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Existence of multiple kaolinite phases and their relationship
to disorder in kaolin minerals
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Abstract

Previous research describing kaolinite X-ray diffraction patterns predicted that disorders
in the crystal structure cause the observed deformations of diffraction profiles. Although
disorders, such as +4/3 layer translations and random aluminum vacancies explain many of
the profile shapes, they do not contribute to asymmetry in 00/ profiles or the appearance of
““anomalous”’ peaks in some diffraction patterns of poorly crystallized kaolinites.

The disparity in measured values of kaolinite physical properties, e.g., unit cell
dimensions, differential thermal analysis and infrared spectra, and free energy of formation,
indicate the possible existence of multiple kaolinite phases. The presence of multiple
phases is (theoretically) shown to cause certain observed diffraction effects that are not
explained by random disorders. The use of a deconvolution technique to obtain X-ray
diffraction profiles, free of instrumental aberration, confirms the presence of multiple,
well-crystallized kaolinite phases in a sample of Keokuk, Iowa geode-kaolinite. Diffraction
patterns of ground samples of Keokuk kaolinite indicate that phase changes, as well as +5b/
3 layer shifts, occur with grinding. The existence of multiple, well-crystallized kaolinite
phases may account for the physical properties of kaolinites as much as the sample’s

degree of crystallinity.

Introduction

Interpretations of kaolinite X-ray diffraction patterns
(Brindley and Robinson, 1946; Murray and Lyons, 1956,
Newnham, 1961) suggested that layer shifts occur along
the b axis with displacements nearly equal to nb/3. The
number of shifted layers determined the mineral’s crystal-
linity.

The kaolin minerals, in general, exhibit =nb/3 shifts as
evidenced by their X-ray powder patterns. Grim (1968)
shows how the powder diagrams change with the degree
of kaolinite crystallinity. The reflections with a k-index
equal to 3n (n = 1,2 . . . .) are largely unaffected. Those
with b # 3n broaden asymmetrically, become weaker or
disappear as the crystallinity decreases. Inspection of the
kaolin diffractograms reveals a change in the shape,
intensity, and position of the 00/ profiles (Mitra, 1963),
evidence that changes in the interlayer spacing accompa-
ny stacking faults, For extreme disorder, the reflections
with b = 3n also broaden and deform, showing that
structural models which contain only nb/3 translations of
random layers, or random aluminum vacancies cannot
explain the powder X-ray diffractograms.

Plancon and Tchoubar (1977a,b) proposed a model in
which random aluminum vacancies accompany random
layer translations. They integrated the works of Hendrix
and Teller (1942), Mering (1949), Wilson (1949a,b) and
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Brindley and Mering (1948) to calculate theoretical dif-
fraction profiles for a structure with a given proportion of
each type of defect. The structural model which produces
the closest match between theoretical and observed pro-
files is assumed to be the real crystal structure. The
method of Plancon and Tchoubar produces profiles that
fit well for certain samples. They did not study asymmet-
ric broadening of the (00/) profiles, but rather assumed a
constant basal spacing for determination of the number of
layers. Their method, of course, does not account for the
appearance of ‘‘anomalous” peaks in some Kkaolinite
diffraction patterns.

Although the Plancon and Tchoubar method addresses
random disorders very well, anomalous kaolinite diffrac-
tion profiles lead to the hypothesis that some of the
diffraction properties associated with disorder in kaolinite
result from the creation or presence of multiple, at least
moderately well-crystallized, phases. Indeed, multiple
crystalline kaolinite phases might explain asymmetric 00/
profiles, deformations in the k = 3n Akl profiles and the
appearance of seemingly anomalous peaks in some dif-
fraction patterns.

There is indirect evidence for multiple kaolinite phases.
Unit cell dimensions for kaolinite have been determined
by X-ray powder and single crystal diffraction as well as
electron diffraction studies (Brindley and Robinson, 1946;
Drits and Kashaev, 1960; Zvyagin, 1967), each study
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giving different unit cells. Dehydroxylation temperatures,
infrared absorption spectra, and experimentally deter-
mined free energies of formation of kaolinite vary signifi-
cantly. Keller and Haenni (1978) suggest that the dispa-
rate kaolinite free energies of formation may be due to
non-monomineralic samples, although they do not imply
multiple kaolinite phases.

