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ABSTRACT : The Sancheong kaolin was fractionated into 9 size fractions by wet sieving,
sedimentation, and centrifugation. The systematic X-ray diffraction combined with electron mi-
croscopy shows that the clay mineral composition of each size fraction is related to the original
fabric of kaolin.

Minerals such as halloysite (10A), kaolinite, illite, and goethite which were formed by pre-
cipitation from sloution are generally concentrated in the finer fractions, whereas vermiculite
which was formed by pseudomorphic transformation from other primary minerals are concen-
trated in the coarser fractions. Kaolinits of various types which were formed by precipitation or
transformation show a wide size range but they are generally concentrated in the coarser frac-
tions. Halloysite or halloysite—kaolinite clusters in coarse fractions are the fragmentation prod-
ucts of the walls of original boxwork kaolin which escaped the complete dispersion even through
the grinding, ultrasonic agitation, and chemical treatment.

Separation of fully hydrated halloysite and kaolinite was possible by systematic wet size
fractionation. The coarse-grained minerals such as vermiculite and kaolinite are usually re-
moved during the preparation of clay fraction smaller than 2um, whereas the fine-grained miner-
als such as illite and goethite are overlooked in X-ray diffraction of the bulk samples because of
their minor contents. The systematic wet size fractionation is needed for understanding of the
exact mineralogy of kaolin of weathering origin.
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INTRODUCTION with other minor minerals derived from vari-

ous precursor minerals. Their sizes are usually

Residual kaolin formed by weathering not uniform, but variable depending on the
commonly contains kaolinite and halloysite environment and the process of formation.
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Lombardi er al. (1987) reported the composi-
tional and structural variations in both Geor-
gia and Sasso kaolins which are interpreted as

due to their different environments of forma- -

tion. Clay is commonly studied on 2 um size
fraction (Grim, 1968). But such a scheme
usually employed in the clay study might
result in excluding the coarse minerals larger
than 2um from the study material.

The Sancheong kaolin has been formed
by weathering of anorthosite. It consists chief-
ly of halloysite and kaolinite with other minor
minerals (Jeong, 1987 ; Kim er al., 1989; Jeong,
1992). Systematic X-ray diffraction and elec-
tron microscopic studies of the size fractions
of the kaolin show that each mineral in kaolin
has a characteristic size range. Present work
shows that study restricted to the fine clay
fraction only leads to the misunderstanding of
the exact mineralogy of kaolin.

SAMPLES AND METHODS

Two kinds of kaolin samples were selected
for size fractionation. One is the white kaolin
which contains small amounts of plagioclase,
amphibole, and vermiculite. Amphibole and
vermiculite occur as green or yellowish brown
spots or bands in white kaolin. The other is
the highly weathered reddish brown kaolin
which contains relatively high amounts of
iron oxides.

300g of kaolin sample was blended with
distilled water in a 2-liter porcelain mortar
and disaggregated by slight grinding. The sus-
pension was further treated with ultrasonic
agitation for 5 minutes after a few drops of
NaOH solution were added to facilitate dis-
persion. The suspension was treated for size
fractionation applying wet sieving, sedimenta-
tion, and centrifugation. The size fraction larg-
er than 74um was separated by the wet sieving
method repeating three times. The sieved sus-
pension was subsequently transferred to a 2-
liter settling cylinder (50cm x 8cm) and fraction-
ated using sedimentation method to the size
fractions ; 74-20, 20-10, 10-5, 52um. Particle di-
ameter was calculated from the settling veloc-

ity using the Stoke’s law. The suspension Sco
above the sediment was decanted with a water
vacuum pump and transferred to another set-
tling cylinder to obtain finer size fractions by
the same method. The sediments per each step
were resuspended and repeatedly settled three
times. The settled sediments were prepared to
wet cake using a filter flask equipped with a
water vacuum pump.

