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The effect of hydrothermal conditions on process of kaolinite rehydroxylation at 180°C and 230°C and for soaking times from
1 to 200 hour was studied by thermal analysis (DTA, DSC, TG). It is shown that the kaolinite dehydroxylation of rehydroxylated
samples shifts to lower temperatures compared to the original kaolinite. Amounts of kaolinite in rehydroxylated samples were
calculated from TG curves. The curve of the kaolinite mass gain (dm) plotted against the time of hydrothermal treatment
indicates a two stage process with a different mass gain rate representing short and long-time measurements. Multiple
dehydroxylation was studied by repeated calcinations (2 h at 600°C) and hydrothermal treatments (10 h at 230°C). It was
proved that values of activation energy (E,) of multiple dehydroxylations decreased with the increasing number of repeated
treatments. Conclusions of the study were applied for the investigation of kaolinite origin in archaeological samples from

Roztoky near Prague.

INTRODUCTION

Kaolinite (Al,Si,05(OH),) is a clay mineral which
is used as one of the main components of raw materials
mixtures in ceramics fabrication from its very beginnings.
Kaolinite is a dioctahedral 1:1 phyllosilicate, which is
formed by layers of tetrahedral SiO, and octahedral A1O,
which alternate periodically. Each unit cell includes
four hydroxyl groups. The inner hydroxyl group lies
between the tetrahedral and octahedral sheet, while the
three inner-surface hydroxyl groups lie between adjacent
kaolinite layers [1].

When kaolinite is heated, it loses any physically
absorbed water between 100°C and 200°C, i.e. dehyd-
ration occurs. Kaolinite transforms to an unstable non-
crystalline product, metakaolinite (Al,Si,0,), after cal-
cination at 450 - 600°C, by loss of chemically bound
water [2, 3]. This product can partially rehydroxylate
to structures close to the original kaolinite, recovering
most of structural hydroxyl groups, by the influence of
atmospheric or soil moisture [4, 5]. The first reaction of
moisture with fired clay is called first rehydroxylation.
The second dehydroxylation and subsequent rehydroxy-
lations can occur when kaolinite is heated repeatedly and
then exposed to atmospheric moisture.

In case of conventional ceramic materials, the pro-
cess of rehydroxylation is called “ageing” and is related

to a moisture expansion of a ceramic body [5]. The
process of natural rehydroxylation occurs in ceramic
materials containing residua of clay minerals due to
a long-time influence of soil or atmospheric moisture.
This process can be accelerated by a hydrothermal treat-
ment in autoclaves in laboratory conditions.

The process of kaolinite rehydroxylation can be
studied by several analytical methods such as X-ray
diffraction, thermal analysis, scanning electron micro-
scopy, solid-state nuclear magnetic resonance spectro-
scopy and infrared spectroscopy [6, 7]. Previous studies
[8] have shown that the process of rehydroxylation can be
well studied especially by thermal analysis (DTA, DSC
and TG). DTA and DSC curves show that the endothermic
peak related to the kaolinite dehydroxylation and the
temperature of the peak maximum of a raw kaolinite
lies in the interval 500 - 560°C [9, 10]. The position
and shape of the peak as well as the temperature of the
peak maximum are influenced by several factors such
as particle size, degree of kaolinite structure ordering or
conditions of measurements (e.g. heating rate, furnace
atmosphere, sample charge or type of a crucible) [11].
Partial dehydroxylation can occur already during pro-
cessing of raw materials containing kaolinite, e.g. dry
grinding [12, 13]. Kaolinite loses 13.96 wt. % of water
during dehydroxylation as estimated from the theoretical
composition (46.54 wt. % SiO,, 39.5 wt. % AL O, and
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13.96 wt. % H,0) [14]. This value is used as the standard
value for the determination of kaolinite content in the
studied materials from TG curves.

The process of kaolinite rehydroxylation has been
studied in our laboratory for a long time. The research
was firstly related to a problem of brick hourdises [15,
16, 17, 18], later extended to the field of archacological
ceramics [19, 20, 21]. In connection with archaecological
ceramics, conditions of a hydrothermal treatment, which
could simulate long time storage of ceramic materials
under the ground and help to identify the origin of clay
minerals in a ceramic body, are being studied.

The aim of this work was to determine the effect
of temperature and time of hydrothermal treatment
on the ability of kaolinite rehydroxylation, to define
differences in thermal behaviour between original and
rehydroxylated kaolinite and to quantify the amount of
rehydroxylated kaolinite.