Radoslovich (1963), observed that (1) the Si—O and O-
H-0 bonds are not very compliant; (2) the O-H bonds are
strongly directed, at an inclined angle to ¢*; and (3) the O-
Si-O angles are quite compliant, and concluded that
interlayer hydrogen bonding acts to reduce the size of the
tetrahedral base triads. These observations suggest that a
change in the intralayer configuration may accompany a
relative shifting of layers, even though the interlayer
hydrogen bonds are much weaker than the intralayer
bonds.

The purpose of this study was to investigate three
hypotheses for the cause of the diffraction profiles in
“‘disordered’’ kaolinites: (1) diffraction profiles broaden
and become asymmetric with +nb/3 shifts; (2) multiple,
well-crystallized phases cause the broadening and asym-
metry; and (3) both hypotheses (1) and (2) contribute to
the diffraction profiles. Diffraction patterns of pristine
and ground samples of the well-crystallized Keokuk
kaolinite (Keller et al., 1966, Keller and Haenni, 1978)
were analyzed to test the hypotheses. We briefly summa-
rize the contributions of stacking faults, multiple phases,
systematic errors in X-ray profiles and the deconvolution
to remove systematic error and improve resolution of
severely overlapped Kaolinite profiles. Finally, X-ray
diffraction results are presented and interpreted through
random defect and multiple phase models.

Theory

Representing each atomic position in a crystal is a vector R,
from an arbitrary origin to the atom’s position in the unit cell (r,)
and the position of the unit cell in the crystal,

R, = r, + mya + myb + mse. (€))
a, b, and c are the unit cell vectors and m,, m,, m; are integers.
The intensity of diffraction is (Warren, 1969)
sin2S M;a - sin®S M,b - sin’§ Msc

I = I|F]?
IFl sin®S a - sin®$ b - sin’S ¢

2

where I, = e*I,(1+cos26)/2m*c?R?, I, is the intensity of the
incident non-polarized X-ray beam, F is the structure factor, § is
the reciprocal vector, and M is the number of atoms in the a, b,
or ¢ directions. A diffraction profile is then symmetrical except
for the effect of the polarization term in /. and is symmetrical
even if M is small (small particle size).

When stacking faults occur, the vector R,, describing each
atomic position, is redefined in terms of layer shifts with respect
to an arbitrary origin, i.e., 8 along & and € along b:

R:‘n =r, + mlﬁ + m26 + Ym3 + 5m3ﬁ + 5m36’ (3)

where |ym3| is the perpendicular distance to the m; layer. The
intensity function reduces to

sin?7hM, - sin®>7kM;

I= |F12 sin’wh - sinZk 2 2, exp — 2i[S - (7m3 - 7m3‘)
m; mj
+ (8m3_6m3’)h + (Em3_€m3')k] )

For 00/ reflections the exponential term in the summation is
exp 2 (m3— yos)

For a kaolinite having random layers translated by *nb/3, the
00/ and Akl (k = 3n) reciprocal lattice consists of discrete points,
whereas the #kl (k # 3n) reciprocal lattice consists of rods
extending parallel to ¢*. Both the reciprocal lattice points and
rods have some thickness. Thus, the intensity distributions for
00/ and k = 3n reflections are ‘‘normal’’, i.e., the same as those
for an unfaulted (mosaic) sample. The k # 3n profiles do not fit
normal analytical functions, instead they rise sharply on the low
20 angle side and tail off on the high angle side. The profile
maxima occur at the same angle as in a sample containing mosaic
crystals.

Although equation (4) would give symmetric 00/ profiles for
kaolinite with stacking faults, if faulting results in a change in
d(00)), asymmetry in these reflections ensues. Introducing the
probability function P(A), the probability that a certain interlayer
distance A exists in the crystal, the summations of (4) become

N [ P(A)e™225¢A 5

where N is the number of layers minus one. Expression (5) is the
Fourier transform p(S) of the distribution of interlayer spacings
P(A) (MacEwan, 1956).

