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Synthesis and characterization of zeolites from Thai kaolins

I v

AMHIDY

WA.AS.HINE I3aHg

szl sza meniu

TA3IMSIVeNUATUAYUNWIPVBINT I NENauNA T At TIINANFUN
vl szanailunelal wa. 2555

urINgNaunAlulagsyuIna nFINN



()

aanssudsema

au A @ 4 @ = 12
M3TtoiseImsdunsginasAnmnadnuazvesdloladnnusauialng  (Synthesis and
characterization of zeolites from Thai kaolins) l@3UNUANUAYUINIATINIINGVBIUNIINGED
G a 9 a [ =
maTuTagssuenangann sudszmnatuieldl we2s555 wineaunaluTagssuaanganm

PEXY 1 dy
AuzpvelnTveveUAMIN o Tomail

A o { a Jd o 1 4
HtevevoUAM Dr. Bernard A. Goodman RiFe1w19y1umIing1e1iAI0819701A509 Electron

=1

. Yo o 9 A g a J % ]
paramagnetic resonance N1HAUZ I UM IHATHD TINIMITAATIZHNAMDEN 1AL VOUD LA
o o A o a Aq ¥ 4 Y A . <
dninnulsmnagiedud Nlvanuewnszyilumsldiaied Electron paramagnetic resonance 11/u

1A a Aa a 14 o a @ A 4
DYNALUATVBUDUAY NIAIVITIUINGT AUSINYIANTAT JWIAINTUNNIINGAY Wlﬁ}mmaumiww

A A A 4

Tdnseailodnsz M
9 L:gllslao; 1 a a = a o a [ G
Metigivelasvoueun@aININIAINIIMAY  AwzIrINIsuMdad i medemalulag
o o Hq 9 @ ) k4 =
FVNAANGUNN  mAas. Isedua lyeer ldanuoyazdilumsldglnsel a0 uazanw
4 Y o q ¥ Awv o & ' Y A A 1 1
pyanznlunnga mlnaudtediSeganunaied  uazveveunauious MUY Y
MAMBIAIN Az INOIMERT  PNAINTAINAINGNSY  uaza Al Al Inenaaiiay

' 9 9
malulag wvirmeaoma lulagsyaangaunn naw lumsaivayumsmivelunsall

YA
AU HINY



(V)

UnAALo

[ 2 o a a o 2 Y
msdunend e ladnnauvnszussazauvnanhadsanalne  Tuduusnezdos
@ a Y axy = A I Y ) Y Aa o
Puljequnimaurnndieismemenmuaz Bmanll e 1d Idesasauiliomiaumnz au
] o Y A =S J A Ao 1 aa 1 a zg axy
aomaih 1 dissondlolaq AelionsiaiulasTuavesFamaoezgluigedu  A5MImenIn
Y 9 = < ! a g d
launmsua vazmam  msvave 1Fan1izmsuainnw3a 300 seuaeud uan 60 Wi
= A a <
uaz 120 Wil mawnaz ldanzmamguuad 500 600 700 wag 800 veruaAIFed 1Tl
na 3 9l msdSulyepuammeasmaniiih 1dTaemsvhunhilgnsendunsedailasn
v Y
Mt 2 M sandusenieauInemsazmensadaiinie 1:3 lasiminge
a A (o ) @ J J 1 @
Wnas  auilSulssnunmudninndunszidlolad  anmsnaasanunmsdiuilge
A A a < A ' a
AUNWNNMENINADMIHIN 700 DIRYALTHE wILUAN 1 NRINE AUADMIATONATT
3 9 o Y] =) =\ 4 ~ =) = 4 A o Aama
adudmsumaesondlolad  uazannziminzanlumasendlelad Ao mahilgnse
@ = S Y Y @ 1 1 Aa A (v
nuensazmelandonlaason laananududy 4 M oasaiuszrreauvIINs Ul enunIw
' a SA & o a oA A
aomsazanelwdenleasonladne 1:4 TanimminaeSinas guuginldlumsuy fed 70
= o As 2 A A =
pIRIFATYE 190 24 B9 LAz guuIN 1Y lumsannanao 100 eruwaFod a1 48
& = zﬂy Aa o = I @ e Aa a °
$lue  wamsAnEWUIAS L e 1o laahduaginnauise ueaaz auanaitha
fematin BET WuUNNAUMAY 589 m/g tay 530 m7g  manvansotani/asuleosu
= d o 4 a a o A 1A A A 1
VINUesd 1o lagdansigvininauanssuetas auvsthediniia 1,500 iaa luano
a [ a A 1 a [ a A ~ A v L4 a
nlanfu uaz 1,200 dadlua eenlansy uazilszansnimvesdle laandunsizrnnauun
a o o w 2+ ? A o oo 1Y ¥
szuodazauamahy lumsmin zn ludndeduaneiimsosay 88 uay Jovas 82
o w = gﬁ dy YR [ a = s Y a 1 A o 4
mudey  lumsAneiasedl lddnsgaanyazaunuesdlo ladmomaiina1ag o 1ondsd
avlusnduanlalasalall (X-ray diffraction spectroscopy) tonmsdlgossasuamilalas
= A 4 a ~
a1l (X-ray fluorescence spectroscopy) ﬁliﬂiﬂﬂﬂﬁ?\l@iu aunlsusa aalasalnll (Fourier
ad a
transform infrared spectroscopy) DLANATOUINTLNALUANLT Tern U (Electron paramagnetic

9 /a g 1 .
resonance  spectroscopy)  LALNADIIANTIAUBIANATOULUDUAOINTIA  (Scanning  electron

microscopy)



()

Abstract

Zeolites were synthesized from two local kaolin deposits, Ranong and Lampang,
Thailand. For improving natural kaolin as the material for zeolite synthesis, the first step is
modification of kaolin by physical and chemical activation. The pretreatment activations were
required prior to achieve high silica and alumina ratio in raw material for application to kaolin
using as starting material. Physical activation was achieved by grinding , 300 rpm for 60 or 120
minutes or calcination at 500 600 700 or 800° C for 3 h and these followed by chemical activation
with 2 M sulfuric acid for 3 h, the ratio of kaolin: sulfuric acid is 1:3 (weight by volume).The
results show that modification of kaolin by combined physical and chemical treatments can
produce material with high silica and alumina ratio for using as starting material to synthesize
zeolite and the optimum condition was from calcination kaolin at 700°C for 3 h. For zeolite
synthesis, the optimum condition was achieved from 4 M sodium hydroxide in ratio 1:4 of
modified kaolin: sodium hydroxide solution (weight by volume), the aging temperature was 70° C
in 24 h, and the recrystallization temperature was 100° C for 48 h. Specific surface area of
synthesized zeolite from Ranong and Lampang kaolin deposits were 589 mz/g and 530 mz/g,
cation exchange capacity were 1,500 m mole/kg and 1,200 m mole/kg respectively. The efficiency
of synthesized zeolite from Ranong and Lampang kaolin deposits to remove Zn’" from synthetic
waste water were 88% and 82% respectively. In this study, various physical and analytical
techniques, X-ray diffraction spectroscopy, X-ray fluorescence spectroscopy, Fourier transform
infrared spectroscopy, Electron paramagnetic resonance spectroscopy and Scanning electron

microscopy were used to characterize the structure of kaolin and zeolite.
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3.1.14
3.1.15
3.1.16
3.1.17
3.1.18
3.1.19
3.1.20
3.1.21
3.1.22
3.1.23
3.1.24

