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PARTIAL STABILIZATION OF Fe(II) IN R E D U C E D  F E R R U G I N O U S  
SMECTITE B Y  Li FIXATION 

PETER KOMADEL, 1 JANA MADEJOV?t, 1 AND JOSEPH W. STUCKI 2 

Institute of Inorganic Chemistry, Slovak Academy of Sciences, SK-842 36 Bratislava, Slovakia 
2 Department of Natural Resources and Environmental Sciences, University of Illinois, Urbana, Illinois 61801, 

Abstract--Partial stabilization of Fe(II) in chemically reduced smectite, which normally readily under- 
goes reoxidation in air, was achieved. The purpose of this study was to determine if Fe(II) can be stabilized 
in reduced smectites by Li fixation upon heating. More than 80% of total Fe in ferruginous smectite SWa- 
1 was reduced to Fe(II) using the citrate-bicarbonate-dithionite (CBD) method while purging the clay 
dispersion with N2. The reduced smectite was Li-saturated, washed free of excess ions, freeze-dried, and 
heated in N 2 atmosphere at 260~ for 24 h to produce Li-fixation. This treatment caused partial stabili- 
zation of Fe(II) in the clay structure. Chemical analysis, M6ssbauer spectroscopy, and Fourier transform 
infrared (FTIR) spectroscopy proved that >20% of total Fe was Fe(II) after reoxidation with oxygen in 
a water dispersion, a treatment which causes complete reoxidation of Fe(II) in reduced Na-smectites. 
Decomposition of the OH-stretching band evident in the IR spectra indicated migration of Li into the 
vacant octahedra. Some of the OH groups in the reoxidized smectite were found in local trioctahedral 
configurations, associated with the A1Fe(II)Li or Fe(III)Fe(II)Li groupings of central atoms in the octa- 
hedral sheet. 

Key Words--Ferric, Ferrous, Ferruginous Smectite, Infrared Spectroscopy, Li Fixation, M6ssbauer Spec- 
troscopy, Oxidation, Reduction, SWa-1. 

USA 

I N T R O D U C T I O N  

Reduct ion o f  structural Fe  in 2:1 dioctaJaedral smec-  
tites profoundly affects many fundamental  properties 
of  the clay, including layer charge, cat ion exchange  
capacity, cation fixation, swell ing pressure and water- 
holding capacity, specific surface area, hydraulic con- 
ductivity, color, and magnet ic  exchange  interactions 
(Stucki, t988;  Shen et al . ,  1992). Because  clays are 
ubiquitous in nature and used extensively in industry, 
but their natural properties are somet imes  less than 
opt imum for a particular purpose,  the ability to ma-  
nipulate the oxidat ion state to modify  clay properties 
in s i tu can be o f  great benefit to agriculture, industry, 
and the environment .  For  example,  the ideal site for a 
land-fill  project  would  be one where the swel l ing and 
permeabi l i ty  o f  underlying soils and sediments is min- 
imal,  but somet imes  other factors preclude such sites, 
In this case, the ability to modi fy  these properties in 

si tu,  even temporarily,  could ove rcome  various ad- 
verse  consequences  associated with these limitations. 
In many situations, however,  such benefits to agricul- 
ture or  industry depend on the stability of  the reduced 
oxidat ion state. Previous work  indicates that i f  the 
smecti te  is Na  saturated, reoxidat ion in water  is rapid 
and complete ,  i f  oxygen  is present (Komadel  et al. ,  

1990, 1995). In the presence of  K, however,  reoxida-  
tion is less comple te  and becomes  even  less so with 
mult iple  redox cycles (Shen and Stucki, 1994), pre- 
sumably due to the collapse of  adjacent  2:1 layers 
around the K § ion. 