The 2-1, 1-0.5, and 0.50.1 /m size fractions
were prepared by the centrifugation method
because size fractionation of so extremely fine
size fractions by sedimentation took too long
time. The centrifugation time for the particu-
lar size fraction was calculated by the equa-
tion of Svedberg and Nichols (1923). The set-
tled sediments on the bottom of the tube were
resuspended by ultrasonic agitation and re-
peatedly centrifuged three times further. The
size fraction smaller than 0.1um was difficult to
seperate even by the centrifugation, so that it
was separated by centrifugation after the com-
plete flocculation with NaCl. All the separa-
ted size fractions were preserved in the wet
cake state to prevent the dehydration of
halloysite throughout the process. The calcu-
lation of settling and centrifugation time for
separating specific size fraction assumes that
the particle has a smooth spherical shape.
Therefore, the sizes mentioned below are the
equivalent spherical diameter.

Systematic investigation using X-ray diff-
raction (XRD) and scanning electron micros-
copy (SEM) was carried out for the size frac-
tions of kaolin. XRD patterns were recorded
from wet cake packed in the cavity of
aluminum holder using Rigaku RAD3-C au-
tomatic X-ray diffactometer with Ni-filtered
CuKe X-ray radiation generated at 35kV/
20mA. Formamide intercalation was carried
out to distinguish halloysite from kaolinite ac-
cording to the procedure of Churchman et al,
(1984). For intercalation, the reagent grade
formamide solution was sprayed on the air—
dried size fractions smeared on the glass
slides.

Dry cake was glued to copper stub using
colloidal graphite adhesive and coated with
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Fig. 1. X-ray diffraction patterns of bulk and 8 size fractions of white kaolin. (a) 5°~15° (random
mounts), (b) 19°~29°(random mounts), (c) 34°~40° (random mounts), (d) 5°~15° (dried at 60C, oriented
mounts). Nifiltered CuKe radiation. Sizes indicated in (a) are in 4m unit. A:amphibole, P: plagioclase, V

vermiculite.

gold for SEM by secondary electron image
mode. JEOL 733 Superprobe instrument equi-
pped with Link energy dispersive spectrometer
(EDS) was used for qualitative element analysis
as well as SEM observation. SEM was also ca-
rried out for the undisturbed kaolin sample to
observe original fabrics of kaolin by back—
scattered electron image mode. Clay suspension
was loaded on the carbon—coated collodion
film for transmission electron microscopy
(TEM). JEOL JEM 200CX instrument was used
at 160kV.

The size fractionation was so tedious that
only six kaolin samples were selected for the
treatment. The results of two of them are de-
monstrated in this paper. The others show
similar results. Therefore, the data given
below reflect the general characteristics of
size distribution of each mineral in kaolin.

RESULTS
White Kaolin

Sequential XRD analyses of size fractions
of kaolin in the range of 5°-15°(28) (Fig. 1a)
show that the peak intensities of three basal
reflections of 15, 10, and 7.3 A vary systema-
tically with particle size. High quality XRD
pattern for the fraction smaller than 0.lum
could not be obtained because of its low re-
covery.

15-A reflection is due to vermiculite as
evidenced by both ethylene glycolation and
heat treatment. The intensity of 15-A reflec-
tion of vermiculite is maximum in the fraction
larger than 74um and gradually decreases to-
ward finer fractions.

The intensity of 10-A reflection gradually
increases toward finer fractions. The XRD
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pattern of 0.5-0.1 um fraction shows only 10-A
reflections with trace of 7.3-A reflection. This
finest fraction consists mostly of tubular
halloysite as confirmed by the TEM observa-
tion (Jeong, 1992). The sharp and symmetrical
peak shape of 10-A reflection in the XRD
pattern of the 0.5-0.1 um implies that halloysite
of the Sancheong area is in the hydrated state
under natural weathering environment.

The intensity of 7.3—A reflection is maxi-
mum in 74-20um fraction and, then, gradually
decreases toward finer fractions. The peak
splittings in the regions of 19°-24° (Fig. 1b)
and 34°40° (20) (Fig. 1c) are apparent in the
74-20um fraction, but with decreasing size, they
become gradually weak and finally disappear
in the 0.5-0.1um fraction. 02, 11 and 20, 13 re-
flection regions tailing toward high angle ap-
pear in the 0.5-0.1um fraction. Such phenome-
na are consistent with the increasing intensity
of 10-A reflection and the decreasing intensi-
ty of 7.3—A reflection toward fine fractions.
The systematic change of XRD patterns of 8
size fractions strongly indicates that the 10-A
and 7.3-A reflections in the XRD patterns of
kaolin are due to hydrated halloysite (10A)
and kaolinite, respectively.

