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Abstract The different types of iron oxide phases associated with the surfaces of two suites of kaolins from Georgia, 
U.S.A., and from the Southwest Peninsula of England, have been identified using electron spin resonance (ESR) spec- 
troscopy combined with magnetic-filtration, thermal, and chemical treatments. It has been shown that the English kaolins 
are coated with a lepidocrocitelike phase, which is readily removed by de Endredy's method of deferrification, while the 
Georgia kaolins are coated with a hematite- or goethitelike phase, which is not removed by this treatment. Throughout 
the course of this study, the effects of the various physical and chemical treatments on the brightness values of the kaolins 
were examined. 
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INTRODUCTION 

Previous ESR studies of natural and selectively 
doped synthetic kaolinites in this laboratory (Angel et 
al., 1974; Jones et al., 1974) have been confined mainly 
to paramagnetic ions substituted in the structure. In 
particular, iron has been shown to be substituted in ka- 
olinite in a number of different configurations. 

Other workers (Weaver,  1968; Sayin and Jackson, 
1975; Herbillon et al., 1976) have shown that iron is sub- 
stituted in the structure of ancillary minerals such as 
anatase, futile, quartz, and micas which are often found 
in association with kaolinite. 

Iron impurities in kaolin deposits also can exist in the 
form of oxides and hydroxides either as discrete par- 
ticles or as coatings which are bound to the surfaces of 
both the kaolinite and any ancillary minerMs which may 
be present (Sumner, 1963; Anderson and Jenne, 1970). 
Iron impurities of this type are often termed "free iron 
oxides ."  

Considerable research effort has been made to study 
the effective removal of the free iron oxides from kaolin 
as they are detrimental to the application of kaolin in 
the paper coating industry. The various methods of re- 
moval have been reviewed by a number of authors 
(Mehra and Jackson, 1960; de Endredy,  1963). 

The possible nature of the chemical bonding of iron 
oxides and hydroxides to kaolinite surfaces has formed 
the basis of a number of publications (Sumner, 1963; 
Greenland and Oades, 1968; Greenland, 1975). In gen- 
eral, electron microscopy, X-ray powder diffraction 
and chemical analysis have been applied to study sam- 
ples of kaolinite on which hydroxides of iron have been 
precipitated. 

On a more general basis, research into the funda- 
mental properties of bulk samples of iron compounds 
has been aimed at identifying and characterizing the 
various precipitation products from iron (II) and iron 
(III) salts in solut ion (Towe and Brad ley ,  1967; 

Schwertmann et al., 1968; Schwertmann and Taylor, 
1972; Landa and Gast,  1973; Chukrov et al., 1973; Tay- 
lor and Schwertmann, 1974; Fischer and Schwertmann, 
1975; Schwertmann and Thalmann, 1976). These stud- 
ies have supplemented work which has been concerned 
with the nature of iron impurities in the soil (Gallez et 
al., 1975; Russell et al., 1975; Parfitt et al., 1976). 

Previous ESR studies of iron oxides in synthetic zeo- 
lites (McNicol and Port, 1972) and lunar samples 
(Tsay et al., 1973a; Weeks, 1973; Griscom et al., 
1973) demonstrated the potential application of a simi- 
lar approach to kaolinite. 

DESCRIPTION OF SAMPLES 

Sixteen kaolin samples were studied of which 10 
(Avant, Chambers,  Champion, Gray, Wrens,  Mines 11, 
15, 24, 50, and 51) came from various locations in Geor- 
gia, U.S.A.,  and were kindly supplied by the Georgia 
Kaolin Company. The remaining six kaolins originated 
in the Southwest Peninsula of England and were kindly 
supplied by English Clays, Lovering and Pochin and 
Company Limited. They were described as Blackpool, 
Cholwich Town, Dubbers, English, Lee Moor, and Su- 
preme. Chemical analysis and particle size distribu- 
tions were known for all of the samples. 

PRELIMINARY ESR SURVEY 

All of the samples exhibited resonances A and C 
(depicted in Figure 1) which are centered at g - 2.0 and 
g -- 4.0, respectively. These resonances are known to 
be due to substituted defects and have been considered 
in detail elsewhere (Angel et al., 1975; Jones et al. ,  
1974). At g = 2.0 an additional resonance approxi- 
mately 0.1 tesla in width was present which is labeled 
F~. In previous studies F~ has been found to be rela- 
tively weak and has not been studied in detail.  

For a number of the kaolins used in this work various 
size fractions were immediately available and, there- 
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Fig. 1. ESR spectra (recorded at room temperature) of: a) a typical 
kaolin from Georgia, U.S.A.;  b) a typical kaolin from the Southwest  

Peninsula of England. 

fore, the possibility of any correlation between the in- 
tensity of resonance F1 and particle size was investi- 
gated. The results showed that there were marked 
variations in the intensity of the signal F1 both for dif- 
ferent samples and different size fractions within a sam- 
ple, but these variations could not be correlated with 
particle size. 

The effect of heating only four samples at various 
temperatures between 200 and 1200~ for different pe- 
riods from 1 to 24 hr produced interesting and contrast- 
ing results which provided the basis for a subsequent 
study of the effect of heat treatment on all similar ka- 
olins. 

In samples Mine 15 and Avant no change in reso- 
nance F~ was observed when they were heated in air 
for periods of at least 1 hr at temperatures up to 700~ 
Above this temperature the resonance began to de- 
crease but did not collapse completely. In contrast,  for 
samples Mine 24 and Blackpool, the effect of heating 
at 200~ for 1 hr in air was to produce an additional 
fairly intense broad resonance (F2 in Figure 2) on the 
low field side of the resonance F~. Using preheating 
times of 1 hr resonance F~ was found to increase with 
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Fig. 2. 
kaolin heated at 400~ for 1 hr; b) Blackpool kaolin heated at 400~ 

for 1 hr. 