X-ray diffractometer, Brucker AXS model D8 Discover

X-ray Fluorescence spectrometer, Brucker AXS model S4 Pioneer
Fourier Transform infrared, Perkin Elmer Spectrum One and
Brucker Tensor 27 FTIR Spectrometers

Electron paramagnetic resonance, JEOL (JES-RE2X), Brucker both CW
Spectrometers operating at X-band frequencies

Scanning electron microscope, JEOL model JSM-5410 LV
Quantachrome Autosorb-1

Planetary ball mill, model Retsch S 100

Furnace

pH meter, Delta340 Meltler Toledo

Centrifuge

Mechanical shaker with temperature controller

Oven, Memmert model UNB 500

Hotplate-Magnetic Stirrer, IKA Model C-MAG HS7

Electronic Balance (4 digits)

Reflux condenser

Glassware, volumetric flask, test tube

Cuvette (quartz)

Micro pipette

Erlenmeyer flask and Beaker 50, 100, 250, 600, 1000, 2000 ml
Magnetic bars

PP bottle

Desiccator,

Spatula,

Funnel, Filter paper



3.1.25 Reagent bottles, etc.

32 msai

321
322
323
324
325
326
327
3238
329

Ranong and Lampang Kaolins
Sulfuric acid (AR grade)
Oxalic acid (AR grade)
Sodium hydroxide (AR grade)
Ammonium acetate (AR grade)
Potassium chloride (AR grade)
Ethyl alcohol (AR grade)
Buffer solution pH 4, 7, 11

Chemical compounds, etc.

12
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Scanning Electron microscopy (SEM)

AW 4.21 SEM of natural Ranong kaolin (x 10,000)
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AN 4.22  SEM of natural Lampang kaolin(x 10,000)
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Electron paramagnetic resonance (EFR)

HANIANEIAMANYAULUDUTANYI 57109 uazdLhademadia Electron

paramagnetic resonance (EPR) LEA4 Nﬁﬁdg 19 4.23-4.38

Ranong kaolin — effects of deferration and calcining
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Influence of particle size on the
paramagnetic components of kaolins from
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ABSTRACT: Electron paramagnetic resonance (EPR) spectra of different particle size fractions of
four kaolins from diverse sources in North America, Earope and Asia have been investigated in order
to characterize their paramagnetic properties and heterogeneity. There were major differences in the
sources of the EPR signals from transition metals; V and Mn were structural, Fe was both stmctural
and as associated oxides, and Cu was in the form of an adsorbed ion. The radiation-induced free
radical signals commonly known as the A- and B-centres were observed in three of the deposits;
however, in addition to the previously reported 27Al hyperfine structure associated with the B-centre,
we also observed much smaller >”Al hyperfine structure on the g, feature of the A-centre. The other
kaolin sample produced four free radical signals that have not previously been reported in kaolins.
Each had substantial 11 hyperfine splitting; three are interpreted as corresponding to defect centres
associated with Si-OH groups, and the other to a Si hole surrounded by protonated O atoms. The EPR
spectra changed progressively with particle size, and measurements on the Asiam specimens after
grinding showed major differences in the Fe*" signals from the same particle size fractions separated
from the natvral samples, thus supporting previous reports that grinding results in major stryctural
changes in the minerals.

KEYWORDS: kaolinite, balloysite, EPR, free radical, iron, vanadium, manganese, copper.

Clay minerals are formed by the weathering of
primary minerals, whose compositions vary from
one location to another, and these in tum affect the
chemical composition of the clay products. The
physical and chemical characteristics of these
products are also dependent on the nature of the
weathering process. Furthermore, during the geolo-
gical periods in which clay minerals are formed,
there may be appreciable changes in the physio-
- chemical properties of the fluids in their environ-
ments and, as a consequence, different mineral
phases may be concentrated in different micro-

* E-mail: bernard_a_goodman@yahoo.com
DOIL: 10.1180/claymin 2012.047.4.10

environments; these are often characterized by
different particle size ranges. Such an effect was
illustrated by Lombardi ef al. (1987), who reported
results from scanning electron microscopy (SEM),
X-ray powder diffraction (XRD), infrared spectro-
scopy (IR), differential thermal analysis (DTA) and
thermogravimetry (TGA) measurements which
showed variations in the structure and composition
with particle size of two kaolin samples of
sedimentary and hydrothermal origin. Tt was found
that all size fractions of the sample of sedimentary
origin consisted predominantly of well crystallized
fine-grained kaolinite; the crystallinity as measured
by XRD and IR varied moderately with particle
size, and the IR results suggested that stacking
disorder increased with decreasing size for particles
with dimensions <5 pm. In the sample of

© 2012 The Mineralogical Saciety
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hydrothermal origin, the kaolinite showed marked
variations in stacking order and crystallinity with
size. It was accompanied by small amounts of
dickite in the coarse size fractions and halloysite in
the fine size fractions; a mixed-layer illite/smectite
was also present and dominated the finest fraction,

We are involved in research ajmed at developing
unovel uses for kaolin deposits in Thailand based on
therr modification by physical and/or chemical
treatments. However, considering the variability
with particle size of the two samples investigated
by Lombardi er el (1987), and the importance of
structure, composition and surface properties in
determining practical uses for kaolins, we are
currently performing a comprehensive set of
investigations on two of the major kaolin deposits
in Thailand (from Ranong and Lampang) in order
to gain additional insight into their properties which
might affect their suitability for different types of
use.

One " property which might be expected to be
important in the catalytic behaviour of kaolin-
derived materials is the chemical nature and
distribution of paramagnetic components. Such
components are usnally present only in relatively
low concentrations, and their presence is thus
difficult to detect by the physical methods that are
conventionally used to characterize the minerals.
However, they may be identified and characterized
by electron paramagnetic resonance (EPR) spectro-
scopy, a technique that is sensitive only to chemical
species containing unpaired electrons.

The present paper reports results of EPR
measurements from size fractions from two Thai
kaolin deposits before and after mechanical
treatment. Since the grinding process can be
responsible for more extensive structural alterations
of the mineral, and not just simply a reduction in
particle size (e.g. Miller & Quilton, 1970; Frost et
al,, 2001, 2002), it is of interest to determine to
what extent EPR. can provide some insight into the
chemical and physical nature of such changes. In
addition, we present previously unpublished EPR
results from the samples that were studied by
Lombardi e7 al. (1987).