The contribution of expression (5) to the diffraction profile
shape depends on the distribution of spacings about the most
probable spacing. An asymmetric distribution of spacings
produces an asymmetric profile. However, expression (5) would
also apply when multiple phases are present. If two kaolinite
phases with distinct 00/ spacings are present together, the
population of spacing of both phases results in a bimodal P(3)
and therefore an asymmetric or bimodal diffraction profile. Thus,
asymmetric 00/ P(A) in kaolinite may be caused by (1) the
presence of multiple phases with similar d-spacings, or (2) a
single disordered phase in which layer translations are
accompanied by a change in interlayer distance. The phase and
stacking fault models predict a shift of 00/ peak positions as the
phase populations change.

To interpret the powder diffraction profiles of kaolinite,
abberations must be removed. The intensity expressions
including particle size broadening, stacking fault broadening and
asymmetry give profiles which we shall call the ‘‘pure’’ profiles.
The Lorent'z-polarization term, wavelength dispersion, slit
effects, etc., cause broadening and asymmetric aberrations of
pure diffraction profiles. Several authors (Patterson, 1950;
Porteus, 1961; Sauder, 1966; Mitchell and deWolff, 1967; Ergun,
1968; Taupin, 1973; Parrish, et al., 1976; Huang and Parrish,
1977, Slaughter, 1981) describe convolution functions to remove
instrumental and other aberrations from observed X-ray
diffraction profiles.

For X-ray diffraction profiles, the observed intensity, h(e) is
given by

h(e) = [ p(e)q(e—€)de’. ©)

Equation (6) may be represented as h(e) = p*q, where the *
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indicates convolution. For n factors contributing to the observed
profile, including the pure profile

h(e) = fi(e)*fxe)* . . . *fa(en)+ble), 0

where b(e) is the background intensity. Grouping the terms of
crystal effects (pure profile) into a function f and grouping
geometrical, wavelength and instrumental abberations into a
function g, the observed intensity profile results from folding
these two functions and adding the background:

h(e) = f*g + b. ®)

If g or f is known (numerically) over a 26 interval, an unfolding
process (deconvolution) determines the other (Ergun, 1968).

Experimental

Sample processing and X-ray analysis

A pure, well-crystallized sample of kaolinite was selected for
this study. Dr. W. D. Keller provided Keokuk-geode kaolinite,
which is reported to be the best crystallized kaolinite yet found
(Keller, 1977), and was therefore thought suited for use as a
standard material.

The kaolinite was shaken by hand from its containing geode,
sieved to less than 150 mesh, mixed, split into three portions,
then processed as follows: (1) untreated (standard sample); (2)
hand ground for two minutes (2 min-grind) with a miniature jade
mortar and pestle; and (3) hand ground for three minutes (3 min-
grind). Grinding is known to change Kkaolinite diffraction
patterns. These changes have been interpreted as being due to a
decrease in the crystallinity (an increase in the number of
stacking faults) of the sample with grinding. The ground samples
were used to determine if grinding causes stacking faults, phase
changes or a combination of the two.

Each of the three samples was sieved, through a 150 mesh
sieve, into X-ray diffraction sample holders. A glass slide was
placed over the holder to level the sample with the face of the
sample holder. Portions of the standard and 2 min-grind samples
were also sieved onto scanning electron microscope (SEM)
sample holders, and coated with gold for SEM viewing.

Fast-scanned X-ray powder diffraction patterns for the
standard and 2 min-grind samples were obtained with an
automated, wide-angle Philips vertical diffractometer, using
copper radiation, a crystal monochromator and a scintillation
detector. Scans from 2° to 60° 26 were recorded on strip charts
for the standard and ground samples, with a scan speed of 14° 26
per minute at 1000 counts full scale.

Step scans were taken for several A 20 ranges at 0.02° per step
with 30 second counting times for the standard and 2 min-grind
samples. Digital intensities were recorded as counts per step by
an interfaced Honeywell H316 computer, and analog intensities
were recorded on the strip-chart recorder.

