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(Received 8 July 1976; and in final form 23 July 1976) 

Abstract-Reaction with NazS solutions at high pH led to almost complete, reversible reduction of 
iron in montmorillonite, whereas the structural iron of nontronite persisted in the ferric form. Concen­
trated NazS solutions caused severe corrosion of nontronite and extracted appreciable amounts of 
iron, which was precipitated as sulphides. In contrast the morphology of montmorillonite was preserved 
and only very minor amounts of iron were extracted. These differences were attributed to the high 
concentration of Fe--OH-Fe groups in nontronite, which are unstable on reduction. The difference 
between NazS and other reducing agents is discussed. 

INTRODUCTION 

Reduction of iron in dioctahedral smectites with hyd­
razine and dithionite was described in Part 1. Sul­
phides, which are reducing agents commonly found 
in nature, may react with various iron containing 
minerals leading to reduction of structural iron, leach­
ing and/or precipitation of ferrous iron phases. It is 
the purpose of this investigation to study the factors 
controlling reduction of iron in dioctahedral smectites 
by sulphide attack. 

EXPERIMENTAL 

The samples of nontronite and montmorillonite 
used were described in Part 1. Samples of the < 2 !lm 
fraction of the clays were reacted with om, 0.1 and 
0.8 N NazS solutions respectively. The initial pH of 
12,1- 12.6 did not change significantly in the course 
of the reactions, which were carried out in sealed 
ampoules maintained at 70°C for periods of 24 hI. 
Throughout the reaction the samples were mechani­
caUy stirred. The reaction products were re-oxidised 
with 5% HzOz. 

I.r. and Mossbauer spectra and X-ray diffraction 
patterns were recorded as described in Part 1. Scan­
ning electron micrographs were obtained using a 
Cambridge S-4-lO instrument. 

RESULTS 

In the course of NazS treatment, nontronite 
became coated with a black precipitate, soluble in 
hot HCI. After several hours' exposure to air or on 
treatment with 5% HzOz the black color turned to 
a rust shade characteristic of iron oxides. It seems 
reasonable to infer that the precipitate is composed 
of iron sulphides, which are readily oxidised. NazS 
treated montmorillonite did not show these features. 

Only minor changes in the morphology of non-
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tronite occurred on reaction with 0.1 N NazS (Figure 
I b), but 0.8 N NazS caused appreciable destruction 
of the crystallites (Figure lc). This is in contrast to 
samples of nontronite treated with hydrazine or dith­
ionite (Figure Id), which, in the closed systems stud­
ied, preserved their morphology, whatever the 
strength of the solutions used or the amount of struc­
tural iron reduced (Part 1). The morphology of mont­
morillonite was not noticeably affected by NazS treat­
ment. 

I.r. spectra 

The Si-O stretching and OH bending region of the 
i.T. spectra of NazS treated nontronite and montmor­
illonite are shown in Table 1 and some representative 
spectra in Figure 2. The spectrum of the nontronite 
was previously discussed (part 1). 

Nontronite. NazS attack reduced the frequency of 
the Si- O stretching vibration from 1030 to 1005 cm -1. 

This change was entirely reversible when 0.1 N NazS 
was used, but only partly reversible with 0.8 N NazS. 
The band is broad and could easily obscure the Fe­
OH-AI bending mode at 870 em- 1 (Figure 2b). The 
disappearance of this band, therefore, is not necess­
arily significant. In addition, Na2S attack caused 
weakening or disappearance of the OH stretching 
band at 3540 em -1 and of the Fe-OH-Fe bending 
mode at 810cm- 1. On mild attack these bands were 
merely reduced in intensity and reappeared on oxi­
dation (Figure 2c). On treatment with 0.8 N Na2S 

. solution they disappeared irreversibly, (Figure 2d). 
Montmorillonite. NazS treatment reduced the fre­

quency of the principal Si-O vibration reversibly. The 
shift increased with increasing concentration of the 
attacking solution, reaching about 10 em - 1 with 0.8 
N Na2S, Treatment with dilute Na2S solutions caused 
a reversible reduction in intensity of the Fe-OH-AI 
bending mode at 880 em-l. This disappeared entirely 
when solutions stronger than 0.1 N were used (Figure 
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Figure 1. Scanning electron micrographs of (a) nontronite, (b) nontronite +- 0.1 N Na2 S, (c) nontro­
nite + 0.8 N Na2S, (d) nontronite +- 0.5 N dithionite. Magnification x 1500. 
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Reduction and oxidation of Fe3+ in octahedral smectites-2 285 

