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THE CHARACTERIZATION STUDIES OF THE NORTHWEST ANATOLIAN
HALLOYSITES/KAOLINITES

Saruhan SAKLAR,* Hasim AGRILI,* Okan ZIMITOGLU,* Biilent BASARA* and Ugur KAAN*

ABSTRACT.- The extraction and characterization studies were carried out on representative samples
which were taken from iron bearing parts of halloysite, halloysite/kaolin deposits located in the vicinity
of Canakkale and Balikesir in Northwest Anatolia. Halloysites in these samples are generally in the
form of hydro halloysite (10 A) and kaolinite could also be encountered in some parts. The primary
impurities in halloysite and kaolin deposits are limonite (geothite) and muscovite. These deposits might
contain quartz, feldspar, gibbsite, smectite group clay minerals and anatase in their structures. The
iron content of the clays can be reduced significantly by hydrochloric or oxalic acid treatments. Trans-
mission electron Microscope (TEM) and Scanning Electron Microscope (SEM) analyses on halloysite
samples were carried out and it was noticed that halloysite tubes were in cylindrical shape, and in
some cases; pores on their surfaces could be observed as a structural feature. In samples studied,
tube lengths were measured up to 5 ym by means of SEM analyses, however; TEM analyses have
indicated that internal diameters of tubes could decrease down to 5nm and their average diameters

ranged in between 40 — 50 nm.

Key words: Halloysite, kaolinite, characterization, leaching.

INTRODUCTION

Halloysite is a double layered aluminosili-
cate clay is similar to kaolinite but contains cy-
lindrical structures in different nanometer sizes.
Diameters of the cylindrical tubes are less than
300 up to 50 uym long. However; their dimen-
sions and shapes could change due to the
condition of deposition and formation. Double
tubes, structures such as; partly rolled, spheri-
cal like, rod like and etc. could also be encoun-
tered (Joussein, et al., 2005). Halloysites; as
inner sides of their nano tubes are often empty
become a subject of investigation in various
areas such as; drug, polymer and advanced
ceramics (Aguzzi, et al., 2007; Ramirez, et al.,
2009; Liu, et al., 2009). There are two different
purposes in these investigations. The first is to
store special materials into the tubes and the
second is to provide stiffening to polymers or
ceramics.

Halloysite naturally occurs in two different
structures (Churchman, et al., 1972). The first
one is the hydrated form which bears water

among its layers having a chemical formula of
ALSi,0,(OH),.2H,0. The distance between lay-
ers is 1 nm (10A) and is called the “10A struc-
ture”. The atomic structure of two molecules of
hydrate halloysite (2:(Al,Si,0,(OH),.2H,0)) is
observed in figure1-a (Murray, 2007). The water
between layers withdraws irreversibly in tem-
peratures above 35 -40°C and the interlayer dis-
tance decreases to 0.7 nm. 7A structure is the
same as kaolinite. In figure 1b; the XRD pattern
for hydrate and dehydrate forms of the halloysite
sample between 5°-15° were given which had
been taken from the halloysite mine in Balikesir
Gonen region. The dehydrate halloysites could
easily be mixed up with kaolinite in XRD analy-
sis, therefore; intercalation methods are neces-
sary for these halloysites to be distinguished by
XRD analysis (Joussein, et al., 2007; Nicolini, et
al., 2009). Formamide is the first special reagent
which transforms dehydrate halloysite into hy-
drate halloysite (Churchman and Theng, 1984;
Churchman et al.,, 1984; Churchman, 1990).
Other reagents such as; dimethyl sulfoxide, po-
tassium acetate, hydrazine could also be used
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Figure 1- (a) The atomic structure of halloysite (Murray, 2007),
(b) XRD pattern (Saklar, 2011a).

(Churchman and Carr, 1973; Mellouk, et al.,
2009; Horvath, et al., 2011). In order to distin-
guish halloysites (7A structure) from kaolinite,
the compatibility of methods like XRD, DTA and
SEM were investigated and the most accurate
result could be achieved by electron microscope
(Churchman and Carr, 1975).

