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Abstract. The present paper assesses the chemical and microstructural
characteristics of the kaolin used as admixture in the mortars for the radioactive waste
immobilization. For this purpose, there were used X-ray fluorescence spectroscopy
(XRF) methodology as well as the scanning electron microscopy (SEM) coupled with
EDS probe. The optimal values of the calcination parameters such as temperature and
heating plateau that ensure the complete transformation of the kaolin into metakaolin
have been identified by infrared spectroscopy (FTIR). The goal is to increase the
mortar performance by reducing the leaching of the immobilized radionuclides in the
cementitious matrix obtained by recycling of the radioactive concrete resulted from
decommissioning of a VVR-S type nuclear research reactor.
Key words: calcined kaolinite clay, dihydroxylation, metakaolin, XRF, SEM-EDS,
FTIR.

1. INTRODUCTION

The paper aims to evaluate by infrared spectroscopy (FTIR) the structural
modifications occurring in the kaolin as a result of heating treatment. Thus, the
optimal treatment conditions can be determined to establish the metakaolin with the
highest reactivity in cement mortars used to immobilize radioactive concrete wastes.
Nowadays, the low-level radioactive wastes (LLW) resulted from nuclear
installations decommissioning are pre-placed in the cylindrical steel containers and
solidified with mortar prepared with natural aggregates. The previous studies [1]
emphasize that by using recycled radioactive concrete aggregate instead of those
natural aggregate in solidification mortars the LLW percentage increasing into the
immobilized concrete. The mortar matrix, used to fix the radioactive waste in the
package, must have optimal properties to resist for a long-term storage period.
Thus, the fresh mortar must have a high fluidity to fill containers completely and
no bleeding to avoid the components segregation. The reinforced cementitious
matrix requires a high mechanical strength and a low permeability to ensure the
highest radionuclides immobilization.
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Currently, to increase the compactness of the immobilization matrix, various
pozzolanic additions, natural materials or industrial by-products such as meta-kaolin,
silica fume, nano silica and fly ashes are used. In the cementitious matrices the
silicon or aluminum-silicon react in the presence of humidity with Ca (OH)2, resulted
from cement hydration-hydrolysis at a normal temperature, and form compounds
that improve the system resistance and durability.
The chemical reactions underlying the above are:
Cement + H2O = Paste + Ca (OH)2
Pozzolan + H2O = Slurry
Pozzolan + Ca (OH)2 + H2O = Cementitious products
Pozzolans are usually kaolinite clay based materials (kaolines) that result either
naturally or by kaolin modification through thermal activation (drying or calcination).
These vary depending on the chemical composition and physical characteristics
(particle size, particle size distribution, specific surface area, crystallinity, color).
The kaolin obtained from natural sources contains besides the crystalline
mineral compounds the kaolinite (Al2O3 · 2SiO2 ·2H2O), as well as the impurities
(quartz, calcite, feldspar, mica, organic matter, etc.). Kaolinite is a di-octahedral
phyllosilicate consisting of [SiO4]4– tetrahedron sheets (6 rings each), see Fig. 1,
linked by the oxygen atoms of octahedral sheets [AlO6]9– (4 rings each) [2]. The
silicate and aluminate layers are linked by strong covalent bonds with oxygen ions
interconnected in turn by weaker hydrogen bonds. This ideal kaolinite structure is
more or less disordered in kaolin depending on the impurities and water presence.
During the kaolin calcination, the dihydroxylation occurs by two independent
processes combining: dehydration, the continuous loss of water between layers and
dihydroxylation, the discontinuous loss of interstitial water. Kaolin dihydroxylation
occurs between 450°–700°C. Simultaneously with the gradual loss of the structural
water and associated with the collapse of the inter-structure space, there is also a
change in the coordination of aluminum from 6 to 4. The disorder is different in
metakaolin depending on the heat treatment conditions. The reactivity increases to
a certain limit [3], along with the structural amorphization.

