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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, Mossbauer, and X-ray powder diffraction analyses, Fe(II) seems to be
present only in the 2:1 layer of the 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 Al and Fe(IIl) 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 limited 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 a reaction of the form:

[Fe(I)OH]* = [Fe(II)O]* + HH™* + e7).
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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 of the
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(Il), as suggested in the oxidation of
biotite (Vedder and Wilkins, 1969; Farmer ez 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, 1976a,
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-
pletely clear.

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

EXPERIMENTAL

Material

Ripidolite (CCa-1) of the polytype IIb from Flagstaff Hill,
El 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 sample 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%
Al, 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 Méssbauer spectroscopy (see below) was 10.8, giving the
half-cell formula:

(Aly.,,FedD) 1.95Fe(III)0,18Mg2AGQ)(SiZAGSAll.32)010(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. Samples were removed after
heating periods of a few hours to 1680 hr. After heating the
chlorite for 1680 hr, Mdssbauer spectroscopy (see below)
showed that nearly all 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) chio-
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,0O-analyzer having
sensitivity ranges 0-1000 ppm and 0-10,000 ppm. Only
evolved water was detected. Al,O; was used as a reference
material. Atmospheres of N, (analytical quality) and O, (an-
alytical quality) in N, 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.

Mossbauer spectroscopy

Mossbauer spectra were obtained by use of a constant ac-
celeration spectrometer with a 25 mCi source of Co® in Rh.
The spectrometer was calibrated with a 10-um absorber of
o-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 Wéppling, 1976).

Scanning electron microscopy

Scanning electron micrographs (SEMs) were obtained by
use of a J.S.M.-1J3 scanning electron microscope. The pow-
dered samples were studied at 100 to 30,000 times magnifi-
cation.

Weight loss

The weight loss during the oxidation was determined on a
sample 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 powder diffraction

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 sample 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 particle size less than 0.063 mm was used as
external standard.
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Figure 1. Dithionite-citrate-bicarbonate extractable iron
(O) and magnesium (0J) 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 sample 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 EDTA-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 HCI (Ross and Kodama, 1974) to remove the in-
terlayer hydroxide sheet. Less Al, Fe, and Mg was
mobilized by this treatment than by the EDTA extrac-
tion.

Differential thermal analysis and

evolved gas analysis

The DTA curve (Figure 3A) of the chlorite in 40% O,
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 810°C, corresponding to a deflec-
tion on the DTA curve at 470°C. If the temperature in-
crease is stopped at 470°C, the water release and the
endothermic deflection is steadied at small, positive
values, and thus this small water release is probably due
to one, slow process.

The curves of the original chlorite in N, (Figure 3B)
are similar to those run in 40% O,, except that the small
water-release from 440° to 810°C did not occur. A sam-
ple was then heated in N, to 650°C, i.¢., just above the
main dehydroxylation peak, and then cooled. When
this sample was heated to 1000°C in 40% O,, 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 40% O, for the oxidized chlo-
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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% O,
for the chlorite reduced in H, (Figure 3D) are entirely
different from those of the original and the oxidized
samples. 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 40% O, 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 590°
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 of the 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 of the orig-
inal sample is probably due to dehydroxylation of the
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Figure 3. Differential thermal-evolved gas analyses of various chlorite samples. A: original chlorite in 40% O,; B: original
chlorite in N,; C: oxidized chlorite (heated in air at 480°C for 1680 hr) in 40% O,; D: reduced chlorite (oxidized chlorite heated
in H, at 480°C for 504 hr) in 40% O,. Gas flows: A and D: 300 ml/min; B and C: 400 ml/min. Heating rates: 10°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 uV;

EGA: A, B, and C: 1000 ppm until main peak, 10,000 ppm upwards; D: 1000 ppm.

interlayer hydroxide, as proposed by Caillére and Hé-
nin (1956). This assignment is also supported by the
large amount of water evolved. XRD of samples heated
10 650°C in N, or O, 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 O, is the reaction during which
Fe(Il) 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 N,, supporting an oxygen uptake by
Fe(Il) that might then be coupled with a dehydroxyla-
tion. Such an oxygen uptake has been suggested by
Caillere and Hénin (1956) based on thermogravimetric
curves for thiiringite.