/ 
ESR spectra (recorded at room temperature) of: a) Mine 24 

increasing temperatures up to a maximum of 400~ 
(Figure 2a, b). When the period of heating was in- 
creased to 24 hr at 700~ the resonance gradually col- 
lapsed. In the Blackpool sample resonance F1 remained 
after preheating at 1200~ but in sample Mine 24 it de- 
creased considerably above 900~ 

No changes in the XRD patterns were observed for 
these four samples when heated at 400~ for 1 hr. Pro- 
longed heating above 500~ caused a decrease in inten- 
sity and above 650~ metakaolin was formed. At  
1200~ mullite was detected. 

Taking into account the chemical and mineralogical 
analysis, the crystallinity and the particle size distri- 
bution for the four samples examined, there was no 
obvious explanation for the contrasting ESR results fol- 
lowing the heat treatment.  A temperature of 400~ cou- 
pled with a period of heating of 1 hr was found to be the 
lowest temperature and corresponding time at which 
maximum development of resonance F2 in the Black- 
pool and Mine 24 kaolins occurred. The remaining ka- 
olins were, therefore, subjected to this type of heat 
treatment. 

DETAILED ESR STUDIES 

It was found that all of the English kaolins from the 
Southwest Peninsula when heated at 400~ for 1 hr pro- 
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duced resonance F2, but, in contrast,  only two of the 
kaolins from Georgia, namely Mine 24 and Champion, 
produced the effect and even then on a much weaker 
scale. Also, it was found that for each of the English 
kaolins the intensity of the resonance Fz (in contrast to 
resonance F1) increased with increasing particle size; 
but, for the two exceptional Georgia kaolins, there was 
no obvious relationship between F2 and particle size. 
The XRD patterns of the English kaolins showed that 
resonance F~ was not related to the crystallinity of the 
samples and most probably not related to the mica im- 
purities. It was suspected, therefore, that the resonance 
F~ was directly associated with the surface of the ka- 
olins. 

An observed decrease in the intensity of the reso- 
nance F2 and an accompanying increase in line width 
with decreasing temperatures (Figure 3) are behavior 
patterns characteristic of ferromagnetic or ferrimag- 
netic materials (Tsay et al., 1973a). 

MAGNETIC FILTRATION 

As it was suspected that resonance F~ in the English 
kaolins was probably associated with the kaolin sur- 
faces and not the mica impurities, magnetic extraction 
was used to refine all the samples. The results obtained 
from the XRD and ESR analyses of the filtrates and the 
magnetic residues clearly indicated that in the English 
samples mica was not responsible for the resonance. 
However,  for the two exceptional Georgia kaolins 
which originally produced the F~ resonance, it was 
found that after magnetic separation only the magnetic 
residue, which contained mainly anatase, produces the 
resonance. It was clear, therefore, that resonance F2 
was associated with a surface iron contaminant which 
was common to the English kaolins and the anatase 
fraction in two of the Georgia kaolins. 

In addition to differences between English and Geor- 
gia kaolins with respect  to resonance F~ it was found 
that after heating the samples at 400~ for 1 hr, the iso- 
tropic line of the ESR signal at g = 4.0 had increased 
in intensity in all the Georgia samples, but there was no 
similar change produced in the English kaolins. These 
contrasting changes associated with the substituted 
iron will be considered later. 

THE E F F E C T  ON RESONANCES F1 AND 
F2 USING DE ENDREDY'S  METHOD TO 

REMOVE FREE IRON OXIDES 

It was anticipated that if either resonance F1 or F~ 
were associated with surface iron contaminants it prob- 
ably would be affected by any chemical treatment of 
the kaolins which either modified or removed the iron 
species. Herbillon et al. (1976), in their ESR study of 
kaolinites from tropical soils, found that the method of 
de Endredy (1963) for removing iron oxides was more 
effective than that of Mehra and Jackson (1960). Ac- 

va 

1 5 3  K 

Fig. 3. ESR spectra of Blackpool kaolin heated at 400~ for 1 hr re- 
corded at various temperatures. 

cordingly, de Endredy 's  method was adopted in this 
work. 

Suspensions of 2 g of sample in 100 ml of Tamm's  
solution (0.1 mol dm -a with respect to oxalic acid and 
0.175 mol dm -a with respect to ammonium oxalate) 
were stirred magnetically and exposed to ultraviolet 
(UV) radiation from a medium pressure mercury lamp. 
Exposure times were limited to 2 hr to prevent the pre- 
cipitation of iron (II) oxalate (Herbillon et al., 1976). 
The suspensions were then centrifuged and the super- 
natant tested for iron using the ammonium thioglycol- 
late test (Vogel, 1969). The residues were washed with 
deionized water and the procedure was repeated until 
no iron was detectable in the supernatant. At this stage, 
the residues were washed free of oxalate and dried at 
110~ It was found that, in general, the Georgia kaolins 
required considerably more extraction cycles com- 
pared with the English samples to produce a negative 
test for iron contaminant in the supernatant. This result 
gave the first indication that the iron contaminant in the 
Georgia samples was relatively insoluble in Tamm's  
solution. 

For  samples which had been treated by this method 
no measurable changes were identified in their XRD 
patterns. For  the Georgia kaolins the treatment had no 
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Fig. 4. ESR spectra (recorded at room temperature) of: a) untreated 
English kaolin; b) English kaolin deferrified using de Endredy's  

method. 

effect on resonance F1. For the English samples the in- 
tensity of the resonance was reduced, but not com- 
pletely removed (Figure 4). 

