
C/ays und Clay Minerals, Vol. 30, No. 5,353-364, 1982. 

OXIDATION AND REDUCTION OF STRUCTURAL 
IRON IN CHLORITE AT 480°C 

OLE K. BORGGAARD 

Chemistry Department, Royal Veterinary and Agricultural University 
Thorvaldsensvej 40, DK-1871 Copenhagen V, Denmark 

HOLGER B. LINDGREEN 

Geochemistry Department, Danish Geological Survey 
Thoravej 3\ , DK-2400 Copenhagen NV, Denmark 

STEEN Ml3RUP 

Laboratory of Applied Physics H, Technical University of Denmark 
DK-2800 Lyngby, Denmark 

Abstract-An iron-rich chlorite, ripidolite, was oxidized by air-heating at 480°C, i.e. , below the dehydrox
ylation temperature and subsequently reduced in hydrogen at the same temperature. On the basis of chem
ical, differential thermal, infrared, Mössbauer, and X-ray powder diffraction analyses, Fe(II) seems to be 
present only in the 2: llayer ofthe original chlorite in a type of site similar to that of Fe(II) in biotite, with 
OH in cis-positions . These data also suggest that octahedral AI and Fe(IlI) are located in the hydroxide 
sheet of the original chlorite. The structural changes of the mineral due to the oxidation and the subsequent 
reduction appear Iimited to minor structural rearrangements and, perhaps , to the introduction of OH in 
both cis- and trans-positions. The results of the investigation are in agreement with areaction of the form: 
[Fe(II)OH)+ =.; [Fe(I1I)O)+ + H(H+ + e-). 
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INTRODUCTION 

The alteration of chlorite to vermiculite is considered 
to take place via an oxidation and subsequent removal 
of structural iron from the hydroxide interlayer (Ma
kumbi and Herbillon, 1972; Ross , 1975; Ross and Ko
dama, 1974, 1976; Goodman and Bain, 1979). The two 
processes may be separated by thermal oxidation ofthe 
iron succeeded by acid dissolution of the hydroxide in
terlayer (Ross and Kodama, 1974; Goodman and Bain, 
1979). During dry thermal oxidation, the layer charge 
remains constant by the release of one hydrogen atom 
per oxidized Fe(II) , as suggested in the oxidation of 
biotite (Vedder and Wilkins , 1969; Farmer er al., 1971; 
Veith and Jackson, 1974; Hogg and Meads, 1975; Tri
pathi et al., 1978; Bagin et al., 1980), chlorite (Ma
kumbi and Herbillon , 1972; Goodman and Bain, 1979), 
and smectite (Rozenson and Heller-Kallai, I 976a , 
1976b). For chlorite , the mechanism of this hydrogen 
release is obscure, as is the reversibility of the oxidation 
step. Furthermore, the distribution of the cations be
tween the two octahedral sheets in chlorite is not com
plete\y dear . 

In the present investigation an iron-rich chlorite (ri
pidolite) was heated below the dehydroxylation tem
perature at 480°C in the presence of oxygen. The oxi
dized chlorite was subsequently reduced by hydrogen 

or carbon monoxide. The oxidation and reduction 
mechanisms of the chlorite were investigated by chem
icaI, differential thermal, infrared, Mössbauer , and X
ray powder diffraction analyses. 

EXPERIMENTAL 

Material 
Ripidolite (CCa-l) of the poly type IIb from F1agstaff Hili, 

EI Dorado County, California, obtained from The Clay Min
erals Society, was studied. Chlorites from this area have been 
described by Post and Plummer (1972) . The sampie was hand 
ground and passed through a 0 .25-mm sieve. A chemical anal
ysis by the HF method (Bernas, 1968) gave: 12. 1% Si , 10.8% 
AI, 19.1% Fe , and 10.5% Mg. The minor element content as 
determined by X-ray fluorescence was: 0.71% Ti, 0.08% Cr, 
0.06% Mn, 0.04% Ni, 0.006% Cu, 0.003% Ga, and 0.002% Zn. 
Loss on ignition was 9.3%. The Fe(II)/Fe(III) ratio determined 
by Mössbauer spectroscopy (see below) was 10.8, giving the 
half-cell formula : 

(AI,.'7Fe(II),.9.Fe(III)o. '8Mg2.69)(Si2.68AI,.dO,o(OH)8' 

According to Post and Plummer (1972), differential thermal 
analysis showed no sign of dehydroxylation below 500°C. 

Oxidation-reduction 

The chlorite was oxidized by heating it in air in an open cru
cible in a furnace at 480° ± 6°C. SampIes were removed after 
heating periods of a few ho urs to 1680 hr. After heating the 
chlorite for 1680 hr, Mössbauer spectroscopy (see below) 
showed that nearly a11 of the Fe(II) was oxidized. During the 
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heating the color changed from grayish green to grayish 
brown. The original and the oxidized (1680 hr at 480°C) chlo
rite were also heated at 480°C in a sealed glass tube filled with 
nitrogen. The oxidized chlorite was reduced in a glass tube 
under a hydrogen (or carbon monoxide) pressure of 106 kPa 
at 480°C. The reduction was followed by a color change from 
grayish brown to grayish black. 

Chemical analysis 

The original and the oxidized (heated 1680 hr at 480°C) chlo
rite were treated by dithionite-citrate-bicarbonate as de
scribed by Gilkes et al. (1972) and by prolonged EDTA ex
traction in weakly alkaline solutions as described by 
Borggaard (1979). Extracted Fe and Mg were determined by 
atomic absorption spectrophotometry. 

Differential thermal analysis and evolved gas analysis 

A Stanton-Redcroft 673-4 differential thermal analysis 
(DTA) apparatus was used with Pt-Rh thermocouples and 
platinum crucibles. The water evolved was detected by an 
Analytical Development Co. infrared H 20-analyzer having 
sensitivity ranges 0-1000 ppm and 0-10,000 ppm. Only 
evolved water was detected. Al20 3 was used as a reference 
material. Atmospheres of N2 (analytical quality) and O2 (an
alytical quality) in N2 were used. 