Halloysite formations are observed in Amer-
ica, Asia, Africa and Europe, economically im-
portant deposits are encountered only in a few
countries (Uygun, 1999; Levis and Deasy, 2002).
Almost all halloysite world production is provided
by New Zealand and shows resemblances with
northwestern Anatolian halloysite deposits with
respect to the features of formation and mineral
contents (Murray, 2007). It was claimed that,

northwestern Anatolian halloysite deposits were
hydrothermally formed by low pH, silica and alu-
minum rich solutions (Lagin and Yeniyol, 2006;
Ece and Schroeder, 2007). Similar results were
also observed in investigations which General
Directorate of Mineral Research and Exploration
had carried out (Akgay et al., 2008; Donmez et
al., 2008; Duru et al., 2007).

Although halloysites theoretically contain
only aluminum, silicate and water (%46.55 SiO,,
%39.49 AlO,, %13.96 H,0) in their structures
(Anthony et al., 1995), Traces of iron, titan, cal-
cium, potassium and sodium may be present. As
also seen in table 1, products that have contents
close to theoretical values were used in com-
mercial halloysite from New Zelland and Turkey.
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Table 1- Commercial product contents of halloysites from New Zelland and Turkey.

SiO, ALO, | Fe,0, TiO, CaO MgO K,O Na,O L.O.l
New Zelland | 49.50 | 35.50 0.29 0.09 Trace | Trace | Trace | Trace | 13.80
Turkey 46.22 | 37.30 1.02 0.21 0.26 Trace 0.23 Trace | 14.38

In this study, a sequence of enrichment and
characterization was carried out on represen-
tative samples (Figure 2) taken from iron bear-
ing parts of Balikesir-Gonen-Alacaoluk (BGL)
halloysite deposit, Canakkale-Yenice-Kiriklar
(CYK) hallloysite/kaolin deposit and Canakkale-
Gokgeada-Tepekdy (CG) kaolin deposits in
northwest Anatolia. In addition to removal of

iron, it was aimed at producing data by X-ray dif-
fraction (XRD), scanning electron microscope
(SEM), energy dispersive X-ray spectrometer
point analyses (EDS), transmission electron mi-
croscope (TEM) and X-ray fluorescence (XRF)
for the description, crystal structure and mor-
phology of clay and accompanying minerals.

(d)

Figure 2-

Clay deposits investigated (a): Balikesir-Génen-Alacaoluk halloysite deposit; (b): Canakkale-Yenice-
Kiriklar hallloysite/kaolin deposit; (c-d): CG: Canakkale-Gokceada-Tepekdy kaolin deposit).
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GENERAL GEOLOGY

The study area is located in Biga Peninsula
in Northwest Anatolia (Figure 3). Pre Tertiary
units in Biga Peninsula are observed as tec-
tonic zones trending NE-SW. These zones are
the izmir Ankara zone, Sakarya zone, Cetmi
melange and Ezine zone. The Sakarya zone
contains Paleozoic and Mesozoic metamorphic
units overlain Devonian, Permian, early — late
Triassic magmatic, sedimentary and volcanic
units.

Ezine zone consists of Late Cretaceous met-
amorphic units, whereas the Cetmi melange is
composed of Maestrichtian — Paleocene flysch
and ophiolitic units (Duru et al., 2012).

Tertiary units, however; consist of Eocene
to Quaternary sedimentary and volcanic units
(llgar et al., 2012). Halloysite formations in the
region are observed in Paleogene volcanic units
composed of andesitic and basaltic lavas and
pyroclastics.

Northwest halloysite deposits were typically
embedded in partially faulted boundaries be-
tween andesitic volcanites and Jurassic dolo-

mite limestones and formed due to the effects of
supergene acidic solutions or hypogene hydro-
thermal solutions on latite and rhyodacite (Uy-
gun, 1999). It was also claimed that halloysites
had been formed as a result of hydrothermal
effects that were associated with fault zones in
low pH environment (2- 3) due to the solution-
suspension metasomatism of andesitic tuffs
(Erdogan et al., 2012).