EXPERIMENTAL

Kaolin Sedlec Imperial (K), from Sedlecky kaolin
a.s. (Czech Republic), was used in this study as a raw
material. Powder samples were prepared from a dried
granulate in an agate mortar in the form of fine powder.
Samples were subsequently fired in a Pt crucible in a
laboratory furnace with the heating rate 10°C-min™.
The choice of calcining conditions — 2 hours at 600°C
was based on previous research [21]. Products of calci-
nations were subsequently hydrothermally treated (HT)
in laboratory autoclaves at 230°C (2.77 MPa) and 180°C
(1 MPa) with soaking times from 1 to 200 hours.
Multiple dehydroxylation (with the maximum of four
rehydroxylation processes) was studied by repeated
experiments of calcinations (2 h at 600°C) and hydro-
thermal treatments (10 h at 230°C). A solid/solution ratio
of 1 g sample/ 20 ml water was used in the hydrothermal
experiments. All samples were dried to constant weight
(2 hours at 105°C) before thermal analysis.

The raw material was characterised by its particle
size distribution, and further by X-ray fluorescence
(XRF), X-ray diffraction (XRD), infrared spectroscopy
(IR) and thermal analysis (TA). Processes of dehydro-
xylation and rehydroxylation were studied by thermal
analyses. The particle size distribution was evaluated
by laser diffraction (Fritsch Analysette 22 NanoTec).
The chemical composition was determined by XRF
(Sequential WD-XRF spectrometer ARL 9400 XP+).
XRD (Diffractometer PANalytical X pert Pro) was used
to identify accessory minerals in the raw kaolin sample.
The structural ordering of kaolinite was characterised by
IR spectroscopy in the range 400 - 4000 cm™ (spectrometer
Nicolet IS 10, Thermo Scientific). Measured data were
evaluated using programs Omnic and Origin. Thermal
analyses were performed with a Setaram Setsys Evo-
lution 16 system in DTA - TG or DSC - TG mode using
25+ 0.02 mg of a sample and heating rate 10°C-min™ in
the temperature range of 20 - 1200°C in nitrogen flow.

The amount of kaolinite in the original sample of
kaolin and in rehydroxylated samples (4m) was de-
termined from TG curves with end conditions from dTG.
The activation energy E, (kJ-mol™") of the dehydroxylation
was calculated by Kissinger-Akahira-Sunose method
from DSC data [9] according to Equation 1:
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where f is the heating rate (K-min™), R is the gas con-
stant (8.314 J-K'mol"), T, is the temperature (K) for
a constant degree of conversion a (calculated by integ-

ration of peak area) and C is the constant.

RESULTS AND DISCUSSION

The process of kaolinite rehydroxylation was stu-
died in samples prepared from the technical raw material
kaolin Sedlec Imperial. The granulated raw material
was grinded to the form of fine powder with the particle
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Figure 1. Raw material - kaolin Sedlec Imperial.
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median size of 3.2 um. The chemical composition of the
raw kaolin was 50 wt. % SiO,, 47 wt. % ALO;, 1.1 wt. %
Fe,0;, 0.3 wt. % TiO,, 0.4 wt. % CaO, 0.3 wt. % MgO
and 1.1 wt. % K,O. Figure 1a shows XRD pattern of the
raw material. It contains kaolinite as the main crystalline
phase accompanied by a small amount of quartz and
mica. Figure 1b shows the structural ordering of kaolinite
in the raw material characterised by IR bands at 3654,
3668 and 3691 cm’, belonging to three inner-surface
OH bonds, and a peak at 3620 cm™ which belongs to
the inner OH bond. The kaolinite behaviour during
temperature increase is presented by curves from thermal
analysis (Figure 2). The dehydroxylation of kaolinite
to metakaolinite proceeds in the temperature interval
from 420 to 665°C with the maximum at 542°C. In the
course of dehydroxylation the loss of 12.1 wt. % H,O
was monitored. Owing to the high amount of kaolinite,
the peaks related to quartz transformation and mica
dehydroxylation could not be seen in the DSC curve.
The release of water was confirmed by the curve related
to the release of water vapour detected by the mass
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Figure 2. Thermal analysis of the raw material: DTA-TG,
release of CO, and H,0.
0 -
-0.05

-0.10

-0.15

DSC (uV mg")

-0.20

-0.25

_030 T T T T T T T
300 350 400 450 500 550 600 650 700

Temperature (°C)

a) DSC curves

spectrometer. DSC curve also showed an exothermic
peak at 987°C, which is related to the crystallisation of a
defective spinel structure.