MATERIALS AND METHODS
Samples and their preparation

The Georgia and Sasso kaolin samples are those
described by Lombardi ef al. (1987), the Ranong

N. Worasith and B. A. Goodman

sample was supplied by Had Som Pam Co.,
Thailand, and the Lampang sample was obtained
from the Kaolin Lampang Co., Thailand.

Georgia kaolin. The Georgia kaolin is of
Cretaceous sedimentary origin from the McNeal-
Bloodworth mine in Wilkinson County, Georgia,
USA (Kaolin 915 regular from the Georgia kaolin
Company). References to other data on this deposit
are given by Lombardi ef al. (1987).

Sasso kaolin. The Sasso kaolin is of hydro-
thermal origin from the Monte Sughereto-Sasso
mine (Cerveteri, Latium, Italy), and was formed by
alteration of Plio-Pleistocene acidic volcanic rocks.
References to other data on this deposit are given
by Lombardi ef al. (1987).

Ranong kaolin. The Ranong kaolin was obtained
from the Had Som Pan District, Muang, Ranong,
Thailand, and is thought to arise from the
hydrothermal alteration of granite (Kuentag &
Wasuwanich, 1978). The unfractionated sample
appeared homogencous, although it contained
appreciable quantities of both kaolinite and
halioysite (Worasith er al., 2011). It was (pale)
yellow in colour, probably because of the presence
of a small amount of goethite. Before use it was
washed with distilled water and dried in an oven at
100°C for 24 h. In addition to investigations of this
natural sample, measurements were also made using
a doed specimen that had been ground using a
Retsch planetary ball mill (model Retsch S 100) for
1 h with a rotation speed of 300 rpm. As described
by Worasith es al. (2011), both the pot and milling
media were stainless steel, and the weight ratio of
balls to kaolin was 30:1.

Lampang kaolin. The Lampang kaolin was
obtained from the Ban Sa District, Jaec Hom,
Lampang. In common with other kaolins from
northern Thailand, it is thought to be composed of
weathering products of rhyolite in siltstone,
sandstone and shale (Kuentag & Wasuwanich,
1978). This sample was white in colour, but quite
inhomogeneous in nature, and contained substantial
quantities of quartz. As with the Ranong kaolin, it
was washed with distilled water and dried in an
oven at 100°C for 24 h. Also, additional samples
were prepared by grinding the drted natural kaolin
as described for the Ranong sample.

Size fractionation

Particle size fractionation of all of the kaolin
samples was carried out as described by Lombardi




Farticle size and paramagnetic components of kaolins

et al. (1987). The bulk kaolins were first of all
disaggregated with a rubber hammer and wet sieved
to obtain <44 pm fractions, which were then used
for further size fractionation. Approximately 20 g
samples were mixed with 200 ml of distilled water
m a shaker for 20 min, and then for a further
10 mm in a blender. The resulting suspension was
centrifuged at appropriate times and speeds (Tanner
& Jackson, 1947) to produce up to eight size
fractions. The Georgia and Sasso samples each
produced fractions with nominal sizes 16—8, 8--5,
5-2, 21, 1-0.5, 0.5-0.3, 0.3-0.1, and <0.1 pm
(but the largest size fraction from the Georgia
deposit was accidenily lost). Similar size fractions
were obtained with the Lampang sample, except
that no 03-0.1, and <0.1 pm fractions were
separated from the unireated deposit and no
<0.1 pm fraction from the ground sample. The
onginal Ranong sample was highly uniform in size
and yielded only 16—8 pum and 8—5 pn fractions,
but 16—8, 8-5, 5-2, 21, 1-0.5, and <0.1 pm
fractions were separated from the ground sample.
These samples were all dried in air at 40—50°C. As
pointed out by Lombardi er al. (1987), the size
ranges are described as equivalent spherical
diameter homogeneous fractions. Because of the
bydrodynamic behaviour of kaolinite plates, and the
elongated halloysite particles, the actual sizes of
these mineral fractions have only a nominal
relationship to the indicated sizes.

EPR spectroscopy

All kaolin EPR spectra were acquired as either
1% or 2™ derivatives of the microwave absorption
at room temperature (~300 K} on spectrometers
operating at X-band frequencies using 100 kHz
modulation frequency. The spectra of the Ranong
and Lampang kaolin samples were recorded using a
Bruker EMX spectrometer equipped with a high-
sensitivity cavity and using a Gunn diode as
microwave source, whereas a Varian EI104E
spectrometer with a klystron microwave source
was used for the Georgia and Sasso samples. For
the Georgia and Sasso samples, the transition metal
signals were recorded using a microwave power
(MP} of 100 mW and a modulation amplitude (MA)
of 1.0 mT (10 gauss), whilst 5 mW MP and MAs of
either 0.2 or 0.1 mT were used for the free radical
signals. For the Lampang and Ranong samples, the
transition metal signals were recorded using a
10 mW MP and 0.8 or 1.0 mT MA, whilst 2 mW
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MP and 0.2 mT MA were used for the free radical
signals. In addition a frozen solution spectrum of
copper sulfate was acquired at 77 K by immersing a
sample in liquid nitrogen in a finger dewar in the
spectrometer cavily. The g-values are expressed
relative to DPPH (g = 2.0036), which was used as
an external standard.

RESULTS

The results are presented first of all for the bulk
samples to illustrate the range of signals that are
found in the samples from the different deposits.
Then the variations in the relative intensities of the
various signals are presented as a function of
particle size for each of the deposits individually.

EPR spectra of unfractionated samples

Wide scan EPR spectra from bulk samples of the
kaolins are shown in Fig. 1. There are considerable
differences between samples, but the major
componcnts of the spectra are comparable 10 those
that have previously been described for natural
kaolins. Furthermore, major changes were induced
m the spectra from the Ranong and Lampang
samples as a result of grinding (Fig. lc—f). For
convenience the spectra can be subdivided into
three regions: low field signals, transition metal
signals centred on g ~ 2.0, and free radical signals;
the resunits for each of these regions are described
separately.

Low field signals. All of the spectra contain a
single weak feature with g ~ 9 and a triplet centred
on g = 4.27 (the flanking peaks having g values of
~5.0 and ~3.5). However, there are considerable
differences in the resolution and relative intensities
of the individual peaks. In the Georgia and
unground Ranong specimens (Fig. 1a,c), the peaks
with g ~ 9.0 are relatively sharp and the triplets
centred on g ~ 4.3 well resolved whereas, with the
Sasso and unground Lampang samples (Fig. 1b.e),
these peaks are much broader and the intensity of
the central peak of the triplet is considerably greater
than the peaks in its wings. In the spectra of the
ground samples from Ranong and Lampang,
(Fig. 1d,f) the intensities of the peaks in the
wings are much reduced compared with the
unground specimens. These signals all arise from
isolated Fe®* jons and fall within the range of
resonances initially reported for kaolinites by Jones
et al. (1974) and Meads & Malden (1975).