21). With concentrated solutions the other OR bend­
ing modes were also reduced in intensity and 
remained relatively weak on oxidation. The Fe­
OR-AI absorption was partly restored, but it was 
broadened and shifted slightly relative to the original 
montmorillonite (Figure 2g), indicating that some 
irreversible changes had occurred in the structure. 

X-ray data 

N ontronite. Mechanical separation of the black pre­
cipitate from the clay proved to be impossible. It 
could be removed with hot ReI, but there was no 
certainty that this treatment would not affect the 
mineral. X-ray powder patterns of the entire sample 
were therefore recorded. Although the pattern of the 
precipitate obscures that of the mineral, it is possible 
to distinguish the (001) and (060) reflections of the 
clay. 

The X-ray patterns of the reacted nontronite were 
weak, either due to absorption by an iron-rich surface 
coating or to partial destruction of the structure, as 
indicated by the scanning electron micrographs, or 
to both effects operating simultaneously. 

On glycolation the mineral expanded to 15A both 
before and after NazS treatment. After reaction with 
0.1 N NazS the b parameter was increased from 9.084 
to 9.120 A. With more concentrated NazS solution 
(0.8 N) an increase to only 9.100 A was observed. 
These changes were irreversible. 

The X-ray powder patterns of the entire samples 
are complex, being dominated by those of various 
carbonate phases. Freshly precipitated ferrous sul­
phides are very poorly crystallised and have a strong 
tendency to oxidise, again producing poorly crystal­
lised material. They are therefore very difficult to 
identify by X-rays. When the weak patterns are obs­
cured by other phases, identification becomes practi-

. cally impossible. The first phases to crystallise are 
mackinawite and greigite (Rickard, 1969). A weak 
peak observed at 5.03 A may, perhaps, be attributed 
to the strongest reflection of mackinawite. The stron­
gest peaks of greigite, if present, would be obscured 
by other reflections. 

Montmorillonite. The only change in the X-ray pat­
terns caused by NazS treatment was an increase in 
the b parameter from 8.952 to 8.982 A, which was 
only partly reversed on oxidation (to 8.973 A). Similar 
results were obtained on dithionite treatment of 
montmorillonite (Part 1) and were attributed to the 
difference in radius between tri- and divalent iron. 

Mossbauer spectra 

The results are summarized in Table 2 and selected 
spectra are shown in Figure 3. The spectra of the 
natural minerals were described in Part 1. 

N ontronite. The spectrum of nontronite reduced 
with 0.01--0.1 N NazS (Figure 3a) is very similar to 
that previouflly obtained from hydrazine treated non­
tronite (Part 1). The amount of iron reduced is very 
small (FeZ + jFe 3 + ~ 0.04). No significant changes 

C.C.M. 24/6-B 

occur in the Fe3 + doublets and the spectra of the 
reoxidised samples are almost indistinguishable from 
the spectrum of the starting material. 

The spectrum of nontronite reduced with concen­
trated (0.8 N) Na2S solution differs from any of the 
other spectra recorded (Figure 3b). It was resolved 
into three doublets, two of which are attributed to 
structural iron. Site (1), with quadrupole splitting and 
center shift characteristic of high-spin Fe2 +, is very 
sparsely populated. Most of the structural iron is 
present as F e3+, giving rise to doublet (2). Due to 
the overlap of doublets (2) and (3) and the small size 
of the Fe2 + doublet, it is difficult to estimate the FeZ + / 

Fe3 + ratio in the structure, but it is evident that it 
is very small. 