Resonance F2 was not reproduced in any of the sam- 
ples which had been chemically treated and heated in 
air at 400~ for 1 hr. In addition, it was found that F2 
induced in the English samples by heating could be re- 
moved by de Endredy's  treatment. To summarize, 
therefore, both the English and Georgia kaolins prob- 
ably had surface iron contaminants associated with 
them which did not produce significant ESR signals. 
The effect of heating the English kaolins at 400~ for 
1 hr in air was a change in the iron oxide contaminant 
which then produced an intense broad resonance at g 
= 2.0. However, the same effects were not produced 
in the Georgia kaolins. The iron oxides on English ka- 
olins seemed to be different in nature from those on 
Georgia kaolins and were more soluble in UV-irradi- 
ated Tamm's solution. 

THE EFFECT OF THERMAL TREATMENT 
IN ATMOSPHERES OF OXYGEN, 

NITROGEN AND HYDROGEN 

In their study of the source of ferromagnetism in zir- 
con, Lewis and Seftle (1966) heated zircon specimens 
in reducing and in oxidizing atmospheres at 500~ and 

Fig. 5. ESR spectra (recorded at room temperature) of Blackpool ka- 
olin: a) heated at 400~ for 1 hr in hydrogen; b) heated at 450~ for 1 
hr in hydrogen; c) heated at 450~C for 1 hr in hydrogen followed by 

treatment with hydrochloric acid. 

followed the reactions by magnetization measure- 
ments. They interpreted the results in terms of an iron 
oxide coating which consisted mainly of hematite to- 
gether with some maghemite and/or magnetite. 

In this work, the effect of similar treatments on the 
Georgia and English kaolins was examined with the in- 
tention of possibly identifying the surface oxides. Sam- 
ples were heated in oxygen, nitrogen, and hydrogen for 
1 hr at temperatures ranging from 200 to 600~ All the 
samples when heated for 1 hr in oxygen or nitrogen at 
500~ produced results similar to those obtained for 
samples heated in air. Treatment in hydrogen produced 
further interesting results. For the English kaolins, res- 
onance F2 developed at temperatures below 400~ (Fig- 
ure 5a), but, at this temperature, a more intense reso- 
nance (which will be referred to as F3) was observed 
centered at about g = 2.4. The intensity of resonance 
F3 reached a maximum value following heating in hy- 
drogen at 500~ (see Figure 5b) and then remained con- 
stant up to temperatures of 600~ Georgia kaolins also 
exhibited a similar intense resonance on heating in hy- 
drogen (see Figure 6a), though the signal did not de- 
velop below 500~ for some of the samples (Figure 6b). 
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It was found that resonance Fa was readily removed 
from both English and Georgia kaolins by warming the 
samples in hydrochloric acid for 2 min, centrifuging and 
washing until chloride free (Figure 5c, and Figure 6c). 
Kaolins from which free iron oxides have been re- 
moved by the method of de Endredy (1963) also were 
heated in hydrogen at 500~ for 1 hr. It was found that 
resonance F3 did not develop in English kaolins, but 
was produced by the Georgia samples, even after mag- 
netic refining. The very marked difference in the be- 
havior of  English and Georgia kaolins following hydro- 
gen t rea tment  at 500~ combined  with chemical  
treatment by de Endredy 's  method provided more evi- 
dence that there were probably different types of iron 
oxide impurities associated with the two groups of ka- 
olins. 

It was noted that for all of the Georgia kaolins, which 
had been heated for 1 hr at 500~ in hydrogen, reso- 
nance A had decreased in intensity, while resonance D 
and the isotropic line of resonance C had increased in 
intensity. No reduction of resonance A was noted in 
English kaolins which had been treated similarly, al- 
though further heating at 500~ in hydrogen resulted in 
a decrease in resonance A with resonance C remaining 
unaltered. These effects (except for the change in res- 
onance C in Georgia kaolins) were not observed in the 
samples when they were heated at similar temperatures 
in air. 

STUDIES OF PRECIPITATED IRON 
HYDROXIDES ON KAOLINITE  SURFACES 

With a view to identifying the different iron phases 
present on English and Georgia kaolins, various ka- 
ol ini tes-- i ron hydroxide complexes - -were  synthe- 
sized. Samples of English kaolin from Blackpool pit, 
St. Austell, were treated by the method of de Endredy 
(1963) to remove free iron oxides. The samples were 
then coated with different iron hydroxides using three 
methods described by Greenland and Oades (1968). 
These methods involved: a) precipitation ofgoethi te  at 
pH 8; b) precipitation of lepidocrocite at pH 3; and c) 
precipitation of amorphous hydroxides at pH 3, 5, and 

Table 1. Relative intensity of broad resonances at g = 2.0 observed 
for iron hydroxides precipitated on Blackpool kaolin. 

Coating 
Treatment Go~thite Lepidocrocite 

Untreated W~ak + Medium 

400 ~ C W~ak + Very Intense + 
1 houz 

5 0 0  ~ c o 
I ho~ in very Intense 
hydrogen 

Amorphous ~ydroxide s 

pn3 p~5 pH7 

Medium + Weak + Weak + 

Intense + Medium + We~k 

Very Intense O Very Intense O 

Key: + kaolinite only detected by X/~D 

o in addition to kaolinite, hematite 
and magnetite detected by X~D 

F 3 
( a ) ~  g=2 

gain xl 

gain xl 

0.1 T 
) 

gain x2 

Fig. 6. ESR spectra (recorded at room temperature) of: a) Mine 11 
kaolin heated at 450~ in hydrogen for 1 hr; b) Mine 15 kaolin heated 
at 500~ in hydrogen for 1 hr; c) Mine 11 kaolin heated at  500~ in 

hydrogen for 1 hr. ,  then treated with hydrochloric acid. 

7. The kaolinite-hydroxide complexes were studied us- 
ing identical methods to those described previously. 
The results are summarized in Table 1. 

