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Abstract--The Mtssbauer and infrared spectra of Li- and Rb-saturated nontronites from Washington, 
USA (SWa-1), heat treated at different temperatures, were measured. The MOssbauer results show that 
diffusion of Li + into the 2:1 layer by heat treatment at 250-300~ does not affect the magnetic hyperfine 
interactions of the octahedral iron centers. In contrast, significant changes were observed by calcination 
at temperatures >300~ for Li-saturated nontronites. The main features of the Mtssbauer spectra recorded 
at different temperatures reveal superparamagnetic behavior with a blocking temperature of --5 K. The 
superparamagnetic behavior is related to small magnetic domains created by partially broken Fe-O-Fe 
bonds upon heat treatment. The infrared spectra of Li-rich nontronite, heat treated at 300~ show changes 
attributed to Li migration into the hexagonal cavities. Heating to higher temperatures, produced changes 
in the spectra of the Li- and Rb-saturated nontronites owing to the dehydroxylation of the layer structure. 
The dehydroxylation process begins with the loss of OH groups in the FeOHFe bridges and is completed 
with the disruption of the AI-O bonds at >600~ 
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INTRODUCTION 

Nontronite, The Clay Minerals Society Source Clay, 
SWa-1, from Grant County Washington, USA, with the 
structural formula: Si7,3c~10.~0(Al:06Fe273Mgo.26)O20(OH)4 
(Goodman et  al., 1976; Goodman, 1978), differs from 
other nontronite samples in that it does not contain iron 
in the tetrahedral sheet. The lack of tetrahedral iron 
makes for an ideal system for magnetic studies of iron 
in a two-dimensional environment where iron is present 
in the octahedral sheet only, 

SWa-1 orders antiferromagnetically only below 2 K, 
although its paranlagnetic Curie temperature is - 2 0  K 
(Ballet and Coey, 1982). Coey et  al. (1984) attributed 
this very low ordering temperature to a high degree of 
frustration in the antiferromagnetic interactions result- 
ing from the random distribution of trivalent iron 
among the c is  and t r a n s  positions of hydroxyl groups 
in the octahedral sites. Such a distribution produces 
the formation of the magnetic moments in triangles (or 
other odd-numbered rings) which, in the case of an- 
tiferromagnetic interactions, "frustrates" the magnetic 
moments because a magnetic moment can not be si- 
multaneously antiferromagnetically coupled to two 
moments which are also antiferromagnetically coupled 
(Ballet and Coey, 1982; Coey et  aL,  1984). This ex- 
planation seems to be in contradiction with evidence 
from selected-area electron diffraction, Mtssbauer 
spectroscopy, and X-ray diffraction studies suggesting 
that nontronites from different sources are centrosym- 
metric, which implies that the t r a n s  octahedral sites 
are vacant and therefore all octahedral iron atoms oc- 
cupy the cis sites (Meting and Oberlin, 1967; Besson 
et  aI., 1982; Tsipursky and Drits, 1984; Drits 1987; 
Sakharov et  al., 1990; Goodman, 1978). In a centro- 
symmetric environment, the undesired triads of three 

opposing superexchange interactions are not possible 
and therefore, long-range magnetic ordering can be 
achieved rather easily, as is the case for ferripyro- 
phyllite with a Nte l  temperature (TN) of --18 K (Coey 
et  al.,  1984). However, as noted by Guggenheim e t  aL 

(1983), the determination for a centtic or acentric 
structure is better based on piezoelectric or second har- 
monic generation (SHG) data. 

Lear and Stucki (1990) in a thorough analysis of the 
magnetic properties and site occupancy of iron in sev- 
eral nontronite samples showed, by computer simula- 
tion, that occupancy of the t r a n s  site at as low as 13% 
can prevent long-range magnetic order, They suggest- 
ed that trivalent iron may be accommodated in t r a n s  

sites either instead of the cis  site or in addition to the 
c is  site to produce a trioctahedral domain. Lear and 
Stucki also discussed the effect of magnetic dilution 
caused by the presence of diamagnetic AP + or Mg 2+ 
in the octahedral sheet which would prevent large 
magnetic domains. Computer simulations revealed that 
random replacement of octahedrally coordinated Fe 3+ 
cations with diamagnetic ions can produce sufficient 
dilution that magnetic domains are reduced to insig- 
nificant sizes. For a structure of type AxBl-x, where A 
is a paramagnetic ion and B is diamagnetic, long range 
magnetic ordering requires that x --> 0.67. Because x 
= 0,67 in SWa-1, the lack of  magnetic ordering even 
at 4,2 K is possibly caused by the effect of magnetic 
dilution. Attempts to modify the local environment of 
iron in the octahedral sheet, and therefore the magnetic 
ordering of the mineral, were made by pillaring with 
iron or aluminum polyoxo cations (Gangas e t  al., 