542

(=)

——
b
(c)
«@
{e)
0
510 15 2 25 30 35 40 45 50

Magretis field (mT)

F1G. 1. Wide scan EPR spectra of unfractionated kaolin
samples from (a) Georgia, USA, (b) Sasso, Italy,
(c) Ranong, Thailand, (d) Ranong after grinding,
{¢)} Lampang, Thailand and (f) Lampang after grinding.
Note that the free radical signal in (2) has been cut in
order for the spectrum to fit into the figure.

Transition metal signals centred ar g ~ 2.0. All of
the samples contain a broad signal with g ~ 2.0,
which usually originates from paramagpetic ions
that are sufficientily close to one another to
experience dipolar interactions with unpaired
electrons on their neighbours. If there is a range
of distances separating such ions, broad featureless
EPR spectra are produced. Other transition metal
signals i Fig. 1 arise from V**, Cu®*", and Mn® or
Mn** jons which have one, nine, five, and three 34
electrons, respectively. These ions also normally
produce hyperfine structure (hfs) resulting from
interaction of the unpaired clectron(s) with the *'V
(I = 7/2), ®5°Cu (1=3/2), and **Mn { = 5/2) nuclei,
and such hfs patterns consist of eight, four and six
peaks, respectively. In addition, the signals from
V* and Cu® are anisotropic as a result of these
ions containing a single unpaired 3d electron,
whereas Mn®" and Mn*'" signals are frequently
1sotropic.
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The Georgia kaolin contains a strong anisotropic
signal from V¥ with g, = 1.937, g, =1969 4, =
18.3 mT, 4, = 6.2 mT, and the Ranong sample has
an isotropic signal from Mn with g =200 and 4 =
95 mT. In contrast, the Sasso and Lampang
samples have only weak or undeteciable signals
from V and Mn, but along with the Georgia sample

. they all have a peak with g ~ 2.07, which is

consistent with the g; region of a Cu”" resonance
(e.g. Goodman & Raynor, 1970). These spectra are
all discussed in detail in the relevant sections
below,

Free radical signals. The spectra from the
Ranong samples have been reported by Worasith
et al. (2011), and that from the unground sample
contains a major anisotropic signal with g, = 2.050
and g, = 2.008 that is commonly referred o as the
A-centre. In addition, there are several peaks with
separations in the range (.71-0.84 mT which
correspond to part of the Al (I = 5/2) hfs from
a radical centre (commonly called the B-centre) in
which the unpaired electron interacts with two
aluminium atoms (Meads & Malden, 1975; Clozel
et al., 1994, 1995). The fiee radical spectra from
the unfractionated Lampang and Georgia samples
(e.g. Fig. 2a} are completely dominated by the A-
centre. There is also possibly a weaker signal with
gr = 2.040, referred to in the literature as the A’
centre, although its presence is not definitive in the
present samples. In contrast to these results, the free
radical signal in the Sasso sample is weak, and also
findamentally different from those in the other
kaolins; it is described further in the section on the
individual size fractions.

Georgia kaolin size fractions

Wide scan EPR spectra for the various size
fractions from the Georgia kaolin are presented as
Supplementary Information (Fig. S1). Most contain
all the components that were observed with the
unfractionated sample, but there were progressive
changes with particle size. These are considered in
the following sections.

Low fleld features. Apart from the 8—16 um
fraction which was accidently lost, the low field
spectra all resemble that seen with the unfractio-
nated sample; the 1% derivative spectra contain
resonances with approximate g-values of 9.2, 5.0,
4.27, and 3.5, and closely resemble the spectra
reported by Lombardi er al. (2002), although we did
aot observe the resonance with g = 2.8 that was
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A-centre

| ——
Al bis
{A-centre)

F1c. 2. (a) 1¥ derivative recording of the free radical

EPR signal in the unfractionated Georgia sample, and

(b) 2™ derivative of the signal in the 0.3—-0.5 pm size
“fraction.

reported by these authors. Inm 2° derivative
recordings, there is a clear splitting of the g =
4.27 peak into two components with g values of
4.34 and 4.17 (Fig. 3).

High field features. Apart from the broad feature
from magnetically-interacting ions, which probably
arises fiom an external iron oxide phase (e.g. Angel
& Vincent, 1978), the spectra in this region contain
features from V** (see Supplementary Fig. S1), and
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Fic. 3. 2™ derivative recordings of the g = 4.3 region

of the EPR spectra from the size fractions from

Georgia kaolin (a) 8--5, (b) 5—2, {¢) 21, (d) 1-0.5,
(e) 0.5-03, () 0.3-0.1, and (g) <0.1 pm.

the free radical A centre (Supplementary Fig. S2).
The V features are well-resolved, especially in the
2™ derivative spectra (e.g. Fig. 4}, where the
amplitude of the broad g = 2.0 signal is greatly
reduced. The 2’Al hfs in the B-centre free radical
signal was also resolved, and was similar to that
reported by Worasith ef al. (2011) for the Ranong
kaolin. The free radical A-centre and the V** signal
were present in all fractions, although the V**
spectral parameters varied with particle size and

Vu

26 28 30 32

Magnetic field

34 38 40 42
(mT)

Fi6. 4. 2™ derivative recording of V(IV) signal in the <0.1 mm fraction of fhe Georgia kaolin.
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TaBLr 1. EPR spectral parameters for V component in the Georgia kaolin size fractions.

Sample — g-value — — A-value (mT) —
(size fractions) gy g Ay A,
<0.1 um 1.934 1.967 19.25 6.65
0.3-0.1 um 1.937 1.968 18.6 ~6.25
0.5-0.3 pm 1.938 1.968 i8.5 ~6.25
1.0--0.5 um 1937 1.970 18.5 623
2—1 pm 1.937 1.970 184 6.2
5-2 pm 1.937 1.969 18.3 6.2
8—5 pm 1.937 1.969 18.3 6.2
Unfractionated 1.937 1.969 18.3 0.2

those for the <(.1 p fraction are significantly
different from those of the other fractions; these are
summarized in Table I, and the variation in the
average value for the hyperfine coupling (hfc)
constant, A, = (dy + 24 ,)/3, with particle size is
ilustrated in Fig 5.

All of the samples contain a resonance with g ~
2.07 that is consistent with the £ component of a
Cu®* resonance. (It should be noted that the Cu?"
(41} value is often small, and it is not vnusual for
no Cu bfs to be resolved on this feature). In
addition, some spectra (ie. those from the <0.1,
0.3-0.5, 0.5-1.0 pm fractions) show the presence
of peaks that could be part of a g, feature (e.g.
Fig. 6). The similarities between the spectra of the
kaolin sample and that of a frozen solution of
copper sulphate, both in the peak positions and the
progressive peak broadening in the £ component

10.
10. 1

10, 7

Aigo8HV) (mT)

10, 7

<0.1 010303050540 12 25 5§
Nominal pariicle size {pm)

Fic. 5. Varation of Aiso(*'V) with particle size for
Georgia kaolin.

with increasing magnetic field, strongly suggest that
the Cu specira from the kaolin samples correspond
to solvated Cu®" ions.

