  

第102号地球規模大気貿変動に関する予備的研究．（1986）  
第103号環境調和型技術としての電気自動車の評価に関する基礎的研究．（1987）  
第104号StudiesonchironomidmidgesinlakesoftheAkanNationalPark．（1987）  

（北海道阿寒国立公園の湖におけるユスリカ相の研究）  
第105号畑地土壌における水分と諸元素の動態．（1987）  
第106号筑波研究学園都市における景観評価と景観体動こ関する研究．（1987）  
第107号遠隔計測による環境動態の評価手法の開発に関する研究－一昭和渕～60年度特別研究  

報告．（1987）  

第…号植物の大気環境浄化那巨に関する研究－一昭和57～60年度特別研究総合報告．（1987）  
第109号地域環境評価のための環境情報システムに関する研究．（1987）  
第110号・海域における赤潮発生のモデル化に関する研究－一昭和59～60年度特別研究総合緒乱  

（1987）  

弟111号Application of＝dy PhoヒOelectron Spectroscopy to the S［udy。f Sili。。ヒe  
linerals．（1987）  

（ケイ酸塩鉱物研究へのⅩ線光電子分光法の応用）  

※ 残部なし   



Report of SpecialReseapch Projecヒ the NatiorlalInstitute for Environ打IentalStudies  

No．1事Man activity and aquatic environnent－Vith special．references to Lake  
Kasu山gaura－Progress reportln1976．（1977）   

No．2＊Studies orL eValuatiorland amelioration of air pollution by piants－Progress  
reporヒin1976－1977．（1978）   

（Starting vith Report No．3，the nev title for NIES Reports vas changed to；〕  
只e5e∂rCh report fro加地e N∂亡ional．hsti亡Ute for EJ】yiro乃皿eJlt∂1Studie5  
※No．3 A cobParative sl：Udy of adults andimzBat：ure StageS Of rLineJapanese species of  

S （Depter∂．Chユronomldae）．（1978）   ChjrOnOIDu  the genus  

No．4＊S¶Og ChaJ）ber studies on photoche】止calreactions of hydrocarbon－nitrogen oxides  

system－Progress reportin1977．（1978）   
No．5＊Studies on the photoo又idation products o王the alkylbenzene－nitrogen oxides  

systeJ］，and on their effects on Cultured CellsMResearch reportin1976－1977．  
（1978）   

No．6＊Man activity and aquatic environrnentrvith specialreferences ヒO Lake  
Kasumユgaura－Progre5S rePOrtin1977－1978．（1g79）  

※PJo．7 A n）OrPhologicalstudy of adults andizDmature Sヒages of2OJapanese species of  
the f∂山1y Chlrono山dae（Deptera）．（197g）  

※No．8＊Studj．es on the biologicaleffects of single and coI口bined exposure of air  
poユ1utants一尺esearch reportin1977－1978．（1979）   

No．9■Smog chamber studies on photocheEnicalreactions of hydrocarbon－nitrogen oxides  
syste山一Progress reportln1978．（19791   

N0．10＊Studies on evaluatiorL and amelioration of air pollution by plants－Progress  
rep◇r亡ユn1976－1978．（1979）  

※No．11Studies on the effects of air pollutants orlPlants andJneChanisms of  
phytotoxicity．（1980）   

No．12Itultielement analysis studies by flame andinductively coupled plこISna  
spectroscopy utiliヱing coJmUter－COntrOlledinstrunentation．（1980）   

N0．13 Studies on chironomid Didges of the TaDa River．（1980）  
Partl．The distribution of chironoTnid speciesin a tribLLtaryin relation to  
the degree of po11utiozIUith sevage vater．  

Part 2．Description of 20 species of ChironoⅡ止nae recovered froI⊃a tributary．   

No．14＊Studies on the effects of organic vastes on the soilecosysten］－Progress  
reportin1978－1979．（1980）  

※No．15■Studies orlthe biologicaleffects of single and combined exposure of air  
POllutants－ResearchreOrtln1979・（19瑚   

No．i6＊Renote DeaSureDent Of alr PO11ution by a mobilelaser radar．（1g8O）  
※No．17＋Influence of buoyancy on fluid rnotions and transport processes－Heteorological  