Doublet (3), which has a very small isomer shift 
(-0.01 mm/sec), disappears on oxidation. It seems 
reasonable to assign it to a low-spin iron sulphide 
phase. If, despite the small isomer shift, an attempt 
were made to attribute it to Fe3 + of the silic'ate, it 
would be difficult to account for the disappearance 
of the doublet on oxidation. The observed spectrum 
does not correspond to that of either mackinawite 
or greigite reported in the literature (Morice et aI., 
1969). Both phases are ferromagnetic but the spec­
trum of greigite shows only a low-intensity hyperfine 
splitting with a relatively strong superimposed doub­
let with low center shift. It seems possible that 
because of the small particle size of the present 
samples no magnetic hyperfine splitting appears at 
room temperature. The sulphide phase may be fine­
grained greigite or a mixture of several ill-defined 
phases. The ratio between the amount of iron in this 
phase and structural iron in the clay is difficult to 
estimate accurately, but it is high (about 2.3). It 
should be pointed out that because doublet (3) partly 
overlaps doublet (2), which was assigned to octahed­
ral Fe3 + in the clay, the latter was not further 
resolved. It could, however, be resolved into two 
doublets, in agreement with the usual pattern of the 
mineral. 

The spectrum of the oxidised sample (Figure 3c) 
resembles that of the starting material, although small 
differences in the parameters occur (Table 2). 

Montmorillonite. The spectrum of NazS treated 
montmorillonite is dominated by one strong doublet, 
which was assigned to octahedral FeZ +. In addition, 
two weak doublets with low isomer shifts appear. On 
oxidation they were replaced by strong doublets with 
isomer shifts compatible with octahedral Fe3 +. It 
seems possible that the weak doublets observed after 
reduction are due to a sulphide phase, but, in contrast 
to nontronite, this is present only in minor amounts. 

Oxidation by R 20 Z did not convert all the Fe2+ 
to Fe3 +, but the amount remaining was less than that 
in the original sample. The center shifts of the Fe3 + 

doublets were increased from 0.12 to 0.19 mm/sec and 
the ratio of site occupancy of the site with larger to 
that with smaller quadrupole splitting was reduced 
from 1.05 to 0.38. 
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Figure 3. Mossbauer spectra of (a) nontronite + 0.1 N 
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(d) montmorillonite + 0.8 N Na2S (e) sample (d) + a202' 
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The width of the Fe2+ and Fe3 + doublets of the 
original and of the oxidised sample is greater than 
that commonly found for silicates. Attempts to 
resolve these doublets were, however, unsU(:;cessful. It 
appears that each broad doublet corresponds to 
several sites with slightly different configurations, as 
discussed in Part 1. It is noteworthy that the Fe2 + 

doublet of the Na2S reduced sample, like that of the 
hydrazine reduced sample, is narrow, indicating that 
the sites are more uniform. (The Fe3+ doublets in 
the NazS reduced sample are small and the values 
of r(2) and r(3) may not be significant.) . 

DISCUSSION 

The Mossbauer spectra show that while NazS solu­
tions reduced most of the iron in montmorillonite, 
even concentrated solutions did not give rise to any 
appreciable amount of Fe2+ in the nontronite struc­
ture. The X-ray powder diffraction patterns and scan­
ning electron micrographs indicate that concentrated 
NazS solutions cause an irreversible partial break­
down of the nontronite structure. The morphology 
of montmorillonite remained essentially unchanged; 
only minor changes in the b parameter were recorded. 
I.r. and Mossbauer spectra confirm that most of the 
structural changes of nontronite, but not of montmor­
illonite, which occur on treatment with concentrated 
Na2S solutions, indeed, are irreversible. 

Differences between montmorillonite and non­
tronite treated with hydrazine or dithionite were de­
scribed in Part 1. Reaction with Na2S, like that with 
hydrazine, does not lead to appreciable amounts of 
Fe2+ in nontronite, but converts most of the Fe3+ 
in montmorillonite to Fe2+. With hydrazine this dif­
ference was attributed to the fact that it is a cationic 
reducing agent, which attacks the mineral from the 
basal surfaces and encounters a potential barrier due 
to the high tetrahedral charge in nontronite. This 
does not apply to sulphide solutions which, like dith­
ionite, are anionic reducing agents. Dithionite treat­
ment, unlike Na2S, however, gives rise to appreciable 
amounts of Fe2+ in nontronite. 

It was shown in Part 1 that reduction of iron in 
smectites is accompanied by protonation of the adja­
cent OH groups. Fe2 + - H 20 - AI associations appear 
to be relatively stable, but Fe2+ - HzO-Fe2+ associ­
ations lose water with concomitant irreversible 
changes in the structure. 