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

Infrared spectroscopy
Selected IR spectra of the various samples are shown

in Figure 4. The assignments follow those proposed by

Hayashi and Oinuma (1965, 1967) and Farmer (1974).
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Figure 4. Infrared spectra of various chlorite samples. A:
original chlorite; B: oxidized chlorite (heated in air at 480°C
for 1686 hr); C: reduced chlorite (oxidized chlorite heated in
H, at 480°C for 504 hr).
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Figure 5. Room temperature Mdssbauer spectra of the 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™ corre-
sponding to OH in the 2:1 layer is weaker in the oxi-
dized sample than in the original and the reduced sam-
ples. The bands near 3400 and 3540 cm ! 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 ™! have moved
to higher frequencies upon oxidation. The band at 425
cm'is probably due to octahedral Fe—O-Si vibrations.
The band at 650 cm™ also moves to a higher wave num-
ber after oxidation but the intensity of the band is slight-
ly reduced compared to the intensities of the original
and the reduced samples. This band is considered to be
a composite due to Si~O vibrations and OH vibrations
in both the 2:1 layer and the hydroxide sheet. The band
near 755 cm ! and the shoulder near 540 cm™! seem in-
dependent of the oxidation state of the structural iron.
The assignment of these bands is difficult. Farmer

https://doi.org/10.1346/CCMN.1982.0300506 Published online by Cambridge University Press

Oxidation and reduction of iron in chlorite

357

| —————
T TFe(IN) Felll
0 MMM-.\ /.m
2 o a
4 s W '-
[S) . *
8 -
10 ‘
0 = o
2 Yo~y D
3 4 : .
- B
g 8
=10 3
E 0| e, I
8 2 \ H
& 4 'A‘V" L ¢
6 .
8 .« )
10
2 voN 4 d
4 PR
6 B
8
10 vy

5 -4 -3-2-1 0 1 2 3 4 5
VELOCITY (MM/S)

Figure 6. Room temperature Mossbauer spectra of oxidized

chlorite after various types of reduction at 480°C. a: 22 hr in

H,; b: 504 hrin H,; ¢: 120 hrin CO; d: 168 hrin N,. 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™ to tetra-
hedral Al-O vibrations, and Hayashi and Oinuma
(1965) assumed the shoulder near 540 cm™! to be due
to octahedral Al-O-Si vibrations. Other assignments
are, however, possible. The spectrum of a partly de-
hydroxylated sample (not shown) obtained by heating
the chlorite four days at 680°C shows no bands in the
900 to 500 cm ™ region, except for a very broad shoulder
around 650 cm™!. This result indicates that the bands
at 775, at 540, and (at least partly) at 650 cm ! arise from
OH vibrations.

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

Méssbauer spectroscopy

Figure 5 shows room temperature Mdéssbauer spectra
of chlorite samples obtained after different times of ox-
idation. Figure 5a is a spectrum of the original sample
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Mossbauer parameters of chlorite after various treatments.

Fe (I}

Fe (IIT)

Heat treatment T AEq Sre v, Relative AEq Spe v, Relative
(480°C) °C) (mm/sec) {mm/sec) (mm;sec) area {mm/sec) {mm/sec) (mm}sec) area
Original sample 25 2.60 = 0.02 1.13 = 0.02 032 = 0.02 0.9 = 002 038 * 0.1 0.39. £ 0.1 0.29 = 0.1 0.08 = 0.07
Original sample ~196 2.83 = 0.02 1.25 = 0.02 035 + 0.02 0.91 = 0.02 g g « 01 028 — o1 oae £ o0 000 = 0o

o 0.84 + 0.1 0.45 = 0.1 0.43 = 0.1 0.12 = 0.02

8 hr in air 25 261 =0.02 113002 0.33 = 0.02 0.75 + 0.02 52~ 01 04 = 0 0B =04 B 02
o 0.98 + 0.1 0.42 + 0.1 0.40 + 0.1 0.33 + 0.05

120 hr in air 25 262002 112 002 0.30 = 0.02 0.32 = 0.02 [0 - 01 042 =01 D40 =01 533 = 209
o 1.04 = 0.1 0.39 = 0.1 0.39 + 0.1 0.45 + 0.05