1985, 1988). 
Another way to modify the electronic environment 

at the iron site is by diffusion of small interlayer cat- 
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ions, such as l i thium or magnesium,  to posit ions near 
the layer charges. Such diffusion may  be possible by 
heating the mineral  at 200-300~ for a few hours 
(Hofmann and Klemen,  1950). Possible compensat ion  
of  the local electron density can, in turn, affect mag-  
netic interactions. Also,  the envi ronment  at the octa- 
hedral sites can be modif ied by thermal treatment 
above 300~ where dehydroxylat ion reactions may  oc- 
cur. These reactions may  induce modificat ions in the 
immedia te  envi ronment  about the iron centers, such as 
a change f rom octahedral  coordinat ion to f ive-coordi-  
nation (Heller-Kallai  and Rozenson,  1980) or the cre- 
ation o f  iron-rich clusters. Migrat ion o f  Fe  3. into va-  
cant octahedral  sites upon heating was demonstrated 
also by Tsipursky and Drits (1984). In the present 
work, we study the effect  of  Li  and Rb diffusion (after 
dehydrat ion of  the mineral)  on the magnet ic  properties 
of  the octahedral  iron nontronite. We also examine  i f  
these magnet ic  properties are affected by thermal  treat- 
ment  at temperatures above 300~ We present  de- 
tailed M6ssbauer  spectra of  L i -exchanged  and heat- 
treated SWa-1 nontronite. To fo l low the thermally in- 
duced dehydroxylat ion of  the Li-r ich nontronite, we 
supplement  the M6ssbauer  results with detailed Fou-  
r ier  t ransform infrared (FT-IR) measurements .  

M A T E R I A L S  A N D  M E T H O D S  

The <2-o ,m fraction of  nontronite SWa-1 was used. 
The clay was Na  § saturated, centr i fuged to r emove  
excess alkali salt, diluted with water, and then the up- 
per  half  port ion of  the resulting suspension was col- 
lected. This is denoted as the "untreated c lay" .  For  
the removal  of  the iron oxides, the material  was treated 
according to Mehra  and Jackson (1960). Li  § and Rb § 
exchanged samples were  prepared by immers ing  the 
nontronite in 1 M solutions of  l i thium and rubidium 
chlorides, respectively.  Cat ion exchange  was complet -  
ed by washing and centr ifuging four  t imes with the 
appropriate solutions. The  samples were washed with 
deionized water, transfered into dialysis tubes to obtain 
C1--free nontronites and then dried at room tempera-  
ture. Thin films for infrared-absorption measurements  
were  prepared, using appropriate suspensions of  Li- 
and Rb-rich nontronites, which were  deposi ted on alu- 
minum foil  and then dried in air. Resul t ing films and 
powders  were  heated at var ious temperatures for 24 h. 

Infrared spectra were measured with a Nicole t  550 
infrared spectrometer  in the region 4 0 0 - 4 0 0 0  cm -I 
equipped with a D T G S  detector. Each spectrum was 
the average of  100 scans col lected at 2-cm i resolu- 
tion. The  nontronite films were analyzed without  any 
substrate. M6ssbauer  spectra were  recorded with a 
convent ional  constant-accelerat ion spectrometer  and a 
57Co(Rh) source. The parameters were  obtained by a 
least-squares p r o g r a m  assuming  Loren t z i an  l ine  
shapes. Relat ive  errors were less than +0.01 m m  s 1. 
Temperatures below 4.2 K were determined by vapor- 

pressure thermometry .  The  system was  calibrated with 
an iron-foil  absorber. Al l  isomer-shif t  values reported 
here are with respect  to iron at room temperature.  

