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Abstract-The effect of heating on montmorillonites containing exchangeable Na and K has been studied 
by X-ray photoelectron spectroscopy (XPS), The surface composition of the unheated montmorillonite 
was consistent with the bulk composition, but after the sample recrystallized at I 100°C, the surface 
abundance ofNa increased, whereas that ofK decreased. Because Na and K were not present in the high
temperature crystalline products, this behavior suggests that a noncrystalline material separated from the 
crystalline products. The Na I s binding energy and KL23L23 Auger kinetic energy of montmorillonite were 
comparable with those ofNa in typically ionic compound, such as NaC!. These electron energies became 
smaller and larger, respectively, on heating and approached those of feldspar (albite). The K 2P312 
binding energy of montmorillonite increased slightly on heating. The K 2P312 binding energy of heated 
sample of montmorillonite was also comparable with that of feldspar (orthoclase). These results suggest 
that Na and K were incorporated into feldspar-like noncrystalline materials. 

Key Words-Montmorillonite, Noncrystalline, Surface composition, Thermal treatment, X-ray photo
electron spectroscopy, X-ray powder diffraction. 
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INTRODUCTION 

The structural changes of clay minerals on heating 
have been investigated for many years (see Grim, 1968). 
Montmorillonite loses interlayer water at 100°-200°C 
and hydroxyl water at 500°-800°C and undergoes the 
structural collapse and recrystallization at 800°-1 000°e. 
The thermochemical properties of montmorillonite 
substantially depend on the nature of its exchangeable 
cations (Grim, 1968). The major crystalline products 
formed by the recrystallization of montmorillonite at 
high temperature have been identified as quartz, cris
tobalite, spinel, mullite, and cordierite by X-ray pow
der diffraction (XRD) (Bradley and Grim, 1951; Grim, 
1968). These crystalline phases contain Si, AI, Mg, and 
0, but no cations which occur as exchangeable cations 
in the montmorillonite. The exchangeable cations may 
therefore be incorporated into noncrystalline material 
following the recrystallization step, but little infor
mation is available about bonding changes of ex
changeable cations in montmorillonite on heating. 

Copyright © 1986, The Clay Minerals Society 

X-ray photoelectron spectroscopy (XPS), a surface 
analytical technique, is applicable to both noncrystal
line and crystalline materials. To date, XPS has been 
applied to the study of the cations adsorbed on clay 
minerals (Koppelman and Dillard, 1975, 1977, 1978, 
1980; Koppelman et at., 1980), the oxidation and re
duction reactions of nontronite and biotite (Stucki et 
aI., 1976; Stucki and Roth, 1977), the X-ray photo
electron diffraction (XPD) of single-crystal clay min
erals (Adams et at., 1978a, 1978b; Evans and Raftery, 
1979, 1980a, 1980b, 1982a, 1982b; Evans et aI., 1979), 
the oxidation states of Ti and of Mn in clay minerals 
(Evans and Raftery, 1980b, 1982c), calcined Co-ka
olinite materials (Dillard et at., 1983), and the bonding 
state of the exchangeable divalent cations in mont
morillonite (Seyama and Soma, 1984). In the present 
study, the effect of heating on the surface elemental 
composition and on the bonding state ofthe exchange
able cations in montmorillonite are reported on the 
basis of the XPS and XRD data. 
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Figure l. Wide-scan X-ray photoelectron spectrum of Na
K-montmorillonite excited by AIKa X-ray radiation. The or
dinate scale of the lower part of spectrum (0-500 e V) in the 
inset is expanded three times. 

EXPERIMENTAL 

Materials 

The montmorillonite sample was Kunipia F ob
tained from Kunimine Industries. It was purified from 
bentonite from the Tsukinuno mine, Yamagata, Japan. 
The nominal composition of Kunipia F is as follows: 
Si02, 57.96; A120 3, 21.87; Fe20 3 , 1.92; MgO, 3.44; 
CaO, 0.54; Na20, 2.98; K20, 0.14. It was transformed 
to Na-montmorillonite containing only Na as an ex
changeable cation by the method described by Seyama 
and Soma (1984), XRD analysis of the Na-montmo
rillonite showed it to contain a very small but detect
able amount of quartz as an impurity. 

