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Abstract--The M6ssbauer effect of Fe 5~ was used to probe and characterize iron ions adsorbed on the 
interlayer surfaces of montmorillonite. Measurements were performed with Fe- and Ca-saturated mont- 
morillonites. At 210~ the intensity of the Fe z+ line was greatly reduced, apparently due to the melting of 
interlayer water. Neither the structural Fe 2+ in Ca-montmorillonite nor the adsorbed Fe n+ in Fe-mont- 
morillonite were affected by the melting process. From the temperature dependence of the absorption 
intensity, the effective Debye temperature of all the iron species appears to be approximately the same 
(0O = 189 ---- 5~ This result allowed for an accurate determination of the population of Fe2+/Fe a+ in var- 
ious samples. 
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INTRODUCTION 

Fe 57 M6ssbauer spectroscopy (Bancroft, 1973) is a 
well-established tool for studies of minerals in general 
and of clay systems in particular. It provides a nonde- 
structive method for assessing qualitatively and quan- 
titatively the chemical state of iron ions, their bonding 
symmetry, and the relative abundance of ferric and fer- 
rous species. Most previous MSssbauer studies of clays 
have dealt with structural iron and with problems re- 
lated to its change with oxidation-reduction reaction 
(e.g., Rozenson and Heller-Kallai, 1976, 1977, 1978). 
Malathi et al. (1969) also analyzed adsorbed or ex- 
changeable iron ions in clay systems. By treating illite 
and montmorillite with Fe(NOz)a solutions, they as- 
signed an extra line with unusual (negative) isomer shift 
at room temperature to adsorbed Fe Iv ion. Using both 
organic and inorganic ion-exchange materials, Delgass 
et al. (1969) concluded that the exchanged ferrous iron 
is normally trapped in a frozen water matrix. Their evi- 
dence consisted of quadrupole splitting and isomer 
shifts at both room and liquid N2 temperatures. 

The present study investigated the properties of ad- 
sorbed iron in contrast to structural iron by following 
the temperature dependence of the MiSssbauer param- 
eters. No chemical treatment of the samples was per- 
formed prior to measurements, such as in the case of 
Malathi et al. (1969) thus providing a nondestructive 
means of characterizing exchangeable iron ions. As will 
be seen, the typical features of adsorbed ferric ions 
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are influenced by the adsorption site, namely the 
interlayer surface, and the neighboring water mole- 
cules. These influences are reflected in the hyperfine 
interaction parameters and the local lattice dynamics 
as revealed through the recoil-free fraction. 

MOSSBAUER SPECTROSCOPY METHODOLOGY 

In mineral systems, a M6ssbauer ME spectrum can 
unambiguously differentiate between the Fe 2+ and Fe 3+ 
chemical states (Bancroft, 1973). Those states differ 
both in their isomer shift (i.s.) and quadrupole splitting 
(QS). Generally, the i.s. of Fe z+ (Rozenson and Heller- 
Kallai, 1977) is approximately 0.3 mm/sec, and the QS 
is 0.5 mrn/sec. Comparable values for Fe 2+ are 1.10 mm/ 
sec and 2.7 mm/sec. The average widths of the Fe z+ 
lines are relatively broad due to the extra sensitivity of 
their electric field gradients to adjacent vacancies and 
local bonding distortions. On the other hand, the elec- 
tric field gradients of Fe ~+ are generally well defined, 
resulting in narrow quadrupole split lines. 

The intensity of the quadrupole split doublets, as 
measured by the areas, A, under the absorption lines, 
is proportional to the site population of ferric or ferrous 
ions, namely: 

A1/A2 = fl(T)n/fz(T)n2, (1) 

where f(T) is the recoil-free fraction at temperature T, 
and nl and n2 are concentrations at sites 1 and 2. Eq. 
(1) is correct for "thin absorbers." 