As with the unfractionated sample, the free
radical signal is dominated by that from the A-
centre in all of the size fractions. However, in 2™
derivative recordings, there is evidence of addj-
tional hyperfine structure {e.g. Fig. 2b). The
resolution of this structure improved with
decreasing particle size, but the peak separations
were unchanged. Up to 11 peaks could be resolved
on the g, feature with separations of ~0.23 mT.
Thus this suggests association with two *7Al atoms,
although it is also possible that the structure could

part of V signa} \

cY
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T
b
f
o
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Fig. 6. (a) Part of the EPR spectrum of {a) the

0.5~1.0 pm fraction of Georgia kaolin showing the

Cu” signal, and (b) the EPR spectrum of a frozen
solution of copper sulphate.
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arise from a single Al atom if the g, and Zy
components are not equivalent. There is also 2
suggestion of sgucture on the g, featare, although
this 1s not clearly resolved. Nevertheless, these
results indicate that some *’Al hfs is associated
with the A-centre in this deposit.

Sasso kaolin size fractions

Representative wide scan EPR spectra for the
various Sasso kaolin size fractions are presented as
Supplementary Fig. S3. The specira from the larger
size fractions resemble that of the bulk sample, but
there is a much greater contribution from the broad
g = 2.0 feature in the smaller size fractions: this
could indicate that these latter samples contained
greater amounts of peorly crystatline/amorphous
iron oxides, but it shonld also be noted that
JLombardi er al. (1987) reported increasing
amounis of a mixed-layer illite/smeciite with
decreasing particle size, and this could contain
relatively iron-rich regions.

(a)
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Low-field features. There is a major interference
from background signals in the 1% derivative
spectra from the smaller particle size fractions,
and we had insufficient sample available for a 2™
derivative recording. However, the resolution of the
triplet feature shows little variation between
fractions (Supplementary Fig. $4).

High-field features. Several of the samples
contain the feature with g ~ 2.07 that was assigned
to the g, region of a Cu®” resonance in the Georgia
kaolin fractions. However, no peaks are observed in
positions corresponding to the g, feature, probably
because of imterference from the broad g = 2.0
feature, especially in the smaller size fractions.

There are in addition at least four different free
radical signals which vary with particle size, but
none is comparable to the A centre which is a
major component in the majority of the samples
from other deposits. These spectra are shown as
Supplementary Fig. 85, and representative 2°¢
derivative recordings are presemted in Fig. 7,
where they are labelled as Centres I — IV. All of

1L L Centre I

(®)

I{, T Centre J1

b | CentreI

! : S Centre TV

33 33 33

34 34

Magnetic field (mT)

Fic. 7. 2™ derivative recording of the free radical region of the EPR spectra from Sasso kaolin (a) 3216,
(b) 168, and {c) 8—5 um.
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these spectra show the presence of 'H hfs, and
hence correspond to centres close to one or more -
OH groups in the mineral; the parameters denived
tfrom these spectra are summarized in Table 2.

Centres I and II, which are observed only in the
1632 pm and 8—16 pum fractions, respectively, are
closely related. The spectrum from Centre 1
contains two equivalent 'H atoms with a relatively
large hyperfine coupling {(hfc) constant (1.75 mT)
and one with a much smaller hfc (0.1 mT), whereas
that from Centre II contains two 'H atoms with the
smaller, as well as two with the larger value. Ceantre
HI, which is observed with the 2—-5, 58, 8—16
and 16—32 pm fractions, contains a single 'H hfc
constant of 1.20 mT, whereas Cenire IV, which is
observed with all fractions from 0.1 pm upwards,
contains hfs of 2.45 mT from four equivalent 'H
atoms.

Ranong kaolin size fractions

The Ranong sample was highly uniform in size
and only two fractions (16—8 um and 8—5 jm)
could be separated from the untreated sample that
was used in this work. Their EPR spectra were
similar to those of the original kaclin (Fig. Ic), and
consequently they will not be discussed further
here.

Ground Ranong kaolin size Jractions

As was abserved with the unfractionated sample
(Fig. lcd), large changes in the low field Tegion
were induced by grinding, and there was a major
increase in the g = 4.27 component relative to the
flanking peaks with g values of ~5.0 and ~3.5 in all

N. Worasith and B. 4. Goodman

sampies {(Supplementary Fig. S6). There was also 2
decrease in resolution of the Mn peaks in the
smallest size fractions, and an increase i the broad
background resonance. Both of these observations
are consistent with a decrease in structural order
with decreasing particle sive. Furthermore, the
increased broad background in the smallest size
fraction is consistent with the production of new
poorly defined phases containing Fe oxide minerals,
and possibly also Mn oxide phases, because of the
reduction in intensity of the Mn signal associated
with the aluminosilicate structure.

The free radical signal was also altered by
grnding (Supplementary Fig. S7). As was observed
with the unfractionated sample, there was a major
effect on the signal from the B-centre, although
there is a resonance that could be consistent with its
presence in the two fargest size fractions. In the two
smallest size fractions, the gy, feature from the A-
centre is absent, thus indicating that this centre is
also altered by prolonged grinding.

Lampang kaolin size fractions

The Lampang kaolin was separated into six size
fractions, whose wide scan EPR spectra  are
available as Supplementary Fig. S8. There are
only minor changes in the metal signals with
particle size, and these are dominated by the
signals from Fe’*. The low-field signafs from
structural Fe are less well defined than with the
Georgia and Ranong samples, suggesting a more
disordered sfructure, and fhe spectral resolution
decreases with decreasing particle size. This is
accompanied by an increase in the broad g = 2.0
signal, consistent with an increase in the amount of

Taere 2. EPR spectal parameters for previously unreporied free radical centres in Sasso kaolin.

Cenfre Fractions A Neo. of
(mT) equiv. ‘H
I 16—32 pum 2.001 1.75 2
0.1 1
1 8—16 um 2.001 1.75 2
.1 2
m All from 232 ym 2.002 1.20 1
v All from 0.1-32 pm 2.G08 245 4
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on oxides that could result from stmetnral
breakdown. The Mn signal is weak and poeorly
defined, but all samples show a well resolved free
radical signal from the A-centre and the feature
with g = 2.07, that was assigned to a Cu® (g))
component in the Georgia and Sasso samples.