Samples containing exchangeable Na and K were 
prepared by the cation exchange ofNa-montmorillon
ite as follows. Na-montmorillonite was suspended in 
KN03 aqueous solution for 40-50 hr. The concentra
tion of the KN03 solution was 0.0025 M for the prep
aration of Na-K-montmorillonite (K:Na atomic ra
tio = 0.73, see Table 1) and 0.1 M for the preparation 
ofK-montmorillonite (the exchange to K was not com
plete, see Table 1). After the cation exchange, the mont
morillonite was separated from the solution by cen
trifuging, washed by resuspending it in distilled water, 
separated again by centrifuging, and freeze-dried. The 
montmorillonite was then heated in a platinum cru
cible in an electric furnace for 1 hr at 11 aa°e. Ortho
clase from Gifu, Japan, was obtained from Bon Earth 
Sciences Inc. The sources of other mineral samples 
were listed in Seyama and Soma (1984). Metal salts 
were commercial materials. 

Methods 

Photoelectron and Auger electron spectra were re
corded on a Vacuum Generators ESCA LAB 5 instru
ment using MgKa and AIKa X-ray sources and a Ni
colet 1070 signal averager. The measuring conditions 

were described by Seyama and Soma (1984). All min
eral samples except phlogopite were ground to powders 
with an agate mortar and pestle. The heated samples 
ofmontmorillonites obtained as sintered masses were 
pulverized as gently as possible in order to minimize 
the destruction of each grain. A flake ofphlogopite was 
cleaved from a single crystal. These samples were fixed 
onto stainless-steel sample holders of 10-mm diameter 
using double-sided sticky tape. Powders of other Na 
and K compounds were fixed in the same manner or 
directly deposited onto the sample holders from ace
tone suspensions. 

The relative atomic abundances in the samples were 
calculated from the area intensities of spectra, divided 
by the relative atomic sensitivity factors for the elec
tron emission lines. The factors, which depend prin
cipally on the photoionization cross sections and also 
on spectrometer parameters (Seah, 1980), were exper
imentally determined and reported by Soma et al. 
(1985). The lines used for the calculation of relative 
atomic abundances are listed in the footnote of Table 
1. The uncertainty in the quantification of XPS arises 
mainly from the application of the atomic sensitivity 
factor to samples with different matrixes (Seah, 1980). 
In our measurement, the error estimated empirically 
was as large as 20%, but rarely exceeded this value. 
The relative abundances of cations in two heated sam
ples ofNa-K-montmorillonite prepared independently 
were determined by XPS to check the reproducibility 
of the preparation method. The deviations of Si, AI, 
and Mg values between two samples were within 10%. 
The Na and K values of two samples differed by 24% 
and 14%, respectively. The error caused by the sample 
preparation was therefore no more than 30%. 

Photoelectron binding energies and Auger electron 
kinetic energies were determined relative to the Au 
4f7/2 binding energy (83.8 eV) ofa gold film evaporated 
onto the sample. For the unheated montmorillonite, 
the Si 2s binding energy (153.4 e V) determined by this 
method was used as an internal standard for calibra
tion. The reproducibilities in the determination of elec
tron energies were usually ±0.2 eV, but those for so
dium and potassium fluoride and chloride were ±0.5 
eV. 

XRD measurements were carried out by using a Ri
gaku RAD-IIA powder diffractometer with a CuKa 
X-ray source, operated at 40 kV and 25 rnA. Powdered 
samples were placed on glass sample holders. The XRD 
patterns were recorded over a 2() range of 2° to 90° and 
compared with the JCPDS mineral powder diffraction 
file. 

RESULTS AND DISCUSSION 

Surface compositions 

The wide-scan X-ray photoelectron spectrum of un
heated Na-K-montmorillonite is shown in Figure 1. 
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Figure 2. X-Ray powder diffraction patterns of heated sam
ples ofmontmorillonites: (a) Na-montmorillonite, (b) Na-K
montmorillonite, (c) K-montmorillonite; C = cristobalite line, 
M = mullite line, S = spinel line. 

The electron emission lines due to the constituent ele
ments of the montmorillonite and the carbon of surface 
contaminant were observed in the spectrum. Although 
the same lines were observed in the spectrum of the 
heated sample, the relative intensities of lines of the 
unheated and heated samples were different. 

