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MOSSBAUER EFFECT STUDIES OF IRON IN KAOLIN.
II. SURFACE IRON

S. A. Fysu,' J. D. CasHionN, anD P. E. CLARK?

Department of Physics, Monash University
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Abstract—*"Fe Mossbauer spectra have been used to interpret the effects of different cleaning processes
on the iron mineralogy of a Weipa, Australia, kaolin. A magnetically separated fraction contained 28%
of its iron as hematite likely of secondary origin. An initial centrifugal size separation was shown to give
an improved final product, and oxalic acid was found to be more efficient at removing Fe from the
kaolinite surface than dithionite bleach. The M&ssbauer spectra clearly show that beneficiation steps which
give a substantial increase in kaolin brightness result in only minor changes in the clay iron mineralogy.
Similar results were also obtained for two commercially available kaolins.
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INTRODUCTION

Recent developments in the processing of kaolins for
a variety of end uses were discussed by Murray (1980).
Both chemical bleaching (e.g., Bundy and Murray, 1973)
and wet high-intensity magnetic separation (e.g., Law-
ver and Hopstock, 1974; Iannicelli, 1976; Schulze and
Dixon, 1979) are currently employed to improve the
color and brightness of kaolins for use in the paper
industry. Application of these techniques to Weipa ka-
olins is currently under investigation by Comalco.

In the preceding paper, Fysh ef al. (1983) identified
from Mdssbauer parameters structural and surface Fe
in a kaolin from Weipa, Cape York Peninsula, Aus-
tralia. In this paper the effects on the iron sites are
examined at different stages of a kaolin clean-up pro-
cedure.

EXPERIMENTAL

All of the raw and beneficiated kaolin samples used
in this study were provided by Comalco. The Weipa
kaolin was cyclone-separated to remove coarse parti-
cles (predominantly quartz) and dried. A sample of the
dried kaolin (K1) was retained, and the remainder sub-
jected to iron removal treatments as depicted in Figure
1. The magnetic (K2) and non-magnetic (K3) fractions
were obtained in the approximate mass ratio 1:100.
Sample K3 was the principal material studied in the
preceding paper. For comparison purposes specimens
of commercially available kaolins (Ultrawhite 90
(UW90) and Amazon 88 (A88)) were also examined,
in the as-purchased state.

Apart from the magnetic fraction, K2, which is quite
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pink, all of the Weipa kaolins examined are about the
same color and brightness to the naked eye. However,
precise measurements show a clear improvement in
brightness at each beneficiation step, with the final
products after the dithionite bleach (K4 and K35, see
Figure 1), having a brightness comparable with that of
commercially available paper coating kaolins.

Details of the absorber preparation, Méssbauer spec-
trometer, and analysis procedures used were listed in
Fysh et al. (1983).

RESULTS
300°K spectra

The room temperature Mossbauer spectra of sam-
ples K1, K4, K5, and A88 are very similar to that of
sample K3 described in the previous paper, and the
fitted parameters of each are the same as those given
there within experimental uncertainty. The spectrum
of sample K2, the magnetic fraction of Weipa bauxite,
is shown in Figure 2. This spectrum has been fitted in
the same way as that of sample K3, etc., but with an
additional magnetically split subspectrum. The param-
eters of the relaxed component and the central doublet
are the same as for the other samples, and their relative
contributions are in about the same ratio. The magnetic
component has a hyperfine splitting of 504 + 1 kQe,
and isomer shift and quadrupole splitting of +0.38 =+
0.02 mm/sec and —0.20 + 0.02 mm/sec, respectively.
It accounts for 34% of the total spectral area, and is
most likely due to hematite. Its hyperfine field is too
large to be due to goethite (H;p0x = 383 kOe, Fysh and
Clark, 1982a), and the negative quadrupole splitting
eliminates the possibility of maghemite (H,pp« = 500
kOe, A = +0.01 mm/sec, Longworth and Tite, 1977).
The hyperfine field of hematite at 300°K is 517 kOe,
and its quadrupole splitting is —0.21 mm/sec (Fysh
and Clark, 1982b). Possible reasons for the observation
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Figure 1. Beneficiation process for the Weipa kaolin, show-
ing origin of the samples studied.