Another  method  for modify ing  the properties of  
dioctahedral  smecti tes is to heat the clay in the pres- 

ence of  Li  +, causing the small  Li  + ions to enter the 2: 
1 layer structure, which decreases the layer charge,  
expandabili ty,  and cation exchange  capacity (Hofmann  
and Klemen,  1950). Upon  heating, the Li  + is attracted 
to negat ively charged octahedral  sheets. This phenom-  
enon, along with the accompanying  irreversible col-  
lapse of  the layers, was proposed  to be the cri terion to 
distinguish montmori l loni te  f rom clays which have no 
octahedral  charge, such as beidell i te  and nontronite 
(Greene-Kelly,  1953; L im and Jackson, 1986). In 
smecti tes with tetrahedral charge, however,  Li  + can be 
trapped in the hexagonal  cavit ies of  the tetrahedral 
sheet (Calvet  and Prost, 1971; Alvero  et al. ,  Madejov~i 
et al., 1996; Theng et al. ,  1997). A series of  reduced-  
charge clays was prepared f rom various starting Li  +- 
saturated rnontmoril lonites by heating them for 24 h 
at 105-220~ Higher  reduct ion o f  the layer charge,  
increasing content  of  pyrophyl l i te- l ike  layers, decreas-  
ing swell ing and sorption ability, and s lower  dissolu- 
tion in HCI with increasing preparation temperature  
were  reported (Calvet  and Prost 1971; Bujd~ik et  aL,  

1991, 1992a, 1992b, 1993; Bujdgk and Slosiarikov~i, 
1994; Madejov~i et al, ,  1996; Komade l  et al. ,  1996a). 

Isomorphous  substitution is the c o m m o n  means  by 
which  an oc tahedra l  sheet  b e c o m e s  nega t i ve ly  
charged, but  increased charge also occurs upon the 
reduct ion o f  structural Fe(III)  to Fe(II),  which may  
also lead to increased fixation of  Li  upon heating. In 
this case, Li  substitution could assist in the stabiliza- 
tion of  structural Fe(II)  by decreasing the charge def- 
icit in the octahedral  sheet and thereby diminishing the 
extent to which Fe(II)  reoxidat ion can occur. Indeed,  
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under these conditions, Fe(II) reoxidation would re- 
verse the charge if no ancillary compensatory pro- 
cesses were involved. The purpose of  the present study 
was to test this possibility. 

MATERIALS AND METHODS 

Materials  

The clay used in this study was ferruginous smectite 
sample SWa-1 (Grant County, Washington, USA), ob- 
tained from the Source Clays Repository of the Clay 
Minerals Society, Columbia, Missouri, USA. The clay 
mineral was fractionated to <2  Ixm, Na+-saturated 
(Na-SWa), washed free of excess salts, and freeze- 
dried prior to use in the experiments. The structural 
formula as calculated from X-ray fluorescence (XRF) 
data (Breen et al., 1997) for the fine fraction used in 

this study is M+0.ss (5i7.32 AIo.68)(Alo.92 Fe2.s3 Mg0.27)O20 
(OH)4. 

Iron reduction and Li-fixation 

Iron in the clay mineral was reduced using the cit- 
rate-bicarbonate-dithionite (CBD) method while purg- 
ing the clay suspension with N: (Komadel et al., 
1990). The exchangeable Na § in the reduced smectite 
(NaS-r) was exchanged by Li+(LiS-r) and washed free 
of  excess salts using a controlled-atmosphere liquid 
exchanger (updated, commercially-available version of 
that described by Stucki et aL, 1984) to minimize re- 
oxidation, freeze-dried, and analyzed for Fe(II) and to- 
tal Fe using the 1,10-phenanthroline method of Ko- 
madel and Stucki (1988). This clay mineral was 
packed into A1 foil and placed in a quartz tube which 
was purged with N2 and preheated to 260~ The tube 
was kept in a tube furnance at this temperature for 24 
h to invoke Li fixation. After heating, the sample (LiS- 
rh) was divided into two parts: one was analyzed for 
Fe(II) and total Fe; and the other (LiS-rho) was resus- 
pended in H20 and reoxidized for 2 h by bubbling O2 
(Komadel et al., 1990), washed free of excess salts, 
freeze-dried, and analyzed for Fe(II) and total Fe by 
both the 1,10-phenanthroline method and M6ssbauer 
spectroscopy. To compare the effect of Fe(III) reduc- 
tion in SWa-1 on Li-fixation, Li-saturated unreduced 
SWa-1 was heated similarly to LiS-rh, i.e., for 24 h at 
260~ (LiS-h). Effects of the various treatments on the 
clay mineral structure were monitored by Fourier 
transform infrared (FTIR) spectroscopy. 