The diffraction patterns for the 3 min-grind sample and
duplicate patterns for several standard and 2 min-grind samples
were collected with a manual narrow-angle Philips vertical
diffractometer using a scintillation counter, without mono-
chromator. The scans were manually stepped at 0.02° intervals
with 20 second counting times.

The standard sample was observed with a JEOL scanning
electron microscope at Marathon Oil Company’s Denver
Research Center. The standard and 2 min-grind samples were
observed on the Colorado School of Mines Crystal Research

Laboratory’s JEOL scanning electron microscope. These
observations showed that the kaolinite particles are platy, and
range from 1 pm to 10 wm in the a and b crystallographic
directions (parallel to the plates), and from 2 pm to less than 1
pm in the c-direction. No significant changes in either
morphology or particle size were observed in the ground sample
relative to the standard sample.

Profile correction

The program 1sTrIP (Slaughter, 1981) corrected the diffraction
profiles to obtain pure crystalline profiles. Calculations were
done on the csM DEC System 10 computer. ISTRIP uses Ergun’s
(1968) method to remove intensity contributions due to all but
the crystalline (including defect structure) effects. In the Ergun
method either function g or h may be unbounded, but better
convergence resulted when g was unbounded. It was found
essential that the function used to determine g has smooth
background on both sides. Background statistical errors do not
necessarily give poor Ergun method convergence, but spurious
peaks due to background errors show in final f-profiles.

The sequence for determining corrected profiles (f's) is as
follows:

(1) The Ke, profile of a pure quartz standard at a high angle
(90.6° 20) is used to calculate a Lorentzian curve corresponding
to the “‘pure”’ profile.

(2) The Lorentzian profile from (1) is deconvoluted from the
observed profile of a standard mineral (e.g., quartz and gypsum).
The resulting profile becomes the g-function for any kaolinite
reflections near it.

(3) The g-function is tested by deconvoluting it from the
observed standard profile. A correct g-function produces a
Lorentzian curve similar to that calculated in step 1.

(4) The g-function is deconvoluted from the kaolinite profile
producing the corrected (crystalline) profile.

ISTRIP fits corrected profiles to sums of Lorentzians by a
method of stripping followed by nonlinear least squares
refinement. The fitted curves are actually sums of Lorentzians
modified by a power parameter (Taupin, 1973). Each Lorentzian
is of the form

Py

- - )
(x; — Py + P§*

fm(xi) =

where x; is the ith abscissa point from the origin of the interval,
P, is the peak intensity, P, is the peak position, P, is the half-
width at half-height, and P, is a variable power parameter.

The 7.57A reflection of a standard gypsum sample was used to
determine the g-function in the range of the kaolinite (001)
reflection. A quartz standard 20.86° 26 reflection determined the
g-function for the kaolinite 002 and Ak-band reflections.

Results

Fast-scanned diffraction patterns

Each of the peaks on the fast-scanned patterns was
initially indexed as a kaolinite reflection (Fig. 1). Figures
1-3 show how the fast-scanned patterns changed with
grinding. The fast-scanned patterns and the corrected
step-scanned data resulted in several lines in each sample
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002 001

KEOKUK KAOLINITE
standard

40 39 38 a7 88 35 34
38 ar . 35 34 33 32 31 30 29 28 27 26 25 24 23 22 2% 20 19 18 17 16 15 14 13

2 minute grind

8/~ 26. 25 24 23 22 21 20

3 minute grind

S———

25 24 23 22 21 20 Mg B 7. . 1A 14 13 12 11 10

0 28, 28, 27, 28

Fig. 1. Fast scanned diffraction patterns of Keokuk kaolinite showing indexing of peaks. The scale is in °26.

which could not be indexed as kaolinite or dickite reflec-  well-defined peaks even in the hk-zone (19°—24° 26). In
tions based on Newnham’s unit cells. the 2 min-grind pattern the hk-zone reflections are less