The present results indicate that a similar 
mechanism governs reduction by NazS solutions. 
Because the number of Fe-DH- Fe groups in mont­
morillonite is negligible, reduction of Fe3 + to Fez + 

merely causes expansion of the octahedral layer and 
structural modifications, which are partly reversible 
on oxidation. Although Na2S reduces almost all the 
Fe3+ in the structure, even concentrated NazS solu­
tions extract only minor amounts of iron from mont· 
morillonite. 

Reduction of adjacent Fe3+ ions in nontronite and 

concomitant loss of water on Na2S attack is associ­
ated with leaching of iron from the mineral. This was 
observed to a minor extent also with dithionite. In 
the presence of excess sulphide, however, any Fe2+ 
liberated is immediately removed from solution in the 

. form of insoluble iron sulphides. The reaction is 
thereby driven in the direction of transfer of iron from 
the clay to the solution. Scanning electron micro­
graphs show that cracks develop, which probably 
facilitate further attack. The reaction is halted only 
when a protective coating of precipitate covers the 
mineral surfaces. The nature of this precipitate could 
not be definitely established, but Mossbauer spectra 
suggest that it contains a sulphide phase. This is in 
agreement with its black colour, which changes to 
the characteristic rust colour of iron oxides on oxi­
dation. I.r. and Mossbauer spectra as well as X-ray 
powder diffraction patterns show that at this stage 
the structure of the nontronite has been irreversibly 
modified, although no ' appreciable amounts of FeZ + 

could be detected in the mineral. 

CONCLUSIONS 

Comparison of the reactions of various dioctahed­
ral clay minerals with hydrazine, dithionite and 
sodium sulphide solutions under alkaline conditions 
showed that -the nature of the reaction products 
depends both upon the mineral and the reducing 
agent. All three compounds reduce iron effectively in 
aqueous solution, but they differ from each other: 
hydrazine is a base; both dithionite and sulphide are 
anionic reducing agents, but while the reaction prod­
ucts of iron with dithionite are soluble, iron sulphides 
are highly insoluble. 

The reaction products of montmorillonite with 
these reducing agents differ in degree rather than in 
kind: sulphide reduced almost all the Fe3 + originally 
present, hydrazine most, while dithionite never 
reduced more than 45%. None of the reagents 
extracted appreciable amounts of iron from the 
mineral and the changes observed were largely 
reversed on oxidation. It is, perhaps, significant that 
not ~ll the FeZ + in sulphide reduced montmorillonite 
was oxidised by HzOz, but the amount of Fe2+ 
remaining was less than that in the original sample. 
. With increasing tetrahedral charge of the mineral, 
from montmorillonite to beidellitic smectite to non­
tronite, reduction by hydrazine became much less 
effective. This is attributed to the potential barrier 
encountered by electrons migrating from interIayer 
space into the octrahedral layers. Whatever changes 
occurred were reversed on oxidation. Dithionite and 
sulphide solutions attack the minerals from the pyra­
midal edges. Their reactions are, therefore, not 
affected by the tetrahedral charge. Both Fe-DH- AI 
and Fe-OH- Fe associations in nontronite were 
reduced, but while reduction of the former was gener­
ally reversible, as in montmorillonite, the -latter was 
associated with loss of water and concomitant 
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changes in the structure, which were not reversed on 
oxidation. Both reagents extracted iron from the 
mineral. With dithionite, soluble reaction products 
were formed, which, in a closed system eventually 
reached a steady state. With sulphide solutions in­
soluble iron sulphides were continuously precipitated 
until a protective coating prevented further attack of 
the mineral. At this stage most of the iron remaining 
in the mineral was in the trivalent state. It is evident 
that, under different experimental conditions, e.g. in 
an open system or on removal of the surface coating 
by continuous abrasion, different results would be 
expected. 

These studies clearly show that it is inadequate to 
refer to "reducing conditions" when describing 
natural environments of clay minerals or reactions 
designed in the laboratory. The nature of the reducing 

agent and the prevalent conditions must be strictly 
specified, particularly for iron-rich clays. 
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