Unfortunately, the initial iron hydroxide coatings 
were not identifiable by XRD. However,  it was clear 
from the ESR results that kaolinites coated with hy- 
droxides precipitated at low pH produced resonances 
similar to those observed previously from natural En- 
glish kaolins, in contrast, kaolins coated with hydrox- 
ides precipitated at higher pH produced results similar 
to those obtained from natural Georgia kaolins. 

STUDIES OF N A T U R A L L Y  OCCURRING 
IRON OXIDES AND HYDROXIDES 

The magnetic properties of naturally occurring iron 
oxides and hydroxides are summarized in Table 2 
where it can be seen that species detectable by ESR at 
room temperature are amorphous oxides, maghemite, 
lepidocrocite, magnetite, and possibly hematite. 

Since resonance F2 was observed to be either ferro- 
magnetic or ferrimagnetic in nature and its line width 
increased with decreasing temperature,  it may be as- 
signed to only maghemite or hematite. Resonance F2 

https://doi.org/10.1346/CCMN.1978.0260402 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1978.0260402


268 Angel and Vincent  Clays and Clay Minerals 

Table 2. Magnetic properties of naturally occurring iron oxides and 
hydroxides. 

Name Formula Magnetic Properties 

~morphous 
oxides 

Hematite a-Fe203 

Goethite u-FeOOH 

Akaganite O-FeOOH 

Maghemite T-Fe203 

Lepidocrocite T-FeOC~ 

Maqnetite Fe304 

Paramagnetlc [Towe and Bradley, ]967), 

Weakly ferromagnetic above -10 ~ C 
(Tebble and Craik~ 1969). Controversy 
in literature as to observance by ESR 
at X-band at room temperature ~qeeks 
et al.~ 1973: Tsay et al.~ 1973). 

Antiferromagnetic with Meel temperature 
of 120~ (Tsay et al., 1973). 

Antiferromagnetic with Neel temperature 
of 20 ~ C. 

Ferrimagnetic (Tebble and Craik, 1969). 

Antiferromagnetic with Neel tempexature 
of -200 ~ C. 

Ferrimagnetic (Tebble and Craik, 1969). 
ESR line width decreases with decreasing 
temperature to -143 ~ C. 

is produced when English kaolins are heated at 400~ 
in air and maghemite is known to be transformed into 
hematite at this temperature. It seems reasonable,  
therefore, to attribute F~ to hematite. However ,  there 
is a divergence of opinion in the literature (Tsay et al., 
1973b; Weeks et al., 1973) as to whether hematite would 
be detectable at room temperature by ESR. 

To clarify the situation a study was made of some 
available iron oxides and hydroxides. Samples of nat- 
urally occurring magnetite and hematite were obtained 
from the Department of  Geology, Plymouth Polytech- 
nic, and synthetic goethite and lepidocrocite were 
kindly donated by Professor U. Schwertmann of 
Technische Hochschule,  Munich. The results are 
summarized in Table 3. 

It was found that hematite exhibited a broad reso- 
nance, but not with sufficient intensity to account for 
resonance F~ in kaolins. However,  lepidocrocite pro- 
duced an intense broad resonance on heating both in air 
and in hydrogen, a behavior pattern which is similar to 
that observed in the English kaolins. 

In contrast, the ESR spectra of both goethite and 
hematite were unaffected by heating in air at 400~ but 
an intense broad resonance developed on heating in 
hydrogen--a  behavior pattern which resembles that of 
Georgia kaolins. Therefore, it may be reasonable to in- 
fer that English kaolins are associated with a iepido- 
crocitelike phase, while Georgia kaolins are associated 
with a goethite- hematitelike phase. The results are 
considered in more detail in the discussion. 

SUMMARY AND DISCUSSION 

The various heat treatments applied to the kaolins 
used in this work produced significant changes in the 
ESR features associated with substituted defects,  as 
well as interesting results with regard to surface iron 
oxides. Previous work (Angel et al., 1975) has shown 

that the resonance at g = 4.0 in natural kaolins is com- 
posite and can be unequivocably assigned to two Fe ~+ 
species in different sites and resonance A may be at- 
tributed to a defect which can be produced by X-irra- 
diation and stabilized by Mg 2+ or Fe ~+. Resonance D, 
which is common only to the Georgia kaolins, is attrib- 
utable to V 4+ and is the subject of a separate publication 
(Vincent and Angel, 1978). In all kaolins containing the 
A-center resonance, it is found that by expanding the 
spectrum it is possible to identify additional paramag- 
netic species which have become known as B-centers 
and produce weak resonance peaks between the two 
main lines of the A-center resonance. 

Heating the Georgia kaolins in hydrogen at 500~ 
produced a significant increase in the intensity of res- 
onance D, but oxygen had no effect. Since neither V 5+ 
nor V a+ is detectable at room temperature and only 
heating in hydrogen caused an increase in the concen- 
tration of V 4+, it is logical to conclude that the Georgia 
kaolins probably contain mainly V 4+ ions, a smaller 
number of V 5+ ions and no detectable V 3+ ions. The 
possible situation of the vanadium ions either on the 
surface or within the structure of kaolinite forms the 
basis of a separate paper (Vincent and Angel, 1978). 

It is known (Angel and Hall, 1972) that resonance A 
in natural kaolinites normally collapses if samples are 
heated in air at 550~ when dehydroxylat ion occurs. 
For  samples heated in hydrogen, resonance A col- 
lapsed at temperatures of 500~ but it was not possible 
to detect any dehydroxylation effects by X-ray powder 
diffraction. Furthermore,  it was found in this work that 
resonance A could only be reformed in samples which 
had been treated in hydrogen provided that prior to X- 
irradiation and annealing they were evacuated to re- 
move any occluded hydrogen, i t  is known (Angel et al., 
1975; Jones et al., 1974) that at least X-ray energies are 
required to produce defect A and ultraviolet radiation 
is ineffective. On the basis, therefore, of recoil energies 
involved in an elastic collision, it is reasonable to sus- 
pect  that the defect is formed by removal of a proton 
or a hydrogen atom. The results from the hydrogen 
treated samples support  this hypothesis on the basis 
that occluded hydrogen prevents the defect reforming. 