1680 hrinair 25 26=00 L1=x01 03=01 0.02x001 I'eg .ol 030l 030 0 =008
1680 hrin air + . 2.60 + 0.03 111 = 0.03 0.27 = 0.02 0.23 = 0.03 0.98 0.1 0.41 = 0.1 0.42 = 0.1 0.27 = 0.0
22 hrin H, 2.18 = 0.05 1.12 + 0.05 0.47 = 0.05 0.26 + 0.03 1.59 « 0.1 0.40 = 0.1 0.51 = 0.1 0.24 = 0.02
1680 hrinair + oo 261 %002 112 = 0.02 0.29 = 0.02 0.48 + 0.04 0.83 x 0.1 0.37 + 0.1 0.39 = 0.1 0.08 = 0.02
504 hr in H, 2.20 = 0.05 1.11 £ 0.05 0.46 = 0.05 0.36 + 0.04 1.25 + 0.1 0.53 = 0.1 0.58 = 0.1 0.08 + 0.02
1680 hrinair + o 259 %003 L.11=0.03 0.34 = 0.02 0.35 = 0.04 0.9 = 0.1 0.38 = 0.1 0.4 = 0.1 0.16 = 0.03
120 hr in CO 2.10 = 0.05 1.08 « 0.05 0.45 = 0.05 0.27 = 0.04 1.30 = 0.1 0.49 = 0.1 0.62 + 0.1 0.22 + 0.03

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

which, as indicated, contains both a Fe(Il) component
and a Fe(III) component. Spectra (b), (c), and (d) were
obtained after oxidation in air at 480°C for 8, 120, and
1680 hr, respectively. These spectra clearly show that
the relative area of the Fe(IlI) component increases
with increasing oxidation time at the expense of the
Fe(1I) component. The lines of the Fe(III) components
in all of the spectra are considerably broader than those
of the Fe(Il) component, which are slightly broader
than those of the standard a-Fe absorber.

The spectra were computer fitted with one Fe(Il)
quadrupole doublet and two Fe(III) quadrupole dou-
blets. The line widths and the line intensities of the two
lines in each doublet were made equal. The Mossbauer
parameters obtained from the computer fits are given
in Table 1. The position of the low-velocity line of the
Fe(1l) doublet in the spectra of the most oxidized sam-
ples can not be determined unambiguously. However,
the Fe(II) 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(Il) doublet is unaf-
fected by the heating. The broad lines of the two Fe(III)
doublets in all the spectra suggest the presence of broad
distributions in Fe(IIl) quadrupole splittings, but the
fits with only two Fe(IIl) doublets can be used for an
investigation of the changes in the hyperfine parameters
of the Fe(IlI}) component during oxidation and for a
determination of the Fe(Il)/Fe(IIl) area ratios.

The results in Table 1 show that the parameters of
the Fe(III) component gradually change during oxida-
tion indicating that the Fe(IIl) component formed by
the oxidation of Fe(Il) is different from the original
Fe(Ill) component and, therefore, the Fe(IIl} parame-
ters of the partly oxidized samples presumably repre-
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sent averages between those of the original sample and
those of the Fe(11I) component formed by oxidation of
Fe(ID).

Maoéssbauer spectra of samples oxidized at 480°C in
air for 1680 hr and heated in H,, CO, or N, at 480°C are
shown in Figure 6. The spectra show that Fe(III) is re-
duced to Fe(Il) in both H, and in CO. The re-formed
Fe(Il) component has broader lines than the original
Fe(Il) component and, moreover, the lines have be-
come asymmetric. The spectra of the reduced samples
were therefore fitted with two Fe(IT) doublets and two
Fe(IIT) doublets (Table 1). One of the Fe(Il) doublets
has parameters identical to those of the original Fe(Il)
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(III) component in the spectrum
of the original sample. This result suggests that the
Fe(1II) ions in the original sample are unaffected by the
heating of the samples in air, H,, or CO. Measurement
on a non-oxidized sample heated in H, at 480°C for 48
hr showed in accordance with this that the Fe(ITI) ions
in the original sample were not reduced during heating
in H,. The Mdssbauer spectra of original and oxidized
samples were found to be unaffected by heating at
480°C in N, for 504 hr and 168 hr, respectively.

Measurement on a few samples at —196°C showed
that the area ratio of Fe(II) and Fe(IIl) components is
essentially independent of temperature, suggesting that
the f-factors are identical. Therefore, the relative area
of the Fe(Il) component can be considered to be equal
to the fraction of iron in the divalent state. M3ssbauer
results for the fraction of the original amount of Fe(II)
that remained in the divalent state after various times
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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 chiorite heated in H, at 480°C for
504 hr).