The XRD patterns (Figure 2) showed that the heated 
sample of Na-montmorillonite contained more cris
tobalite than that of Na-K-montmorillonite. No XRD 
line of cristobalite was observed in the pattern of the 
heated K-montmorillonite. Thus, the crystalline phase 
formed in the heated samples was apparently influ
enced by the exchangeable cation. The XRD lines of 
spinel and mullite were observed for all the heated 
samples with comparable intensities. Cristobalite, spi
nel, and mullite detected by XRD contained essentially 
no Na and K; consequently, Na and K were probably 
contained in the noncrystalline material, the presence 
of which was evidenced by the broad hump in the XRD 
pattern between 10° and 40°28. 

Table I shows the elemental compositions of sam
ples determined by XPS. The total amount of Si, AI, 
Mg, Na, and K in each sample is taken as 100%; the 
atomic percentage of each cation is given in Table 1. 
Because the probing depth ofXPS is very shallow ( < 100 
A), the composition in Table 1 is regarded as an average 
composition of the outer surface of particles. 1 The sur
face abundance of Si, AI, and Mg in three unheated 
montmorillonites was identical, within experimental 
error. The bulk atomic abundances of Si, AI, and Mg 

, What is actually probed by the X-rays is the outermost 
layers ofthe sample. Because the probing depth is much small
er than the average particle size and the arrangement of the 
particle on the sample holder is assumed to be random, the 
average surface composition of particles is determined by 
XPS. 

Table 1. Surface compositions of unheated and heated sam-
ples ofmontmorillonites determined by X-ray photoelectron 
spectroscopy. 

Sample Si AI Mg Na K 

Unheated sample 
Na-montmoriUonite 59.6 27.5 5.8 7.1 
Na-K-montmorillonite 59.5 27.5 5.8 4.1 3.0 
K-montmorillonite 59.3 27.7 5.8 0.3 6.9 

Heated sample (1 100°C) 
Na-montmorillonite 49.3 32.9 7.9 9.9 
Na-K-montmorillonite 39.9 41.2 ILl 5.8 2.1 
K-montmorillonite 40.0 43.5 10.9 0.9 4.8 

Values are relative abundances (atomic %) of cations. Lines 
used for calculation are Si, 2s; AI, 2p; Mg, KL23L23 Auger; 
Na, KL23L23 Auger; and K, 2p. 

calculated from the cation-exchange capacity (99 meq/ 
100 g; Seyama and Soma, 1984) and the nominal com
position of Kunipia Fare 61.1, 27.2, and 5.4%, re
spectively. The surface and bulk values differed by no 
more than 10%. The total abundances of exchangeable 
cations (Na and K) obtained by XPS was about 7.1 % 
for each unheated sample. The calculated bulk value 
is 6.3%. The difference between the two values was 
also within the uncertainty of the XPS method. Ac
cordingly, the preferential adsorption of Na and K on 
the outer surface of montmorillonite did not seem to 
be significant, and these cations appeared to be held 
mostly between the montmorillonite layers. This result 
is consistent with that reported by Seyama and Soma 
(1984). 

On the other hand, the surface composition of each 
heated sample was not the same as that of the corre
sponding unheated sample, nor did the surface com
positions of three heated samples agree. A common 

Table 2. Na Is binding energies and KLB L23 Auger kinetic 
energies of unheated and heated samples ofmontmorillonites 
and other compounds. 

Na Is Na KL23L.23 Auger 
Compound (eV) (eV) 

Unheated sample 
Na-montmorillonite' 1072.5 988.7 
Na-K-montmorillonite 1072.4 988.7 
K-montmorillonite 1072.3 988.9 

Heated sample (1 100°C) 
Na-montmorillonite 1072.1 988.9 
Na-K-montmorillonite 1071.9 989.2 
K-montmorillonite 1071.9 989.4 

NaP' 1072.5 987.6 
NaCJl 1072.6 989.0 
NaBr1 1072.3 989.9 
Analcime' 1072.7 988.3 
Albite' 1072.0 989.2 

, Reported previously by Seyama and Soma (1985). 
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Figure 3. Chemical state plot for Na: 0, unheated mont
morillonite; . , heated sample of montmorillonite; ., other 
compound. 

trend, however, was noted in the change of the surface 
composition with heating (see Table 1). The surface 
abundance of Si decreased, whereas those of AI and 
Mg increased on heating. Although the Na and K in 
montmorillonite were both exchangeable, the surface 
abundance of Na increased, but that of K decreased 
on heating. These results suggest that the elemental 
distribution with depth of the montmorillonite grain 
becomes heterogeneous as the montmorillonite is de
stroyed and recrystallizes at II OO°c. 