In his previous work on the A-center,  Jones (1974) 
suggested models for the defect which involved either 
the formation of (Oz)- created by the initial removal of 
hydrogen atoms through X-irradiation or alternatively 
the production of trapped holes. Although it may be 
argued that removal of protons or hydrogen atoms 
might conceivably lead to the formation of trapped 
holes, the results obtained here indicated the impor- 
tance of hydrogen in the formation and annealing of res- 
onance A and, therefore, support an explanation in 
terms of formation of (Oz)-. 

In the Georgia kaolins, it was also noted that the ef- 
fect of heating in hydrogen at 500~ not only removed 
resonance A, but also caused the isotropic line at g = 
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Table 3. Relative intensities of broad  resonances near g = 2.0 observed for iron oxides and hydroxides. 
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Treatment/ 
Sample , ,  Goethite Lepidocrocite Hematite 

Untreated Weak Medium Medium 

400 ~ C W e a k  h V e r y  I n t e n s e  a ' b ' h  M e d i u m  h 
1 hour 

1500~ Very I n t e n s e  h ' a ' f  V e r y  I n t e n s e  h ' a ' f  I n t e n s e h ' a ' f  

Ma@netite 

Intense 

intense h'a 

intense h,a,f 

Key: a - magnetite; b - maghemite; f - iron; h - hematite 

4.0 to increase in intensity. It is tempting, therefore, to 
assume that changes in the resonance at g = 4.0 are 
related to annealing of the defect responsible for reso- 
nance A. Indeed, if resonance A were attributable to 
a defect stabilized by Fe z+ substituting for A13+ and the 
defects were annealed, one might expect Fe z+ to be 
converted to Fe 3+, which would account for the ob- 
served change in the g = 4.0 resonance. However, for 
English kaolins heated in hydrogen, no corresponding 
change in the g = 4.0 resonance was observed when 
resonance A collapsed. Considering the chemical anal- 
ysis of the samples, it might be argued that, in the En- 
glish kaolins, Mg 2+, as opposed to Fe 2+, acts as the 
precenter and, therefore, does not create more Fe 3+ and 
a change in the g = 4.0 signal. However, in contrast to 
English kaolins in which no changes were observed, an 
increase in the isotropic line at g = 4.0 was noted for 
the Georgia kaolins heated in air at 500~ but with no 
corresponding decrease in resonance A. These results 
suggest that changes in the Fe 3+ distribution are inde- 
pendent of any Fe z+ , which stabilizes the A-centers. 

It is known (Angel and Hall, 1972) that dehydroxy- 
lation of some kaolins at 500~ causes an increase in 
the isotropic resonance at g = 4.0 accompanied by a 
decrease in resonance A. However, as XRD spectra of 
Georgia kaolins heated at 500~ in air were found to be 
identical to those of untreated samples and as reso- 
nance A had not been reduced in intensity, it was as- 
sumed that dehydroxylation had not occurred. To date, 
no satisfactory explanation has been found for the 
change in the resonance at g = 4.0 observed on heating 
Georgia kaolins below their dehydroxylation temper- 
atures. 

The preliminary ESR studies of English and Georgia 
kaolins established that all samples exhibited a broad 
resonance, F,, to varying extents. On heating at 400~ 
for 1 hr in air, oxygen or nitrogen, English kaolins pro- 
duced a more intense broad resonance, Fz. Resonance 
F~ was also found in two of the Georgia samples, but 
separate studies using magnetic filtration and XRD 

analysis showed that resonance F~ in these samples was 
associated with anatase impurities and not the kaolinite 
fraction. Magnetically refining samples also demon- 
strated that resonance F2 in English kaolins was com- 
mon to both the kaolinite fraction and the mica impur- 
ities. Both Georgia and English kaolins, however, 
produced an intense broad resonance, F3, when they 
were heated in hydrogen at 500~ 

Since deferrification by de Endredy's method had a 
negligible effect on resonance F1 in Georgia kaolins, 
and reduced but did not remove it completely in the 
English samples, it was concluded that resonance F, 
could not be attributed wholly to surface iron oxides 
associated with the kaolins. However, it was found that 
English kaolins, which had been deferrified, produced 
neither resonance F2 on heating at 400~ in air nor res- 
onance F3 following hydrogen treatment at 500~ 
Therefore, it was deduced that resonance Fz and F3 in 
English kaolins were due to iron oxides, which could 
be removed by deferrification. In contrast, it was found 
that Georgia kaolins, which had been deferrified, con- 
tinued to produce resonance F3. This being so, it was 
clear that iron oxides associated with Georgia kaolins 
were not effectively removed by the deferrification pro- 
cess used, and were probably different from those in 
the English kaolins. 

By using kaolins selectively coated with hydroxides 
at different pH values, it was possible to produce sim- 
ilar behavior patterns to those found in the naturally 
occurring kaolins, although it was not possible to iden- 
tify positively the true nature of the oxide coating. 
However, the conclusions which might have been 
drawn from these experiments were substantiated by 
the results obtained from the samples of raw oxides. 
Combining the two sets of results, it seems reasonable 
to conclude that the iron oxide associated with the En- 
glish kaolins is very similar, if not identical, to lepido- 
crocite. On a similar basis, goethite or hematite is as- 
sociated with the Georgia kaolins. 

It is generally accepted that deferrification by the 
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method of de Endredy (1963) consists of dissolution in 
Tamm's  solution involving a chemical reaction which 
is photosensitive to UV and de Endredy (1963) has 
claimed that his method removed both the crystalline 
and the amorphous oxides of iron. However ,  it has been 
found more recently that only amorphous and poorly 
crystalline iron oxides are soluble in Tamm's  solution 
in the dark (Schwertmann et al., 1968). 