Infrared spectroscopy 

The infrared (IR) spectra were recorded on pressed KBr 
discs (1 mg chlorite in 300 mg KBr) on a Perkin-Elmer Model 
457 spectrometer. 

Mössbauer spectroscapy 

Mössbauer spectra were obtained by use of a constant ac
celeration spectrometer with a 25 mCi source of C0 57 in Rh. 
The spectrometer was calibrated with a lO-p,m absorber of 
a-Fe which yielded a linewidth, full width at half maximum 
(FWHM), of 0.25 mm/sec. Isomer shifts are given relative to 
the centroid of the spectrum of a-Fe at room temperature. To 
avoid texture effects which may result in different line areas 
of the two lines in the quadrupole doublets, the measurements 
were carried out in a geometry with the normal of the absorber 
plane forming an angle of 54.7° with the gamma ray direction 
(Ericsson and Wäppling, 1976). 

Scanning electron micrascapy 

Scanning electron micrographs (SEMs) were obtained by 
use of a J.S.M.-TJ3 scanning electron microscope. The pow
dered sampIes were studied at 100 to 30,000 times magnifi
cation. 

Weight lass 

The weight loss during the oxidation was determined on a 
sampIe heated first at 300°C for 83 days and then heated at 
480°C in an open crucible. The preheating at 300°C resulted in 
a weight loss of approximately 0.3%, but no oxidation could 
be detected after this treatment. 

X-ray pawder diffractian 

X-ray powder diffraction (XRD) studies were carried out 
using a Philips goniometer PW 1050/80, with channel control 
and proportional counter PW 1390 and a Co normal-focus tube 
PW 2236/20. A Fe beta filter before the sampIe and pulse height 
selection were used for monochromatization, as the use of an 
AMR E3-202 curved graphite monochromator resulted in in
tense low-angle scatter, in accordance with Klug and Alex
ander (1974). Randomly oriented specimens were analyzed. 
Quartz with a partide size less than 0.063 mm was used as 
extemal standard. 
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Figure 1. Dithionite-citrate-bicarbonate extractable iron 
(0) and magnesium (0) as a function of extraction number for 
original chlorite and oxidized chlorite (heated in air at 480°C 
for 1680 hr). 

RESULTS 
Chemical analysis 

Iron and magnesium extracted by the dithionite-ci
trate-bicarbonate method by repeated extractions for 
the original and the oxidized chlorite (Figure 1) show 
that although the extracted amounts are small, the ox
idized sampIe is clearly more labile than the original 
chlorite. The absence of a break on the extraction curve 
of the oxidized chlorite indicates that almost no iron 
oxides are present on the mineral surface. The pro
longed EDT A-extraction data are shown in Figure 2. 
Here also the extraction curves of the original and the 
oxidized chlorite are different. The amount of iron ex
tracted from the former is independent of pH (8.5 to 
10.3), the solid: solution ratio (1:500 to 1:100), the 
EDTA concentration (0.02 M to 0.01 M), and the ex
traction time (up to 9 months) after approximately 3 
months of extraction. This result corresponds to earlier 
findings (Borggaard, 1976, 1979), indicating extraction 
of only a surface coating of iron oxides, presumably 
noncrystalline iron oxides. The break on the extraction 
curve of the original chlorite in Figure 1 also indicates 
a surface coating of iron oxides. The results for oxi
dized chlorite shown in Figures 1-2 indicate a com
mencing dissolution of the mineral. 

Original and oxidized chlorite were also extracted 
with Hel (Ross and Kodama, 1974) to remove the in
terlayer hydroxide sheet. Less Al, Fe, and Mg was 
mobilized by this treatment than by the EDT A extrac
tion. 

Differential thermal analysis and 
evolved gas analysis 

The DT A curve (Figure 3A) of the chlorite in 40%> O2 

is similar to the curve obtained by Post and Plummer 
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Figure 2. The amounts of iron extracted by various EDTA solutions plotted against the extraction time for original chlorite 
and oxidized chlorite (heated in air at 480°C for 1680 hr). 

(1972) and has a sharp dehydroxylation peak at 610°C 
and a sharp recrystallization peak at 810°C. The 
evolved gas analysis (EGA) curve shows a small water 
release at 100°C, a large amount of water evolved at 
610°C, and a small amount of water evolved at 810°C. 
The curve shows that small amounts of water are 
evolved from 440° to 8100C, corresponding to a deflec
tion on the DT A curve at 470°C. If the temperature in
crease is stopped at 470°C, the water release and the 
endothermic deflection is steadied at smalI, positive 
values, and thus this small water release is probably due 
to one, slow process. 

The curves of the original chlorite in N 2 (Figure 3B) 
are similar to those run in 4<Y70 O2 , except that the small 
water-release from 440° to 810°C did not occur. A sam
pIe was then heated in N z to 650°C, i.e., just above the 
main dehydroxylation peak, and then cooled. When 
this sampie was heated to IOQOOC in 4<Y70 O2 , the small 
water-release from 440° to 810°C was observed. Thus, 
this small water-release occurring only in the oxidizing 
atmosphere seems to be independent of the main de
hydroxylation process. 

The curves obtained in 4<Y70 O2 for the oxidized chlo-

rite (Figure 3C) are similar to those for the original chlo
rite, except that the small water-release from 440° to 
810°C did not occur. The curves obtained with 40% O2 

for the chlorite reduced in H 2 (Figure 3D) are entirely 
different from those of the original and the oxidized 
sampies. There is no sharp recrystallization peak at 
810°C, but one strong and sharp, three medium and 
sharp, and one weak and broad endothermic peaks 
were detected. The DTA curve obtained in 4<Y70 O2 for 
the chlorite reduced in CO (not shown) is blurred; the 
only significant peak is a broad one at 590°C. The cor
responding EGA curve shows two sharp peaks at 5900 

and 835°C. For all the curves shown in Figure 3, the 
amount of water evolved followed the endothermic 
peaks, indicating the same process for all of the endo
thermic peaks. The large endothermic peak ofthe orig
inal chlorite at 610°C is generally accepted to be due to 
dehydroxylation, and thus all endothermic peaks 
shown in Figure 3 might be due to dehydroxylation of 
separate layers or specific atom groups within each lay
er. 