MOssbauer spectroscopy 

M6ssbauer spectra were obtained at 100 K using a 
Ranger Scientific MS-900 spectrometer equipped with 
a 57Co in 10% Rh source and a Technology Systems 
cryostat, then analyzed with a least-squares computer 
program assuming Lorentzian-line shapes. The areas 
and widths of the two members of each doublet were 
constrained to be equal. 

F T I R  spectroscopy 

Infrared spectra were obtained using the KBr 
pressed-disk technique and a Nicolet Magna 750 FI ' IR 
spectrometer equipped with a DTGS detector. For each 
sample, 128 scans were recorded in the 4000 to 400 
cm -1 spectral range in the absorbance mode with a 
resolution of 4 cm ~. The Na-saturated samples were 
analyzed as thin films with a MIDAC 2000 FTIR spec- 
trometer with a D T G S  detector. In this case, 50 scans 
were recorded with a resolution of 1 cm ~. Decom- 
position of the OH-stretching band into components 
was employed using a least-squares peak fitting pro- 
gram with the Gauss-Lorentz form of each band com- 
ponent and linear baseline. The convergence criterion 
was six significant digits for X 2, and goodness-of-fit 
was evaluated at the 95% confidence interval. The as- 
signment of  individual OH components to certain pairs 
of  octahedral atoms for untreated SWa-1 is based on 
the crystallochemical formula as calculated from the 
XRF analysis (Breen et al., 1997), and on the peaks 
found in the OH-bending region. A minimal number 
of  component bands was used in the fitting procedure, 
therefore only one component for each of the group- 
ings Fe(III)Fe(III) and A1A1 was included in the band 
analysis, which is less than in the previously published 
decomposition of SWa-1 (Madejov~i et al., 1994). 
Based on chemical analysis, a small amount of  Mg 
(0.27 per O20(OH)4 ) is present in the octahedral sheet, 
and therefore A1Mg pairs were not included in the de- 
convolution, as only a negligible contribution of this 
band to the complex OH band is expected. To check 
the correctness of  the decomposition (number and as- 
signment of the OH components), the Fe content cal- 
culated from the FTIR spectrum according to Slon- 
imskaya et al., (1986) was compared with that ob- 
tained from the chemical analysis (CA). The coeffi- 
cients obtained for Fe in the structural formula 
(Cm(Fe) = 2.85 and CcA(Fe ) = 2.83) confirmed rea- 
sonable fitting of the OH band. Inclusion of the broad 
absorption band near 3400 cm-1 for adsorbed water as 
one or two components in the fitting procedure was 
reported to be an effective way of  correcting for back- 
ground due to water absorption (Slonimskaya et al., 
1986; Madejov~i et al., 1994; Besson and Drits, 
1997a). 

RESULTS AND DISCUSSION 

Chemical  analysis and MOssbauer spectroscopy 

Upon chemical reduction of  structural Fe(III), the 
color of Na-SWa-1 suspensions changes from yellow 
through green, blue-green, dark blue and light blue to 
light gray. Over 80% of the total Fe in the freeze-dried 
LiS-r was Fe(II) (Table 1), thus indicating minimal 
reoxidation during the Li+-saturation, washing, and 
drying treatments. Some reoxidation occurred during 
the heat treatment (24 h at 260~ to invoke Li + fix- 



460 Komadel, Madejovfi, and Stucki Clays and Clay Minerals 

Table 1. Sample labels, treatments, and Fe(II) content (Fe(II)/total Fe). CA = Chemical analysis, MS = M6ssbauer spec- 
troscopy. 

Sample  NaS LiS NaS-r  LiS-r  LiS-rh  LiS-h LiS-rho 

Treatment - -  - -  reduction reduction reduction - -  reduction 
heating heating heating 

reoxidation 
Fe(II)/Fe CA <0.002 <0.002 0.94 0.83 0.71 <0.002 0.21 

MS 0 n.d. 0.89 n.d. n.d. n.d. 0.23 

ation. However ,  71% of  total Fe was Fe(II) in the heat- 
treated clay (Table 1). Purging oxygen  through the 
clay mineral  suspension reoxidized additional Fe(II),  
however,  after f reeze-drying,  the reoxidized smecti te  
contained > 2 0 %  of  total Fe  as Fe(II) (Table 1). By 
contrast, the reoxidat ion treatment causes complete  re- 
oxidat ion of  Fe(II)  in reduced Na-saturated smecti tes 
(Komadel  et  al. ,  1990, 1995). Both the chemical  and 
M6ssbauer  (Figure 1) data offer convincing ev idence  
that Li + fixation in highly reduced SWa-1 ferruginous 
smecti te caused partial stabilization of  Fe(II)  in the 
clay structure. 