of a decreased hyperfine field for hematite at 300°K
have been discussed elsewhere (Fysh and Clark, 1983).
The most probable cause, bearing in mind the relaxed
nature of the spectrum, is the small size of the hematite
particles present. Reduced hyperfine splittings for mi-
crocrystalline hematite have been observed to persist
even at 4.2°K (Fysh and Clark, 1982b), and are prob-
ably due to the reduced hyperfine field experienced by
the nuclei near the surface of particles, and small fluc-
tuations in the magnetization of the particles about the
easy direction.

The spectrum of sample UW90 at 300°K (see Figure
3) is quite different to those of the other kaolins. The
poor definition of the spectral lines is due to the low
concentration of Fe in the absorber, and in fact the
spectrum contains ~3 X 10® counts/channel, com-
pared with ~2 X 10° counts/channel for that of sample
K2. The spectrum has negligible baseline curvature,
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Figure 2. MJdssbauer spectrum of sample K2 at room tem-
perature.
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Figure 3. Mdssbauer spectrum of specimen UW90 at room
temperature, showing the absence of any relaxation or mag-
netic ordering effects in this sample.

and has been fitted with two doublets. These have iso-
mer shifts of +0.28 £ 0.05 mm/sec and +1.1 = 0.1
mm/sec and quadrupole splittings of 0.63 £ 0.05 mm/
sec and 2.5 £ 0.1 mm/sec, respectively. The more in-
tense (75% of spectral area) doublet, having the smaller
quadrupole splitting, is presumably due to Fe?* in the
kaolin lattice, although its parameters are different to
those reported by Fysh et al. {(1983). They observed
quadrupole splittings as large as 0.75 mm/sec for kaolin
from the bauxitic zone at Weipa, and, considering both
X-ray powder diffraction analysis of these specimens
and the vanation in A values reported in the literature,
concluded that this parameter may increase signifi-
cantly with decreasing kaolinite crystallinity. The iso-
mer shift and quadrupole splitting of the less intense
doublet agree well with values reported for Fe?* in the
kaolinite structure (Malden and Meads, 1967; Jefferson
et al., 1975).

4.2°K spectra

To determine the effects of the magnetic and chem-
ical treatments on the impurity iron associated with
the Weipa kaolin, and whether or not such iron is
associated with the samples A88 and UW90, spectra
of all of these specimens were taken at 4.2°K.

The 4.2°K spectrum of sample K1, the initial kaolin,
is indistinguishable from that of sample K3. Thus, it
appears that the hematite detected in the 300°K spec-
trum of sample K2, the magnetic fraction, is only pres-
ent at very low levels in the initial kaolin, and has been
very effectively concentrated by the magnetic separa-
tion process. In the 4.2°K spectrum of sample K2 (Fig-
ure 4) the separate, magnetically split spectral contri-
butions arising from the hematite and kaolinite
structural and surface iron are well resolved. The con-
tributions of the magnetically split and relaxed spectral
components arising from the kaolinite structural Fe
relative to that of the central kaolinite doublet are
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Figure 4. Moéssbauer spectrum of sample K2 at 4.2°K.

somewhat smaller than in sample K3, probably reflect-
ing the difficulty in resolving them from the hematite
subspectrum. The relative surface iron contribution
has increased to 8% of the spectral area compared with
4% for sample K3. This is unlikely to be a direct result
of the magnetic concentration, but may reflect a greater
surface iron content of kaolinite particles intimately
associated with the hematite present. This would be
expected if, as suggested by Fysh er al. (1983), the
surface iron and hematite are both the result of a sec-
ondary Fe precipitation. The hyperfine splitting of the
surface iron phase is the same as for sample K3, while
that of the hematite (533 = 1 kOe) indicates an Al
substitution of ~7 mole % (Fysh and Clark, 1982b).
Some of the reduction in hematite hyperfine splitting
from the value for pure hematite may be due to particle
size effects, but this seems unlikely considering the
well-resolved hematite subspectrum at 300°K.