Rehydroxylation of kaolinite was studied in samp-
les fired for 2 h at 600°C, in which any kaolinite was
identified by XRD and IR spectroscopy. The content of
kaolinite in rehydroxylated samples (4m) was determined
from dTG curves.

Figure 3a shows dehydroxylation DSC curves of
the raw material (first dehydroxylation) and rehydro-
xylated samples (second dehydroxylation) for the hydro-
thermal treatment at 230°C. The curves of the second
dehydroxylation show higher asymmetry compared
to the first dehydroxylation which is due to decreasing
degree of structural ordering of the rehydroxylated
kaolinite. The shape of endothermic peak and the
temperature interval of dehydroxylation reflect the
effect of hydrothermal conditions on the process of
kaolinite rehydroxylation. The dehydroxylation process
in rehydroxylated samples starts in the very narrow
temperature range 340 - 350°C. The temperature of the
dehydroxylation end shifts to higher temperatures with
increasing time of the hydrothermal treatment. Figure
3b shows mass differences in form of TG curves of the
samples, which were used for the determination of the
kaolinite amount (4m) in the samples.

Figure 4 shows the maximum of peak 7, and mass
gain (4m) plotted against the time of hydrothermal
treatment. Both curves exhibit the same two stage process.
The first stage represents early-time measurements,
approximately first 10 hours, with relatively high
mass gain rate. The second stage representing long-
time measurement proceeds with a much lower rate.
Comparing values of the peak maximum temperatures
(i.e. the temperature of the highest reaction rate), the
most profound effect of the time of hydrothermal
treatment on the rehydroxylation is visible in the course
of the first few hours. Only a slight effect was registered
for treatments of 50 hours and longer.
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Figure 3. Dehydroxylation of the raw kaolin and rehydroxylated samples at HT 230°C.
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Figure 5. DSC curves of rehydroxylated samples at 180 and
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The effect of the conditions of hydrothermal
treatment (time and temperature) on the process of
rehydroxylation is presented in Figure 5, where DSC
curves of samples treated at 180 and 230°C and different

soaking times are compared. Lower temperatures and
times of hydrothermal treatment shift the kaolinite
dehydroxylation to lower temperatures. For example,
the temperature of the peak maximum was 520°C for
200 hours at 230°C and 491°C for 200 hours at 180°C.
Figure 6 shows 4m values plotted against the time
of hydrothermal treatment at 180°C and 230°C. Both
curves exhibit two stage processes. The kaolinite mass
gain proceeds at an apparently higher rate in case of
230°C in the first stage. On the contrary, approximately
the same trend at both temperatures was found in the
second stage. The amount of rehydroxylated kaolinite
is increasing with increasing temperature of the hydro-
thermal treatment. The biggest differences were found
for short soaking times, e.g. for 10 h at 180°C the mass
gain was 9 wt. %, compared to 51 wt. % at 10 h at 230°C.
Results of a multiple dehydroxylation of kaolinite
are presented in Figure 7. The figure shows that the ability
of metakaolinite to rehydroxylate to kaolinite decreases
with an increasing number of repeated calcinations and
hydrothermal treatments, which is characterised by a
decreasing amount of rehydroxylated kaolinite and a shift
of T, values to lower temperatures. The most pronounced

0 = —=
-t /7
/ /
-0.05 N /
N
= \ /
: N
2 -0.10
2 0.15 |- KB0O(2h)HT(10h 230°C)
9 4
————— X
o
-0.20 1 eeeeeeees 3x
----- =Y
-0.25 |1 ———1x \/
—— K- original
-0.30 T T T T T T T
300 350 400 450 500 550 600 650 700
Temperature (°C)
a) DSC curves
100
. K600(2h)HT(10h 230°C)
X ]
€ 80 v 4x
2 ® 3x
£ A 2x
c
5 90 * 1x
© *
= m K - original
2 40
c
3 A
€ [}
< 20 v
O T T T T T
0 1 2 3 4 5 6

Number of dehydroxylation

b) content of kaolinite (4m) plotted against
the number of dehydroxylation

Figure 7. Multiple dehydroxylation of kaolinite.
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decrease of the amount of rehydroxylated kaolinite is
between the first and second dehydroxylation, where it
is about 28 wt. %. Comparing DSC curves, the sample
shows approximately same dehydroxylation peak during
the third and fourth treatment. Values of activation ener-
gy (£, of multiple dehydroxylations decreased with
an increasing number of repeated treatments. The E,
value was 157 kJ'-mol” for the first dehydroxylation,
133 kJ'mol' for the second dehydroxylation and
102 kJ-mol™ for the third dehydroxylation.