The free radical regions of the spectza are shown
in expanded form in Fig. 8 as both 1% and 27
derivative recordings. Although the 1% derivative
spectra correspond almost entirely to the A-centre
and show Ilittle varation with particle size,
appreciable differences are evident in the 2°¢
derivative recordings. The larger paricle size
fractions show considerable structure in the g
region, but this decreases with decreasing particle
size, especially for dimensions < 2 mm. However,
since this region cleazly has contributions from the
>1 type of radical, it is not appropriate to discuss
these spectra further, especially since this deposit
contains substantial amounts of quartz (Kuentag &
Wasuwanich, 1978), which probably accounts for at
least one component.

547
Ground Lampang kaolin size fractions

Seven size fractions were separated from the
ground Lampang sample. The low-field Fe*™ signal
is dominated by the g = 4.27 feature in all of these
samples (Supplementary Fig. S9), and the peaks
with g values of ~5.0 and ~3.5 are weak and poorly
defined. There is also an increase in the broad g =
2.0 signal, suggesting production of iron-rich phases
by grinding. As with the Ranong sample, there was
a decrcase in the contribution to the spectza from
the free radical component with the smallest
particle sizes, but (as shown in Supplementary
Fig. S10) there are few qualitative differences in
this region for similar size fractions separated from
the ground and nnground samples.

DISCUSSION

Although several of the features in these EPR
spectra are well known in kaolin minerals (e.g
Meads & Malden, 1975), the Ci" signal and four

1* derivative 2nd derivative
ﬂf’ 2 V’Ar—
.,\/\/_’*{ﬁ) ‘/"‘ﬁ/"‘
34 315 = 3 30 s RE e e 60

Magnetic fi2ld {mT)

Fii. 8. 1% and 2™ derivative recordings of the free radical region of the EPR m)spectra of size fractions from
Lampang kaolin (a) 168, {b) 8-5, (c) 5-2, (d) 2—1, () 1—0.5, and (f) 0.5—0.3 pm.
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of the free radical signals have not been reported
previously in natural kaolin samples. Also, an
additional previously unreported hfs has been
observed on the g, feature of the free radical A-
centre. Furthermore, this represents the first
systematic study of the variability of paramagnetic
components with particle size within individual
deposits, and as a result of physical treatment.

Iron signals

The low-field signals comespond to at least two
components, which are related to structural order
(Mestagh er al, 1980; Brindley et al., 1986;
Delineau er al, 1994; Gaite et al., 1997). The
separate fedtures do not correspond to Fe*" in non-
equivalent octabedral sites in the kaolin mineral
structures, which can be distinguished by a splitting
of the peaks around g = 5.0 and 3.5 in well-
crystalline kaolinites (Gaite er af., 1993; Balan er
al., 1999; Lombardi et al., 2002). Based on the
arguments of Mestagh ez al. (1980) and Brindley et
al. (1986), the Georgia and Ranong samples are
reasonably well-ordered, whereas those from Sasso
and Lampang are much more disordered. With the
exception of the Ranong sample, for which only
two size fractions could be separated, there was (as
expected) a decrease in structuoral order with
decreasing particle size in each deposit.

Grinding tesulted in changes consistent with a
major reduction in structural order (in the Ranong
and Tampang samples). However, apart from the
two smallest size fractions from the ground Ranong
kaolm, there are only minor changes with particle
size in the ratios of the Fe®" signals at g = 4.27 and
g = 2.0 in the various size fractions (see
Supplementary Figs $6 and S9); consequently
there is little change in the ratio of aluminosilicate:
Fe oxide components, thns suggesting that the
aluminosilicate structure is not completely
destroyed by grinding. The 2° derivative represen-
tations show that the g = 4.27 feature in the Georgia
kaolin consists of two overlapping peaks, and is not
a single feature as is assumed in most publications.
i is possible that these features originate from
different mineral components, a fact which
complicates the use of this resonance as a marker
of structural order. However, the 2™ derivative
recording removes any Interference from broad
underlying features (see e.g. Fig. 3), and thus
represents a better approach for discerning the
various speciral components, In common with most
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EPR studies on kaolin-group minerals, no evidence
was obtamed in any of the samples for spectral
components from Fe®™ in the two separate
octahedral sites that were reported by Gatte ef af.
(1993} for a well-crystallized kaolinite at low
temperature. However, such resolution is unusual,
because of the presence of a number of line
broadening mechanisins that prevent the observa-
tion of the individual spectra from these ions in
most natural samples.

In specimens with low total Fe contents, the
broad g ~ 2.0 signal is commonly assigned to the
presence of microcrystailine/amorphous iron oxide
particles (e.g. Herbillon er al., 1976; Goodman &
Hall, 1994) that are often associated with kaolin
mineral surfaces (e.g. Angel & Vincent, 1978; Fysh
et al., 1983; Malengreau ef al., 1994). However, it
could arise from any component in the specimen in
which the individual paramagnetic ions are not
sufficiently well separated for the dipolar interac-
tion to be essentially zero; this may mnclude metals
other than Fe, as well as relatively Fe-rich regions
in aluminosilicate phases in the specimen. Thus it is
inappropriate to discuss in detail the origins of this
signal in the absence of additional measurements
from other techmiques.

Other transition metal signals

The wvarious trace metal signals in the kaolin
minerals reflect their presence 1 the parent
minerals and the geological fluids dunng {and
possibly also after) kaolin formation, so not
surprisingly they differ greatly from one deposit
to another. Flements such as V, Mn, Fe and Cu are
able to exist in >1 oxidation state and, hence, can
potentially be involved in redox processes involving
the minerals, Thus in the development of novel uses
for kaolins, 1t is important to acquire an under-
standing of their trace element compositions and the
chemical roles that could be played by such trace
components.

The Georgia kaolin contains a strong anisotropic
signal from V** with parameters that are consistent
with the unpaired electron being localed primarily
in a 3d,, orbital (e.g. Abragam & Bleaney 1970). -
The g4, g, and 4, values for the unfractionated
sample are similar to those reported previousty for a
Georgia kaolin by Gehring ef al. (1993), but there
are appreciable differences in the 4, value in our
sample and that of 7.63 mT reported by Gehring er
al., although it is similar to the 6.0 mT quoted by
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McBnde (1990). Furthermore, in the EPR spectra of
a kaolinite from Cigar Lake, Canada, Mosser e al.
{1996} reported values 4, = 18 mT and 4, = 6.7
mT for the V*' hfs. Thus it would appear that there
is a range of values for V¥ in the kaolin minerals
and, as iltustrated in Fig. 5, there is a progressive
change with particle size in the Georgia deposit. In
principle, V** can substitute in either tetrahedral or
octahedral sites in the kaolinite structure, or be
surface adsorbed as VO® jons. Tetrahedral
substifution maintains charge neutrality, whereas
substitution of V** in octahedral sites results either
n the generation of a positive surface charge or,
more likely, the loss of H™ from a surface -OH
group whilst maintaining charge neutrality. Gehring
et al. (1993) provided strong evidence for the vast
majority of the vanadium being located in
octahedral sites, and it is reasonable to assume a

similar assignment in the present Georgia kaolin-

samaple; the spectral parameters are all inconsistent
with those of adsorbed VO?" ions (see McBride,
1990), and the variations in the parameter values
with particle size are best explained in terms of
small changes in the structural environment of the
vanadium. The differences in the EPR parameters
reported for V** in different publications on
kaolinites (e.g. McBride, 1990; Gehring er o,
1993; Mosser er al., 1996) suggest that this ion is
especially sensitive to local distortions in the
mineral structure, and it should be noted that
Lombardi et al. (1987) report increasing structural
disorder with decreasing size for the small particle
size fractions from the Georgia kaolin used in the
present work. Indeed, the EPR parameters for the
<1 pm fraction are significantly different from
those in the range 0.3—8 pm, and this result
suggests that appreciable structural changes are
associated with reductions in particle size in this
mineral.