Original chlorite Oxidized chlorite Reduced chlorite

(0.316- X WEIGHT LOSS) 100
1

T
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Y|
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T T
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000" 500"
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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 (®) or N, (V). Oxidized chlorite
(heated in air at 480°C for 1680 hr) heated in CO (O), H, (O)
or N, (A). 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(IIl) that
remained in trivalent state after various times of reduc-
tion, i.e., the ~9% non-reducible iron which was pres-

(hkl) d (A) 1 d(A) 1 d (&) 1
(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 471 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 3.9 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

ent in the original sample has been subtracted from the
w
NP e WY o
vl : a

ABSCRPTION (%)
D s N O OO e N O

S-4-3-2-101 2 3 4 5
VELOCITY (MM/S)

Figure 8. Room temperature Mossbauer 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.
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total amount of Fe(ITl) before calculating the fractions
of non-reduced iron given in Figure 7. The rate of re-
duction in H, or CO is similar to the rate of oxidation
in air.

Mossbauer spectra of the original sample and the
sample 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(IIl) component in the
oxidized sample is opposite to that of the Fe(Il)
component in the original sample.

Scanning electron microscopy

The original sample and the sample 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 um.
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.

Weight loss

To present the weight loss and the M&ssbauer 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(Il) (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 a resetting of the furnace at 480°C.

X-ray powder diffraction

Using the criteria of Bailey (1975, 1980) and the
monoclinic indices of Shirozu (1938), the chlorite is a
monoclinic polytype IIb, in agreement with the results
of Post 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 N,. After oxidation the b-dimension
(measured from d(060)) decreased from 9.28 A t0 9.19
A, and d(001) (measured from d(0-0-10)) 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 I(001)/1(002) increased
from 0.3 to 0.9, and I(001)/I(003) increased from 1 to 3.
Following reduction of oxidized (at 480°C for 1680 hr)
chlorite, the b-dimension returned to 9.28 A, and d(001)
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.

DISCUSSION
Location of octahedral cations

From XRD analysis it is difficult to determine the
distribution of the four cations (Al, Fe(ll), Fe(IIl), and
Mg) between the two octahedral layers (Goodman and
Bain, 1979). The Mdéssbauer spectra of the original and
the oxidized samples may, however, clarify this point.
In the original chlorite the Fe(II) component has rela-
tively narrow lines both at 25°C and at —196°C. There-
fore, all of the Fe(II) ions are located in sites with nearly
identical surroundings. The Mdssbauer parameters of
the Fe(I) component are in accord with those obtained
in previous studies of chlorite (Taylor ez al., 1968; Hay-
ashi et al., 1972; Ericsson et al., 1977; Goodman and
Bain, 1979; Blaauw er al., 1980), and are similar to
those of Fe(Il) in the cis-positions in the 2:1 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
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line width is slightly larger than that observed in the
spectrum of a 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(Il) and Mg at the nearest neighbor
cation sites. The line width may also 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 2:1 layer 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) Mossbauer 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 ' to higher frequencies upon oxidation and back
again to the original wave numbers after subsequent
reduction shows a close connection between the orig-
inal Fe(I) 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 (1976a, 1976b) and Russell et
al. (1979) found the Si—O band near 1000 cm ™ to shift
to lower frequencies after treatment with reducing
agents. Furthermore, the insensibility of the bands near
3400 and 3540 cm™' corresponding to OH in the hy-
droxide interlayer toward oxidation and reduction
seems to preclude Fe(Il) 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(Il) 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(Il) to the 2:1 layer.

If the original Fe(Il) is present only in the 2:1 layer,
octahedral Al and Fe(IIl) must be placed in the hy-
droxide sheet, an assignment that is in accord with the
suggestion of Blaauw ez al. (1980), but which seems to
disagree with the allocation suggested by Goodman and
Bain (1979) assuming Fe(II) first to occupy the hydrox-
ide sheet. The location of original Fe(IIl) in tetrahedral
coordination may be ruled out because the measured
isomer shift of the Fe(III) component in the Mossbauer
spectra is significantly larger than the isomer shift typ-
ical of tetrahedral Fe(III). Thus, Fe(Ill) ions seem to
be located in the hydroxide sheet. The insensitivity of
the Fe(IIl) component in the Mdssbauer spectra of the
original chlorite to heat treatment at 480°C in H, also
shows that the location of these Fe(IIl) ions is different
from that of the Fe(ITI) ions formed upon oxidation of
the Fe(Il), supporting the above interpretation. The
broad lines of the Fe(Ill) component of the original
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chlorite are also consistent with this location of Fe(I1I),
because the hydroxide layer will contain a distribution
of divalent ions (Mg) and trivalent ions (Fe(III) and Al)
close to an Fe(III) ion, resulting in different quadrupole
splittings of the Fe(III) ions.