Aplication of the study
for archaeological ceramics

Kaolinite rehydroxylation and the use of hydro-
thermal treatment were studied already during researches
of several archeological objects such as a moon-shaped
idol from the Bronze age [21], a Gothic ceramic tile
pavement from Bievnov Monastery (NPU), a Romanic
ceramic tile pavement from Dolni Chabry (NPU) and
Medieval vessels from Roztoky near Prague (ARU) [22].
Archaeological findings from the 6™ — 7" century from
Roztoky near Prague, comprising besides fired potsherds
of ceramic vessels also unfired ceramic material (Figure
8a), were found as a very suitable material for kaolinite
rehydroxylation studies. This unfired material could
serve as a raw material for the fabrication of ceramic
vessels. The material contained kaolinite from a primary
source (thermally untreated) and was chosen as a
comparative material to kaolinite, which was identified
in the archaeological vessel 8714 (Figure 8b).

Figure 9 shows DSC curves of original and rehy-
droxylated samples from untreated ceramic material
and two different parts of the archaeological vessel
(Figure 8b). The dehydroxylation process of the unfired
material starts in the temperature range 370 - 570°C with

a) unfired ceramic material 7957

the peak maximum at 491°C. Fired (2 h at 600°C) and
hydrothermally treated (100 h at 230°C) material shows
similar curves as in the case of the natural raw material
- kaolin (Figure 3a). The dehydroxylation range of the
rehydroxylated material shifts to lower temperature
(355 - 525°C) and the peak maximum is at 460°C. In
case of the archaeological vessel the dehydroxylation
of the sample from bulge occurs in the temperature
range 325 - 555°C with the maximum at 480°C and
of the sample from rim in the range 325 - 530°C with
the maximum at 450°C. Comparing the curves it was
concluded that the kaolinite identified in the rim was
a product of rehydroxylation. On the contrary, kaolinite
in the sample from the bulge was from a primary source.
This information proved that the firing process in early
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Figure 8. Pictures of archaeological findings unfired ceramic material 7957 (a) and ceramic vessel 8714 (b) (ARU AV CR,

Praha, v. v. 1.).
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medieval times was very irregular and parts of a same
vessel could be fired at different temperatures depending
on the distance from a fireplace.

CONCLUSION

The effect of hydrothermal conditions on the pro-
cess of kaolinite rehydroxylation at 180°C and 230°C
and for soaking times from 1 to 200 hour was studied
by use of thermal analysis. The results proved that meta-
kaolinite cannot rehydroxylate to kaolinite having
original structure and quantity even after 200 h at 230°C
of the hydrothermal treatment. The process of kaoli-
nite dehydroxylation of rehydroxylated samples shifts
to lower temperatures compared to the original kaoli-
nite in the raw material. The curves of the second
dehydroxylation show higher asymmetry compared to
the first dehydroxylation which is due to the decreasing
degree of structural ordering of the rehydroxylated kao-
linite. Higher temperatures and times of hydrothermal
treatment shift the kaolinite dehydroxylation to higher
temperatures. The curve of the kaolinite mass gain (4m)
plotted against the time of hydrothermal treatment reveals
a two stage process. The first stage represents early-time
measurements, approximately the first 10 hours, with a
relatively high rate. The second stage, representing long-
time measurement, proceeds with a much lower rate. The
maximum kaolinite mass gain was 65 wt. %, which was
achieved for hydrothermal conditions 200 h at 230°C.
Concerning multiple rehydroxylation, the ability of meta-
kaolinite to rehydroxylate to kaolinite decreases with an
increasing number of repeated calcinations and hydro-
thermal treatments. Values of activation energy (£,) were
157 kJ mol™ for the first dehydroxylation, 133 kJ mol
for the second dehydroxylation and 102 kJ mol™ for the
third dehydroxylation.

In the last part it was shown how the principal
result of this study can be applied to the interpretation of
analyses on historical or archaeological materials.
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