To determine the population ratios of two iron 
species the relative areas and the ratio between the f 
values must be measured. The relative areas are ob- 
tained from a computer least-squares fit of a spectrum 
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Table 1. Isomer shift, quadrupole splitting, and site popu- 
lation of Fe z+ and Fe z+ in Ca- and Fe-montmorillonite. 1 

Fee+/ 
Fe  z+ 

Isomer Quadrupole concen- 
shift splitting tration 

(ram/see) (mm/sec) ratio 

Fe2+-montmorillonite 1.04 _+ 0.03 3.12 _+ 0.03 
Fea+-montmorillonite 0.34 _+ 0.02 0.64 _+ 0.03 0.12 
Fe z+ in Ca-montmorillonite 1.09 _+ 0.01 2.76 _+ 0.02 
Fe z+ in Ca-montmorillonite 0.37 +_ 0.01 0.61 _+ 0.02 1.07 

I The isomer shift is with respect to metallic iron at room 
temperature. 

with proper precautions for background, effective line 
widths, etc. (Bancroft, 1973). The second parameter 
may be obtained from independent measurements of f, 
or indirectly, by measuring the Debye temperatures 
(0O) for each site. 

At temperatures where 0D < T/2, f(T) can be ex- 
pressed as follows: 

f(T) = exp(-k2(x2)) = exp(--6RT/kBOD2), (2) 

where k is the y-ray wave number, (x 2) is the atomic 
mean-square displacement, R is the recoil energy of 
Fe ~7, and kB0o is the effective Debye thermal energy as 
measured by the ME in iron. Because the area A is pro- 
portional to f, the slope In A(T) yields the value of 0D, 
namely: 

d(ln A)/dT = --6R/kBOD 2. (3) 

Because the slope is independent of background and 
other experimental factors, this determination is rather 
accurate. Thus, the value of 0D is inserted in Eq. (2) 
from which f(T) can be derived. 

EXPERIMENTAL 

Measurements were performed with air-dried Ca-, 
Mg-, and Fe2+/Fe3+-montmorillonites prepared accord- 
ing to a quantitative ion-exchange method for clays 
(Banin, 1973). The clay was of the Wyoming type, pro- 
cessed by CENCO and supplied as item C-1051 with a 
cation-exchange capacity of 80 meq/100 g. The Ca- 
montmorillonite was further treated to achieve a partial 
reduction of the structural ferric ions (Fea+(s)). This 
was accomplished by mixing hydrazine hydrate with 
NaOH in a nitrogen atmosphere at 100~ The Ca- 
montmorillonite was exposed to the hydrazine fumes 
for about 1 hr, long enough to permit a partial reduction 
of the FeZ+(s). The clay was freeze-dried, equilibrated 
with air, and used in the air-dried state (15-18% H20 ). 

The absorbers consisted of powder samples thor- 
oughly mixed to avoid orientation. A typical absorber 
thickness was of 3 mg/cm 2 natural iron. This was con- 
sidered a " thin"  absorber, i.e., no saturation effect in 
the intensity was expected down to 80~ 

The MSssbauer spectrometer consisted of a home- 

made driver and electronics, driven in the constant ac- 
celeration mode in conjunction with a 400-multichannel 
analyzer. Data were accumulated up to 2-3 • l06 
counts/channel and analyzed by computer with con- 
ventional least-squares fit programs to yield (1) areas 
under absorption peaks, (2) isomer shifts, and (3) quad- 
rupole splittings. A commercial flow crystal with tem- 
perature stabilizer was used covering a temperature 
range of 80-300~ A CoSY(Rh) source was used and 
maintained at room temperature. The relevant results 
of the hyperfine interaction and site population of the 
iron ions are presented in Table 1. In the present report 
all isomer shifts are quoted with respect to an iron metal 
reference. 