In order to know whether or not illite is
present in white kaolin, sequential XRD ana-
lyses were carried out for the sizefractionat-
ed kaolin samples which were dried at 60T
for 5 hours (Fig. 1d) because the strong 10-A
reflection of halloysite in kaolin shielded the
10-A reflection of illite. The dehydration tem-
perature was selected from the experimental
result that vermiculite dehydrated above 150
‘C, and halloysite (10A) easily dehydrated to
halloysite (7A) by heating at 60C. Fig. 1d
shows that the less intense 10-A reflection
still remains after dehydration. This fact sug-
gests that illite is present above 5um and in-
creases toward finer fractions.

Detrital grains of plagioclase and amphi-
bole are concentrated in the coarse fractions
above 20um but small plagioclase peak at 3.18
A still persists down to 1-0.5um fraction.

Mineral compositions determined by
XRD analysis of both the various size frac

Table 1. Semiquantitative mineral composition
of various size fractions of Sancheong Kaolin.

. White kaolin Reddish brown
Size kaolin

(pm)

vV H K I P A H K

Bulk 59 246 671 00 22 02 247 753
>4 9.7 145 645 00109 04 70 930
7420 43 143777 00 29 08 119 881
20-10 21 226 729 00 24 00 198 802
10-5 24 286 664 00 24 00 323 677

52 14 301 651 1.2 22 00 366 634
2-1 16 434513 19 18 00 412 588
1-05 00 683 260 47 10 00 544 456
0501 00 924 46 30 00 00 890 110
<01 1000 00

V:vermiculite, H: halloysite(10A), K : kaolinite,
I:illite, P: plagioclase, A :amphibole.

tions of white and reddish brown kaolins are
given in Table 1. In the white kaolin, vermicu-
lite, kaolinite, plagioclase, and amphibole are
concentrated in coarse fractions, whereas
halloysite (10A) and illite in fine fractions. It
is notable that quantitative analyses of bulk
sample do not detect illite which is contained
about 5% in 1-0.5ym fraction, whereas quanti-
tative analyses of the fraction smaller than 1um
do not detect vermiculite which is contained
about 6% in bulk sample.

SEM photograph of 74-20um fraction (Fig,
2a) of white kaolin shows various stacks, ir-
regular aggregates, and corroded plagioclase.
EDS analysis shows that the thin micaceous
stacks consist of vermiculite, and the quite
long stacks with more or less enhedral form,
clean edges, and longitudinal grooves of kao-
linite. The aggregates are virtually compactly
agglomerated halloysite or halloysite—kaolini-
te clusters where small vermiform kaolinite
stacks are enclosed by cryptocrystalline
halloysites. Plagioclase has clean surface with
etch pits. Both halloysite and kaolinite are not
in direct contact with plagioclase.

SEM photograph of 52 um fraction (Fig.
2b) shows kaolinite stacks and fuzzy halloysite
clusters. The content of kaolinite stacks of this
fraction is low as compared with 74-20 um
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Fig. 2. Electron micrographs of two different
size fractions of white kaolin. (a) SEM photograph
of 74-20um fraction of white kaolin showing kao-
linite stacks (K), vermiculite stacks (V), clusters of
halloysite and kaolinite (HK), and corroded plagi-
oclase (P), (b) SEM photograph of 5-2um fraction
showing kaolinite stacks (K) and fuzzy halloysite
clusters (H).

fraction, whereas that of halloysite clusters is
high. Vermiculite flake or plagioclase particle
is not found in the photograph although the
very weak peaks of vermiculite and plagio-
clase are detected in the XRD analysis.

Reddish Brown Kaolin

Sequential XRD analysis in the range of
5°-15° (20) (Fig. 3a) show only two reflections
at 10 and 7.3A. Vermiculite peak at 15A is
absent in the reddish brown kaolin. The inten-
sity of 10~A reflection gradually increases to-
ward the finer fractions. Only one sharp and
symmetrical 10-A reflection is found in the

finest fraction smaller than 0.1zm. This fact in-
dicates that halloysite in the reddish brown
kaolin is also in the fully hydrated state as in
the white kaolin. The intensity of 7.3-A reflec-
tion is maximum in the fraction larger than 74
um, and then, decreases gradually toward finer
fractions.