MATERIAL AND METHOD

Hand specimens, collected representatively
from iron bearing parts of clay deposits (approxi-
mately 100 kg), were kept in between 27 - 29°C
temperatures and dried for a few days the pre-
serve the water content between layers. In the
next stage; coarse clay pellets were decreased
to a size less than 5 mm by conical and roll crush-
ers. To decrease the size was necessary in or-
der to take representative sample and to easily
disperse it by water in Denver D-12 flotation cell.
The dispersion was made by batch experiments
in every 30 min intervals at 15-20% solid ratio.
The dispersed clay was then prepared at differ-
ent fractions by wet sieving.
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Figure 3- Location map.
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Chemical analyses were carried out for
whole rock sample and grain size fractions. In
terms of clay content, it was noticed that the CG
sample was condensed at a size finer than 10
pMm and test samples were prepared by wet siev-
ing in this size. However; test samples were pre-
pared carrying out wet sieving at 90 um which
was relatively a coarse size as there had been
no fractional differentiations in BGL and CYK
samples. Water in clay samples that had been
wet sieved was then drained out, oven dried and
the dry pellets were then disintegrated by short
grinding. Representative homogenous clay
samples in dry and powder forms were obtained
for each clay beds (Saklar, 2011a).

In order for clay contents of samples to be
more sensitively studied by XRD analysis, parts
of whole rock samples finer than 2 ym were
prepared by decantation method using Stokes’
equation (Wills, 2006).

Chemical analyses, on the other hand, were
carried out by using Philips Axios XRF spectrom-
etry. XRD analyses were performed by Bruker

D8 Advance X Ray diffractometer using Cu-Ka
radiation, at 2 -70° 26 interval, 40 kV resistance
and at a current of 40 mA. Scanning Electron
Microscope (SEM) analyses were performed by
FEI Quanta 400 MK2 instrument on gold/palladi-
um coated samples. 300 kV FEI Tecnai G2 F30
model Transmission Electron Microscope (TEM)
were used in order to analyze crystal morpholo-
gies of the samples. Samples were dispersed
by ultrasonic bath in ethanol before analysis and
the ethanol was evaporated in open air.

To detect coloring minerals in samples by
XRD analysis, tests were made by wet mag-
netic separator with high field strength (Master
Magnet 500) under a magnetic field of 20,000
Gauss. Nevertheless; no result has been ob-
tained in BGL and in CG samples, but a very
littte magnetic fraction in CYK sample. There-
fore; samples necessary for XRD analyses of
coloring minerals were obtained by chiseling
with a needle from brown/red colored parts of
hand specimens (Figure 4).

(a)

(b) - ©)

Figure 4-

Characterization experiments, in addition to
whole rock samples, were performed also on
samples which had been cleaned by extraction
experiments. Fe,O, contents of the whole rock
samples were extracted using hydrochloric and
oxalic acid (HCI ve (COOH),) at specific time
(150 min), temperature (80°C) and concentration
values (Table 2) (Saklar, 2011a).

Hand specimens containing coloring minerals in (a) CYK, (b) BGL and (c) CG samples (dark areas
indicate iron oxide/hydroxide colorings on samples).

Table 2- Concentration values used in extraction

Molarity (M)
Sample HCI (COOH),
CYK 117 0.59
CG 0.84 0.42
BGL 1.28 0.84




53

Solid/liquid mixtures containing 10% solid in
weight which had been prepared with distilled
water then kept for 10 minutes were used to mea-
sure the pH values of samples, (TS2326, 1997).

FINDINGS

Natural pH, density and chemical content
values of whole rock samples were presented
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in tables 3 and 4, and their related XRD results
were given in figure 5. Each of the three clay
samples is acidic in character and their pH and
density values do not show much difference with
their sizes (Table 3). CG sample have lower pH
and higher density values compared to other
samples. The reason for having the high den-
sity originates from much silicate content in CG
sample.