Structural changes during oxidation
and reduction

The very broad Mossbauer lines of the Fe(III) com-
ponent formed upon oxidation suggest a random dis-
tribution of Mg and Fe(IlT) ions in the 2: 1 layer, because
the quadrupole splitting of an Fe(III) ion will depend on
the number and the distribution 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 samples may also contribute to
the line broadening of the Fe(III) component (Bagin et
al., 1980).

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

If Fe(I) is assumed to be located exclusively in the
2:1layer, oxidation must result in a contraction of this
layer due to the size difference between Fe(II) and
Fe(IlI). XRD analysis shows a contraction along the
b-axis. The Fe(I)-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(001) 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(II) in the 2:1 layer together with arelease 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 sample 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
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Herbillon, 1972; Ross, 1975; Ross and Kodama, 1974,
1976; Goodman and Bain, 1979). The broadening of the
IR bands and the XRD peaks is in line with a distortion
of the crystal lattice.

Itis interesting that the asymmetry of the Mgssbauer
spectra obtained in the 90° geometry is opposite for the
original and the oxidized samples (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 Mssbauer absorbers. The results
show that the electric field gradients of Fe(Il) in the
original sample and Fe(IIl) in the oxidized sample have
opposite signs. The contribution to the quadrupole
splitting of Fe(Il) from the electrons of the atom itself
is larger than the lattice contribution and of an opposite
sign, whereas the quadrupole splitting of Fe(III) is sole-
ly determined by the lattice contribution. Therefore the
spectra shown in Figure 8 indicate that the Fe(II) in the
original sample and the Fe(III) in the oxidized samples
are present in sites of similar symmetry. Thus, the
Mossbauer 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(Il) (Figure 7). A
release of one hydrogen atom per oxidized Fe(II) seems
necessary to maintain charge balance. Electroneutral-
ity may also be preserved by ejection of octahedral cat-
ions (e.g., Fe), as found during wet oxidation of biotites
(Farmer et al., 1971; Gilkes ez al., 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 of hydrogen. Because the basal reflection intensities
are generally changed, and because the structure 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 of oxidation

Only a reaction scheme of the form: [Fe(INDOH]* =
[Fe(I)O]* + H (or H* + &™) seems compatible with
the results presented in Figure 7. The stoichiometry
reflected by this reaction scheme, i.e., a release of one
hydrogen atom per oxidized Fe(II), 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 er al., 1978; Bagin et
al., 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 610°C, 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 et 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 a part 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 ef al., 1971; Veith and Jack-
son, 1974; Rozenson and Heller-Kallai, 1976a, 1976b;
Russell et al., 1979).

The Mossbauer results showing that the line posi-
tions and line width of the Fe(Il) component are un-
changed during oxidation also show that the oxidation
of Fe(II) does not take place at random Fe(Il) sites in
the grains. Such a reaction would result in broadening
of the lines of the remaining Fe(Il) 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 well. Further speculations
on this point must await experiments with more uni-
form chlorite particles. Bagin er 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(Il) in a chlorite by prolonged thermal treatment in
air at 480°C, i.¢., 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(ll) of the original chlorite
seems to be located in the 2:1 layer in sites similar to
those of Fe(Il) in biotite with OH in cis-positions. Oc-
tahedral Al and original Fe(ITI) must exist solely in the
hydroxide sheet.

Despite the profound oxidation, only limited struc-
tural changes seem to take place; reduction of the chlo-
rite seems to recreate the original XRD spacings and
the main surroundings of atoms of the original minerat.
Small structural changes take place, but the nature of
these changes is obscure, except, perhaps, for the in-
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troduction of OH in both cis- and frans-positions in the
reduced sample.