R E S U L T S  A N D  D I S C U S S I O N  

Mdissbauer spectra 

SWa-1 nontronite  contains iron oxides and iron- 
oxyhydroxide  impurit ies on ve ry  fine part icles at con-  
centrations be low detect ion by convent ional  minera l  
analysis. These  impurit ies must  be r emoved  to avoid  
misinterpretat ions in the M t s s b a u e r  spectra. M t s s -  
bauer spectroscopy may  detect  their  presence,  but  be-  
cause o f  the nanosize d imensions  of  the grains (Dick-  
son and Cardile,  1986), the oxides are usual ly super- 
magnet ic  at 80 K whereas  their presence as magnet ic  
sextes in the spectra is obvious  at 4.2 K. Treatment  of  
nontronite  according to Mehra  and Jackson (1960) re- 
moves  all partially crystal l ine i ron-oxide species. So- 
d ium dithionite used in this t reatment causes partial 
reduct ion o f  structural Fe  3+ to Fe  2§ However ,  reoxi-  
dation by air is easily obtained by air-drying and thus 
the process is revers ible  (Russell  et al., 1979; Komade l  
et al., 1990). All  spectra discussed are free of  iron 
oxides  based on 4 .2-K M6ssbauer  spectra. 

The  M6ssbauer  spectrum at 4.2 K for Li+-saturated 
nontronite is shown in Figure  la.  The intense, unre- 
so lved doublet  with i somer  shift ~ = 0.448 m m  s -1 is 
attributed to Fe  3+ in octahedral  coordination.  The  line- 
width o f  the unresolved doublet  is ve ry  broad, 0.69 
m m s  1, with respect  to the instrumental  l inewidth 
(0.24 m m  s - l )  suggest ing that the iron sites have  
slightly different  local environments ,  which  cause this 
broadening.  Charge  defects near the iron sites may  
cause this inequali ty of  the iron sites. Such defects 
may  be related to empty  octahedral  sites, d ivalent  oc- 
tahedral neighbors ,  and/or t r ivalent  cat ion substitution 
in the tetrahedral sheets. These  substitutions produce 
an excess negat ive  charge, which affects the surround- 
ing anions and which causes different  electr ic-f ield 
gradients at the iron sites (Coey et al., 1984). The  dis- 
tribution of  these cations in dioctrahedral  smecti tes  has 
been mode led  previous ly  based on the number  and rel- 
ative intensities of  the observed  M t s s b a u e r  doublets  
(e.g., Drits et al., 1995). 

F igure  l b  shows the 4 .2-K MiSssbauer spec t rum of  
Li - r ich  nontroni te  ca lc ined  at 300~ for  24 h. No  in- 
dicat ion o f  magne t ic  hyperf ine  spli t t ing among  the 
iron centers is observed ,  and thus there is no obse rv -  
able  effect  on the magne t ic  propert ies  by poss ible  dif-  
fus ion o f  Li  cat ions into the structure. In contrast ,  
s ignif icant  changes  in the M6ssbaue r  spectra were  
obse rved  for  samples  heated  at >300~  see F igure  
l c  for Li - r ich  nontroni te  heated  at 500~ and F igure  
2 for  a Li - r ich  nontroni te  ca lc ined  at d i f ferent  tem- 
peratures.  The  spec t rum in F igure  l c  was recorded  at 
80 K and it was fitted with  two  quadrupole  douplets .  
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Figure 1. M6ssbauer spectra at 4.2 K of Li-rich nontronite: 
(a) air-dried, (b) heat treated at 300~ for 24 h, and (c) M6ss- 
bauer spectra of Li-rich nontronite heat treated at 500~ for 
24 h recorded at 80 K. 

The  i somer  shif ts  and quadrupole  spl i t t ings 51 = 0.47 
m m  s ~, QSI = 1.52 mrn s -~ and ~2 = 0.49 m m  s -1, 

QS2 = 0.90 m m  s -l agree wel l  wi th  those  r epor ted  
by Hel ler -Kal la i  and R o z e n s o n  (1980) for  Ca 2§ and 
Mg2+-exchanged  hea t - t rea ted  SWa-1. These  authors  
sugges ted  that  the two  double ts  are re la ted  to Fe 3+ 
occupancy  o f  t r a n s  and c is  pos i t ions  in the unt rea ted  