Samples of  lepidocrocite ,  goethite and hematite 
treated by de Endredy ' s  method in this laboratory 
showed that lepidocrocite dissolved in about 2 hr, while 
the others persisted even after 24 hr. These results pro- 
vide further evidence in support of the suggestion that 
the English kaolins are coated with a lepidocrocitelike 
phase, which is removed on deferrification, whereas 
the Georgia kaolins are coated with a goethite- or he- 
matitelike phase, which is less readily extracted. 

The main difficulty which arises from the above con- 
clusions, bearing in mind the known transformations of 
the oxides and hydroxides of iron, is that upon heating 
at 400~ in air, both lepidocrocite and goethite are 
known to be transformed to hematite. 

It is not  c lear ,  therefore ,  why l ep idoc roc i t e  at 
400~ should produce resonance F2 while goethite and 
hematite do not. However,  XRD studies of lepidocro- 
cite heated at 400~ for I hr in air showed the presence 
of  magnetite or maghemite in addition to hematite, and 
both of these oxides (being ferrimagnetic) could ac- 
count for resonance F2. Owing to the broadness and 
relatively low intensity of the peaks, it was not possible 
to distinguish between magnetite and maghemite by 
XRD. However,  it was deduced that the oxide was 
more probably maghemite for the following reasons: a) 
the line width of resonance F2 was found to increase 
with decreasing temperature,  whereas it is known that 
the line width of the magnetite resonance decreases 
with decreasing temperature; b) magnetite would not 
be expected to be formed from the other oxides at tem- 
peratures below 400~ in air (Cotton and Wilkinson, 
1967). On the other hand, it is not clear why maghemite 
should remain stable at 400~ when it might be ex- 
pected to have been converted to hematite. 

With regard to resonance F1 which, in English ka- 
olins is partially reduced in intensity on deferrification, 
the removed component can be attributed to the lepi- 
docrocitelike phase, which would be extracted by de 
Endredy 's  treatment and which is known to be para- 
magnetic at temperatures above 200~ It must be em- 
phasized that a paramagnetic resonance is approxi- 
mately three orders of magnitude less intense than a 
ferrimagnetic resonance for the same number of spins 
(Tsay et al., 1973a). The difference accounts for the 
much greater intensity of resonance F2, which has been 
attributed to a ferrimagnetic phase. In Georgia kaolins, 
resonance F1 was not affected by de Endredy ' s  treat- 
ment, so this resonance and part of resonance F1 in 
English kaolins is probably due to the interaction be- 

tween adjacent Fe  a* ions, which are known to be sub- 
stituted in the kaolinite structure (Angel et al., 1975; 
Jones et al., 1974). 

Resonance F3 is formed by all of the kaolinites on 
heating in hydrogen at 500~ Kaolinites coated with 
amorphous iron hydroxides and naturally occurring 
iron oxides and hydroxides thus treated show the pres- 
ence of hematite, magnetite, and iron. Resonance Fa is, 
therefore, attributed to magnetite and/or iron. 

Isolated lepidocrocite is normally metastable and 
readily transforms to its stable polymorph, goethite. 
However,  lepidocrocite is known to occur as a stable 
compound in soils (particularly in humid, temperate 
regions) (Schwertmann and Taylor, 1972). The relative 
stability of lepidocrocite in soils has been studied in 
detail and has been shown to be dependent  on the 
amount of organic matter (Schwertmann et al., 1968) 
and the concentration of silicon cations (Schwertmann 
and Taylor, 1972) which might be present.  The chem- 
ical analyses of the samples indicate that the English 
Kaolins contain more silica than the Georgia kaolins. 
Also, organic matter is generally more abundant in En- 
glish kaolins. It seems reasonable, therefore, to suggest 
that English kaolins in a temperate climate are associ- 
ated with an iron oxide which is similar to lepidocrocite.  
Hematite rarely occurs in soils of temperate regions, 
but mixtures of hematite and goethite are common in 
warmer regions (Fischer and Schwertmann, 1975). It 
is reasonable,  therefore, to assume that the Georgia 
kaolins are associated with hematite- or goethitelike 
phases. 

During the course of the ESR studies of the English 
and Georgia kaolins, the effects of the various physical  
and chemical treatments on the brightness values of the 
samples were examined. It was found that deferrifica- 
tion improved the brightness of all the English kaolins, 
but produced no measurable effect in the Georgia sam- 
ples. This behavior pattern is expected as iron oxide 
impurities are known to form one of the major nonwhite 
components of kaolins. Deferrification using de Endre- 
dy 's  treatment was shown by the ESR studies to be 
effective only for the English kaolins. Organic material 
is also thought to have a deleterious effect on the bright- 
ness of clays. However ,  in this work, removal of or- 
ganic impurities by hydrogen peroxide treatment had 
a negligible effect on the brightness values of the ka- 
olins studied. It was noted that the brightness of all the 
kaolins decreased appreciably following thermal treat- 
ment at 400~ for I hr. Moreover,  the heated samples 
were found to have significantly lower brightness val- 
ues when the heating had been preceded by chemical 
treatment. This result was most unexpected and was 
not readily explained. The only change in the ESR 
spectrum, which was exhibited by all the samples on 
heating at 400~ was the collapse of the resonance at- 
tributed to B-centers. It is known that B-centers can be 
reformed on X-irradiation, but in this work no accom- 
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p a n y i n g  i nc r ea se  in b r i g h t n e s s  w a s  o b s e r v e d .  I t  c an  

only  be  a s s u m e d  tha t  the  effect  o f  hea t ing  o n  the  br ight-  

n e s s  o f  kaol in i te  is re la ted  in s o m e  w a y  to the  su r f ac e  

o f  kaol ini te .  T o  da te ,  the  su r f ace  c h e m i s t r y  o f  kaol in i te  

is n o t  ful ly u n d e r s t o o d .  In  this  r e s p e c t ,  it is h o p e d  tha t  

the  r e su l t s  p r e s e n t e d  in th is  p a p e r  m a y  be  o f  a s s i s t a n c e .  