The fast-scanned standard diffraction patterns look intense than those of the standard and the (111) peak
very similar to patterns published in previous works position is no longer determinable. This pattern resem-
(Keller, 1978). The standard sample (Fig. 1) shows sharp,  bles some of the “‘fairly well-crystallized’* kaolinites such
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002

1io0

KEOKUK KAOLINITE
standard

02i

Aot -
J\.}M\H —
| inute grind
") \M\"\‘

3 minute grind

o

Fig. 2. Sequence showing effect of grinding on kA-band (k #
3n) of Keokuk kaolinite.

as the Murfreesboro kaolinite (Keller, 1978). The k = 3n
band (34°—40° 26) shows little change as would be expect-
ed for £nb/3 translational disorders.

The 3 min-grind pattern (Figs. 2, 3) does not conform to
previously reported poorly-crystallized Kaolinites. The
hk-band shows a line between the 110 and 117 and
possibly the 020 and 110 kaolinite reflections. Further-
more, the 111 peak resolves from the 111 profile. The k =
n profiles are broadened relative to the standard and 2
min-grind samples and an additional two peaks and a
shoulder appear. The (new) peaks between 020 and 170
and between 110 and 11T do not index as kaolinite or
dickite reflections (Table 1) based on the unit cell given
by Newnham (1956).

Step-scanned profile patterns

Figures 4 and 5 illustrate the corrected and fitted
profiles for the step-scanned 00/ A26 intervals. Figure 6
illustrates the corrected but not fitted profiles of the fik-
band (k # 3n). Table 1 lists the calculated d-spacings for
each fitted line. The angles at which the reflections occur
do not necessarily give the true spacings. An internal
standard was not used and different sample holders were
used for each sample. The exact spacings would be useful
for determining unit cell dimensions; however, findings of
this study are not negated, since it is the difference in
spacing between lines that is important.

The reproducibility of the fitted profiles was tested by
running duplicate samples with the same diffraction con-
ditions and also with different diffractometers and sample

13

1 200
h 201 | EOKUK KAOLINITE
003 standard

2 minute grind

3 minute grind

Fig. 3. Sequence showing effect of grinding on hk-band (k =
3n) of Keokuk kaolinite.

holders. Although profile intensities varied, the general
features of the profiles were reproducible (Fig. 7).

The Lorentzian-fitted 001 profiles of the three samples
(Fig. 6) consist of two lines each: the most intense at
about 7.14A, and a low intensity line around 7.20A.
Grinding the sample causes the line at 7.20A to increase
relative to the 7.14A line. The fast-scanned patterns do
not resolve these lines.

The 002 profiles of the standard and 2 min-grind

&
I

LAY

KADLINITE
stangard
(oo

2 metute gond
(oot}

= 3 minute grind
(GLED

Fig. 4. Corrected and fitted profiles for Keokuk kaolinite 001
reflection. Denotes corrected experimental point, denotes fitted
point, denotes coincident experimental and fitted point, denotes
individual fitted curves. Angle increases to the right.
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Fig. 5. Corrected and fitted profiles for Keokuk kaolinite 002
reflections.

KADLINITE
s1andard
hk-band

2 minute giind
hhk-band

3 minute gelnd
hk-band

Fig. 6. Corrected hk-bands (k # 3n) for Keokuk kaolinite.

Table 1. Corrected observed d-spacings for kaolinite reflections

e — - —
Calculated Observed  Observed Observed hkl
(Newnham's Cell) Standard 2min-Grind 3min-Grind Index
7.12 A 7.22 A 7.19 A 7.20 A 001
7.14 7.14 7.14
3.56 3.57 3.57 3.57 002
3.58 3.58
3.60 3.60 3.59
4.46 4.47 4.46 4.46 020
4.35 4.37 4.36 4.36 110
4.16 4.18 4.18 4.18 (RER
4.12 4.12 4.13 413 1

samples (Fig. 5) fit three lines: two lines of similar
intensity at 3.56A and 3.57A, and a low intensity line (in
the standard) at 3.60A. The line at 3.56A does not resolve
in the 001 profiles. The 3.60A line increases with grinding
as does its corresponding (001) line. The 3.56A line does
not appear in the 3 min-grind sample.