Recoil-free fraction determination

To calculate more accurately the relative proportions
of Fe present in the various phases, allowance must be
made for the different temperature-dependent recoil-
free fractions (f values) of each. The 4.2°K recoil-free
fractions of aluminous goethites and hematites were
determined by Fysh and Clark (1982a, 1982b) by mea-
suring the dependence of the Mossbauer line-width on
absorber thickness. Such an approach is not practical
for the Fe in kaolin because of the complicated nature
of the spectrum. A value for / may be obtained by
measuring the relative spectral areas of a specimen
consisting of two or more Fe phases if the f of one
phase and the relative Fe content of each of the phases
is known. Unfortunately, an accurate chemical analysis
was not available for the hand-picked kaolin specimen
containing only structural Fe examined by Fysh et al.
(1983), so that one of the cleaned kaolins, sample K3,
was used to make the f measurement.

Known masses of the cleaned kaolin (sample K3)
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Figure 5. Mogssbauer spectrum of a mixture of sample K3

and pure goethite used to determine the recoilless fraction of
kaolinite structural iron at 4.2°K.

and pure goethite (f; »x = 0.69 + 0.02, Fysh and Clark,
1982a) of known Fe content were mixed, and the 4.2°K
spectrum of this absorber is shown in Figure 5. The
hyperfine splitting of the pure goethite is 505 kOe, so
that the small spectral contribution arising from the
surface iron could not be resolved from that of the
goethite. However, on the basis of the fit to the spec-
trum of sample K3 (see previous paper), the area of
this subspectrum relative to that of the outer magnet-
ically split subspectrum of the kaolin was calculated
for the present absorber. The recoil-free fraction of the
surface iron was assumed to be 0.89, the recoil-free
fraction of aluminous goethite having the same hy-
perfine splitting (and probably a fairly similar struc-
ture) as the surface iron. Yassoglou and Peterson (1969)
found that the room temperature recoilless fraction of
iron hydroxide precipitated on the surface of kaolin is
substantially greater than that of the pure hydroxide,
but did not give a value for it. Whereas the higher f
value of aluminous goethite compared to the pure min-
eral may be explained in terms of decreasing bond
length (Fysh and Clark, 1982a), no reason for an in-
crease in the fof a surface-deposited phase is imme-
diately apparent. In the present investigation the sur-
face iron represents less than 2% of the spectral area,
so that the error in the calculation of the kaolinite

Table 1. Relative contents of hematite and structural and
surface iron calculated from fits of 4.2°K M&ssbauer spectra.

Kaolin Hematite Kaolin structural Surface iron
sample (%) Fe (%) (%)
K1 98 2

K2 28 67 5

K3 98 2

K4 96 4

K5 98 2

K6 99 1
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Figure 6. Mossbauer spectra of the two dithionite-bleached
clays (a) sample K4 and (b) sample K5 taken at 4.2°K.

-15 15

structural Fe content is only about 5% for a 20% error
in the f value used. Nevertheless, an exact determi-
nation of the fof kaolin surface iron is desirable. The
value of f, »« calculated for kaolinite structural Fe is
0.52 + 0.06. This is considerably less than the fvalues
measured for iron oxides/oxyhydroxides (Fysh and
Clark, 1982a, 1982b), reflecting the comparatively
weaker bonding of Fe in the kaolinite structure.

Using an f value of 0.7 for 7% Al-substituted he-
matite (Fysh and Clark, 1982b) and the value previ-
ously assumed for the surface iron, the relative con-
centrations of the Fe phases at the various stages of
magnetic cleaning can be calculated (see Table 1). It is
difficult to estimate the error associated with the de-
termination of these values, particularly because of the
uncertainty in the recoil-free fraction of the surface iron
phase, but a relative accuracy of +2% appears reason-
able.