F u r t h e r  i n f o r m a t i o n  r ega rd ing  the  i ron  ox ide  p h a s e s  

a s s o c i a t e d  w i th  E n g l i s h  and  G e o r g i a  kao l in i t es  migh t  

be  f o u n d  by  c o m p a r i n g  m a g n e t i c  suscep t ib i l i t y  mea-  

s u r e m e n t s  fo r  s a m p l e s  fo l lowing  chemica l  a n d  t h e r m a l  

t r e a t m e n t s .  A l s o ,  an  inves t iga t ion  o f  the  e f fec t  o f  o t h e r  

m e t h o d s  o f  i ron  ox ide  r e m o v a l ,  in p a r t i c u l a r  the  di- 

t h i o n i t e - c i t r a t e - b i c a r b o n a t e  m e t h o d  o f  M e h r a ' a n d  

J a c k s o n  (1960) on  the  G e o r g i a  kao l ins  migh t  p r o v e  use -  

ful. 

R E F E R E N C E S  

Anderson, B. J. and Jenne, E. A. (1970) Free iron and manganese 
oxide content of reference clays: Soil Sci. 109, 163. 

Angel, B. R. and Hall, P. L. (1972) Electron spin resonance studies 
of kaolin: Proc. Int. Clay Conf., Madrid, pp. 47-59. 

Angel, B. R., Jones, J. P. E. and Hall, P. L. (]974) Electron spin res- 
onance studies of doped synthetic kaolinite, I: Clay Miner. 10, 247. 

Angel, B. R., Richards, K. S. and Jones, J. P. E. (1975) The synthesis, 
morphology, and general properties of kaolinites specifically doped 
with metallic ions and defects generated by irradiation: Proc. Int. 
Clay Conf., Mexico City, pp. 297-304. Applied Publishing Ltd., 
Wilmette, Illinois. 1976. 

Chukrov, F. V., Zvyagin, B. B., Ermilova, L. P. and Gorshkov, A. I. 
(1973) New data on iron oxides in weathering zone: Proc. Int. Clay 
Conf., Madrid, pp. 333-341. 

Cotton, F. A. and Wilkinson, G. (1%7) Advanced Inorganic Chem- 
istry, 2nd edition: lnterscience, New York. 

de Endredy, A. S. (1963) Estimation of free iron oxides in soils and 
clays by a photolytic method: Clay Miner. Bull. 5, 209. 

Fischer, W. R. and Schwertmann, U. (1975) The formation of hematite 
from amorphous iron (1II) hydroxide: Clays & Clay Minerals 23, 33. 

Gallez, A., Juno, A. S. R., Herbillon, A. J. and Moorman, F. R. 
(1975) Clay mineralogy of selected soils in Southern Nigeria: Soil 
Sci. Soc. Am. Proc. 39, 577. 

Greenland, D. J. (1975) Charge characteristics of some kaolinite-iron 
hydroxide complexes: Clay Miner. 10, 407. 

Greenland, D. J. and Oades, J. M. (1968) Iron hydroxides and clay 
surfaces: Trans. 9th Int. Congr. Soil Sci. Adelaide 1,657. 

Griscom, D. L., Friebele, E. J. and Marguardt, C. L. (1973) Evidence 
for a ubiquitous, sub-microscopic "magnetite-like" constituent in 
the lunar soils: Proc. 4th Lunar Sci. Conf. Supplement 4, Geochim. 
Cosmochim. Acta 3, 2709. 

Herbillon, A. J., Mestagh, M. M., Vielvoye, L. and Derouane, E. G. 
(1976) Iron in kaolinite with special reference to kaolinite from trop- 
ical soils: Clay Miner. 11, 201. 

Jones, J. P. E. (1974) Electron spin Resonance studies of selectively 
doped synthetic kaolins. Ph.D. Thesis, University of London. 

Jones, J. P. E., Angel, B. R. and Hall, P. L. (1974) Electron spin res- 
onance studies of doped synthetic kaolinites, II: Clay Miner. 10, 257. 

Landa, E. R. and Gast, R. E. (1973) Evaluation of crystallinity in hy- 
drated ferric oxides, Clays & Clay Minerals 21, 121. 

Lewis, R. R. and Seftle, F. E. (1966) The source of ferromagnetism 
in zircon, Am. Mineral. 51, 1467. 

McNicol, B. D. and Pott, G. T. (1972) Studies of the deammoniation 
and dehydroxy]ation processes in NH4 faujasite and NH4 mordenite 
zeolites. The use of the ESR of framework substitued Fe 3+ as a 
probe: J. Catal. 25, 223. 

Mehra, O. P. and Jackson, M. L. (1960) Iron oxide removal from soils 
and clays by a dithionite citrate system buffered with sodium bicar- 
bonate: Clays & Clay Minerals 7, 317. 

Parfitt, R. L., Russell, J. D. and Farmer, V. C. (1976) Confirmation 
of the structure of goethite by infra-red spectroscopy: J. Chem. Soc. 
Faraday Trans. 71, 1082. 

Russell, J. D., Paterson, E., Fraser, A. R. and Farmer, V. C. (1975) 
Adsorption of CO~ on goethite surfaces: J. Chem. Soc. Faraday 
Trans. 71, 1623. 

Sayin, M. and Jackson, M. L. (1975) Anatase and rutile determination 
in kaolinite deposits: Clays & Clay Minerals 23, 437. 