Fig. 1 – Kaolinite ideal layered structure [2].
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2. MATERIALS AND METHODS

The kaolin composition was determined using a Supermini 200 – Rigaku X-ray
fluorescence spectrometer (WDXRF) type, a Benchtop sequential spectrometer,
dispersive after the wavelength, equipped with accessories for solid and liquid
samples analyzing. For the experiments we used ceramic kaolin from Bulgaria
(Senovo, Vetovo and Ruse region) as well metakaolin, calcined at the different
temperature’s plateaus. The samples were ground under dry conditions. The system
contains 2 detectors (PC and SC) and 3 analyzer crystals (with automatic exchange):
LiF (200) for heavy elements (Ti-U), PET and RX 25 for light elements (O-Mg and
Al-Sc). The X-ray tube has the Pd anode 200 W power (50 kV voltage, 4 mA
intensity). Detection limit: 1 ppm – 10 ppb; accuracy < 0.1–0.5%. Software: ZSX
(Spectrum recording and data processing).
The chemical composition of kaolin was determined with an EDS probe,
produced by Oxford Instruments, IncaPET X3 type, cooled with liquid nitrogen,
mounted on an electronic scanning microscope with field emission source and
focused ion beam (FESEM-FIB), Zeiss type. Kaolin was calcined into a NaberthermGermany type oven, N11/H model with 250 × 350 × 140 mm hearth, at 650°; 700°
and 750°C temperatures and for a heating plateau of 1 h, 2 h and 3 h respective,
using a stainless-steel tray. The electronic thermoregulator provides a heating
speed of 10°C/min in the static air atmosphere. The cooling was performed inside
the oven to the room temperature.
The calcined metakaolin samples were grounded 24 hours under dry conditions
into a laboratory ball mil with alumina balls 2.5 cm diameter and ceramic drum
capacity of 4 dm3. The filling degree of the mill was 66 vol. %. The infrared
spectra for the kaolin samples were determined on the 400–4000 cm–1 spectral
range, using an Attenuated Total Reflection (ATR) spectrometer – FTIR Bruker
Vertex 80. There were performed 2–3 measurements for each experiment in order
to estimate the repeatability. The repeatability was good and the presented data
represents the results obtained beyond the experimental errors.
3. RESULTS AND DISCUSSIONS

The results of the chemical (oxide) analysis performed by XRF on the kaolin
sample are presented in Table 1. The main weight is silica and alumina which is in
accordance with the SEM-EDS results (Fig. 2 and Table 2).
Table 1
Chemical composition (%) of the Kaolin samples
SiO2
63.3875
ZrO2
0.0423

Al2O3
31.37
SO3
0.0225

K2O
2.3114
Cl
0.0143

TiO2
1.4988
Rb2O
0.0161

Fe2O3
0.8565
SrO
0.0118

MgO
0.3533
Y2O3
0.0062

P2O5
0.1095
LOI
3.26
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Fig. 2 – Secondary electrons for Kaolin sample 20000X magnification determined
with SESI detector with spectral EDS analysis points.
Table 2
Atomic ratio [%] of the main elements in the spectral points from Figure 2
Spectrum
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Mean value
Standard deviation
Max.
Min.