In most published reports, the Mn EPR signals in
kaolins have been assigned either to surface-
adsorbed Mn®" ions (e.g. McBride e al, 1975},
or to the presence of small quantities of other Mn-
containing phases in the kaolin (e.g. Sengupta e? al.,
2006). The Ranong kaolin has a strong isofropic
signal from Mn with g = 2.00 and 4 = 9.5 mT, and
these values are typical of those for the solvated
Mn*" ion (e.g. McBride ef al., 1975). However, this
is unlikely to be the form in the present sample,
since Worasith ez al. (2011) found that it was not
removed by either sulphuric or oxalic acid
solutions. As with V, it is possible that Mn could
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substitute in either tetrahedral or octahedral sites in
the kaolin mineral structures, and finthermore the
EPR signal could correspond to either Mn®" or
Mn™. In a detailed study of the Ranong kaolin,
Worasith et af. (2011) proposed that the Mn was
primarily in the Mn*" form and, unlike V¥, was -
located largely in tetrahedral sites. They excluded
surface adsorbed species, even though the spectral
parameters were consistent with this form, because
of their non-extractability by acids. Octahedral site
substitution was considered wunlikely because of
dissimilarity in the signal behaviour compared to
that of the Fe’* components with respect to
combined chemical and physical modification of
the mineral. Furthermore, substitution of Mn®® in
octahedral sites in other clay minerals, such as
montmorillonite (McBride, 1995) or talc
{Schiossleder et al., 1998), produces much sharper
lines than those observed here, with resolution of
both fine structure and “forbidden tramsitions™
being able to be observed. In the size fractions
from the ground Ranong kaolin, there is little
change in the Mn component between the four
largest size fractions, but there is some broadening
in the 1-0.5 pum size fraction, and a virtually
complete loss of resolution in the <0.1 ym fraction.
In contrast to the other transition metal ions, the
Cu®* EPR spectra suggest that this metal is present
as the uncomplexed ion, although only the spectra
from a few fractions from the Georgia kaolin have
sufficient detail for a positive identification. With

the Sasso and Lampang samples only the g feature

is observed, and since there are only quite small
vaniations i the g, resonance for different Cu
coordination environments when the unpaired
electron is in the dyy.y, orbital (e.g. Goodman &
Raynor 1970), it is not possible to conclude for
these deposits whether the Cu is present as the
uncomnplexed ion adsorbed on surface sites {(as with
the Georgia fractions), or substituted within the
structure as reported by Petit ef al. (1995) for the
hydrothermal synthesis of a Cu®'-kaolinite.
However, there is no evidence to suggest that its
environment is different from that m the Georgia
samples. Although the kaolin group minerals
usually have Hftle cation exchange capacity
(Bailey, 1984), there are several reports of cation
adsorption. on kaolinjte (e.g. Ma & FEggleton 1999;
Miranda-Trevino & Coles, 2003). Ma & Eggleton
(1999) found that the CEC of kaolinite strongly
depends on the particle size, and is determined
primarily by charges associated with broken edges
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and exposed OH planes rather than from AV/Si
substitution. This conclusion is consistent with the
present measurements where the Cu®" spectra are
better resolved in the smaller size fractions. EPR
spectra of Cu™ adsorbed on kaolinite have been
reported by Hyun & Hayes (2004) and Hyum er al.
(2005), but these authors observed a broad isotropic
signal with g = 2.19 in spectra recorded at room
temperature (i.e. similar to that of the Cu®" ion in
aqueous solution, e.g. McPhail & Goodman, 1985).
However, the frozen solution spectrum resembled
that of Fig. 3, and the differences between the room
iemperature spectra in the present work and that of
Hyun er al. may simply be a reflection of the water
contents of the samples investigated. In view of the
fact that the Cu®" is probably a surface-adsorbed
species, it may have been incorporated after
formation of the kaolin minerals. However, we
have no evidence as to whether that was actually
the case, or for identification of the location of the
adsorption sites.

Free radical signals

The A-, A’- and B-centre free tadical signalg
have all been reported to be formed by exposure to
y-radiation (e.g. Muller ef al., 1992; Allard ef al,
1994; Clozel ez al., 1994, 1995) and, in work with
oriented saraples, Lombardi ez al. (2002) showed
that the principal axis of the A-centre is
perpendicular to the kaolinite sheet, whereas the
weaker A’ centre has its principal axis in the plane
of the sheet. This latter centre was, therefore,
considered to be. associated with surface oxygen
atoms on the tetrahedral sheet, whereas the A-centre
was assigned to defects on the oxygen atoms
linking the octahedral and tetrahedral sheets. The
observation of additional 2’Al hfs in 2°¢ derivative
spectra {e.g. Fig. 2b) in the present work supports
this interpretation, although its magnitude is much
smaller that that from the B-centre (sec below).
Also, Cuttler (1980, 1981) provided strong evidence
for the association of this free radical signal with
defects at the boundaries of clusters of irioctahedral
cells in the normal dioctahedral structure; so it is
possible that the 27Al hfs could arise from some Al-
for-51 substitution in the tetrahedral sheet.

Although the presence of *’Al hfs demonstrates
that the B-centre is associated with two aluminium
atoms, there is mo firm evidence to distinguish
between a location on the surface of the octahedral
sheet or the oxygen atoms which bridge the

N Worasith and B. A. Goodman

octahedral and tetrahedral sheets. Worasith er al.
(2011} found an improvement in the resolution of
the *7Al hfs in the Ranong kaolin afier extraction
with sulphuric acid, and suggested that this radical
cenfre might be associated (at least partially) with a
surface O atom on the octahedral sheet, since the
most likely effect of the acid treatments is removal
of surface-adsorbed species. However, the absence
of any "M hyperfine structure indicates that this
oxygen is not protonated, and hence favours a
location on bridging oxygen atoms, since defect
centres associated with hydrogen atoms produce
large 'H hfs (sec below). The Q-band spectra of
Clozel et al. showed well-resolved 11-peak bfs with
separations of 0.71—0.84 mT, depending on the
orientation relative to the magnetic field. If one
assumes that these values correspond to the
principal values of the hfc (i.e. the g- and *’Al hf
matrices are co-axial), then the theoretical data of
Goodman & Raynor (1970) indicate that ~2.5% of
an unpaired electron is in Al 2p orbitals; thus the
unpaired electron density is largely localized on
oxygen. It may be significant that the B-centre is
most clearly observed with the Georgia and Ranong
specimens, which are the ones in which the low-
field Fe’* signal indicates the highest degree of
stacking order. In the Ranong sample, the B-centre
was decreased greatly by grinding, whereas the A-
centre seemed to be less sensitive fo physical
treatment.