Of importance is the transition from the standard to 3
min-grind sample in the hk-band (Fig. 6). The 2 min-grind
profiles are broader and less resolved than the standard
and 3 min-grind profiles. Also the (020) reflection in the 2
min-grind develops an inflection near the peak indicating
the presence of two lines. A new line appears in the 3 min-
grind sample at 4.25A. This line causes the inflection
between the (170) and 11T) in the 2 min-grind hk-band.

,
T
Y, KAOLINITE
standard
' (002)
+ -
* "
a
A s
L .
(] & .
. T
- - L4
L] . . .
_.l- i) 4 .
P H 2 i
. 2 minute grind
. . (002)
. .
"
"
. .
s .
» .
- L)
i .
3 .,
“—..4-""( e PO

3 minute grind
hk=-band

Fig. 7. Duplicate patterns for standard and 2-minute grind
(002) profiles and 3 minute grind s4-band.
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These effects are subtle, but noticeable in the fast-
scanned patterns.

Interpretation of results

We must consider the validity of the fitted profiles. Do
they correspond to discrete reflections or are they arti-
facts induced by deconvolution? Figures 8 and 9 present
g-functions calculated for the quartz standard 20.9° 29
reflection and the standard Keokuk kaolinite 002 reflec-
tion. These are the functions which, when convoluted
with a Lorentzian, give the observed profiles. The quartz
g-function shows two lines corresponding to reflections
from Ka; and K, copper radiation. Deconvolution of the
quartz g-function from the observed quartz profile gives a
single Lorentzian. The kaolinite 002 profile produces a g-
function containing three major lines. Instrumental and
wavelength effects alone do not cause this pattern. The
three lines correspond in relative intensity and position to
the lines resolved by deconvolution of the quartz g-
function from the observed standard 002 profile (Fig. 5).
The three lines in the standard 002 profile correspond to
three separate basal spacings. Deconvolution does not
induce anomalous lines.

Several limitations complicate the interpretation of the
hk-bands:

(1) A maximum of six lines could be fitted into each A28
interval because of program constraints.

(2) The width of the high angle reflection used to

QUARTZ G-FUNCTION

RELATIVE INTENSITY

H/

T
20.40

P

2080 2120
ANGLE

2000 2160 2200

Fig. 8. Plot of the g-function calculated from the quartz 10.0°
20 reflection. Angles are in °26.

KAOLINITE 002
G-FUNCTION

RELATIVE INTENSITY

2500 2540 2580

ANGLE

2420 2460
Fig. 9. Plot of the g-function calculated from the standard
Keokuk kaolinite 002 reflection. Angles are in °26.

calculate the g-function (e.g., quartz 90.5°) limits resolu-
tion of closely spaced lines. A higher angle line would
have been preferable to further reduce aberrations in the
data.

(3) Low peak-to-background ratios in the hk-band
obscure low intensity profiles.

(4) The requirement of smooth background at the ends
of the profile ranges prohibits analysis of each profile
independently.

(5) Asymmetry due to stacking faults gives non-Lorent-
zian profiles.

For these reasons the hk-bands do not fit well with sums
of Lorentzians as did the 00/ profiles.

Even though Lorentzian fitting is poor, the corrected
hk-band profiles reveal the phase changes shown in the
00/ profiles. A line between 170 and 11T appears in the
Keokuk kaolinite sk-band with grinding. The line, which
is incipient in the 2 min-grind pattern, becomes fully
evident in the 3 min-grind pattern (Figs. 2 and 6). The line
intensities coincide with the increasing 7.20A phase;
therefore, we attribute the 4.25A reflection to the 7.20A
phase. The appearances of the line between the 110 and
11T also coincides with the appearance of three lines in
the hk-band (k = 3n) of Figure 3: between 131 and 201,
between the 003 and 200, and a shoulder on the 200.

The 2 min-grind hk-band shows broadened profiles
compared to the standard Ak-band. The 020 and 111 lines
are not as well defined in the 2 min-grind sample. This is
consistent with a random disordering model requiring
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asymmetric broadening of profiles without shifting of
modulation maxima.