The large dehydroxylation peak at 610°C ofthe orig
inal sampie is probably due to dehydroxylation of the 
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Figure 3. Differential thermal-evolved gas analyses of various chlorite sampIes. A: original chlorite in 40% 02; B: original 
chlorite in N2 ; C: oxidized chlorite (heated in air at 480°C for 1680 hr) in 40% 02; D: reduced chlorite (oxidized chlorite heated 
in Hz at 480°C for 504 hr) in 40% Oz. Gas flows: A and D: 300 ml/min; Band C: 400 ml/min. Heating rates: IO°C/min, except 
for C 5°C/min from 440°C (base line shift of the DTA curve at 440°C in C is due to this change). Sensitivities: DTA: 50 JL V; 
EGA: A, B, and C: 1000 ppm until main peak, 10,000 ppm upwards; D: 1000 ppm. 

interlayer hydroxide, as proposed by Caillere and He
nin (1956). This assignment is also supported by the 
large amount of water evolved. XRD of sampies heated 
to 650DC in N 2 or O2 showed an intensity increase of the 
(001) reflection, whereas the (002) reflection almost dis
appeared; the XRD spectra showed the chlorite struc
ture to be largely intact. These results show that the 
dehydroxylation water easily diffused out of an almost 
intact structure. The slow process starting at 470°C in 
the original chlorite in O2 is the reaction during wh ich 
FeeII) is oxidized and might, as mentioned above, be 
a dehydroxylation, but might also be a hydrogen lib
erating process in which the hydrogen reacts with oxy
gen to form water. However, the oxidation of Fe(II) 
does not occur in N2 , supporting an oxygen uptake by 
Fe(II) that might then be coupled with a dehydroxyla
tion. Such an oxygen uptake has been suggested by 
Caillere and Henin (1956) based on thermogravimetric 
curves for thüringite. 

The small water release at 810DC is probably due to 
dehydroxylation of some groups in the 2: 1 layer, caus
ing the dehydroxylation ofthis chlorite to resemble that 
for other chlorites, with a second dehydroxylation step 
elose to the recrystallization. 

Infrared spectroscopy 
Selected IR spectra ofthe various sampies are shown 

in Figure 4. The assignments follow those proposed by 
Hayashi and Oinuma (1965, 1967) and Farmer (1974). 

~c 

3500 3000 2600 1300 1000 

Figure 4. Infrared spectra of various chlorite sampIes. A: 
original chlorite; B: oxidized chlorite (heated in air at 480°C 
for 1680 hr); C: reduced chlorite (oxidized chlorite heated in 
H2 at 480°C for 504 hr). 
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Figure 5. Room temperature Mössbauer spectra ofthe chlo
rite obtained after various times of oxidation in air at 480°C. 
a: 0 hr; b: 8 hr; c: 120 hr and d: 1680 hr. The spectra were 
obtained with the absorber normal at an angle of 54 .7° with the 
gamma ray direction. 

The spectra of the oxidized and the oxidized + reduced 
chlorite appear more blurred than the spectrum of the 
original chlorite. The shoulder near 3650 cm-1 corre
sponding to OH in the 2: I layer is weaker in the oxi
dized sampIe than in the original and the reduced sam
pies . The bands near 3400 and 3540 cm- 1 corresponding 
to OH in the hydroxide sheet seem to be nearly unal
tered by the oxidation. In contrast, the Si-O bands of 
the original chlorite near 980 and 425 cm- 1 have moved 
to high er frequencies upon oxidation. The band at 425 
cm- 1 is probably due to octahedral Fe-O-Si vibrations. 
The band at 650 cm-1 also moves to a higher wave num
ber after oxidation but the intensity ofthe band is slight
Iy reduced compared to the intensities of the original 
and the reduced sampies. This band is considered to be 
a composite due to Si-O vibrations and OH vibrations 
in both the 2: llayer and the hydroxide sheet. The band 
near 755 cm- 1 and the shoulder near 540 cm- 1 seem in
dependent of the oxidation state of the structural iron. 
The assignment of these bands is difficult. Farmer 
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Figure 6. Room temperature Mössbauer spectra of oxidized 
chlorite after various types of reduction at 480°C. a: 22 hr in 
Hz; b: 504 hr in H 2 ; c: 120 hr in CO; d: 168 hr in N2 • The spectra 
were obtained with the absorber normal at an angle of 54.7° 
with the gamma ray direction. 

(1974) assigned chlorite bands near 760 cm-1 to tetra
hedral AI-O vibrations, and Hayashi and Oinuma 
(1965) assumedthe shoulder near 540 cm- 1 to be due 
to octahedral AI-O-Si vibrations. Other assignments 
are, however, possible. The spectrum of a partly de
hydroxylated sampie (not shown) obtained by heating 
the chlorite four days at 680°C shows no bands in the 
9OOto 500cm- 1 region, except for a very broad shoulder 
around 650 ern-I. This result indicates that the bands 
at 775, at 540, and (at least partly) at 650 cm- 1 arise from 
OH vibrations . 

Reduction of the structural iron of the oxidized sam
pie results in a spectrum where the bands have moved 
back to their original positions and the shoulder at 3650 
cm- 1 seems to be more intense. 

Mössbauer spectroscopy 

Figure 5 shows room temperature Mössbauer spectra 
of chlorite sampIes obtained after different times of ox
idation . Figure 5a is a spectrum of the original sampie 
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Table 1. Mössbauer parameters of chlorite after various treatments. 