In both the ground Ranong and Lampang
samples, there is a decrease in the contribution to
the spectra from the free radical component with
the smallest particle sizes, thus demonstrating that
destruction of free radical centres by grinding is
more important than their generation (although the
destruction could proceed via mutual annihilation of
initial radicals and radicals generated by grinding).
Since surface-free radical centres are possible sites
for catalytic activity, this has to be borne in mind
when employing physical treatment to generate new
mineral phases with specific chemical properties.
There is little qualitative difference in the free
radical region for similar size fractions separated
from the ground and unground samples from the
Lampang deposit (Note: an insufficient pumber of
size fractions were obtained from the unground
Ranong deposit to make a similar comparison). This
Is an inderesting observation, especially in view of
the major changes in the Fe’* gsignal that were
induced in the same samples by grinding, and the
published evidence that the octahedral sites are the
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mitial sites for grinding-induced damage (Kodama
ef al, 1989). Although part of the free radical
signal may be associated with quartz, this result
also suggests that the free radical centre is located
on oxygen atoms that are atfached to tetrahedral
cations; it is thus consistent with the conclusions of
Angel ef al. (1974) that this centre is associated
with isomorphous substitutions in the tetrahedral
sheet.

In addition to the previously reported free radical
spectra, four additional free radical signals are
observed in the Sasso samples. Fach of these
centres contains substantial 1 hfs, and in Centre
IV the large hfc constant of 2.45 mT from four
equivalent 'H atoms accounts for almost 20% of the
unpaired electron density (Note the 'H hfc constant
for a hydrogen atom, H;, is ~50.7 mT (Jen et al.
1958; Bader & Gesser, 1972). The line widths are
also. quite small, indicating an absence of
unresolved hfs from *’Al and, thus, all four of
these radical signals probably correspond to radical
centres associated with protonated oxygen atoms
assoclated with surface or edge sites of the
tetrahiedral sheet. The most likely explanation for
Centres 1 and 1I is that the unpaired electron is
associated with two Si-OH groups with additional
nteractions with one and two remote 'H atoms,
respectively. In Centre III, the single 'H hic
copstant suggests that the unpaired electron
mnteracts with a single Si-OH group, whilst the
four equivalent 'H hfc constants in Centre TV
suggests that this may correspond to a Si bole
around which the O atoms are protonated to
maintain charge balance.

Implications of these results

The main commercial uses of kaolins are in
ceramics, paint, paper, medicine, and cosmetics
industries, and as a food additive. Kaoclins are also
used in toothpaste, as diffusing material in light
bulbs, in rubber for semi-reinforcing properties, and
in adhesives. However, there is an even wider range
of potential applications for products of kaolin
modification, especially in catalysis and nanotech-
nelogy.

The variability in the composition and structural
order of the kaolin samples investigated in the
current work is consistent with the range of resulis
seen in the early work of Meads & Malden (1975),
and with the report by Velde (1995) that kaolins are
one of the most diverse groups of clay minerals in
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both their physical properties and chemical
compositions. Consequently, it would not be
surprising if samples from different deposits
showed different levels of reactivity both in the
environment and in varjous techmological uses.
Furthermore, as concluded by Lombardi er al.
(1987), attention should be given to the COTPOoSI-
tional homogeneity of different size fractions of
clay samples rather than simply considering the
bulk composition. Size fractions may involve
enrichments of particelar phases that could
substantially influence the processing of kaolin
deposits (e.g. Maké er al. (2001) have shown that
the rate of mechanical breakdown of the kaolinite
structure is increased by the presence of quartz).

Also, when one considers the diverse range of
potential uses for modified kaolins, it is important
to continue to develop our understanding of the
extent to which such uses are influenced by
variations in the chemical and physical properties
of the clays. Even within relatively small geogra-
phical areas there can be major differences, as seen
by the EPR spectra from Ranong in the south and
Lampang in the north of Thailand. The natural
material from Ranong is well ordered, whereas that
from Lampang has a more poorly-ordered structure,
possibly reflecting the different geochemical
processes involved in the formation of the minerals.
Also, within the Lampang deposit there is little
difference between the free radical components for
specific size fractions from ground and unground
samples, although the Fe®™ (g = 4.27) signal
indicates that grinding almost completely destroyed
any stacking order in the kaolin mineral structure.
In contrast, with the Ranong kaolin, the grinding
process was responsible for major changes in the
environments of all the paramagpetic components,
and hence was the cause of extensive structural
alteration in the kaolin mirerals. This result further
reinforces the conclusion that extensive physical
and chemical characterization of kaolin mineral
specimens is necessary in order to evaluate their
potential for some specific uses after combined
physical and/or chemical treatments.

CONCLUSIONS

The results from this investigation show progressive
changes in the paramagnetic components in kaolins
with particle size in mineral deposits, although
tuch greater differences exist between the mate-
rials from different deposits, especially with respect
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to the trace transition metals, V, Mn, Fe and Cu.
However, whereas the EPR resuits indicate that the
V and Mn components are located within the
mineral structures, the spectral parameters for the
Cu component suggest hydrated Cu* ions located
on surface adsorption sites.

Physical treatment (prolonged grinding) induced
considerable changes in the Fe** component, which
is located in the octahedral sites in the kaolin-group
minerals, and the free radical B-centre which is
associated with O-based defect centres adjacent to
octahedral Al atoms. However, the free radical A-

cenlre was less sensitive to physical treatment, -

although the presence of 2’Al hfs on its £ feature
indicates that it is also associated with Al atoms.
Four previously unreported free radical centres are
observed in some of the samples of FEuropean
origin. Thus these results lustrate the wide
diversity of paramagnetic centres that exist within
kaolin samples, and their heterogeneity within
mdividual deposits. Attention must be given to
these facts when using kaolins as starting materials
for the production of novel value-added products.
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Fi6. 82. Free radical region of the EPR spectra of size
fractions from Georgia kaolin.
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FiG. §5. Free radical region of the 1 derivative FPR
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FiG. 6. Wide scan EPR spectra of size fractions from
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(d) 2~1, (&) 1-0.5, and (£} <0.1 pm.
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F1. 89. Wide scan EPR spectra of size fractions from
ground Lampang kaolin (a) 16—8, (b} 85, (v) 5-2,
{d) 2—1, (&) 1-0.5, (f) 0.5-0.3, and (g} 0.3~0.1 pym.