Systematic changes of the XRD patterns
of both the white and reddish brown kaolins
indicate that the 7.3-A reflection is not due to
halloysite (7A) but due to kaolinite. The
hydrated state of halloysite and nature of 7.3—
A in kaolin could be confirmed by other
auxiliary method. Churchman et al. (1984) re-
commended the formamide intercalation
method for critically differentiating halloysite
from kaolinite. They showed that if the
halloysite was not dehydrated aboved 110C
before intercalation, halloysite-formamide
complex is formed both rapidly and complete-
ly within 1 hour without regard to the
hydration state, whereas no significant kaolin-
ite-formamide complex is formed until at
least 4 hr without regard to the crystallinity of
kaolinite. Formamide intercalation test was
carried out for the air—diried size fractions of
74-20 /m and 5-2 um. The results are given in
Fig. 4. Major changes of XRD patterns occ-
urred rapidly within 30 min, and further no-
table change was not observed after long time
duration up to 4 hr. 104-A and 7.3-A reflec-
tions are due to halloysite-formamide com-
plex and unreacted kaolinite based on the cri-
terion of Churchman ef al. (1984). The relative
intensities of 104~A and 7.3-A reflections
after intercalation are highly similar to those
of wet size fractions (Fig. 4). This fact con-
firms that the 10-A and 7.3-A reflections are
due to the hydrated halloysite (10A) and kao-
linite, respectively. The broad half width and
low height of basal reflections of kaolinite
make it very difficult to distinguish it from
the dehydrated halloysite (74).

The peak splittings in the range of 19°-24°
(20) (Fig. 3b) and 34°-40° (26) (Fig. 3c) become

.weaker toward the finer fractions. It is notable

that the reddish brown kaolin contains micro-
crystalline goethite. The strongest 4.18—-A re-
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Fig. 3. X-ray diffraction patterns of bulk and 9 size fractions of reddish brown kaolin. (a) 5°~15° (ran-
dom mounts), (b) 19°~29° (random mounts), (c) 34°~40°(random mounts), (d) 5°~15° (dried at 60°C, ori-
ented mounts). Nifiltered CuKa radiation. Sizes indicated in (a) are in um unit. G : goethite.
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Fig. 4. X-ray diffraction patterns of the size
fractions dried at 60°C and their formamide inter-
calates. CuKa radiation. Compare the XRD pat-
terns of formamide intercalates and those of corre-
sponding size fractions shown in Fig, 3.

flection of goethite is superimposed on the 111
reflection of kaolinite, so that goethite escapes
from detection in the coarse fraction, but
XRD patterns of fine fractions below 2um
show 4.18-A reflection of goethite on the 02,
11 reflection region of halloysite (10A).
Geothite persists down to 0.5-0.1um fraction.

XRD patterns of sizefractionated sam-
ples dried at 60C for 5 hours (Fig. 3d) show
no detectable 10~-A peak. This fact implies
that illite is absent in this highly weathered
kaolin. Plagioclase and amphibole are not de-
tected in all the fractions of the reddish brown
kaolin.

Mineral compositions of the reddish
brown kaolin (Table 1) clearly show that
halloysite (10A) and kaolinite have the differ-
ent size distributions. Fraction larger than 74
um consists mostly of kaolinite, whereas frac-
tion smaller than 0.1um consists entirely of
halloysite (104).
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Fig. 5. Back-scattered electron micrographs showing the original fabrics of kaolin. (a) Boxworks consist-
ing of compactly agglomerated halloysite walls and large voids, (b) kaolinite stacks (K) enclosed in the
halloysite aggregates (H), (c) heterogeneous size distribution of kaolinite stack : large kaolinite stacks derived
from vermiculite (K2) and aggregates of small vermiform kaolinite stacks (K1) which were precipitated from
solutions, (d) large vermculite stacks derived from chloritized biotite. P : plagioclase. Black is void. Scale bar
= 50um.