The conversion of iron from Fe(II) to Fe(1Il) appears
to be reversible, and the oxidation of Fe(Il) seems to
be associated with a release of one hydrogen atom per
oxidized Fe.
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Pestome—X10puT Goratblii B Jkejie30, PUIIMIOJNAT, GbII OKUCJIEH MyTEM Harpesa B Bo3ayxe npu 480°C,
TO €CTh HHXKE TEMIEPATYPBI AeTHAPOKCHIANNH. OKNCIICHHBIH XIOPUT ObiJl MOCIEROBATEIbHO BOCCTAHOB-
JIEH B BOJIOPOJie TIpH TakoH >xke TemriepaType. ITo JaHHBIM XUMHYECKOTO, TepMOAH(depeHIHAILHOTO,
undpakpacHoro, Meccb6ayepoBcKOro,  peHTTEHOBCKOro aHaim3oB Kaxercs, 4ro Fe(Il) cymecryer
TOJIBKO B 2:1 CJI0SX MCXOAHOrO XJIODHUTa B MecTaX, MOXOXHX Ha Te, KoTtopble Fe(Il) sanumaeT B
6uorure, ¢ rpynnaMu OH B NOIOXKeHUSIX cis. DTH TaHHBIE YKA3LIBAIOT TAK)KE Ha TO, YTO OKTAIAPHIECKHE
Al u Fe(Ill) pacnionoxeHbl B THAPOOKHCHBIX ILIACTAaX MCXOOHOTO XJopuTa. CTPYKTYpHBlE M3MEHEHAS
MHHEpaJa, BO3HHKAIOLIHE B pe3yJbTaTe OKHCICHHSI M IOCJIEOBATEIBLHOIO BOCCTAHOBJIEHHS KaXKyTCS
ObITb OTPaHUYEHHLIMHA [0 HEGOJBUIMX CTPYKTYPHBIX NEPeCTPOEK, M, BO3MOKHO 0 BBeneHus rpynmn OH
B 00OHX cis W trans NONOXEHUsIX. Pe3ynbTaThl HCCIEHOBaHME COTJIACHBLI CO CeRyiomei hopMoil peak-
mun: [Fe(D)OHI* = [Fe(IIDO} + HH* + e7). [E.C.]

Resiimee—Ein eisenreicher Chlorit, Ripidolith, wurde durch Erhitzen auf 480°C an der Luft, (d.h. unter
die Dehydratationstemperatur) oxidiert und anschlieBend im Wasserstoff bei der gleichen Temperatur re-
duziert. Aufgrund chemischer Analysen, Differentialthermo-, Infrarot-, Mossbauer- und Réntgendiffrak-
tometer-Untersuchungen scheint das Fe** nur in der 2:1 Schicht des urspriinglichen Chlorites vorhanden
Zu sein, wobei die Art des Platzes, den das Fe?* besetzt, dem des Fe?* in Biotit #hnelt und das (OH) in cis-
Stellung ist. Diese Ergebnisse deuten weiters darauf hin, daB oktaedrisches Al und Fe®* in den Hydrox-
idschichten des urspriinglichen Chlorits sind. Die strukturellen Veriinderungen des Minerals aufgrund der
Oxidation und der darauf folgenden Reduktion scheinen auf geringe strukturelle Neuordnungen und, viel-
leicht, auf die Einfiihrung von (OH) sowohl in cis- als auch in trans-Stellung beschriinkt zu sein. Die Er-
gebnisse dieser Untersuchung stimmen mit folgender Reaktion iiberein: [Fe?*OH}* = [Fe3*O]* +
HH* + e7). [UW.]

Résumé—Une chlorite riche en fer, la ripidolite, a été oxidée par échauffement a I'air a 480°C, c’est a dire
sous la température de déshydroxylation, et la chlorite oxidée a subséquemment été réduite dans
I’hydrogene a la méme température. Basé sur des analyses chimiques, thermales differentielles, infrar-
ouges, de Mdssbauer, et de diffraction poudrée aux rayons-X, Fe(I) ne semble étre présent que dans la
couche 2:1 de la chlorite originale, dans un genre de site semblable & celui de Fe(II) dans la biotite, avec
OH dans les positions-cis. Ces données suggerent aussi qu’ Al octaédral et Fe(I1I) sont situés dans Ia feuille
hydroxide de la chlorite originale. Les changements structuraux du minéral causés par I’oxidation et la
réduction subséquente semblent limités a des réarrangements mineurs, et peut-&tre a I'introduction d’OH
dans les positions -cis et -trans. Les résultats de I'investigation s’accordent avec une réaction de la forme:
[Fe(INOH]* = [Fe(IIDO]*+H(H* + e7]. [D.J.]

https://doi.org/10.1346/CCMN.1982.0300506 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1982.0300506