O
61.56
56.74
57.73
61.75
55.68
58.59
58.68
2.50
61.75
55.68

Al
18.27
20.39
20.20
18.39
21.39
20.16
19.80
1.22
21.39
18.27

Si
19.12
21.70
21.20
19.31
22.22
20.65
20.70
1.26
22.22
19.12

K
0.46
0.37
0.29
0.11
0.15
0.20
0.26
0.14
0.46
0.11

Ti
0.15
0.40
0.20
0.19
0.13
0.00
0.18
0.13
0.40
0.00

Fe
0.44
0.40
0.37
0.25
0.44
0.40
0.38
0.07
0.44
0.25

Total
100.00
100.00
100.00
100.00
100.00
100.00
100.00

In Fig. 3 is presented the SEM image of kaolin. It can be noticed a plate
layered structure with hexagonal and pseudo-hexagonal sheets (1–10 μm), well
crystallized, typical for kaolinite. The plates consist of 10 to 50 sheets per layer.
There were not main changes in material morphology (see Fig. 4) after its heating
and milling. The layered structure with kaolin-specific hexagonal sheets is
maintained.
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Fig. 3 – Kaolin and thermal treated kaolin samples at 700°C and 3 h bearing;
Fig. 4 – Secondary electrons morphology detected with SESI detector at 50000× magnification.
Table 3
Raw kaolin infrared bands
Assignments
O-H stretching vibrations of inner surface hydroxyl bands
O-H stretching vibrations of inner hydroxyl bands
Si-O stretching vibrations (longitudinal mode)
in-plane Si-O stretching vibrations, quartz interference
O-H deformation of inner hydroxyl bands
Si-O stretching vibrations
Si-O stretching vibrations (perpendicular mode)
Si-O, Si-O deformation vibrations
Al-O-Si deformation vibrations
Si-0-Si deformation vibrations
Si-O deformation vibrations

Wavenumber, ν [cm–1]
3686–3650
3619
1114
1025 and 1001
910
788
751
643
527
460
412

Table 3 shows the types of vibrations corresponding to the chemical bonds
in kaolin, obtained by FTIR analysis. A comparison of the FTIR spectra for kaolin
samples with those for the heat-treated kaolin is was performed. Four bands (3686;
3667; 3650 and 3619 cm–1) are well defined suggesting an ordered structure of
kaolin for kaolin in the range of 3686 ÷ 3619 cm–1 [4]. The 3686 cm–1 band is due
to the surface hydroxyl groups and produces an O-H stretching vibration in the
phase perpendicular to the 1:1 layer [5]. The 3667 cm–1 and 3650 cm–1 bands are
from O-H vibrations parallel to the 1:1 layer and the 3619 cm–1 band is due to the
O-H stretching vibrations of the internal forth group 4 intern [4] (see Fig. 5).
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Fig. 5 – Infrared spectrum of the kaolin sample.

In the case of kaolin heated for 1 h and 2 h respective at 650°C, the bands
intensity gradually decreases in the range 3686–3619 cm–1 (Fig. 6 and Fig. 7). A
partially ordered kaolinite structure [6] occurs as a result of kaolin dihydroxylation
by calcination as well as the OH bonds breaking layers [7]. For samples heated 1 h at
650°C (see Fig. 6), the IR band intensities decreases with the maximums at 1114,
1025 and 1001 cm–1 in 1200–1000 cm–1 range confirming start of Si-O transformation
from kaolin. The process is accentuated for 2 h heated samples (see Fig. 7) where
the bands are replaced by the 1031 cm–1 and 1010 cm–1 ones. For 3 h heating the
bands are no longer found in the FTIR spectrum (see Fig. 8), suggesting a
transformation of the kaolinite into the reactive amorphous phase [8].

Fig. 6 – Infrared spectrum of kaolin sample heated at 650°C for 1 h.

Since there are no bands between 1620–1642 cm–1, responsible for deformation
vibration of the H-O-H bonds in water molecule [9], it can be assumed that there is
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somewhat water or not in the sample [9]. The bands with a maximum at 1114 cm–1,
1025 cm–1 and 1001 cm–1 are replaced by a single one with the maximum at 1035 cm–1
which is characteristic for the amorphous silica.

Fig. 7 – Infrared spectrum of kaolin sample heated at 650°C for 2 h.

Fig. 8 – Infrared spectrum of kaolin sample heated at 650°C for 3 h.

For the kaolin thermally treated 1 h at 700°C, a significant decrease of the
bands in the 3686–3619 cm–1 range and 912 cm–1 is observed in the IR spectrum
(see Fig. 9), suggesting a poorly ordered kaolin structure and formation of the
metakaolin respectively. The bands 1114 cm–1 and 1001 cm–1 from 1200–1000 cm–1
range are disappearing and IR bands intensity decreases with maximums at
1025 cm–1 (found at 1029 cm–1) and at 1001 cm–1 (found at 1006 cm–1). This
confirms the beginning of the transformation process of the Si-O bond from kaolin.
The 912 cm–1 and 532 cm–1 band presence suggests that can be found in the sample
traces of kaolinite structure. For the kaolin heated at 700oC for 2 hours, the
bands in the range 3686–3619 cm–1 as well as the 912 cm–1 ones are no longer in
the IR spectrum (Fig. 10).
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Fig. 9 – Infrared spectrum of kaolin sample heated at 700°C for 1 h.