Table 3- Density and pH values of whole rock samples

s | BGL CG CYK
ample

P Whole rock sample | <90 um | Whole rock sample <10 ym | Whole rock sample | <90 ym
Density |2.50 2.50 2.63 2.60 2.47 2.48
pH 4.80 4.85 3.50 3.70 4.15 4.10
Table 4- Chemical contents of whole rock samples

Sample Si0, | Na,O | MgO | ALO, | P,O, | KO | CaO | TiO, | Fe,0, | SO, | L.O.L

BGL (whole
rock sample) 4414 | 0.08 | 0.21 | 3766 | 0.15 | 0.21 | 0.02 | 0.09 | 2.05 | 0.12 | 15.10
BGL (<90 um) | 4453 | 0.07 | 0.21 | 3753 | 0.16 | 0.22 | 0.05 | 0.12 | 2.10 | 0.14 | 14.65
CG (whole rock
sample) 66.51 0.23 | 0.82 | 1800 | 0.15 | 3.50 | 0.08 | 0.58 | 2.17 | 159 | 6.10
CG (<10 ym) 60.84 | 0.18 | 0.92 | 2215 | 0.18 | 3.78 | 0.10 | 0.58 | 214 | 155 | 7.30
CYK (whole
rock sample) 43.77 | <0.01 | 041 | 3482 | 069 | 0.36 | 0.16 | 0.35 | 3.33 | 0.36 | 15.20
CYK (<90 um) | 43.55 | <0.01 | 048 | 3534 | 0.74 | 0.37 | 0.18 | 043 | 3.58 | 0.39 | 14.65

*MnO was detected in trace amount.

The chemical content of BGL sample is very
close to the theoretical content of halloysites
but contains 2% Fe,O,. Results of the chemical
analyses of the portion finer than 90 ym in width
are almost the same as the whole rock sample.
XRD results also show that BGL sample is a
pure hydrate halloysite. During tests run both for
the whole rock sample and for <2 ym, regular
halloysite peaks were obtained; besides, a very
large 10A peak at <2 ym fraction was obtained
(Figure 5 a, b). In Figures 5c and 5d, it is seen
that hydrate halloysites turned into dehydrate
(7A) structure as these were dried up (>60°C) af-
ter being extracted by HCl and (COOH),. Traces
of crystobalite were rarely seen to accompany
the halloysite.

XRD analysis for CYK sample without de-
hydration showed clear 10A halloysite and 7A
kaolinite peaks (Figure 5a). In Table 4, there
was not found any serious chemical difference
between the whole rock sample and <90 ym
portion. The 10A peak intensity in <2 ym frac-
tion is more than that of the whole rock sample.
However; 7A kaolinite peak in <2 ym fraction is
less than the whole rock sample. Therefore hal-
loysite ratio in CYK sample is relatively higher
than that of kaolinite. Since HCI and (COOH),
samples of dehydrated halloysites give only
7A peak, the peaks in diffractograms were de-
tected as halloysite+kaolinite. This phenomenon
indicates how significant the intercalation is for
the detection of dehydrated halloysites by XRD
method and the importance of preservation of
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Figure 5- XRD diffractograms of (a) whole rock sample, (b) <2 um fraction, (c) HCI extraction product, (d)

(COOH)2 extraction product (H: halloysite, Q: quartz, C: crystobalite, S: smectite clay group, F:

feldspar, Gb: gibbsite)

the hydrate form Gibbsite was detected in the
whole rock sample and in XRD analyses of <2
pm and HCI concentrate.

The CG sample, in addition to kaolinite
peaks, gives a classically silicified kaolinite
XRD pattern with broader quartz peak with re-
spect to BGL and CYK. Despite the weak ka-
olinite peak obtained in the whole rock sample,
a relatively broader kaolinite peak was detected
in the <10 um fraction. Chemical analysis re-
sults support this. Fire loss, alumina and silica
ratios indicate that the <10 ym portion contains
more kaolinite (Table 4). Similar results were

frequently seen in silicified kaolin deposits
(Saklar, 2011a).

The chemical contents of extraction prod-
ucts obtained for size fractions of whole rock
samples were given in Table 5 and 6. It was
observed that HCI or (COOH), extraction pro-
cesses cause a decrease in Fe, O, content of all
samples especially the BGL. Decreasing Al,O,
proportions in BGL and CYK samples indicate
that these caused Al*® ions at high temperature
to dissolve. As a result, the decrease in Al,O,
content caused a spontaneous increase in
SiO, content as Si/Al ratio increased. The rea-
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sons why this result has not been taken in CG
sample is the use of less acidic concentration
and less consistence of clay relative to other

samples.