F T I R  s p e c t r o s c o p y  

The F I ' IR  spectrum of  sample NaS shows a broad 
OH-stretching band at 3573 cm 1 (Figure 2), which 
reflects the high content  of  octahedral  Fe  in the sample 
(Goodman et  al. ,  1976)�9 No significant change in the 
posit ion of  the OH-stre tching band was observed  in 
the F T I R  spectrum of  the reduced NaS-r  other  than a 
slight broadening of  the band in the region near 3620 
cm ~. Heating for 24 h at 260~ to invoke Li  + fixation 
in the unreduced LiS caused only a minor  shift of  the 
OH-stretching band f rom 3575 to 3579 cm ~ in LiS-h 
(Figure 2), showing a partial decrease of  the layer 
charge due to l imited fixation of  Li in the hexagonal  
cavities. A similar increase in the posit ion of  the OH-  
stretching band with decreasing layer charge, and thus 

12.6 

12.5 

12.4 % 

12,3 

8 
12.2 

12.1 

I ' I * I , I �9 , �9 , �9 , �9 , �9 , 

Fe(ll) 

12.0 , , , , , , i , 

-4 -3 -2 -I 0 1 2 3 4 
Vl mm.s -1 

Figure 1. M6ssbauer spectrum at 90 K of SWa-1 after re- 
duction, Li+-fixation, and reoxidation (sample LiS-rho). 

with the decreasing charge deficiency on apical oxy-  
gens, was observed  for micas  (Robert  and Kodama,  
1988). By  contrast, the OH-stretching band in the 
spectrum of  the reduced-Li- f ixed-reoxidized  sample,  
LiS-rho,  is markedly  different f rom the other spectra 
shown in Figure  2. The  OH-stre tching band in the 
spectrum of  LiS-rho is shifted to 3622 cm -~ with a 
shoulder near  3650 cm '. 

The posi t ion of  the OH-stre tching band of  2:1 phyl-  
losilicates is strongly influenced by neares t -neighbor  
cations, because they control both the charge balance 
on oxygen  atoms of  OH groups and the orientat ion o f  
the OH dipole  (Farmer, 1974; Rober t  and Kodama,  
1988). Previous  IR studies of  celadonites and glauco-  
nites (Slonimskaya  et  al. ,  1986) and smecti tes (Ma- 
dejovfi e t  al. ,  1994, 1996) showed that the OH-stretch-  
ing band could be rel iably resolved into the individual  

3600 
Wavenumbers (cm-1) 

Figure 2. FTIR spectra of SWa-i samples in OH-stretching 
region. NaS and NaS-r are Na+-saturated SWa-1 untreated 
and reduced, respectively. Sample descriptions and treatments 
of other samples are listed in Table 1. 
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Figure 3. Decomposition of the FTIR spectrum of unaltered 
SWa-1 (sample LiS); experimental and calculated curves and 
the OH components (Table 2). 

c o m p o n e n t s  co r re spond ing  to O H  coord ina t ed  to spe- 
cific g roup ings  of  oc tahedra l  a toms.  A s imi lar  ap-  
p roach  was  used  here  to s tudy the  changes  in the  IR 
spect ra  of  SWa-1.  