Fig. 10 – Infrared spectrum of kaolin sample heated at 700°C for 2 h.

Thus, the kaolinite is transformed into the reactive amorphous phase. The bands
with maximum at 1114 cm–1, 1025 cm–1 and 1001 cm–1 are replaced by a single
band with maximum at 1047 cm–1 characteristic of amorphous silica. The bands
with maximum at 788 cm–1 and 751 cm–1 are replaced by a band with maximum at
779 cm–1 characteristics of the amorphous phase of kaolin. The FTIR spectra
confirm kaolinite transformation into the reactive amorphous phase by heating. The
band with maximum 779 cm–1 corresponds to the Al3+ modification from an
octahedral configuration to a tetrahedral one. The disappearing of the 910 cm–1,
643 cm–1 and 527 cm–1 band from the IR spectrum for 3 hours heated kaolin (see
Fig. 11) suggests that no trace of the kaolinite structure is retained in metakaolin.
The IR spectrum of the heat-treated kaolin at 700oC for 3 h does not change
comparing of those heated for 2 h. Therefore, it takes only 2 hours of kaolin
calcination at a temperature of 700° C to obtain the total transformation of kaolinite
into the amorphous phase.
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Fig. 11 – Infrared spectrum of kaolin sample heated at 700°C for 3 h.

When the kaolin is heated for 1h at 750oC (Fig. 12), 2 h (Fig. 13) and 3 h
(Fig. 14), the same processes as in the case of 3 hours at 650oC and 2 hours at
700oC calcination are observed. Thus, there are missing the bands in the range
3686–3619 cm–1. The bans with maximum at: 1114 cm–1, 1025 cm–1 and 1001 cm–1
are replaced by a single one with a maximum at: 1045 cm–1 for 1 h heated kaolin,
1049 cm–1 for 2 h heated kaolin and respective 1053 cm–1 for 3 hours heated kaolin.
The band with maximum at 788 cm–1 of the kaolin is replaced by the kaolin bands:
795 cm–1 (1 h heated), 779 cm–1 (2 h heated) and respective 778 cm–1 (3 h heated)
resulting a total transformation of kaolinite into amorphous phase.

Fig. 12 – Infrared spectrum of kaolin sample heated at 750°C for 1 h.

The results emphasize that increasing the calcination temperature and the
exposure time influence the decomposition of the structure and the disappearance
of the hydroxyl bands.
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Fig. 13 – Infrared spectrum of kaolin sample heated at 750°C for 2 h.

Fig. 14 – Infrared spectrum of kaolin sample heated at 750°C for 3 h.

4. CONCLUSION

The chemical and microstructural analysis of the kaolin used in this study
confirms the majority of alumina and silica, as well as the layered structure with
hexagonal crystallized sheets specific to kaolinite. SEM images emphasize that the
heat treatment and grinding do not change the morphology of resulted materials.
The results of the FTIR analysis revealed, by comparing the IR spectra for
the heated kaolin samples, a gradual decreasing of the bands intensity in the range
3686–3619 cm–1 with the increase of temperature and heating time. This is due to
the dihydroxylation of kaolin following calcination and metakaolin formation, coupled
with a structural amorphization of the initial kaolin. The complete transformation
of kaolin into metakaolin is observed for the following heating conditions: 650°C,
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minimum 3 h; 700°C, minimum 2 h and 750°C, minimum 1 h, and confirming the
results obtained by other authors [9–14].
In the future studies we intend to determine the optimum heating treatment
for metakaolin with the highest reactivity in order to be used as an admixture with
high pozzolanic in the mortars for radioactive waste immobilization.
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