mineral ,  w h i c h  upon  dehydroxy la t ion  p roduces  i ron 
in f ive-fo ld  and s ix- fo ld  coord ina t ion  si tes wi th  dif-  
f e r en t  q u a d r u p o l e  sp l i t t ings .  H o w e v e r ,  as n o t e d  
above,  the cen t ro symmet r i c  nature  o f  non t ron i t e s  is 
incompat ib le  wi th  Fe 3§ occupancy  o f  the t r a n s  sites. 
Tsipursky and Dri ts  (1984), based  on e lec t ron-d i f -  
f rac t ion pat terns ,  sugges ted  that  some  Fe  3§ ions  mi-  
grate to t r a n s  sites dur ing dehydroxy la t ion  of  non-  
tronites.  Therefore ,  the spect ra  of  hea t - t rea ted  non-  
t roni tes  may  show two Fe 3§ doublets ,  one  re la t ing to 
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Figure 2. M6ssbauer spectra of Li-rich nontronite at 4.2 K 
for 24 h heat treated at the temperatures indicated. 

Fe 3+ in f ive-fo ld  coord ina t ion  f rom the d e h y d r o x y l a -  
t ion of  the c is  sites and the o ther  f rom t r a n s  sites o f  
Fe  3+. The  dehydroxy la t e  s t ructure  affects  s ignif icant-  
ly the ex ch an g e  in te rac t ions  a m o n g  the i ron centers ,  
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Figure 3. MiSssbauer spectra for a Li-rich nontronite sample 
heat-treated at 500~ for 24 h and recorded at the tempera- 
tures indicated. 

as is clearly shown by the well-developed magnetic 
hyperfine sextes in a series of spectra recorded at 4.2 
K for Li-rich nontronite calcined at different temper- 
atures (Figure 2). The spectra in Figure 2 show that 

the contribution of magnetic hyperfine interactions 
increases with increasing calcination temperature. 

M6ssbauer spectra of the Li-rich nontronite heated 
at 500~ were measured at different temperatures (Fig- 
ure 3). The salient features of these spectra are: 1) At 
<10 K, an asymmetric broadening develops in the 
doublet. At --6 K, magnetic hyperfine structure ap- 
pears together with a paramagnetic doublet. The hy- 
per fine pattern is clearly developed at 4.2 K. 2). As 
the temperature of measurement is lowered, the mag- 
netic component increases at the expense of the para- 
magnetic quadrupole doublet. 3). Considerable chang- 
es occur in the spectra between 4.2-1.92 K. The quad- 
rupole doublet represents 13% of the area of the 1.95- 
K spectrum. However, even at 1.95 K, the magnetic 
moments of the magnetic phase are not entirely 
blocked (see discussion below), and therefore a spec- 
trum with fully developed hyperfine splitting is not 
observed. 

These characteristic features of the M6ssbauer spec- 
tra indicate superparamagnetic behavior for the heat- 
treated Li-rich nontronites (Gangas e t  al., 1973; MCrup 
e t  al., 1980). In general terms, in superparamagnetism, 
all spin vectors of iron atoms within a particle point 
in the same direction, but theralal fluctuations cause 
this direction to vary with a frequency depending upon 
the particle size, anisotropy energy, and temperature. 
If this frequency is greater than the Larmor precession 
frequency of the 57Fe nucleus (108 s-l), the magnetic 
hyperfine splitting collapses to give a single line or a 
doublet if a quadrapole interaction is present. In the 
opposite case of slow relaxation of the iron spins, a 
complete magnetic hyperfine splitting is observed. 
However, because of particle-size distribution in a 
sample, the spectra typically consist of a doublet ow- 
ing to small particles with a short relaxation time and 
a sextet owing to larger particles with longer relaxa- 
tion times. As the temperature increases, the spin-re- 
laxation frequency increases owing to thermal fluctu- 
ation, resulting in an increase of the area of the "para- 
magnetic" doublet as the area of the "magnetic" sex- 
tet decreases, because larger particles occur in the 
fast-relaxation limit. In summary, particles below a 
certain diamete~ typically 10 nm for Fe, become a 
single domain and above a certain temperature these 
particles exhibit paramagnetic behavior, but with a 
magnetic moment which may be as large as that of 
105 atoms coupled ferromagnetically. The temperature 
at which the two components become equal is called 
the blocking temperature, TB. With the exception of 
very small synthetic-Fe particles (BCdker et  al., 1998), 
all systems studied thus far have characteristic block- 
ing temperatures in the range of - -50-150 K. 

The present results suggest that the system has a T B 
of - 5  K. If this system consists of small particles, then 
the average particle size is near 1-2 nm (assuming a 
typical anisotropy constant for the iron oxides) which 
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Table 1. Spin-relaxation rate f (in 108 s -l) and magnetic- 
order parameter n for the two magnetic components M~ and 
M2-The relative abundance of the magnetic components and 
the paramagnetic component P is given by A. 