Fe (II) Fe (III) 

Heat treatment T dEo 8~-e 
(mJsec) 

Relative dEo SFe 
(mJsec) 

Relative 
(480'C) ("C) (mmlsec) (mmlsec) area (mmlsec) (mmlsec) area 

Original sampie 25 2.60 ± 0.02 1.13 ± 0.02 0.32 ± 0.02 0.91 ± 0.02 g:~! ~ g:! 0.39 ± 0.1 0.29 ± 0.1 0.05 ± 0.02 
0.52 ± 0.1 0.46 ± 0.1 0.04 ± 0.02 

Original sampie -196 2.83 ± 0.02 1.25 ± 0.02 0.35 ± 0.02 0.91 ± 0.02 g:~~ ~ g:~ 0.38 ± 0.1 0.34 ± 0.1 0.06 ± 0.02 
0.58 ± 0.1 0.36 ± 0.1 0.03 ± 0.02 

8 hr in air 25 2.61 ± 0.02 1.13 ± 0.02 0.33 ± 0.02 0.75 ± 0.02 ~:!: ~ g:: 0045 ± 0.1 0043 ± 0.1 0.12 ± 0.02 
0044 ± 0.1 0.56 ± 0.1 0.13 ± 0.02 

120 hr in air 25 2.62 ± 0.02 l.12 ± 0.02 0.30 ± 0.02 0.32 ± 0.02 ~:~ ~ g: ~ 0042 ± 0.1 0040 ± 0.1 0.33 ± 0.05 
0.37 ± 0.1 0.50 ± 0.1 0.35 ± 0.05 

1680 hr in air 25 2.6 ± 0.1 1.1 ± 0.1 0.3 ± 0.1 0.02 ± 0.01 
1.04±0.1 0.39 ± 0.1 0.39 ± 0.1 0045 ± 0.05 
1.63 ± 0.1 0.36 ± 0.1 0.51 ± 0.1 0.53 ± 0.05 

1680 hr in air + 
25 

2.60 ± 0.03 I.ll ± 0.03 0.27 ± 0.02 0.23 ± 0.03 0.98 ± 0.1 0041 ± 0.1 0042 ± 0.1 0.27 ± 0.02 
22 hr in H 2 2.18 ± 0.05 1.12 ± 0.05 0047 ± 0.05 0.26 ± 0.03 1.59 ± 0.1 0.40 ± 0.1 0.51 ± 0.1 0.24 ± 0.02 

1680 hr in air + 
25 

2.61 ± 0.02 1.12 ± 0.02 0.29 ± 0.02 0048 ± 0.04 0.83 ± 0.1 0.37 ± 0.1 0.39 ± 0.1 0.08 ± 0.02 
504 hr in H2 2.20 ± 0.05 l.ll ± 0.05 0046 ± 0.05 0.36 ± 0.04 1.25 ± 0.1 0.53 ± 0.1 0.58 ± 0.1 0.08 ± 0.02 

1680 hr in air + 
25 

2.59 ± 0.03 l.ll ± 0.03 0.34 ± 0.02 0.35 ± 0.04 0.99 ± 0.1 0.38 ± 0.1 OA4±0.1 0.16 ± 0.03 
120 hr in CO 2.10 ± 0.05 1.08 ± 0.05 0045 ± 0.05 0.27 ± 0.04 1.30 ± O. I 0049 ± 0.1 0.62 ± 0.1 0.22 ± 0.03 

8Fe isomer shift; ßEQ quadrupole splitting; v. line width (FWHM). 

which, as indicated, contains both a Fe(II) component 
and a Fe(HI) component. Speetra (b), (e), and (d) were 
obtained after oxidation in air at 480°C for 8, 120, and 
1680 hr, respectiveIy. These spectra clearly show that 
the relative area of the Fe(HI) eomponent increases 
with increasing oxidation time at the expense of the 
Fe(II) component. The lines of the Fe(nI) components 
in all of the spectra are considerably broader than those 
of the Fe(II) component, which are slightly broader 
than those of the standard a-Fe absorber. 

The spectra were computer fitted with one Fe(H) 
quadrupole doublet and two Fe(III) quadrupole dou
bIets. The line widths and the line intensities of the two 
lines in each doublet were made equal. The Mössbauer 
parameters obtained from the computer fits are given 
in Table 1. The position of the low-velocity line of the 
Fe(II) doublet in the spectra of the most oxidized sam
pIes can not be determined unambiguously. However, 
the Fe(n) line at about 2.4 mm/sec is not changed during 
oxidation and this indicates that the quadrupole split
ting and the isomer shift of the Fe(II) doublet is unaf
fected by the heating. The broad lines of the two Fe(III) 
doublets in all the spectra suggest the presence ofbroad 
distributions in Fe(III) quadrupole splittings, but the 
fits with only two Fe(III) doublets can be used for an 
investigation ofthe changes in the hyperfine parameters 
of the Fe(III) component during oxidation and for a 
determination of the Fe(II)/Fe(III) area ratios. 

The results in Table 1 show that the parameters of 
the Fe(nI) component gradually change during oxida
tion indicating that the Fe(III) component formed by 
the oxidation of Fe(H) is different from the original 
Fe(III) component and, therefore, the Fe(III) parame
ters of the partly oxidized sampies presumably repre-

sent averages between those of the original sampie and 
those of the Fe(HI) component formed by oxidation of 
Fe(H). 

Mössbauer spectra of sampies oxidized at 480°C in 
air for 1680 hr and heated in H2 , CO, or N2 at 480°C are 
shown in Figure 6. The spectra show that Fe(III) is re
duced to Fe(H) in both H2 and in CO. The re-formed 
Fe(II) component has broader lines than the original 
Fe(H) component and, moreover, the Iines have be
come asymmetric. The spectra of the reduced sampies 
were therefore fitted with two Fe(II) doublets and two 
Fe(II1) doublets (Table 1). One of the Fe(II) doubiets 
has parameters identical to those of the original Fe(H) 
doublet, whereas the other has a smaller quadrupole 
splitting. It is interesting that the Fe(III) component 
also changes during reduction and gradually becomes 
more similar to the Fe(nI) component in the spectrum 
of the original sampie. This result suggests that the 
Fe(nI) ions in the original sampie are unaffected by the 
heating ofthe sampies in air, H2 , or CO. Measurement 
on a non-oxidized sampie heated in H2 at 480°C for 48 
hr showed in accordance with this that the Fe(IH) ions 
in the original sampie were not reduced during heating 
in H2 • The Mössbauer spectra of original and oxidized 
sampies were found to be unaffected by heating at 
480°C in N2 for 504 hr and 168 hr, respectively. 