RESULTS AND DISCUSSION 

Figure 1 shows the spectra of the partially reduced 
Ca-montmorillonite and Fe-montmorillonite at 300~ 
and 80~ respectively. Figure la shows two quadru- 
pole split doublets corresponding to ferric and ferrous 
structural ions in the Ca-montmorillonite. They are 
characterized by different QS and i.s. values. Figure lb 
depicts the Fe-montmorillonite spectrum at room tem- 
perature where only the Fe 3+ absorption lines are re- 
vealed. The same spectrum was observed for the Mg- 
and nonreduced Ca-montmorillonite at all tempera- 
tures. In general, all of these samples showed relatively 
broad-line Fe z+ spectra (F - 0.57 mm/sec), suggesting 
several sites of, or vacancies surrounding the ferric ion. 
In disagreement with the results of Malathi et al. (1969), 
extra lines which could be assigned to the adsorbed iron 
in oxidation states higher than Fe z+ were not observed. 
The spectrum of this same sample at 80~ is shown in 
Figure lc. The additional, large QS doublet in Figure 
lc (80~ can be assigned to adsorbed Fe 2+. 

The temperature dependence of the area under the 
absorption doublets corresponding to the Fe 2+ and Fe z+ 
in Fe-montmorillonite is shown in Figure 2. As can be 
seen, the intensity of the Fe 2+ underwent an abrupt 
transition at 210~ and was undetectable above 250~ 
This feature characterizes adsorbed Fe z+ because it 
was not observed with Fe a+ (structural and adsorbed) 
nor with structural Fe z+ (in reduced Ca-montmorillon- 
ite). 

The transition at 210~ is inferred due to the onset 
of local large vibrational amplitudes of near-neighbor 
water molecules. This change took place in the same 
temperature range as the exothermic peak observed by 
Anderson and Tice (1971). They interpreted this peak 
to result from the freezing of the molecular water layers 
on the clay surface. Also, the absence of Fe 2+ (a) lines 
at room temperatures was noticed by Delgass et al., 
(1969) in water-saturated ion-exchange materials 
(Linde zeolite Y and Dowex 50 resin); however, they 
did not report an abrupt transition at lower tempera- 
tures, and interpreted their results as arising from Fe 2+ 
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Figure ]. (a) Absorption spectrum of  part ial ly reduced Ca- 
montmori l lonite at room temperature. (b) Absorption spec- 
trum of  Fe2+/Fe3+-montmorillonite at room temperature. (c) 
Absorption spectrum of  Fe2+/Fe3+-montmorillonite at 80~ 

trapped in a frozen water matrix. This interpretation 
was supported by the resemblance of the i.s. (1.65 mm/ 
sec) to that reported for iron ions in ice (Dezsi et al., 
1%5). The present value for the i.s. (1.04 mm/sec) is 
much less than that of Fe 2+ solutes in ice. Because the 
i.s. is a measure of the nature of a chemical bond near 
the iron nucleus, the adsorbed Fe 2+ in the studied clays 
can not be fully surrounded by water molecules. Fur- 
ther evidence for this conclusion was derived from the 
low temperature (T < 210~ dependence of the area, 
A, of the absorption line. 

A striking observation is that the slope of In A(T) for 
all the iron species in both Ca- and Fe-montmorillonite 
is approximately the same. Within the statistical error, 
a value of 0O = 189 --+ 5~ was deduced. Because the 
Debye temperature reflects the phonon spectrum as 
sensed by the M6ssbauer nucleus it may be concluded 
that the nearest neighbors of the ferric and ferrous ions 
(structural and adsorbed) are similar. 

Because such an abrupt transition was not observed 
with Fe2+(s) in the reduced Ca-montmorillonite (see 
Figure 3), it is concluded that in Fe-montmorillonite all 
of the Fe 2§ is in  adsorbed state (Fe2+(a)). The abrupt 
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Figure 2. Temperature dependence of the area under the ab- 
sorption line of structural and adsorbed Fe a+ and adsorbed 
Fe 2+ in Fe-montmorillonite. 
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transition in the recoil-free fraction at 210~ is typical 
of Fe2+(a); therefore it can be used to characterize ad- 
sorbed Fe 2+. 