Mi M2 P 

T(K) f n A(%) f n A(%) A(%) 

6.0 2.2 0.61 31 5.8 0.47 5 64 
4.2 2.0 0.81 37 4.6 0.56 24 39 
1.95 0.7 0.93 28 1.3 0.79 29 13 

is no t  phys ica l ly  reasonable .  Instead,  we sugges t  tha t  
the  supe rpa ramagne t i c  effects  are re la ted  to i ron- r i ch  
layers  o f  the non t ron i t e  structure.  Each  layer  m a y  be  
a n e t w o r k  of  Fe -O- Fe  e x c h a n g e  in te rac t ions  w h i c h  are 
in te r rup ted  by  vacan t  oc tahedra l  sites or n o n - m a g n e t i c  
ions,  e.g., Mg, in the  oc tahedra l  sheet.  Hea t  t rea tment ,  
dehydroxyla t ion ,  and  subsequen t  i ron mig ra t ion  to 
empty  trans pos i t ions  (Tsipursky and Drits,  1984) re- 
suits in  the  fo rma t ion  of  smal l  ( < 3 - 5  nm)  magne t i c -  
i ron clusters ,  wh ich  b e h a v e  superpa ramagne t i ca l ly  at 
low tempera tures .  

The  spectra  were  ana lyzed  us ing  a sp in- re laxa t ion  
p r o g r a m  based  on  a m o d e l  deve loped  by  van  der  Wou-  
de and  Dekke r  (1965)  for  o rdered  spin systems.  In this  
p rogram,  the hyper f ine  magne t i c  field occurs  at ran-  
dom b e t w e e n  the  values,  + H  and  - H  a long  the z axis, 
the m a j o r  axis of  the electr ic-f ield gradient  tensor. The  
Hami l t on i an  for  the  nuc leus  unde r  these  cond i t ions  is: 

H = Ho + e(3Iz 2 - I2)/3 + g~xBHtzf(t) (1) 

where  Ho is the static Hami l ton ian ,  ~ is the electr ic-  
field grad ien t  at the  nucleus ,  I and  I z are the  nuc lea r  
spin and  its p ro jec t ion  a long the z axis, respect ively ,  
g is the  gy romagne t i c  rat io  of  the nuc leus  and  P~B is 
the nuc lea r  B o h r  magne ton ,  H is the hyper f ine  field 
and  f(t) is a r a n d o m  func t ion  of  t ime w h i c h  takes on  
the  va lues  +_ 1. Th i s  H a m i l t o n i a n  descr ibes  the  nuc leus  
in the p resence  of  re lax ing-c lus te r  magne t iza t ion .  We 
approx ima ted  the  size d is t r ibu t ion  of  the c lusters  wi th  
two magne t i c  componen t s ,  M1 and  M2 and  one  para-  
magne t i c  c o m p o n e n t  R The  fo rmer  s imula te  c lusters  
re lax ing  wi th  long  bu t  d i f fe rent  re laxa t ion  t imes  and  
the lat ter  s imulates  smal l  c lusters  re laxing  wi th  shor t  
re laxa t ion  t ime  (fast  l imit)  g iv ing  r ise to a pa ramag-  
net ic  double t  wi th  spl i t t ing of  1.40 m m  s-L In the  fit- 
t ing procedure ,  the hyper f ine  field H was kept  cons tan t  
at a ( typical)  va lue  for  an Fe  3§ of  S = 5/2  ion (500 
kOe)  and  the  va lue  of  the  i somer  shift, g, as deter-  
m i n e d  f rom the  spec t rum at 78 K for bo th  c o m p o n e n t s  
was  g = 0.45 m m  s -1, wi th  respect  to Fe. A b road  
l inewid th  was a s s u m e d  ( - -0 .8  m m  s -~) for  the  d i f ferent  
i ron env i ronmen t s .  T he  resul ts  are g iven  in  Table  1. 
Note  tha t  fits of  s imi la r  qual i ty  can  be  ach ieved  by  
e m p l o y i n g  a static mode l  wi th  m a n y  componen t s .  
S ince  the  p resen t  sys tem is two d i m ens i ona l  and  there  
is no  es t imate  of  the magne t i c - an i so t ropy  cons tan t  and  