Measurement on a few sampies at -196°C showed 
that the area ratio of Fe(n) and Fe(III) components is 
essentially independent oftemperature, suggesting that 
the f-factors are identical. Therefore, the relative area 
of the Fe(II) component can be considered to be equal 
to the fraction of iron in the divalent state. Mössbauer 
results for the fraction of the original amount of Fe(H) 
that remained in the divalent state after various times 
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Figure 7. The weight loss (a) and percent non-converted iron 
(b) for the chlorite plotted against heating time at 480°C. Orig
inal chlorite heated in air (e) or N2 (\7). Oxidized chlorite 
(heated in air at 480°C for 1680 hr) heated in CO (0), H2 (0) 
or N2 (L'». The curves in (a) and (b) are identical and drawn 
according to the percent non-converted iron vs. heating time 
results for oxidation of chlorite in air. 

of oxidation are shown in Figure 7, which also shows 
results for the kinetics of reduction of chlorite that has 
first been oxidized in air for 1680 hr at 480°C. These 
data give the relative amount of reducible Fe(nI) that 
remained in tri valent state after various times of reduc
tion, i.e., the ~9% non-reducible iron which was pres
ent in the original sampie has been subtracted from the 
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Figure 8. Room temperature Mössbauer spectra of chlorite 
obtained with the absorber plane perpendicular to the gamma 
ray direction. (a): original chlorite; (b): after oxidation in air 
at 480°C for 1680 hr. 

Table 2. X-ray powder diffraction data for original chlorite, 
oxidized chlorite (heated in air at 480°C for 1680 hr), and 
reduced chlorite (oxidized chlorite heated in H2 at 480°C for 
504 hr). 

Original chlorite Oxidized chlorite Reduced chlorite 

(hkl) d(A) d(A) d(A) 

(001) 14.2 3400 14.2 5200 14.0 5000 
(002) 7.09 10,400 7.11 6100 7.04 5500 

6.52 120 
(003) 4.72 3800 4.73 1500 4.71 1400 
(020) 4.64 40 4.58 40 4.60 20 
(021)* 4.36 40 

4.29 20 
(022*,111) 3.91 70 3.93 20 3.90 10 
(112)* 3.61 40 
(004) 3.54 8000 3.56 4900 3.54 3700 
(023)* 3.27 80 3.29 30 3.27 20 
(005) 2.831 1600 2.841 1400 2.83 1000 
(024)* 2.76 20 2.78 30 

2.678 10 2.645 15 2.670 20 
2.62 20 2.628 10 2.61 10 

(131,202) 2.600 100 2.574 65 2.593 100 
(132, 201) 2.556 120 2.532 50 2.549 105 
(132, 203) 2.452 120 2.430 120 2.447 160 
(133, 202) 2.392 100 2.373 65 2.398 90 
(006) 2.333 10 

2.268 80 2.249 50 2.263 80 
(133, 204) 2.235 60 

2.07 10 2.062 20 2.07 20 
(134, 205) 2.024 240 2.028 140 2.024 100 
(007) 2.009 200 1.990 120 2.006 180 
(135, 204) 1.887 80 1.879 70 1.885 80 
(135, 206) 1.827 60 1.822 40 1.826 40 
(136, 205) 1.720 10 1.71 20 1.72 20 
(136,207) 1.663 60 1.66 30 1.664 40 
(137, 206) 1.574 80 1.579 40 1.576 40 
(009) 1.568 180 1.564 120 1.568 160 
(137,208) 1.547 80 1.532 50 1.546 60 
(060, 331) 1.52 20 
(062, 331) 1.51 40 1.51 25 
(0·0·10) 1.416 240 1.421 100 1.418 80 
(208) 1.395 200 1.394 120 1.396 140 

* Corresponds to own assignment. 

total amount of Fe(ln) before calculating the fractions 
of non-reduced iron given in Figure 7. The rate of re-
duction in H 2 or CO is similar to the rate of oxidation 
in air. 

Mössbauer spectra of the original sampie and the 
sampie oxidized in air for 1680 hr at 480°C shown in 
Figure 8 were obtained with the absorber plane per-
pendicular to the gamma ray beam. The texture-in-
duced asymmetry of the Fe(nI) component in the 
oxidized sampie is opposite to that of the Fe(n) 
component in the original sampie. 

Scanning electron microscopy 

The original sampie and the sampie oxidized in air at 
480°C for 1680 hr were found by SEM to consist of 
plate-like grains with a size in the range 10-100 JLm. 
Thus, the grain size did not change significantly during 
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oxidation , nor did oxidation create visible defects or 
cleavage at the edges of the grains. 

Weightloss 

To present the weight loss and the Mössbauer results 
on the same scale, the data in Figure 7 are expressed 
as: [(0.316 - % weight loss) x 100]/0.316, where 0.316 
is the weight loss proportion corresponding to the com
plete oxidation of the Fe(II) (17.5%) in the chlorite and 
assuming the release of one hydrogen atom per oxi
dized Fe(II). The data are composed of several series, 
each started from a fresh chlorite portion (83 days at 
300°C) and aresetting of the furnace at 480°C. 

X-ray powder diffraction 

Using the criteria of Bailey (1975, 1980) and the 
monoclinic indices of Shirozu (1958), the chlorite is a 
monoclinic polytype I1b, in agreement with the results 
ofPost and Plummer (1972). No changes in the diffrac
tograms were found after heating the chlorite at 300°C 
in air or at 480°C in N2 • After oxidation the b-dimension 
(measured from d(060» decreased from 9.28 A to 9.19 
A, and d(OOI) (measured from deO· O· 10» increased 
from 14.16 A to 14.21 A (Table 2). Changes in the b
and c-dimensions following oxidation of chlorites were 
noted by Shirozu (1958). Also 1(001)/1(002) increased 
from 0.3 to 0.9, and 1(001)/1(003) increased from 1 to 3. 
Following reduction of oxidized (at 480°C for 1680 hr) 
chlorite, the b-dimension retumed to 9.28 A, and d(OO 1) 
decreased to 14.18 A. However, the intensity ratios did 
not return to their original values. Considerable line
broadening was present after oxidation and remained 
after reduction. 

During oxidation at least two phases could be de
tected , one resembling the original chlorite that de
creased in amount with time, and another resembling 
the oxidized chlorite that increased in amount with 
time. 