Analysis of bleached clays

The spectra of the two dithionite bleached clays,
samples K4 and K5, are shown in Figure 6 and are
qualitatively very similar to those of samples K1 and
K3. The greater intensity of the magnetically split sub-
spectrum due to the surface iron for specimen K4 can
be clearly seen, although it only represents a small
fraction of the total Fe present (sece Table 1). No he-
matite was detected in any of these four clays, but it
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Figure 7. Maéssbauer spectrum of sample UW90 at 4.2°K.

can be seen from Figure 6 that the spectral lines of the
surface iron are much broader for sample K4, and
fitting reveals that the hyperfine splitting of this sub-
spectrum has increased to 501 kOe. The spectral lines
of hematite lie between those of the kaolin surface and
structural Fe (see Figure 4). While the scatter in the
data means that reliable fitting of a third subspectrum
corresponding to hematite is not justified for sample
K4, the increase in the hyperfine splitting of the surface
iron is probably due to the presence of hematite in this
specimen, resulting in broad resonance lines.

The centrifugal size separation before magnetic sep-
aration and bleaching resulted in a brightness increase
of 1 point in the final product, and it appears that the
size fraction of kaolin removed in this separation has
a higher hematite content than that which remains.

The brightness of the oxalic-acid bleached clay (sam-
ple K6) was not determined, but the 4.2°K Mdssbauer
spectrum of this specimen shows a decrease of about
50% in the surface iron content compared to sample
K35 (see Table 1). The other parameters describing the
spectrum are very similar to those of sample K3, and
the presence of hematite is not indicated. The de-
creased surface iron content shows that the oxalic acid
is more effective in removing the surface iron contam-
inant than the dithionite bleach step, although the latter
method is that which is most commonly employed for
kaolin cleaning.

Analysis of samples A88 and UW90 at 4.2°K

The 4.2°K spectrum of sample A88 is very similar
to that shown in Figure 6 for sample K4, the dithionite-
bleached Weipa kaolin not subjected to centrifugal size
separation. Both the relative area and hyperfine split-
ting of the impurity Fe subspectrum are equal to those
of K4, indicating that this clay also contains a small
amount of hematite besides the Fe present on the ka-
olin surface.

The 4.2°K spectrum of sample UW90 is shown in
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Figure 7, and, as at room temperature, the scatter of
the data is much greater than for any of the other 4.2°K
spectra. The fit to the data consists of a magnetically
split subspectrum (545 £ 10 kOe), a relaxed subspec-
trum to account for the baseline curvature, and two

doublets. As was mentioned in the previous paper, the -

spin-spin relaxation rate for Fe?* is fast enough to pre-
clude the observation of Fe?* paramagnetic hyperfine
split spectra. Despite the considerable error associated
with fitting the magnetically split subspectrum, this
contribution likely arises from paramagnetic ions rath-
er than from hematite (the only iron oxide with a hy-
perfine splitting in the range quoted). Because of its
low Fe concentration, this kaolin should exhibit par-
amagnetic hyperfine splitting. Also, it has a very high
brightness, and is thus unlikely to contain a significant
quantity of hematite. No other conclusions regarding
possible Fe contaminants can be drawn because of the
poor resolution of the magnetic part of the spectrum.
The respective isomer shifts (+0.47 = 0.05 mm/sec
and +1.27 £ 0.05 mm/sec) and quadrupole splittings
(0.59 = 0.05 mm/sec and 2.78 = 0.05 mm/sec) of the
Fe’* and Fe?* doublets only exhibit changes from the
room temperature values which are consistent with the
decrease in measurement temperature.

CONCLUSIONS

The present data indicate that beneficiation of the
Weipa kaolin results in substantial brightness increases
but produces only minor effects on the clay iron min-
eralogy. They show also that Mdssbauer spectroscopy
is particularly suitable for the microscopic study of
such effects. Also, the Moéssbauer technique has been
shown to be capable of comparing the iron mineralo-
gies of various kaolins. Apart from possible studies of
the structural role of Fe in kaolinite, it is likely that
low temperature Mossbauer measurements may be of
considerable value to the optimization of commercial
kaolin processing. For example, Bundy and Murray
(1973) indicated that maintaining a high Al** concen-
tration during the washing of kaolin subsequent to
chemical bleaching increases the amount of iron re-
moved. They proposed that this effect is due to the fact
that AI* fills the chemically active sites vacated by the
Fe, thus preventing recombination with Fe during
washing. In the light of the results obtained in the
present study concerning the variation of the surface