The  O H  groups  associa ted  wi th  Fe(I I I )Fe(I I I )  (3566 
c m - 1 ) ,  Fe( I I I )Mg(3575  c m  1), A1Fe(III)  (3598 c m  ~), 
and  A1A1 (3633 c m  -~) pairs  are expec ted  to domina t e  
the una l te red  sample  (Figure 3; Table  2). T he  pro- 
n o u n c e d  shift  in the OH-s t re t ch ing  b a n d  to 3622 c m  1 
in the  spec t rum of  L iS- rho  is due  to new O H  com-  
ponen t s  abso rb ing  at h igher  w a v e n u m b e r s .  For  dioc- 
t ahedra l  smect i tes ,  only  AIA1OH groups  are k n o w n  to 
absorb  in this  reg ion  (Farmer,  1974; Madejovf i  e t  a l . ,  
1994, 1996). However ,  the  n u m b e r  of  A1A1 pairs  can-  
no t  be  subs tant ia l ly  h igher  in L iS- rho  than  in the LiS 
sample .  Therefore ,  the  new c o m p o n e n t s  at 3656  and  
3623 c m  ~, ob ta ined  by  decompos i t i on  of  the  O H  b a n d  
in the F T I R  spec t rum of  LiS-rho ,  are ass igned  to new 
group ings  deve loped  in the mine ra l  s t ructure  upon  
t r ea tmen t  (Figure  4; Table  2). Dur ing  hea t ing ,  Li § cat-  
ions  are wide ly  cons ide red  to migra te  f rom the inter- 
layer  into  the  vacan t  octahedra ,  near  sites of  i somor-  
phous  subst i tut ion.  Pairs  of  A1Fe(II) and  Fe(I I I )Fe(I I )  
c rea ted  dur ing  Fe(III)  r educ t ion  at t ract  Li to the  v a c a n t  
oc tahedra  near  by. Li  f ixat ion creates  local  t r ioc tahed-  
ral  conf igura t ions  of  A1Fe(II)Li and  Fe(III )Fe(II)Li .  
Ca lve t  and  Prost  (1971)  and  Madejov~i e t  al.  (1996)  
r epo t t ed  the  bands  near  3670 and  3660  c m  -I, respec-  
tively, to be  due to an A1MgLi  conf igura t ion.  Accord-  
ing to Vedder  (1964),  subs t i tu t ion  of  M g  by  Fe(II)  in  
talc shifts  the UoH d o w n w a r d  by  - 1 6  c m  -1. The  com-  
p o n e n t  b a n d  o b s e r v e d  at 3656 c m  1 may,  therefore ,  be  
re la ted  to OH in an  A1Fe(II)Li conf igura t ion.  Abso rp -  
t ion bands  in the 3 6 6 0 - 3 6 5 0  c m  1 reg ion  ass igned  to 
an  A1Fe(II)Li conf igura t ion  were  found  in the  spectra  
of  na tura l  L i -Fe -Al -micas  (Von Golds t e in  e t  a l . ,  1995). 
The  a s s ignmen t  of  the c o m p o n e n t  at 3623 cm-~ in the  
spec t rum LiS- rho  is ba sed  on  the  p r e s u m p t i o n  that  the  
d i f fe rence  in the pos i t ions  of  A1Fe(I I )LiOH and 

Table 2. Assignments, positions, and areas of the OH com- 
ponents of the spectra shown in Figures 3 and 4. 

LiS LiS-rho 

Area ~ Area 
Assignment (cm -I) (%) (cm ~) (%) 

A1Fe(II)LiOH - -  - -  3656 13.97 
A1A1OH 3633 13.42 3637 13.97 
Fe(III)Fe(II)LiOH - -  3623 22.28 
A1Fe(III)OH 3598 21.09 3599 11.32 
Fe(III)MgOH 3575 9.32 3582 8.31 
Fe(III)Fe(III)OH 3566 56.17 3561 30.15 

Fe ( I I I )Fe ( I I )L iOH c o m p o n e n t s  should  be  ve ry  c lose  to 
tha t  o f  A1FeOH and  F e F e O H  c o m p o n e n t s  in  the  spec-  
t r um of  LiS,  i .e . ,  close  to 32 c m  -1 (Table 2). The  
A1Fe(I I )LiOH groups  absorb  at 3656 c m  1, the re fore  
the  absorp t ion  at 3623 c m  -~ is be l i eved  to be  due  to 
Fe ( I I I )Fe ( I I )L iOH groups.  