The extraction process does not cause a
change in crystal structure as seen in XRD re-
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sults in figure 4. Differences in the crystal struc-
ture form only at very high acidic concentrations
(>3M) and a transformation into amorphous
structure could occur (Mako, et al., 2006; Panda
etal., 2010).

Table 5- Concentration contents of HCI extraction experiments

Sample | SiO, | Na,O | MgO | ALO, | P,O, | KO | CaO | TiO, | Fe,0, | SO, | L.O.L
BGL 48.63 | <0.01 | 0.19 | 3559 | 0.03 | 0.22 | 0.02 | 0.12 | 0.17 | 0.03 | 14.88
CG 64.32 | 0.16 0.88 | 22.80 | 0.13 | 4.02 | 0.08 | 0.67 | 043 | 0.50 | 5.75
CYK 5486 | <0.01 | 047 | 30.53 | 0.10 | 0.44 | 0.15 | 0.49 | 1.07 | 0.05 | 11.65

Table 6- Concentration contents of (COOH)2 extraction experiments

Sample | SiO, | Na,O | MgO | ALO, | PO, | KO | CaO | TiO, |[Fe,O,| SO, | L.O.L
BGL 5551 | <0.01 | 0.19 |29.22 | 0.02 | 0.24 | 0.03 | 0.14 | 0.16 | 0.03 | 14.35
CG 65.53 | 0.18 084 | 2128 | 0.12 | 3.97 | 0.09 | 0.70 | 0.38 | 0.54 | 6.10
CYK 52.99 | <0.01 | 0.50 | 30.24 | 0.08 | 042 | 0.12 | 0.51 | 0.98 | 0.06 | 13.82

XRD analyses of samples prepared in order

to understand the coloring minerals were given
in figure 6. Limonite (Geothite) could be detect-
ed in all samples even at small peaks. Again,
small peaks of muscovite were observed in

CYK and BGL samples. Feldspar as the alkaline
source was detected in CG sample. Since TiO,
encountered in chemical analyses were at very
low proportions, it could not be detected which
mineral it had been originated from in XRD anal-
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Figure 6- XRD diffractograms belonging to coloring minerals (H:

halloysite, K: kaolinite, Q: quartz, G: goethite, M: muscovite F:

feldspar, G: gibbsite).
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ysis because XRD method can not detect min-
erals that have proportions less than 5% (Saka,
1997). Nonetheless; previous studies carried
out at another Balikesir — Gonen halloysite de-
posit with sulphur which has relatively higher
TiO, proportion indicated that TiO, source were
anatase mineral, and vermiculite could accom-
pany in some cases (Saklar et al., 2010; Saklar,
2011a).

Results of scanning electron microscope
(SEM) confirm XRD results (Figure 7). It is un-
derstood that BGL sample was halloysite that

formed completely as cylindrical tubes. Cylin-
ders have regular and homogenous size distri-
butions. In all portions of CG sample in which
the analysis had been performed, classical ka-
olinite plates were observed in a couple of um
sizes. As for the CYK sample, halloysite tubes
were observed between kaolinite plates. It is not
possible to understand the halloysite kaolinite
proportion in a sample by electron microscope;
however, this proportion could be understood by
intercalation using XRD method (Joussein, et
al., 2007).

Figure 7-

Scanning electron microscope views of Gonen, Yenice and Gokgeada samples (BGL-a: tubular

halloysite crystals; BGL-b: pelleted tubular halloysite crystals; CYK: Tubular halloysite crystals
between and on sheet like kaolinite crystals; CG: Sheet like kaolinite crystals)
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In figure 8, very tiny iron oxide pellets, in CYK
sample, are observed. EDS point analysis data
also indicate that these are iron oxide, but the
results are insufficient to understand with which
mineral these iron oxides might be associated.
XRD results shown in figure 6, indicate that
these are goethite mineral. Tiny iron oxide/hy-
droxide pellets detected by SEM method in CYK

09-Jul-09 | det| HV | mag | WD |spot| — 20 ym

4:06:57 PM | ETD [20.00 kV|2 800 x|10.0 mm| 4.0 MTA-Min. Eet. Aras. Koord.