The 001 profiles indicate two basal spacings: one at
7.14A and the other at 7.20A. The 7.14A spacing is
commonly reported for kaolinite. A 7.20A spacing is
usually only reported for poorly crystallized kaolinites
(Grim, 1968). These spacings correspond to two separate
phases in the Keokuk kaolinite. In the sequence from
standard to 3 min-grind, the amount of 7.20A phase
increases at the expense of the 7. 14A phase. In the 3 min-
grind sample the 7.20A phase predominates.

Examining the consistency of the 002 with the 001
profiles, three peaks are present in the standard and 2
min-grind 002 profiles. The low-angle peak coincides with
the 7.20A 001 spacing. The middle peak is due to the
7.14A phase. The third peak gives a basal spacing of
7.12A, which is the spacing calculated for the unit cell by
Newnham. The 7.12A and 7.14A phases do not resolve in
the 001 profiles. The angular difference for 7.12A and
7.14A is only a few hundredths of a degree, which is
below the resolution limits of the deconvolution.

As in the 001 profiles, the 002 profiles indicate an
increasing 7.20A phase relative to the 7.12A and 7.14A
phases upon grinding. In the 3 min-grind sample the
7.12A phase is destroyed.

It was previously thought that the sequence of kaolinite
diffraction patterns from well-crystallized to ‘‘disor-
dered”” samples was caused by increasing amounts of
random disordering in a single phase. These disorders
include *nb/3 layer translations as well as random Al
vacancies. Our results indicate that multiple well-crystal-
lized kaolinite phases exist in the Keokuk geode-kaolin-
ite. Furthermore, phase changes along with +nb/3 layer
translations occur upon grinding the kaolinite.

Discussion

Comparison of results and predictions

Table 2 summarizes the relevant results and relates
these observations to a model in which multiple crystal-
line phases, with concomitant random disordering, pro-
duce the observed sequence from standard to 3 min-grind
samples. Random-defect-only models cannot account for
observation 5; new lines are not produced by random
disorders. Increasing disorder subdues modulations, so a
defect model does not explain observation 6. Observa-
tions 1-3 require a change in the average basal spacing.
Defects which occur as shifts only along a and/or b do not
produce effects 1-3. Observation 4 is not explained by
multiple weli-crystallized phases.

Plancon and Tchoubar (1977b) noted that for their
disordered kaolinites the 001 profile gave a 7.20A basal
spacing while the hk-band modulations indicated a 7. 15A
spacing. Their interpretation is that the 00/ and hk reflec-
tions diffract from different coherent volumes:

“The coherent volume for the hk-band are the sub-
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Table 2. Interpretation of diffraction results

Observation

Imp | ication

1)

2)

3)

4)

51)

6)

Calcufation of a g-function
with the standard (002) profile
gives three lines.

Corrected (001} standard pro-
file fits two lines. Corrected
{002} standard profile fits
three lines.

Ground samples show sequentia
increase of the low angle
lines in the (00%) profiles
with grinding.

2min-grind hk-band gives broad
unresolved profites relative
to standard hk-band; rela-
tive peak positions (020)(111)
do not shift. k=3n protfiles
are not greatly affected.

2min-grind hk-band shows incip-
ient line and 3min-grind hk-
band shows resolved line be-
tween (110) and (111) refiec-
Tions.

3min-grind hk-pand shows
better resolution of lines
than 2min~grind hk-band.

At least three phases
occur in Keokuk kao-

linite (7.144, 7.12A,
7.204).

At least three phases
occur. Two lines are
too close to resolve
in (001} profile.

7.20A phase increases
abundance relative to
7.12R and 7.14A
phases.

Random layers shift
tnb/3 parallel to ab
plane with grinding.

7.20A phase is a
crystalline phase and
increases with grind-
ing.