D e c o n v o l u t i o n  of  the  OH-s t r e t ch ing  bands  for  LiS 
and  L iS - rho  y ie lded  posi t ions ,  ass ignments ,  and  areas 
of  ind iv idua l  O H  componen t s .  The  area  u n d e r  an  ab- 
so rp t ion -band  cu rve  is p ropor t iona l  to the concen t ra -  
t ion  of  the  abso rb ing  group  and  the  absorp t ion  coef-  
ficient. However ,  R o u x h e t  (1970)  found  that  wi th in  the  
s ame  type  of  mine ra l s  the  absorp t ion  coeff ic ient  per  
O H  group  was  abou t  the same and did  not  d e p e n d  
apprec iab ly  on  e i ther  the  chemica l  c o m p o s i t i o n  or the  
o r ien ta t ion  o f  the  oscillator.  This  a s sumpt ion  was used  
ef fec t ive ly  as a bas is  for  the de t e rmina t ion  of  the  oc-  
tahedra l  ca t ion  con ten t  (S lon imskaya  e t  a l . ,  1986; Ma-  
de jov~ e t  a l . ,  1996; B e s s o n  and  Drits,  1997b).  Thus ,  
areas s h o w n  in Table  2 are a s sumed  to be  p ropor t iona l  
to concen t r a t ions  of  O H  groups  in the va r ious ly  as- 
s igned  coord ina t ion  env i ronmen t s .  The  dec rease  in the  
areas of  A1Fe(I I I )OH and  Fe( I I I )Fe( I I I )OH c o m p o -  
nen ts  of  L iS - rho  as c o m p a r e d  to LiS,  reflects  tha t  
A1Fe0II )  and  Fe(I I I )Fe(I I I )  pairs  in LiS were  par t ia l ly  
rep laced  wi th  A1Fe(II)Li  and  Fe(I I I )Fe(I I )Li ,  respec-  

o~ 
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Figure 4. Decomposition of the FI'IR spectrum of SWa-1 
after the treatments (sample LiS-rho); experimental and cal- 
culated curves and the OH components (Table 2). 



462 Komadel, Madejovfi, and Stucki Clays and Clay Minerals 

A 

}75 

qaS-r 

NaS-ro 

r i 

900 800 

Wavenumbers (cm-1) 

Figure 5. A) FTIR spectra of Na ~ -saturated SWa- 1 samples in 
reduced and reoxidized. B) FTIR spectra of samples described 

tively. Similar  values of  A1A1 and Fe(I I I )Mg areas ob- 
served for LiS and LiS-rho samples indicated that mi-  
gration o f  Li  + ions close to this OH group is improb-  
able. 

Areas of  individual  OH components  with Fe(II)  in 
their coordinat ion sphere a l lowed calculat ion of  the 
Fe(II)/ total  Fe ratio in LiS-rho.  This calculat ion as- 
sumes that the concentrat ion of  each cation is equal  to 
the sum of  the contributions of  the cations to the areas 
of  OH groups, which contain the g iven cation in their 
nearest envi ronment  (Slonimskaya e t  al. ,  1986). The 
result obtained, 20% of total Fe as Fe(II),  is in excel-  
lent agreement  with both chemical  and M6ssbauer  data 
(Table 1). 

The  9 5 0 - 8 0 0  cm 1 region provides complementa ry  
evidence  for Li  migrat ion into the structure upon heat- 
ing. The  F T I R  spectrum of  the NaS sample contains 
the bands associated with OH-bending  vibrations at 
875 and 823 cm 1 due to A I F e O H  and F e F e O H  
groups, respect ively (Figure 5A). After  reduct ion of  
> 8 0 %  of  the total Fe  to Fe(II),  the OH-bending  bands 
were almost  lost and only very  slight inflections are 
dist inguishable in the spectrum of  NaS-r. During re- 
duction, the free radicals ( S O 2 )  transfer electrons to 
structural Fe(III),  reducing it to Fe(II).  The structure 
of  the clay mineral  becomes  destabil ized by an excess 
negat ive charge causing partial dehydroxylat ion,  de- 
protonation, and/or other crystal l ine rearangements  
(Komadel  et  al. ,  1995; Gates et  al. ,  1996; Sucki  et  al. ,  

900 800 
Wavenumbers (cm-1) 

OH-bending region. NaS: untreated, NaS-r: reduced, NaS-ro: 
in Table 1, Ca(LiS-h) is Ca2+-exchanged LiS-h sample. 

1996). The  more  acidic character  of  OH groups co- 
ordinated by Fe(III),  as a result o f  the greater electron 
affinity of  Fe(III)  compared  with AI(III), contributes 
to preferential  deprotonat ion of  F e F e O H  groups (Rus- 
sell, 1979). Reoxidat ion  of  the sample partially re- 
stored the A I F e O H  band in the F T I R  spectrum of  sam- 
ple NaS-ro,  thus proving the presence of  a significant 
number  of  A1FeOH groups,  where  only a weak  inflec- 
tion near 820 cm t indicates the presence o f  only a 
few F e F e O H  groups in sample NaS-ro  (Figure 5A). 