DlSCUSSION 
Location of octahedral cations 

From XRD analysis it is difficult to determine the 
distribution of the four cations (Al, Fe(II), Fe(III), and 
Mg) between the two octahedral layers (Goodman and 
Bain, 1979). The Mössbauer spectra of the original and 
the oxidized sampIes may, however, e1arify this point. 
In the original chlorite the Fe(II) component has re1a
tively narrow lines both at 25°C and at -1%OC. There
fore, all of the F e(II) ions are located in sites with nearly 
identical surroundings. The Mössbauer parameters of 
the Fe(lI) component are in accord with those obtained 
in previous studies of chlorite (Taylor et al., 1968; Hay
ashi er al., 1972; Ericsson er al. , 1977; Goodman and 
Bain, 1979; Blaauw er al. , 1980), and are similar to 
those of Fe(II) in the cis-positions in the 2: I layer in 
biotite (Hogg and Meads, 1975; Tripathi et al. , 1978; 
Goodman and Bain, 1979). It is therefore likely that 
Fe(II) is present in similar cis-positions in chlorite. The 

\ine width is slightly larger than that observed in the 
spectrum ofa thin a-Fe absorber. This is, however, not 
surprising because the individual Fe(II) ions in this lay
er have slightly different surroundings depending on the 
distribution of Fe(II) and Mg at the nearest neighbor 
cation sites. The line width mayaiso be slightly affected 
by the substitution of Si by Al in the tetrahedral sites 
and by substitution of Mg by Al and Fe(III) at nearby 
sites in the hydroxide layer. The presence of trivalent 
ions in the 2: Ilayer would result in a significant change 
in the quadrupole splitting of neighboring Fe(II) atoms, 
and therefore a broadening of the lines. The narrow 
Fe(II) Mössbauer lines thus suggest that the 2: 1 layer 
in the non-oxidized state is occupied only by divalent 
ions (Fe(II) and Mg), and not by Al and Fe(III). 

The IR results are in agreement with this allocation 
of Fe(II) . The movement of the Si-O bands at 980 and 
425 cm- 1 to higherfrequencies upon oxidation and back 
again to the original wave numbers after subsequent 
reduction shows a e10se connection between the orig
inal Fe(n) and Si. Oxidation of Fe(II) located in the 
hydroxide sheet is not expected to produce such an ef
fect on the Si-O bands. For various smectites, Ro
zenson and Heller-Kallai (I 976a, 1976b) and Russell et 
al. (1979) found the Si-O band ne ar 1000 cm- 1 to shift 
to lower frequencies after treatment with reducing 
agents. Furthermore, the insensibility ofthe bands near 
3400 and 3540 cm-1 corresponding to OH in the hy
droxide interlayer toward oxidation and reduction 
seems to preclude Fe(II) in the hydroxide sheet. Chem
ical analysis shows that Fe(II) is unlikely in the hy
droxide sheet because the amounts of Al, Fe, and Mg 
extracted after oxidation are much smaller than those 
extracted by Makumbi and Herbillon (1972) and Ross 
(1975) from chlorites which they considered to contain 
Fe(II) in the hydroxide sheet. The DTA-EGA data, 
showing no correlation between the oxidation process
es and the main dehydroxylation peak of the hydroxide 
interlayer at 610°C, also support the assignment of orig
inal Fe(II) to the 2: 1 layer. 

If the original Fe(n) is present only in the 2: Ilayer, 
octahedral Al and Fe(III) must be placed in the hy
droxide sheet, an assignment that is in accord with the 
suggestion of Blaauw et al. (1980), but which seems to 
disagree with the allocation suggested by Goodman and 
Bain (1979) assuming Fe(n) first to occupy the hydrox
ide sheet. The location of original Fe(II!) in tetrahedral 
coordination may be ruled out because the measured 
isomer shift ofthe Fe(III) component in the Mössbauer 
spectra is significantly larger than the isomer shift typ
ical of tetrahedral Fe(nl). Thus, Fe(III) ions seem to 
be located in the hydroxide sheet. The insensitivity of 
the Fe(III) component in the Mössbauer spectra of the 
original chlorite to heat treatment at 480°C in H2 also 
shows that the location ofthese Fe(nl) ions is different 
from that of the Fe(nI) ions formed upon oxidation of 
the Fe(II) , supporting the above interpretation. The 
broad \ines of the Fe(III) component of the original 
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chlorite are also consistent with this location ofFe(III), 
because the hydroxide layer will contain a distribution 
of divalent ions (Mg) and trivalent ions (Fe(III) and Al) 
elose to an Fe(III) ion, resulting in different quadrupole 
splittings of the Fe(III) ions. 

Structural changes du ring oxidation 
and reduction 

The very broad Mössbauer lines of the Fe(IIl) com
ponent formed upon oxidation suggest a random dis
tribution of Mg and Fe(nI) ions in the 2: llayer, because 
the quadrupole splitting of an Fe(III) ion will depend on 
the number and the distJibution of neighboring divalent 
and trivalent ions in the nearest neighbor sites in the 2: 1 
layer. Different configurations of oxygen and hydroxyl 
anions in the oxidized sampies mayaiso contribute to 
the line broadening of the Fe(III) component (Bagin et 
ai. , 1980). 

The Mössbauer parameters of the Fe(II) component 
formed upon reduction of the oxidized sampie are of 
particular interest. About 50% of these Fe(n) ions are 
located in surroundings similar to those of the original 
Fe(II), whereas the remaining Fe(n) ions show a small
er quadrupole splitting (see Table 1). It is noteworthy 
that the parameters of this new Fe(II) doublet are sim
ilar to those of Fe(II) in the trans-positions in biotite 
(Ericsson et ai., 1977; Bagin el ai., 1980). The result 
therefore suggests that during the reduction of the ox
idized sampie the original structure is almost restored, 
but some disorder of the OH-groups is introduced so 
that both cis- and trans-positions exist. However, oth
er interpretations are also possible. 