With temperatures as high as 350~ no abrupt tran- 
sition was observed in the intensity of the ferric ion 
lines. If Fe3+(a) cations were in sites similar to FeZ+(a), 
namely as partially solvated free ions, a break should 
have been detected in the In A(T) vs. Fe 3+ plot at T = 
210~ the temperature at which part of the interlayer 
water started to melt. This observation may be ex- 
plained as follows: Fe3+(a) tends to hydrolyze and po- 
lymerize on the clay's surface (e.g., Gerstel and Banin, 
1980) forming hydroxyferric aggregates. The ferric ion 
in this state of polymerization is insensitive to water 
solvation. Thus, the water melting at 210~ will not in- 
duce local soft modes that ultimately reduce the recoil- 
free fraction. This explanation is supported by the fact 
that the i.s. and QS of Fe3+(s) are indistinguishable, 
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Figure 3. Temperature dependence of the area under the ab- 
sorption line of structural Fe 3+ and Fe 2+ in Ca-montmorillon- 
ite. 
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b e c a u s e  in b o t h  cases ,  the  Fe  z+ will h a v e  similar  near-  
e s t -ne ighbor  a toms .  

As  s ta ted  a b o v e ,  the  D e b y e  t e m p e r a t u r e  (00) as mea-  
sured  by  M~Sssbauer spec t roscopy ,  reflects  the  local 
p h o n o n  d is t r ibu t ion  of  the  MiSssbauer nucleus .  The  
similar i ty of  0D for  FeZ+(a) to tha t  of  the  s t ruc tura l  i ron  
may  be  due  to the  fac t  tha t  FeZ+(a) m ay  be  fo rced  by  
wa te r  mic roc rys ta l s  in to  hexagona l  holes  on  the  dry  
surfaces .  This  e n v i r o n m e n t ,  part ial ly c o m p o s e d  of  oxy-  
gen  a toms ,  r e semble s  on  the  a tomic  scale  tha t  found  in 
the  s t ruc tura l  sites.  

A n  i m p o r t a n t  resu l t  re la ted  to equal i ty  of  the  f f ac to r s  
for  all i ron  ions at  low t e m p e r a t u r e s  is the  poss ibi l i ty  
of  de t e rmin ing  site popu la t ions  of  Fe2+/Fe 3+. This  is 
a ccompl i shed  in the  case  of  th in  a b s o r b e r s  s imply  by  
measu r ing  the  rat io  of  the  abso rp t ion  a rea  (see Eq.  (1)). 
In  Tab le  1, the  las t  co lumn  p re sen t s  the  resul t s  of  two 
samples  u sed  in this  expe r imen t .  