Disordered crystals
shift to new phase
{7.20M.

stackings limited by a random defect on each side; inside
the substacking, the layers are equidistant as in the
perfect triclinic kaolinite. On the contrary, the coherent
volume producing the (00)) reflections includes the ran-
dom defects; then a measurement, from the reflections, of
a value of dgo; greater than 7. 15A shows that the increase
of basal distance is located only between two adjacent
layers randomly translated.”

Figure 4 shows a small peak occurring between the 110
and 117 reflections. This peak cannot be accounted for,
using only random defect models. The appearance of this
line requires a multiple phase model to explain kaolinite
diffraction patterns. The standard Keokuk kaolinite dif-
fraction pattern fits the multiple-phase-only model. The
ground sample patterns exhibit the effects of layer shifts,
but also contain features which must be explained by the
presence of multiple well-crystallized phases. We con-
clude that Keokuk kaolinite consists of several well- to
moderately well-crystallized phases and that grinding the
kaolinite induces phase conversions as well as random
layer =nb/3 translations.

Association of phases with degree of crytallinity

The kaolinite unit cell, as given by Newnham (1956),
predicts a basal spacing of 7.12A. Resolution of the
standard Keokuk kaolinite 002 profile produces a line
corresponding to the 7.12A phase. We interpret this
phase as the ideal kaolinite. Disappearance of this phase
in the 3 min-grind sample indicates that it exists as a
major component only in very well-crystallized kaolinite
samples.

Kaolinite diffraction data commonly report a 7.14A
spacing for well to reasonably-well-crystallized kaolin-
ites. The 7.14A phase persists in the ground samples.
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Random disorders occurring as =nb/3 shifts parallel to
the ab plane in this phase cause broadening in the k-
band, but the modulation positions indicate that the
intralayer structure remains constant, as do the « and g
angles for substackings bounded by shifted layers.

Each of the three phases found in the Keokuk kaolinite
associate with different degrees of total sample crystallin-
ity. The 7.12A phase associates with only well-crystal-
lized samples, the 7.14A phase with well to moderately-
well-crystallized kaolinite, and the 7.20A phase with
poorly crytallized to extremely disordered samples. We
do not imply that the 7.20A phase is always largely
disordered. On the contrary, at least a moderately well-
crystallized 7.20A phase exists, hence the line at 4.25A.
Other natural kaolinites may have three or more phases,
some ordered and some disordered.

A model for kaolinite phase conversion

The association of the 7.20A line with the appearance
of a peak between the 110 and 11T reflections requires for
this possible new phase not only an increase in ¢ but also
an increase in « and/or 8 and possibly a decrease in the a
and b dimensions relative to those of the 7.14A phase. A
qualitative model of the 7.20A phase shows that a phase
change from 7.14 to the 7.20A phase is theoretically
reasonable and consistent with the diffraction patterns:

(1) Grinding of ideal kaolinite induces layer shifts
parallel to » which are not integral multiples of /3 (Fig.
10B).

(2) These shifts decrease the stability of the interlayer
hydrogen bonds.

(3) Decreased H-bond strength allows expansion of the
basal spacing to reduce Si-Al, Si-Si and O-O repulsion.

(4) Oxygen tetrahedra counter-rotate (Fig. 10C) to
increase H-bond strength (the surface OH positions are
rigid, and counter-rotation of the tetrahedra occur even in
the ideal kaolinite, partially to increase hydrogen bond
strength (Radoslovich, 1963)).

Effects 2, 3 and 4 balance to give the final configuration
of the 7.20A phase, vis., increased ¢ and «, and slightly
decreased a and b relative to the ideal unit cell. An
increase in « of only a few degrees with increase in ¢ of
about 0.1A produces diffraction peaks in agreement with
observed lines. This model is presented only to illustrate
the types of changes which might occur to produce the
observed diffraction effects.

o
<

Fig. 10. A. Interlayer bonding for a hypothetical kaolinite
phase A. B. Interlayer bonding of kaolinite phase A after a
relative shift along b less than b/3. Notice increased H-bond
lengths. C. Interlayer bonding of kaolinite after tetrahedral base
triads of a shifted layer rotate to increse H-bond strength (shorter
bond lengths). These rotations may lead to a new metastable
kaolinite phase B.
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