Schwertmann, U., Fischer, W. R. and Papendorf, H. (1%8) The in- 
fluence of organic compounds on the formation of iron oxides: Trans. 
9th Int. Congr. Soil Sci. Adelaide 1, 645. 

Schwertmann, U. and Taylor, R. M. (]972) The influence of silicate 
on the transformation of lepidocrocite to goethite: Clays & Clay 
Minerals 20, 151. 

Schwertmann, U. and Thalmann, H. (1976) The influence of [Fe(ll)], 
[Si], and pH on the formation of lepidocrocite: Clay Miner. 11, 189. 

Sumner, M. E. (1963) Effect of iron oxides on positive and negative 
charges in clays and soils: Clay Miner. Bull. 5, 218. 

Taylor, R. M. and Schwertmann, U. (1974) Maghemite in soils and its 
origin, Parts l and II: Clay Miner. Ill, 289 and 299. 

Tebble, R. S. and Crzik, D. J. (1969) Magnetic Materials: John Wiley, 
New York. 

Towe, K. M. and Bradley, W. F. (1%7) Mineralogical constitution of 
colloidal hydrous ferric oxides: J. Colloid Interface Sci. 24, 384. 

Tsay, F. D., Manatt, S. L., Live, D. H. and Chan, S. I. (1973a) Me- 
tallic Fe phases in Apollo 16 fines; their origin and characteristics by 
electron spin resonance studies, Proc. 4th Lunar Sci. Conf. 3, 2751. 

Tsay, F. D., Manatt, S. L. and Chart, S. I. (1973b) Magnetic phases 
in lunar fines: Metallic iron or ferric oxides?: Geochim. Cosmochim. 
Acta 37, 1201. 

Vincent, W. E. J. and Angel, B. R. (1978) Electron spin resonance 
studies of vanadium impurities in kaolinite: Clays & Clay Minerals, 
in press. 

Vogel, A. I. (1969) Macro and Semi-Micro Qualitative Inorganic 
Analysis: Longmans, Green & Co, Ltd., London. 

Weaver, C. E. (1968) Electron microprobe study of kaolin: Clays & 
Clay Minerals 16, 187. 

Weeks, R. A. (1973) Ferromagnetic phases of lunar fines and breccias. 
Electron magnetic resonance spectra of Apollo 16 samples: Proc. 4th 
Lunar Sci. Conf. 3, 2763. 

Pe3mMe- Pa3nHqH~e THH~ ~a30KHCH mene3a,npMypoqeHH~e K nOBepXHOCTgM ~ByX 
CBHT KaOnHHa,pa3BHTblX B ~KOp~HH,C.~.A.,H Ha Dro-3ana~HOM HOnyOCTpOBe AHF- 
nHH,6bL~M onpe~eneHN c hOMOnYm cneKTpOCKOnHqecKoro MeTo~a pe30HaHca 9neKTpOH-- 
HOrO CHHHa/PgC/B coqeTaHHH C MarHHTHO--~HnbTpa~HOHHO~,TennOBO~ H XHMHqecKo~ 
O6pa6OTKaMH. BbLrlO nOKa3aHO,qTO KaOnHH~ H3 AHrnHH HOKp~T~ ~a30~ HO~O~HO~ ne- 
HH~OKpOKHTy,KOTOph~I nerKo y~a~HeTCH MeTO~OM ~e~eppH3a~HH ~e EH~pe~H,B TO 
BpeMH KaK KaO~HH~ H3 ~KOp~0KHH HOKp~T~ ~a3aMH HO~O6Hh]54H reMaTHTy PI/IH reTHTy t 
KOTOp~e He CHHMaDTCg 9TO~ o6pa6oTKO~. B TeqeHHe 9THX Hccne~oBaHH~ ~51JIH H3y-- 
qeH~ 9~eKT~ pa3HBLX ~H3HqeCKHX H XHMHqeCKHX o6pa6OTOK Ha HHTeHCHBHOCT50C-- 
BeT~eHH~ KaO~HHOB. 
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Kurzreferat- Die verschiedenen Arten von Eisenoxydphasen, verbunden mit 
der Oberfl~che zweier verwandter Kaolins, yon Georgia, USA und yon der SHd- 
West Halbinsel Englands, wurden durch "electron spin resonance" (ESR),kom- 
biniert mit magnetischer Filtration, thermischer und chemischer Behandlung, 
identifiziert. Es wurde gezeigt, dab die englischen Kaoline mit einer Lepi- 
dokrokit-artigen Phase bedeckt sind, die leicht mittels der de Endredy Me- 
thode des Eisenentfernens beseitigt werden kann, wohingegen die Georgia 
Kaoline mit einer Hematit-oder Goethit-artigen Phase Hberzogen sind, welche 
nicht durch diese Behandlung entfernt werden kann. Im Verlauf dieser Unter- 
suchung, wurden die Effekte verschiedener physikalischer und chemischer Be- 
handlungen auf die Glanz-Werte der Kaoline untersucht. 

R~sum~-Les diff~rentes esp~ces de phases d'oxide de fer associ~es avec les 
surfaces de 2 suites de kaolins de G~orgie,U.S.A. et de la P~ninsule Sud- 
Ouest de l'Angleterre ont ~t~ identifi~es utilisant la spectroscopie de spin 
(E S R) combin~e avec des traitements thermiques,chimiques,et de filtration 
magn~tique. Ii a ~t~ d~montr~ que les kaolins anglais sont recouverts d'une 
phase ressemblant ~ la l~pidocrocite qui est facilement retiree par la m~- 
thode de d~ferrification de de Endredy,tandis que les kaolins de G~orgie 
sont recouverts d'une phase ressemblant ~ l'h~matite ou ~ la goethite qui 
ne peut pas ~tre retiree par ce traitement.Au cours de cette ~tude,les ef- 
fets des traitements physiques et chimiques sur les valeurs de l'~clat des 
kaolins ont ~t~ examines. 
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