Notable  changes were  observed  in the OH-bending  
region when  unreduced LiS was heated to 260~ to 
fix Li  + ions (spectrum LiS-h  in Figure  5B). Due  to the 
prevai l ing tetrahedral charge o f  this clay mineral ,  most  
of  the Li  + was trapped in the hexagonal  holes of  the 
tetrahedral sheet. The  shift of  the A1FeOH band to 882 
cm 1 and the appearance of  an F e F e O H  band at 841 
cm 1 with a shoulder near  820 cm 1, as wel l  as the 
decrease in intensities o f  both of  these bands (Figure 
5B), indicates a significant perturbation of  OH-bend-  
ing vibrations in LiS-h  due to Li  + located direct ly 
above or  be low the structural O H  groups. These  Li  + 
ions affect the direct ion o f  the dipole m o m e n t  of  the 
OH groups and perturb its deformat ion vibrat ion en- 
ergy (McBride  and Mortland,  1974). Af te r  exchange-  
able Li  + ions in LiS-h  were exchanged by Ca 2+, the 
IR spectrum regained the shape o f  the untreated sam- 
ple (see spectra LiS and Ca(LiS-h)  in Figure  5B). This  
ion-exchange  treatment  a l lowed the layers to swell  and 
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Figure 6. FTIR spectra of LiS, LiS-h, Ca(LiS-h), LiS-rho samples in (A) the Si-O stretching and (B) bending regions. Sample 
descriptions and treatments of other samples are listed in Table 1. 

the Li  + ions in the hexagonal  holes  to rehydrate and 
m o v e  f rom these sites. The similari ty of  the spectra 
for LiS and Ca(LiS-h)  samples confirms that most  Li  + 
ions were trapped reversibly in the structure of  LiS-h,  
whereas the number  of  Li § ions possibly fixed irre- 
versibly to compensate  for octahedral  charge is be low 
the detection l imit  of  IR spectroscopy. 

Reduct ion of  Fe(III)  in SWa-1 increased the nega- 
tive charge in the octahedral  sheet, but also increased 
the extent to which Li  fixation occurred upon heating, 
which compensated  some of the increased charge. The 
OH-bending  region in the spectrum of  sample LiS-rho 
(Figure 5B) reflects substantial structural changes ow-  
ing to the treatments. In compar ison  with the spectra 
of  samples NaS-ro  (Figure 5A) and Ca(LiS-h)  (Figure 
5B), no bands relating to OH vibrations (except only 
a v e r y  w e a k  inf lec t ion  near  875 cm ~ due to 
A1Fe(III)OH) are present in the spectrum of  sample 
LiS-rho.  Both  reduct ion and Li fixation contribute to 
the observed decrease in the band intensities of  struc- 
tural OH groups in the 900 -800  cm -~ region. Komade l  
e t  al.  (1995) found that structural O H  content  in re- 
duced-reoxidized nontronite is - - 1 5 - 2 0 %  less than in 
the original sample,  thus proving partial dehydroxy-  
lation of  reduced-reoxidized mineral.  As discussed 
above,  deprotonat ion can possibly contribute to lower  
OH content. Li  fixation in LiS-r  causes partial replace-  
ment  of  O H  groups shared by one empty  octahedron 
and two octahedra with trivalent central  atoms (which 

is common for dioctahedral smectites), i.e., AIFe(IH)OH 
and Fe(I I I )Fe(I I I )OH groups, with OH groups shared 
by three octahedra with central atoms (typical for 
tr ioctahedral smectites),  which absorb in the 7 0 0 - 6 6 0  
cm ~ region. Their  bands cannot  be dis t inguished in 
the spectrum of  LiS-rho because they are over lapped 
by the intensive Fe-O out-of-plane vibrat ion centered 
at 678 cm ~ (Farmer, 1974; Russel l  and Fraser, 1994). 
Moreover ,  the ability of  Li  + ions in hexagonal  holes 
to perturb OH-deformat ion  vibrations and decrease 
their intensities (spectrum LiS-h  in Figure  5B), con-  
tributes to the near comple te  disappearance of  OH-  
bending bands in the spect rum of  sample LiS-rho (Fig- 
ure 5B). 