If Fe(n) is assumed to be located exelusively in the 
2: 1 layer, oxidation must result in a contraction of this 
layer due to the size difference between Fe(II) and 
Fe(III). XRD analysis shows a contraction along the 
b-axis. The Fe(II)-free hydroxide sheet is not subjected 
to the same effect, but because of the attractive electric 
forces between the 2: 1 layer and the hydroxide sheet, 
the sheet must also decrease in the b-dimension. 
Whereas contraction may result in an overall expansion 
of the c-dimension, an increase in d(OOl) from 14.16 A 
to 14.21 A is actually seen. Alternatively, this expan
sion may be explained by a reduction of the difference 
in charge between the negative 2: 1 layer and the posi
tive hydroxide sheet that is due to the oxidation of 
Fe(1I) in the 2: 11ayer together with a release of a proton 
from the hydroxide sheet, as proposed by Steinfink 
(1958). 

The contraction along the b-axis may create tensions 
within the crystal structure leading to the observed in
crease in the susceptibility of the oxidized sampie to
ward chemical treatments. The oxidized chlorite was 
found to be attacked even by EDTA, which is consid
ered (Borggaard, 1976, 1979) a very mild extractant. 
The increase in susceptibility toward chemical treat
ments after oxidation of the structural iron in chlorites 
has been demonstrated several times (Makumbi and 

HerbiIIon, 1972; Ross, 1975; Ross and Kodama, 1974, 
1976; Goodman and Bain, 1979). The broadening ofthe 
IR bands and the XRD peaks is in line with a distortion 
of the crystallattice. 

It is interesting that the asymmetry of the Mössbauer 
spectra obtained in the 90° geometry is opposite for the 
original and the oxidized sampies (Figure 8). Because 
SEMs show that the shape of the crystallites is essen
tially unchanged by the oxidation, similar textures must 
be present in the two Mössbauer absorbers. The results 
show that the electric field gradients of Fe(n) in the 
original sampie and Fe(nI) in the oxidized sampie have 
opposite signs. The contribution to the quadrupole 
splitting of Fe(II) from the electrons of the atom itself 
is larger than the lattice contribution and of an opposite 
sign, whereas the quadrupole splitting ofFe(III) is sole
ly determined by the lattice contribution. Therefore the 
spectra shown in Figure 8 indicate that the Fe(II) in the 
original sampie and the Fe(III) in the oxidized sampies 
are present in sites of similar symmetry. Thus, the 
Mössbauer spectra in Figure 8 indicate that only limited 
structural changes take place during the oxidation. 

The small structural changes taking place during the 
oxidation and the reduction are difficult to explain in 
detail. DT A and XRD indicate dehydroxylation during 
the oxidation. However, dehydroxylation is followed 
by a substantial weight loss that corresponds only to 
one hydrogen atom per oxidized Fe(II) (Figure 7). A 
release of one hydrogen atom per oxidized Fe(II) seems 
necessary to maintain charge balance. Electroneutral
ity mayaiso be preserved by ejection of octahedral cat
ions (e.g., Fe), as found during wet oxidation ofbiotites 
(Farmer ef al., 1971; Gilkes et ai., 1972; Veith and Jack
son, 1974). In the present investigation the chemical 
analysis rules out this possibility. The intensity changes 
in XRD reflections can, however, not be explained by 
a hydrogen release alone due to the low scattering abil
ity ofhydrogen. Because the basal refleetion intensities 
are generally changed, and because the stru.;:ture re
mains IIb and reverses to the same dimensions after 
reduction, the scattering ability of the two octahedral 
layers must be changed relatively e.g., by displacement 
of atoms heavier than hydrogen, such as oxygen. 

Mechanism 01 oxidation 

Only areaction scheme of the form: [Fe(II)OH]+ ~ 
[Fe(I1I)O]+ + H (or H+ + e-) seems compatible with 
the results presented in Figure 7. The stoichiometry 
reflected by this reaction scheme, i.e., arelease of one 
hydrogen atom per oxidized Fe(n), has also been sug
gested in the oxidation of biotite (Vedder and Wilkins, 
1969; Farmer et al., 1971; Veith and Jackson, 1974; 
Hogg and Meads, 1975; Tripathi ef al., 1978; Bagin et 
ai., 1980), chlorite (Makumbi and Herbillon, 1972; 
Goodman and Bain, 1979), and smectite (Ro
zenson and Heller-Kallai, 1976a, 1976b). The released 
hydrogen may react with oxygen at the edges of the 
crystallites forming water or (at least theoretically) the 
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water may be formed within the crystals if oxygen is 
able to diffuse into the 2: 1 layer and react with Fe(II) 
and hydrogen. Diffusion of water from the structure of 
various micas gives rise to only minor structural rear
rangements (Vedder and Wilkins , 1969). The sharp de
hydroxylation peak at 6IOoC, as seen from Figure 3, 
proves that water easily can move out of a structure, 
which, after the reaction, was found to be largely intact 
by XRD. Diffusion of oxygen into crocidolite (Addison 
et al., 1962) and into biotite, phlogopite , and vermic
ulite (Tripathi el al., 1978) is, however , considered un
likely . 

In agreement with the results in Figure 7, the reaction 
scheme also indicates the oxidation-reduction process 
to be reversible, although, as discussed above, minor 
structural changes occurred. At least apart of the struc
tural iron in biotite and smectite is believed to be able 
to undergo reversible oxidation and reduction (Vedder 
and Wilkins , 1969; Farmer et al. , 1971 ; Veith and Jack
son , 1974; Rozenson and Heller-Kallai, 1976a, 1976b; 
Russell et al ., 1979). 

The Mössbauer results showing that the line posi
tions and li ne width of the Fe(II) component are un
changed during oxidation also show that the oxidation 
of Fe(II) does not take place at random Fe(II) sites in 
the grains. Such areaction would result in broadening 
of the lines of the remaining Fe(ll) ions. The results 
rather suggest that two phases are present during oxi
dation , namely an oxidized phase and the original 
phase. The data in Figure 7 may be fitted by three 
straight lines corresponding to three parallel first-order 
reactions. This fitting of the data only represents a pro
posal for the rate expression, as other mathematical 
equations corresponding to other reaction mechanisms 
may fit the data equally as weil. Further speculations 
on this point must await experiments with more uni
form chlorite partic1es. Bagin et al. (1980) reported that 
the oxidation of single biotite plates occurred in steps. 