< 

4000 3600 3200 1200 1000 800 600 400 

wavenumbers (crn "l) 

Figure 4. Infrared spectra of Li-rich nontronite air-dried 
(AD) and heat treated for 24 h at the temperatures indicated: 
(a) low frequencies (b) high frequencies. 

the  p re -exponen t i a l  factor, r0, the  size o f  the  m a g n e t i c  
i s lands  c a n n o t  be  evaluated.  However ,  we sugges t  in- 
tu i t ively  tha t  these  i ron- loaded  reg ions  are of  ul t raf ine 
size wi th  an  average  d i ame te r  no t  exceed ing  2 nm.  Na-  
and  R b - e x c h a n g e d  SWa-1 non t ron i t e s  s h o w e d  s imi la r  
behavior ,  wi th  l ow- t empera tu re  M 6 s s b a u e r  spect ra  af- 
ter  ca lc ina t ion  at 500~ c o m p a r a b l e  to Li - r ich  non-  
tronite.  

lnfrared spectroscopy 

The  in f ra red  spect ra  of  a i r -dr ied and  hea t - t rea ted  Li- 
Nch non t ron i t e  f i lms are s h o w n  in F igure  4. The  spec-  
t rum of  air-dried non t ron i t e  exh ib i t s  absorp t ion  max i -  
m a  in three  regions:  (1) the  9 5 0 - 1 2 0 0 - c m  -~ reg ion  
features  the  s t re tching v ib ra t ions  o f  S i -O-Si  and  Si-O-  
M (M = Fe  3+, A P  § Mg2§ (2) the  7 5 0 - 9 5 0 - c m  -1 re- 
gion,  in  w h i c h  the l ibra t ions  of  the  O H  groups  in the 
oc tahedra l  shee t  occur, and  (3) the  r eg ion  < 6 0 0  c m  1, 
whe re  the  b e n d i n g  v ib ra t ions  of  S i -O-Si  and  S i - O - M  
appear. In reg ion  (2), the b a n d  at 877 c m  -1 was  as- 
s igned  to the l ibra t ion  o f  the  A1FeOH group  (Serra-  
tosa,  1960; G o o d m a n  et al., 1976),  the  band  at 814  
c m  1 to the l ibra t ion  of  FeFeOH,  and  the th i rd  b a n d  
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Figure 5. Infrared spectra of (a) Li-rich nontronite and (b) 
Rb-rich nontronite films, air-dried (AD) and heat treated for 
24 h at 300~ 

at 782 cm -1 to the libration of  F e M g O H  groups (Ser- 
ratossa, 1960; Stubican and Roy, 1961). In the absorp- 
tion of  the 782-cm -t band, a contribution f rom the Si- 
O vibrations is also possible (Russell  et al., 1979). 
Three  peaks occur also in region (3); the peaks at 495 
and 430 cm -~ were  attributed to the vibrations of  Si- 
O-Fe,  and the third at 455 cm -1 to the Si -O-Si  bending 
vibrations (Goodman et al., 1976). 

As  shown in Figure 4a, heat  t reatment of  the Li-r ich 
nontronite sample caused significant spectral changes.  
Heat ing the sample at 300~ caused a shift in fre- 
quency of  Si-O stretching f rom 1030 to 1042 cm 1 and 
increased the bandwidth. In region (2) the peak fre- 
quency of  the F e F e O H  libration was shifted f rom 814 
to 840 cm 1. Region  (3) seems to be unaffected by 
heat  treatment. Because  nontronite has a charge defi- 
c iency mainly  in the tetrahedral sheets, most  interlayer 
l i thium ions are expected to m o v e  towards the nega- 
t ively  charged, hexagonal  rings. Lithium, therefore,  
will  enter the hexagonal  cavit ies and perturb the vi- 
brations of  Si-O bonds and OH groups. The  migrat ion 
of  interlayer l i thium cations in montmori l loni tes  has 
been correlated with changes in the Si-O vibrational  
spectrum after heat treatment (Madejov~ et al., 1996; 
Karakassides et al., 1997). On the other hand, the in- 