Photoelectron binding energies and Auger 
electron kinetic energies 

The Na I s binding energies and KL23L23 Auger ki
netic energies of montmorillonite samples and other 
compounds are shown in Table 2. All the electron ener
gies of the three unheated montmorillonites are iden
tical within experimental error. The differences in both 
electron energies between the unheated and heated 
samples of montmorillonite are small. The Na Is bind
ing energies and KL23L23 Auger kinetic energies of the 
heated samples, however, are slightly smaller and larg
er, respectively, compared with the electron energies 
of the unheated samples. A comparison of these elec
tron energies with those of other compounds is shown 
in Figure 3 as a two-dimensional plot (chemical state 
plot, Wagner et aI., 1979), which is useful in charac
terizing the bonding state of the element in question. 
As pointed out by Seyama and Soma (1985), the chem
ical state of the exchangeable Na of montmorillonite 
and analcime fall between those of typically ionic NaCl 
and NaF. The position ofNa in the heated sample of 
montmorillonite shifted close to that of Na in albite. 
Accordingly, by the destruction of montmorillonite 
layer structure, Na was probably incorporated into a 

Table 3. K 2P3/2 binding energies of unheated and heated 
samples of montmorillonites and other compounds. 

K 2 Pl/2 
Compound (eY ) 

Unheated sample 
Na-K-montmorillonite 293.1 
K-montmorillonite 293.2 

Heated sample (1100°C) 
Na-K-montmorillonite 293.6 
K-montmorillonite 293.6 

KF 294.4 
KCl 293.5 
KBr 293.1 
Orthoclase 293.4 
Ph I ogopite 292.7 

noncrystalline material having a n etwork structure 
similar to that of albite. 

The K 2P312 binding energies are shown in Table 3. 
The K 2P3/2 binding energies of two unheated mont
morillonites, which are the same within experimental 
error, are smaller than those ofKF and close to those 
of KCl, KBr, and orthoclase. K, the ionic radius of 
which is larger than that of Na, tends to be fixed be
tween the aluminosilicate layers of clay mineral. Thus, 
the K in montmorillonite appears to be more subject 
to screening and relaxation in the photo ionization pro
cess by the negative charge in the aluminosilicate layer 
than the Na in montmorillonite. This effect lowers the 
K 2P3/2 binding energy and is more pronounced in 
phlogopite, because the Kin phlogopite is completely 
fixed between the aluminosilicate layers. This fixation 
of K explains why the K 2P3/2 binding energies of un
heated montmorillonite and phlogopite can be less than 
that of orthoclase, whereas the Na I s binding energy 
of unheated montmorillonite is greater than that of 
albite. Although the K 2P312 binding energy difference 
between the unheated montmorillonite and orthoclase 
was small, the increase of the K 2P312 binding energy 
of montmorillonite on heating suggests that the K was 
incorporated into the feldspar-like noncrystalline ma
terial in the same manner as Na. 

Mechanism of recrystallization 

Based on the information obtained by XPS and XRD, 
the following recrystallization scheme of montmoril
lonite heated at I 100°C is proposed. For Na-mont
morillonite, cristobalite, spinel, and mullite form, and 
Na is excluded to a noncrystalline material. Cristo
balite probably occupies the inner part of the grain and 
Na-rich noncrystalline material is segregated to the outer 
part. In K-containing montmorillonite, the crystalli
zation of cristobalite is hindered, presumably because 
ofthe stronger binding ofK to the silicate layer. K-con
taining noncrystalline material remains in the inner 
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part of the grain, whereas Na-containing noncrystalline 
material is segregated to the outer part. 
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