CONCLUSIONS 

It is possible to oxidize nearly all of the structural 
Fe(II) in a chlorite by prolonged thermal treatment in 
air at 480°C, i.e., below the main dehydroxylation tem
perature. The oxidized chlorite can be reduced by heat
ing in hydrogen or carbon monoxide at the same tem
perature. 

Essentially all of the Fe(H) of the original chlorite 
seems to be located in the 2: 1 layer in sites similar to 
those of Fe(II) in biotite with OH in cis-positions. Oc
tahedral Al and original Fe(III) must exist solely in the 
hydroxide sheet. 

Despite the profound oxidation , only limited struc
tural changes seem to take place; reduction ofthe chlo
rite seems to recreate the original XRD spacings and 
the main surroundings of atoms of the original mineral. 
Small structural changes take place, but the nature of 
these changes is obscure, except , perhaps , for the in-

troduction of OH in both cis- and trans-positions in the 
reduced sampie. 

The conversion of iron from Fe(II) to Fe(III) appears 
to be reversible, and the oxidation of Fe(II) seems to 
be associated with arelease of one hydrogen atom per 
oxidized Fe. 
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Pe3IOMe--XJIOPIiT 60raTblH B )[(eJIe30 , p"rrII\OJIIT, 6blJl OKIICJIeH rrYTeM HarpeBa B B031\yxe rrpll 480°C, 
TO eCTb HII)[(e TeMrrepaTypbll\erlfl\POKClIlliIl\IIlI. OKIICJIeHHblH XJIOPIIT 6blJl rrOCJIel\OBaTeJIbHO BOCCTaHOB
JIeH B BOI\OpOl\e rrpll TaKoH )[(e TeMnepaTYpe . 110 l\aHHblM XHMII'leCKoro , TepMOI\H<l!<l!epeU1\lIaJlbHoro , 
IIH<l!paKpacHoro, Mecc6ayepoBcKoro , 11 peHTreHOBCKoro aHaJIII30B K~eTCSl , 'lTO Fe(II) cYll.\eCTByeT 
TOJIbKO B 2 : 1 CJIOSIX IICXOI\HOrO XJIOpliTa B MeCTax , rroxo)[(IIX Ha Te , KOTopble Fe(II) 3aHIIMaeT B 
6110THTe, C rpyrrnaMH 0 H B nOJIo)[(eHHSlX cis. 3TH l\aHHble YKa3blBalOT TaK)[(e Ha TO , 'lTO OKTa3I\plI'leCKlie 
AI 11 Fe(IIn pacnOJIO)[(eHbl B rlll\POOKHCHhlX nJIacTax IICXOI\HOrO XJIOpIITa. CTPYKTYPHhle 113MeHeHIISl 
MIIHepaJIa, B03HIIKalOll.\lIe B pe3YJIbTaTe OKIICJIeHHSl 11 nOCJIel\OBaTeJIbHOrO BOCCTaHOBJIeHIiSl K~YTCSl 
6blTb OrpaHII'leHHbIMH 1\0 He60JIbllIIIX CTPYKTypHhlX nepecTpoeK, 11, B03MO)[(HO 1\0 BBel\eHIIJI rpynn OH 
B 060llx cis 11 trans nOJIO)[(eHIIJlX. Pe3YJIbTaThl HCCJIeI\OBaHII.H COrJIaCHbl co CJIeI\YIOll.\eH <l!0PMOH peaK-
1\1111: [Fe(II)OH]+ ~ [Fe(III)O]+ + H(H+ + e-). [E.C.] 

Resümee--Ein eisenreicher Chlorit, Ripidolith, wurde durch Erhitzen auf 480°C an der Luft, (d .h . unter 
die Dehydratationstemperatur) oxidiert und anschließend im Wasserstoff bei der gleichen Temperatur re
duziert. Aufgrund chemischer Analysen, Differentialthermo- , Infrarot- , Mössbauer- und Röntgendiffrak
tometer-Untersuchungen scheint das FeH nur in der 2: 1 Schicht des ursprünglichen Chlorites vorhanden 
zu sein, wobei die Art des Platzes , den das FeH besetzt, dem des FeH in Biotit ähnelt und das (OH) in cis
Stellung ist. Diese Ergebnisse deuten weiters darauf hin, daß oktaedrisches AI und FeH in den Hydrox
idschichten des ursprünglichen Chlorits sind. Die strukturellen Veränderungen des Minerals aufgrund der 
Oxidation und der darauffolgenden Reduktion scheinen auf geringe strukturelle Neuordnungen und, viel
leicht, auf die Einführung von (OH) sowohl in cis- als auch in trans-Stellung beschränkt zu sein . Die Er
gebnisse dieser Untersuchung stimmen mit folgender Reaktion überein: [FeHOH]+ ~ [Fe3+O]+ + 
H(W + e-). [U.W.] 

Resume-Une chlorite riche en fer, la ripidolite, a ete oxidee par echauffement a l'air a 480°C, c 'est a dire 
sous la temperature de deshydroxylation, et la chlorite oxidee a subsequemment ete reduite dans 
l'hydrogene a la meme temperature. Base sur des analyses chimiques , thermales differentielles, infrar
ouges, de Mössbauer, et de diffraction poudree aux rayons-X , Fe(II) ne semble etre present que dans la 
couche 2; 1 de la chlorite originale , dans un genre de site semblable a celui de Fe(II) dans la biotite , avec 
OH dans les positions-cis. Ces donnees suggerent aussi qu ' Al octaedral et Fe(III) sont situes dans la feuille 
hydroxide de la chlorite originale. Les changements structuraux du mineral causes parl'oxidation et la 
reduction subsequente semblent limites a des rearrangements mineurs , et peut-etre a I 'introduction d 'OH 
dans les positions -cis et -trans. Les resultats de l'investigation s 'accordent avec une reaction de la forme : 
[Fe(II)OH]+ ~ [Fe(III)O]++H(H+ + e - ]. [D.J.] 
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