In s u m m a r y ,  this  s tudy  ha s  s h o w n  tha t  on ly  a d s o r b e d  
Fe  2+ is affected by  the  in te r l ayer  wa te r  molecules  wh ich  
dramat ica l ly  r educes  the  M/Sssbauer  abso rp t ion  in ten-  
sity a t  T > 210~ Bo th  this  p h e n o m e n o n  and  the  iden- 
tical va lues  of  the  recoi l - f ree  f rac t ion  of  the  ferr ic  and  
fe r rous  i ron ,  a d s o r b e d  and  s t ruc tura l ,  a l lows applica-  
t ion of  the  M/Sssbauer effect  to de ternf ine  nondes t ruc -  
t ive ly  the  si te  popu la t ion  of  i ron ions in montmor i l lon -  
i tes  and  poss ib ly  in o the r  clays.  
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PealoMe--~dpdpeKT Mecc6ayapa 6hi:1 HCC:1e,/J, OBaH ,/ULVl aHa.qrl3a n xaparTepH3aI~nH HOHOB ~re:1eza, 
a~cop6HpOBeHH1,]X Ha Me~c~OfiHb]X nOBepxHOCT~X SOHTMOpH~:1OHHTa. I/IzMepfl:1HC1, Fe- n Ca- 
Hac1,1UleHHb]e MOHTMOpHZI:1OHHTbI. Ilpn TeMnepaType 210~ HHTeHCHBHOCTb noKaaanna Fe z+ 3HaqHTe:1b- 
no yMeH1,tua.aac1,, qTo, BepO~THO, 6t,]:10 BbI3BaHO Ta~IHHeM Me~Kc:1OI4HO~I BO,/~1,1. Ylpouecc TaaHn~ 
He orazbIBa.n a.rlH~iHna Ha Ha cTpyKTypHhIl~ Fe 2+ B Ca-MOHTMOpHJt/IOHHTe, HH na a/lcoptHpOBaHHbI~ 
Fe z+ a Fe-MOHTMOpHJLrIOHnTe. 3aBHCHMOCT1, HHTeHCHBHOCTH a41cop6uI4n OT TeMnepaTypbI yKazhmaeT 
Ha TO, qTO aqbqbeKTHBnaa TeMnepaTypa ~ e t a a  ~:1a acex qbeppnTOB1,]X ~OnTMopa:1:1onnwOB ~a:1aeTca 
npn6~nznTe:11,no O~tHHarOBOfi (0D = 189 ~ ~ 5~ 3TOT pezy~1,TaT nOZBO:1U:1 TOqHO onpe~le:1HT1, pacnpe- 
~ae:1enne Fe2+/Fe z+ B paz:1Hqa1,IX o6pazuax. [E.C.] 

Resiimee---Der Mtssbauer-Effekt bei Fe 5~ wurde verwendet, um Eisenionen, die an die Zwischenschicht- 
oberfl~ichen von Montmorillonit adsorbiert sind, festzustellen und zu charakterisieren. Die Messungen 
wurden mit Fe- und Ca-ges~ittigten Montmorilloniten durchgeffihrt. Bei 210~ war die Intensit~it des Fe 2§ 
Reflexes stark reduziert, wahrscheinlich wegen des Schmelzens des Zwischenschichtwassers. Weder das 
Fe 2§ in der Struktur des Ca-Montmorillonites noch das adsorbierte Fe 3§ im Fe-Montmorillonit wurde durch 
den SchmelzprozeB beeinflulZt. Aus der Temperaturabh~ingigkeit der Adsorptionsintensit~it geht hervor, 
dab die wirksame Debye-Temperatur fiir alle Eisenarten etwa die gleiche zu sein scheint (0o = 189 ~ +_ 5~ 
Dieses Ergebnis erm/bglichte eine genaue Bestimmung der FeZ+/FeZ+-Verteilung in den verschiedenen Pro- 
ben. [U.W.] 

R~sumt--L'effet  de Mtssbauer sur Fe 5r a 6t6 utilis6 pour prober et caracttriser les ions de fer adsorbts 
sur les surfaces interfeuillets de montmorillonite. Les mesures ont 6t6 faites avec des montmorillonites 
saturtes de F e e t  d 'autres saturtes de Ca. A 210~ l'intensit6 de la rtaction de Fe 2+ 6tait tr~s rtduite, 
apparemment ~t cause de la fonte de l 'eau interfeuillet. Ni Fe 2+ structural dans la montmorillonite-Ca, ni 
Fe 3+ adsorb6 dans la montmorillonite-Fe n 'ont  6t6 affectts par le proctd6 de fonte. A partir de la dtpen- 
dance de l'intensit6 d'adsorption sur la temptrature, la temptrature effective Debye de toutes les esp~ces 
de fer semblait ~tre approximativement la m~me (0o = 189 ~ +- 5~ Ce rtsultat a permis une dttermination 
exacte de la population de FeZ+/Fe 3+ dans des 6chantillons varits. [D.J.] 