DISCUSSION
White Kaolin

Systematic mineralogical analyses (Table
1) of 8 size fractions show that each constitu-
ent mineral has a characteristic size range. In
the white kaolin, vermiculite, kaolinite, am-
phibole, and plagioclase tend to concentrate
in the coarse fractions, whereas halloysite (10
A) and illite tend to concentrate in the fine
fractions.

Halloysite (10A) is the only kaolin miner-
al in the 0.5-0.1um fraction, but it is present in
all the fractions up to 74m. Although halloy-

site is also present in the coarse fractions, it is
not due to its large size, but to the compactly
agglomerated halloysite or halloysite—kaolin-
ite clusters as shown in Figs. 3a and 3b. There-
fore, the actual size of halloysite particle is
smaller than 0.lym with various length as
shown in TEM photograph (Jeong and Kim,
1991 ; Jeong, 1992). The halloysite clusters are
not the flocculation product produced during
the size fractionation process, but inherited
from the original fabric of kaolin. A study on
the microtexture of original kaolins in thin
section shows that kaolin in this area usually
has a boxwork structure consisting of the nu-
merous thick or thin walls of compactly agg-
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lomerated halloysite in a porous cellular pat-
tern as shown in Fig. Sa (Jeong and Kim,
1992a). Small vermiform kaolinite stacks are
often enclosed in the halloysite walls (Fig. 5b).
Therefore, the halloysite or halloysite—kaolin-
ite clusters in the coarse size fractions are the
crushed fragments of those walls which have
persisted during the sample preparation proc-
ess including slight grinding, intensive ultra-
sonic agitation, and addition of defloccula-
ting agents for size fractionation,

Kaolinite is found in all the size fractions
above 0.5um, but most abundant in the most
coarse fraction. Large kaolinite stacks thicker
than 50um are easily observed in the 74-20um
fraction. The presence of kaolinite over the
wide size range might suggest their various
sources. Back—scattered electron image for the
thin section of undisturbed original kaolin
shows various forms of kaolinite stacks of var-
ious sizes (Fig. 5¢). Jeong (1992) and Jeong
and Kim (1992b) have classified the kaolinite
stacks in Sancheong kaolin into four different
types on the basis of morphology:the vermi-
form kaolinite which is usually smaller than §
um in size (type 1) (K1 in Fig. 5¢), the columnar
kaolinites as thick as 20um bridging the fiss-
ures (type 2), the loosely—stacked kaolinite
which is either (Fe, Mg)-rich and as thick as
50um (type 3) (K2 in Fig. 5¢) or K-rich and
smaller than 5um in size (type 4). They inter-
preted that the kaolinites of types 1 and 2
have been formed by precipitation from solu-
tion. The kaolinite of type 3 is the pseudomor-
phic transformation product of medium—
grained vermiculite which was transformed
from biotite or chloritized biotite. The kaoli-
nite of type 4 contains minute illite flakes as
relics of weathering. These different modes of
formation of kaolinite are reflected in their
wide size distribution.

Vermiculite occurs as pseudomorphs after
chorite, biotite, and chloritized biotite (Fig.
5d), so that it is concentrated in the coarser
fractions. It contains some kaolinite because it
is also easily weathered to kaolinite.

Occurrence of microcrystalline illite
below 5um suggests the possibilty that it pre-

cipitated from solution. A study on the texture
of slightly weathered anorthosite shows that
small dioctahedral illite books less than Sum in
thickness are distributed around vermiculite
pseudomorphs after biotite (Jeong, 1992).
They are interpreted to have been formed by
precipitation from high aK*/aH' solution
near the degrading biotite which released
abundant K*. Part of illite in kaolin is be-
lieved to have been derived from anorthosite.
It is often found under the microscope that
microcrytalline illite fills microfractures or
grain boundaries in fresh anothosite (Jeong,
1992).

Reddish Brown Kaolin

The reddish brown kaolin overlying the
white kaolin is more weathered product of the
latter. It consists of halloysite (104 ), kaolinite,
and goethite. A study on the 9 size fractions of
the reddish brown kaolin shows that plagio-
clase and amphilbole are absent in all the size
fractions implying that the precursor minerals
in anorthosite have been completely dissolved
under the highly leaching condition.