Further  changes occurred in the Si-O stretching and 
bending regions (Figure 6). The  Si-O stretching band, 
observed  at 1034 cm -~ for LiS,  shifted to 1040 cm 
upon heating (see spectrum LiS-h  in Figure  6A). A 
similar  shift to higher  wavenumbers ,  found for heated 
Li-montmori l loni te ,  indicates a decrease of  the layer 
charge due to the presence o f  Li  either in hexagonal  
holes  or in the previously  vacant  octahedra (Madejov~i 
e t  a l . ,  1996). Af te r  Ca 2§ was exchanged  for Li  + in the 
L iS-h  sample,  the Si-O band returned to 1032 cm -1 
(spectrum of  Ca(LiS-h)  in Figure  6A). This shift con-  
f irmed that Li  + in the hexagonal  holes of  the tetrahe- 
dral sheet can be exchanged by Ca 2+. Thus, this Li  2+ 
is not real ly fixed. However ,  the shift of  the Si-O 
stretching band to 1024 cm 1 in the spectrum of  LiS-  
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rho  (Figure  6A)  reflects  the  effect  of  Fe(II)  in  the re- 
ox id ized  sample  on  the Si-O vibrat ions .  A s imi la r  
d o w n w a r d  shif t  upon  reduc t ion  was repor ted  in the  
spectra  of  r educed  non t ron i t e s  (Stucki  and  Roth ,  1976; 
R o z e n s o n  and  Hel ler-Kal la i ,  1976; K o m a d e l  et al., 
1995). 

Th ree  absorp t ion  bands ,  S i -O-Fe  at 498 and  430  
c m  ~ and  Si -O-Si  at 458 c m  ~, were  o b s e r v e d  in the  
Si -O b e n d i n g  reg ion  in the spec t rum of  the LiS sample  
(Figure  6B).  A shou lde r  near  510 cm -~ ( re la ted to A1- 
O-Si  b e n d i n g  v ibra t ion)  ind ica ted  the p re sence  of  A1 
in the  octahedra .  No  s ignif icant  changes  were  ob-  
se rved  for  u n r e d u c e d  hea ted  samples  (see spec t ra  LiS-  
h and  Ca(LiS-h)  in  F igure  6B). However ,  a pro-  
nounced  decrease  in in tens i ty  of  bo th  S i -O-Fe  bands  
caused  coa lescence  of  the bands  into a broad,  d i f fuse  
b a n d  at ~ 4 6 4  c m  -1 in the spec t rum of  L iS - rho  sample .  
These  spectral  changes  are cons i s ten t  wi th  s ignif icant  
changes  in b o n d i n g  and /or  s y m m e t r y  of  oc tahedra l  Fe,  
inc lud ing  in te rac t ions  wi th  o ther  oc tahedra l  ca t ions  
and  wi th  the  te t rahedra l  sheet.  They  m a y  arise f rom 
the change  in Fe  ox ida t ion  state only  (Gates  et al., 
1996), or they m a y  be  the  resul t  of  more  ex tens ive  
a l tera t ions  wi th in  the structure.  

C O N C L U S I O N S  

Part ia l  s tabi l iza t ion  of  Fe(II)  in r educed  d ioc tahedra l  
smect i tes  can  be  accompl i shed  after  Li sa tura t ion  and  
af ter  hea t ing  the Li  fo rm of  a h igh ly  r educed  clay in 
N2 a tmosphe re  at 260~ for  24 h to p roduce  Li  f ixat ion 
in the smect i te  structure.  This  t r ea tment  led to stabi-  
l izat ion of  > 2 0 %  of  total  Fe  as Fe(II)  in fe r ruginous  
smect i te  SWa-1.  D e c o m p o s i t i o n  of  the OH-s t r e t ch ing  
b a n d  in the IR spectra  p roved  that  par t  of  the Li  + was 
t r apped  in p rev ious ly  vacan t  oc tahedra l  sites. S o m e  of  
the O H  groups  in the reox id ized  smect i te  were  asso- 
c ia ted  wi th  t r ioc tahedra l  A1Fe(II)Li or Fe( I I I )Fe( I I )Li  
g roup ings  of  cent ra l  a toms  in the oc tahedra l  sheets.  
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