Méossbauer effects of surface iron in kaolin
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iron content with chemical bleaching it is clear that
low temperature Mdssbauer measurements would be
of great value to the study and optimisation of this sort
of iron-removal technology.
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Pestome—MeccOayepoBckue CriekTpbl 7Fe UCCNeNoBauCh AN UHTepnpeTaunn 3h¢eKTOB pasInyHbIX
MpoHEeCCOB OYMCTKH HAa MHHEPAJIOTHIO KaojMHa M3 Bafima B ABCTpajluu mo couepskaHMIO XKelesa.
MaruuTHO OTRENIeHHas hpakims Bogepkana 28% xene3a B BAE reMaTHTa, BEPOSITHO , BTOPHYHOTO MPOHCX0XK-
JeHns1. BbIIO MOKa3aHO, YTO HavyaslbHas HEHTPOOEXKHA cenapauusi N0 pa3Mepy Aajia NYbUIMH KOHEYHbIN
NpOJYKT, a luaBesieBast KUCaoTa Gbina HatiieHa 6onee addexTrBHOM 1is yaanenns Fe U3 KaOJTHHATOBBIX
nOBEpXHOCTEH, 4YeM JUTHOHUTOBBIM OTOeIMBalomMii pearewT. MeccOayepoBCKHEe CIEKTPbI SCHO
yKa3blBalOT Ha TO, YTO pE3yJbTATOM 3THX YCOBEPLICHCTBOBAHHWIl, KOTOpblE HAOT 3HAYUTEJILHOE
yBeJIMYEHHE SPKOCTH KAOJIMHUTA, SBJSIOTCA TOJbKO HE3HAYUTEIbHbIE H3MEHEHHSA B MUHEPAJIOTHH
IJIMHBL TI0 COep>KaHMI0 dKese3a. [Toxoxue pe3ysbTaTbl ObUIM MONYUYEHBI ANS OBYX OOUWEAOCTYNHBIX

xaonuuos. {E.G.}
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Resiimee —>’Eisen-Mossbauerspektren wurden verwendet, um die Auswirkungen unterschiedlicher Rei-
nigungsverfahren auf die Eisen-Mineralogie am Beispiel des Kaolin von Weipa, Australien, zu deuten.
Eine magnetisch abgetrennte Fraktion enthielt 28% des Eisens in Form von Hématit, der wahrscheinlich
sekundir entstanden ist. Es zeigte sich, daB eine urspriingliche Trennung mittels Zentrifuge ein verbessertes
Endprodukt liefert. AuBerdem ergab sich, daB Fe durch Oxalsdure von der Kaolinitoberfliche besser
entfernt werden kann als durch Auslaugung mittels Dithionit. Die Mdssbauerspektren zeigten ganz deut-
lich, daB MaBnahmen, die eine erhebliche Verbesserung des Kaolinglanzes bringen, nur zu geringen
Verinderungen bet der Mineralogie des Eisens in den Tonen fiihren. Ahnliche Ergebnisse wurden fiir
zwei kauflich erhiltliche Kaoline erzielt. [U.W.]

Résumé— Des spectres de Méssbauer 3’Fe ont été utilisés pour interpréter les effets de différents procédés
de nettoyage de la minéralogie du fer d’un kaolin de Weipa, Australic. Une fraction separée magnéti-
quement contenait 28% de son fer sous forme d’hématite, vraisemblablement d’origine secondaire. On
a montré qu’une séparation initiale de taille centrifuge fournissait un produit final amelioré, et ’acide
oxalique a été trouvée plus efficace pour enlever Fe de la surface kaolinite que du bleach dithionite. Les
spectres Mdssbauer montrent clairement que les étapes de bénéficiation qui donnent un accroissement
appréciable de la clarté du kaolin ne résultent qu’en des changements mineurs dans la minéralogic de
I’argile ferreux. Des résultats semblables ont aussi été obtenus pour deux kaolins disponibles commer-
cialement. [D.J.]
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