Halloysite (10A) and kaolinite show size
distributions similar to those of white kaolin.
Kaolinite is of structurally disordered type.
The Hinckley indices of kaolinite in the red-
dish brown kaolin is 0.5 in average. Vermicu-
lite and illite were not detected in all the frac-
tions. A study of thin section using electron
microprobe analysis and TEM (not illustrated
here) shows that both minerals have been
altered to kaolin minerals at the late stage of
weathering (Jeong, 1992). Vermiculite has
completely transformed to large kaolinite
stack, whereas illite transformed to halloysite
spheres or tubes. Iron which was released dur-
ing the transformation of vermiculite to kao-
linite and the dissolution of amphibole has
been precipitated to microcrystalline goethite.

Size Fractionation in Kaolin Study

It has long been regarded by many work-
ers (Kim and Kim, 1964 ;Sang ef al., 1972;Lee
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et al., 1977;Sang, 1980;Kim et al, 1986) that
the 10-A and 7-A reflections in the XRD pat-
tern of the kaolin from Sancheong are due to
halloysite (10A) and halloysite (7A), respec-
tively, but the present work shows that
halloysite occurs as fully hydrated 10-A type
in natural state and that 7-A reflection is due
to kaolinite. The difficulty of distinction be-
tween halloysite (10A) and kaolinite could be
overcome by the systematic wet size fractiona-
tion combind with formamide intercalation. It
is significant to mention that kaolinite is more
abundant in the Sancheong kaolin than ever
expected.

The present study shows that in the
research on the halloysitic clay originated
from the weathering of crystalline rocks, the
systematic wet size fractionation is indispen-
sable for understading of the exact mineralogy
of kaolin and their size distribution. Size frac-
tionation with more narrow interval may give
more better information. The present study
also shows that the study on the clay fraction
smaller than 2um which is usually employed in
clay study leads to misunderstanding of the
exact mineralogy of the raw clay materials.
The minerals larger than 2/m such as vermicu-
lite and kaolinite are removed during the
preparation of study material by the common-
ly employed method, whereas the bulk sample
study may fail to detect the minor fine—
grained minerals such as illite and goethite.
Therefore, the systematic wet size fractiona-
tion for the raw kaolin is needed for under-
standing of its exact mineralogy.

In addition, the systematic size fractiona-
tion also gives an important information for
the beneficiation of kaolin. Present study
shows that compactly agglomerated halloysite
or halloysite-kaolinite clusters which were
originated from boxwork kaolin are concen-
trated in coarse fractions larger than 2m. Pure
mineral samples for detailed mineralogical
study can be prepared by the repeated size
fractionation. For example, the pure
halloysite (10A) sample can be obtained by
separation of size fraction smaller than 0.1xm,
whereas a large amount of vermiculite flake

can be obtained by the magnetic separation
and hand-picking from the size fractions larg-
er than 20um.

CONCLUSIONS

Each mineral in the Sancheong kaolin has
a characteristic size range depending on its
formation process. Minerals such as halloysite
(10A), kaolinite, illite, and goethite which
were formed by precipitation from solution
are generally concentrated in the finer frac-
tions, whereas minerals such as vermiculite
and kaolinite which were formed by pseudo-
morphic transformation from coarse precur-
sor minerals are concentrated in the coarser
fractions. Original fabrics of kaolin influences
the mineral composition of size fractions with-
out regard to the real size of constituent min-
erals. The halloysite or halloysitekaolinite
clusters in coarse fractions are the fragment-
ation products of original boxworks. There-
fore, the mineral composition of clay minerals
in each size fraction is related to the fabric of
kaolin which is in turn related to the forma-
tion mechanism of clay minerals.

The separation of fully hydrated halloy-
site and kaolinite is also possible by the
systematic wet size fractionation. The coarse—
grained minerals such as vermiculite and kao-
linite are usually removed during the prepa-
ration of clay fraction smaller than 2um by the
commonly employed method, whereas the fine
—grained minerals such as illite and goethite
are overlooked in X-ray diffraction of the
bulk samples because of their minor contents.
The systematic wet size fractionation is need-
ed for understanding of the exact mineralogy
of kaolin,
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