Figure 8-

sample could not be monitored by SEM although
they were detected by the results of XRD and
EDS analyses. It might be due to that, iron oxide/
hydroxide minerals, in the form of extremely fine
grained particles in submicron size, might have
remained among clay minerals or attached to
halloysite tubes —kaolinite plates.
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Electron microscope view of iron oxide/hydroxide minerals in CYK sample ((a): +: point of EDS

analysis) and (b): graph of EDS point analysis).

TEM analyses were performed in order to
investigate the morphology of tubes on BGL
sample which is a characteristic halloysite. It
was also noticed that almost all halloysite grains
were in the form of cylindrical tubes and inner
sides of cylinders were mostly empty. It was ob-
served that diameters of tubes in investigated
samples had decreased down to 5 nm and av-
eraged between 40 -50 nm. It was found that
the length of tubes in some samples could be
up to 5 ym in SEM analysis (Figure 7). However;
shorter tube lengths were detected by TEM re-
sults (Figure 9, 10). Pores on cylindrical tubes
were detected independent from being hydrate/
dehydrate of the sample (Figure 9 b, e) (Church-
man, et al., 1995).

TEM analyses were performed also on HCI
and COOH, concentrates which were obtained
by the extraction process and were given in fig-
ure 10. It is seen that, tube views obtained are

more accurate, and cylindrical tubes were not
affected by high temperature (80°C) and by con-
centrated acid solutions. There are some pores
on tubes and their resemblances are present
in native forms of samples as seen in Figure 9.
So; it is thought that these pores were originated
from acid treatment.

DISCUSSION AND CONCLUSIONS

Characterization studies were made for hal-
loysite, kaolin/halloysite and kaolin deposits ob-
served in Canakkale-Balikesir vicinities in north-
western Anatolia. Halloysites of the region are
in the form of hydrohalloysite (10 A) as it is in
Balikesir — Gonen (BGL) sample, and kaolinite
could also enter their structures as it occurred in
Canakklae — Yenice (CYK) sample. When simi-
larities in formational and mineralogical features
are taken into consideration, it could be said that
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Figure 10- TEM views of extraction concentrates of HCI (a, b, ¢) and (COOH), (d, e, f) for BGL halloysite
sample.
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there is a possibility of occurrence of halloysite
in other kaolin deposits present in northwest
Anatolia.

In order to fully understand the differentiation
of halloysite/kaolinite, the use of an electron mi-
croscope is necessary. However; XRD analysis
is preferred as it is simpler and a more general
method to apply in clay mineralogy. The applica-
tion of the intercalation method is necessary in
XRD analysis if halloysite loses water between
its layers, because the halloysite mineral in de-
hydrate structure gives the same peak value as
kaolinite 7A (001). The necessity of intercalation
in XRD method appears when interlayer waters
are lost in temperatures above 40°C and easily
turns into dehydrate structure.

Deposits in the region show similarities also
in terms of coloring minerals that they contain.
If goethite (limonite) which was detected as the
primary contaminant is in thin dimension, it has
a strong coloring effect in clay deposits. The an-
atase that had been detected in previous studies
in very close clay deposits (BGL 100 m) is con-
sidered also to be the source of TiO, in studied
deposits. Gibbsite and smectite were also en-
countered sometimes.

Northwest Anatolian halloysites are chemi-
cally very close in content with that of New Zea-
land halloysites. It was investigated that diam-
eters of cylinders could decrease to 5 nm but
are 40 -50 nm in average in studied samples.
Tubes which could reach 5 ym in length by SEM
analyses were detected less than 1um in others
by TEM analyses.

Anothersignificant finding is that the halloysite
tubes were not affected by the treatment of con-
centrated acid (1.28M HCI and 0.84M (COOH)2)
at high temperature (80°C) in long time period
(2.5 hours). In spite of the fact that some pores
were detected in tubes by TEM analyses, it was
also determined that these pores had been in
their unprocessed and in native forms.
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