Characteristics azld∂tmOSPheric diffusion phenoTnenain the coastalregion－  
Progress repoTtln1978－1979．（1980）  

〔k．18 Prepar8七ion，an∂1ysi5and cer亡ifica亡ion of PEPPER8US〃st∂ndard reference m∂亡e－  
ri∂1．（1980）  

※N0．19盤Comprehensive studiesく）n the eutrophication of fresh－Vater areaS－Lake current  
OfKasu血gura（NIshlura）－1978‾1979・（1981）   

No．2D■Co瓜PrejlenSユye StUdies on the eutrDphユc8tjOn⊂げfresh－y∂ter∂re∂5－Geo瓜OrPl】0－  
logicaland hydrometeoroIogicalcharacteristics of Kasunigaura vatershed as  
related to thelake environment－1978－1979．（1981）   

No．21●Comprehensive studies on the eutrophication of fresh－Vater areaS－Variation  
of pollutantload byinfluent rivers to Lake KasuTnigaura－1978－1979．（1981）   

No．22■C（】IDPrehensive studies on the eutrophication of fresh－Vater areaS－Structure of  
ecosysl：eロand sヒanding cropsin Lake Kasupigaura－1978－1979．（1981）   

No．23■Comprehensive studies on the eutrophication of fresh－Uater areaS－Applica－  
bility of trophic stateindices forlakes－1978－1979．（1981）   

No．24＋Comprehensive studiesく）n the eutrophication of fresh－Vater areaS－Quantitative  
analysis of euしrophication effects on nain utilization of Lake vater resources  
－1978－1979．（1981）   



No．25蠣Comprehensive stlJdies on the eutrophication of fresh－Vater areas－Grovth  
Characteristics of Blue－Green Algae，Mycrocyst逗了1g78L197g．（1981）   

No．26■CoJnPrehensive studies on the eutrophicatioJIOf fresh－t）ater areas－  
DeterⅦ止natlonて〉王argalgrovth potentialby algalassay procedure－1978－1979．  

（1981）   

No．27＊CoJnPrehensive studies on the eutrophicatior10f fresh－Vat・er areaS－Surm）ary Of  
researches－1g78－1979．（1981）   

7lo．28■Studies on e王fects of air polll］tantlDi叉tureS On Plants－Progress reportin  
1979－1980．（1981）   

No．29 Studies on chironoqid D）idges of the TaJda River．（19＆1）  
Part3．Species of the subfad）ily Orthocladiinae recorded at the suTnEder SurVey  
and their dist，ributionin relation to the pollution vith sevagelJaters．  
Part 4．ChironoDidae recorded at a vinter survey．  

※No．30＊Eutrophication and red tidesin the coastalJDarine environment － Progress  
reportユn1979－19る0．（198Z）   

No．31■Studies onl：he biologicaleffects o王 single and coDbined exposureく）王air  
po11utants－Research reportin1980．（1981）   

No．32■SbOg ChaIDber studies orlPhotocheDicalreactions of hydrocarbon－rlitrogen  
oxides systeEd－Progress reportin1979－Research on the photochemlCal  
secondary pollutanl：S fomation nechanisJnin the environJqentalatJ）OSPhere  
（Partl）．（1982）   

No．33■Meteorologicalcharacteristics and atmospheric diffusion phez10J）enain the  
coastalregion－Siu）Ulation of8tJ）OSPhericIBOtions and diffusion processe5 L  
Progress reportin1980．（1982）  

XNo．34‥lThe developTbent and evaluation of re山Ote meaSUreEdent 口ethods for environmental  
pouution－Research reportin1980．（1g8Z）   

No．35・CoD）Prehensive evaluation of envirorLmentaliDPaCtS Of road and t．raffic．（1982）  
※No，36■Studies on the nethod forlong tem environE］erLtalI10nitoring－Progress reporl：  

1n1980－1981．（198Z）  
※N0．37＋Study on supporting technology for syste血S analysis of environmentalpolicy  