teraction of  Li  + ions with the OH groups is expected 
to be weaker  than where  Li  + migrates into octahedral  
vacancies  as in the case for montmori l loni tes .  This 
may  explain the smaller  effect  of  the l i thium ions on 
the A1FeOH librations in heat-treated Li-r ich nontron- 
ite, where  the f requency of  the A1FeOH libration re- 
mained  unchanged after heat ing (Figure 4a). In con- 
trast, the possible  presence  of  l i thium cations in the 
hexagonal  cavit ies affects the librations o f  F e F e O H  
because  o f  the weaker  Fe-O bond and the higher  de- 
gree of  deformat ion  of  the (Fe-O) electron cloud. The  
effect  of  Li  + diffusion on O H  vibrations in the air- 
dried and heat- treated Li- and Rb-exchanged  nontron-  
ites is shown more  clearly in Figure  5. Li-r ich non- 
t roni te  exhib i t s  s ignif icant  changes  af ter  hea t ing ,  
whereas  Rb-r ich nontronite  remains similar  to that be- 
fore calcination. Because  Rb + ions are too large to 
penetrate into the hexagonal  cavities,  we conclude  that 
Li  + migrat ion is responsible  for the observed  changes 
in the O H  vibrations.  Another  explanat ion for the dim- 
inution o f  the F e F e O H  band at 814 cm 1 after heat ing 
natural nontronites (with M g  2+ and Ca 2+ as inter layer  
cations) is based on proton migrat ion f rom the Fe-  
F e O H  bridges (Heller-Kallai  and Rozenson,  1980). 

The infrared spectra o f  air-dried and heat- treated 
nontronites in the f requency region be tween  2 5 0 0 -  
4000 c m - l  are presented in Figure  4b. The  spectrum 
of  air-dried nontronite  is character ized by a broad ab- 
sorption at 3416 cm 1 attributed to adsorbed water, and 
a relat ively narrow band at 3568 cm 1 attributed to 
stretching vibrations of  structural OH groups (Farmer  
and Russell ,  1964). The intensity o f  the broad band at 
3416 cm -1 decreases upon heating of  nontronite  at 
300~ owing  to the remova l  of  interlayer H20,  where-  
as the band at 3568 cm 1, al though at h igher  frequen-  
cies, retains the same intensity. This  result  impl ies  that 
the number  of  structural OH groups does not  alter sig- 
nificantly, and therefore dehydroxylat ion o f  nontroni te  
begins at h igher  temperatures.  

Heat  t reatment  (Figure 4) of  the sample at 400~ 
reduces significantly the intensity of  the band at 840 
cm 1, which is assigned to F e F e O H  librations, whereas  
a smaller  decrease in the intensity of  the band at 877 
cm -1 result ing f rom A1FeOH librations is observed.  
The  stretching band result ing f rom structural O H  at 
3578 cm -1 shifts to 3610 cm -1 and decreases in inten- 
sity at h igher  temperatures.  Accord ing  to Madejov~i et  

al. (1996), this shift is attributed to the remova l  o f  
F e F e O H  or F e M g O H  groups, which produce bands at 
lower  frequencies.  These  groups contribute to the 
composi te  M - O H  vibrat ional  envelope.  These  spectral 
changes indicate that the dehydroxylat ion react ion oc- 
curs by 400~ Smal l  effects of  heat ing on the A1FeOH 
libration band (Figure 5) suggest  that dehydroxyla t ion  
starts most ly  with the hydroxyl-groups  F e F e O H  clus- 
ters. 
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At  lower  f requenc ies  of  the  spec t rum,  the  in tens i t ies  
of  the bands  at 515 and  430  c m  1 decrease  owing  to 
the  b e n d i n g  v ibra t ions  of  Si-O-Fe.  This  b e h a v i o r  m a y  
occur  f rom the des t ruc t ion  of  S i -O-Fe  connec t i ons  
upon  dehydroxyla t ion .  As  d i scussed  above ,  dehydrox-  
y la t ion  t r ans fo rms  the  oc tahedra l  i ron to a f ive-fold  
coord ina ted  geomet ry ,  w h i c h  min imizes  the  n u m b e r  o f  
S i -O-Fe  br idges .  

Wi th  inc reas ing  t empera tu res  f rom 400  to 750~ 
the  in tens i t ies  of  all b a n d s  decreased,  wi th  w e a k  fea-  
tures at 877, 840 (Figure 4a), and  3610  c m  1 (Figure  
4b), The  in tens i ty  loss indica tes  a smal l  n u m b e r  o f  
r ema in ing  structural  O H  groups.  These  w e a k  bands  
van i shed  at 750~ sugges t ing  the  des t ruc t ion  of  the  
non t ron i t e  structure.  
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