－The Evaluation Labolatory of Man－EnviroJIEDent Systens．（1982）   
No．38 Preparal：ion，analysis and certification of POND SEDIMENT cert：ified reference  

naterial．（1982）  
XNo．39■The develo叩ent and evaluatiorL O王 reTDOteI】eaSurenent皿ethods for environJ）ental  

pollu七山n－ResearchrpOr＝n1981・（19＆3）   
No．40事StlJdies on the bioIoglCaleffects of single and cornbined exposure of air  

pollutants－Research reportin1981．（1983）  
※No．41＊Statisticalstudies on methods of DeaSurel）ent and evaluatiorL Of cheJT）ical  

cく〉ndltlon of sく）11－qith speclalTe王erence to heavy betals－．（19亀3）  
XNo．42■Experibetalstudies onl：he physicalproperties of口ud and the charact．eristics  

ofロud transportatlon．（1983）  
※No．43 Studies on chironoD）id d2idges of the Tama River．（1983）  

Part 5．Ar10bservatlon on the dlstrlb11tj0れOf CblrOれ0℡1nae along theⅦajn  
StreadinJune，Vith description of15 nev species．  
Part 6．Description of species of the sut）faDily Drl：hcladiinae recovered fro口  
theIbain strearBin theJune survey．  
Part7．Additionalspecies collectedin virLter王ron the EDaiT）StreaTD．   

No．44蠣Srnog chaJnber studies on photocheJnicalreactions of hydrocarbon－nitrogen oxides  
SySteJ）－Progress reportinlg79－Research on the photocheznicalsecondary  
po11utantsfo川atio”eChanisn 

t 

specialresearch project－1g78－1980．（1983）   
No．46■Studies on the effect of organic vastes on the soilecosystem－Research report  

ln1979－1980，Partl．（1983）   
No．47■Studies on the e王fect of organic vastes on the soilecosysteTq－Research report  

ln1979－1980，Part 2．（1983）   
No．48＊Study on◇Ptiualallocation of vater qL）alityJnOnitoring points．（1983）  

】 X】‖ ‾   



No．49＊The developTnent and evaluation of renoヒe皿eaSureJnentlDethod for environ山ental  
pollutlon－Research reportln1982．（19鋼）  

※No．50＊CoIqPrehensive studies on the eutrophication corltrOlof freshval：ers－Esti皿ation  
ofinputloading of Lake KasuEdigauraL1980－1982．（1984）  

※No．51■Conprehensj．ve studies on the eutrophication controlof freshuaters－The王unc－  
tion of the ecosyster］and significance of sedinentin rLutrierLt CyClein Lake  
KasuⅦ1gaur－1980－1982・（1984）  

※No．52＊CoDprehensIVe Studies on the eutrophication conl：rOlof freshvaters－Enclosure  
experipents for restoration of highly eutrophic shallov Lake Kasuh）igaura－1980  
－19△2．（1g84）   

No．53，Comprehensive studies on the eutrophication corLtrOlof freshvaters－Seasonal  
charLgeS Of the biornass of fishes and crustaciain Lake Kasuu）igauraL1980－1982．  
（1984）   

No．54＊CoTDPrehensive studies on the eutrophication controlof freshvaters－Modeling  
the eutrophication of Lake KasuDigaura－1980－1982．（1984）   

No．55■CoJ］Prehensive studies orL the eutrophication conヒrolof freshvaters－Measures  
for eutrop吊cation controト19∂0－1982．（1984）   

No．56＊Cornprehensive studies on the eutrophication controIof freshvaters－EutrophicL  
atlonin Lake Yunoko－1980－1982．（1984）  

※No．57■CoTnprehensive st：udies on the eutrophication controlof freshtJaterS－Sumロary  
of researches－1980－1982．（1984）   

No．58＊Studies on theⅢethod forlong term erLVironrDenl：al monitoring － Outlines of  
speclalresearch projectln1980－1982．（19a4）   

No．59■Studies on photochemlCal reactions of hydrocarbon－nitrogerlOXides－Sulfur  
o又ides5ySte℡ 一 Photoche爪ic∂lozone for皿∂tion studied by the ev∂CUa♭1e s刀Og  
chaz］ber－Atmospheric photooxidation E）eChanlSZnS Of selected organic compounds  
－Research reportin1980－1982，Partl．（1984）   

NQ．60＊Studies on photocheJnical reactions of hydrocarboTl－nitrogen oxides－SUlfur  
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