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Abstract The decomposition behavior of kaolin samples
has been carried out by simultaneous TG-DTA experi-
ments. New layer-structure formation during the calcina-
tion process was found, and metakaolin compound was
detected between 600 and 900 °C. The thermal stability of
kaolin samples was then identified by TG-DTA, and the
results are confirmed by characterization of X-ray powder
diffraction (XRD), N, adsorption (Brunauer-Emmet-Teller
model, BET), and scanning electron microscopy (SEM).
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Introduction

Kaolin [Al,Si,05(0OH),] is a common phyllosilicate min-
eral, which belongs to a large general group known as the
clays. Its structure is composed of silicate sheets (Si,Os)
bonded to aluminum oxide/hydroxide [Al, (OH),] layers. It
is a conventional raw material for ceramics, porcelain,
paper, coatings, rubber, plastics, fire-proof materials,
chemicals, pesticides, medicines, textiles, petroleum, and
building materials [1]. In particular, it is an important
material of a catalyst support or catalyst for hydrogenation
due to its specific characteristics such as high versatility,
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wide range of preparation variables, use in catalytic
amounts, ease of set-up and work-up, mild experimental
conditions, gain in yield and/or selectivity, and low cost
[2]. Thermal stability, morphology and physical properties
such as crystallinity, porosity, and surface area are very
important factors for kaolin application. Therefore, research
on these properties is necessary.

Kok and Smykats-Kloss studied the decomposition
behaviour of dolomite samples by simultaneous TG-DTA
[3]. Ip et al. [4] used thermogravimetric (TG) and differ-
ential scanning calorimetry (DSC) to characterize the clay
components removed from weathered and unweathered
sandstone, and identified two types of kaolin clays, namely,
kaolin and its polymorph, dickite. Cekerevac and Laloui
[5] studied the thermal effects on the mechanical behavior
of saturated clays such as kaolin. Magaraphan et al. [6]
studied the preparation, structure, properties, and thermal
behavior of rigid-rod polyimide/montmorillonite nano-
composites. Castelein et al. [7] focused on the influence of
heating rate on the thermal behavior and mullite formation
from a kaolin raw material. Liu et al. synthesized NaY
zeolites with coal-based clay as raw material using an
activating treatment, hydroxide sodium fusion, and sub-
sequent in situ crystallization hydrothermal synthetic
methods. The in situ synthesis may provide a commercial
route for the utilization of coal-based clay [8]. The thermal
behavior of the different kinds of clay, sepiolite, dolomite,
bentonite, etc., has been widely studied [9-12]. Hence,
many studies had been conducted to study the thermal
behavior of clay. Nevertheless, very few investigations are
currently available on the thermal behavior of kaolin.

In this study, the thermal behavior of kaolin was focused
on. Samples calcined at different temperatures were studied
by X-ray diffraction (XRD) and simultaneous TG-DTA
experiments. Scanning electron microscopy (SEM),
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specific surface area determination, and energy-dispersive
X-ray spectrometry were used to complement XRD and
TG-DTA results. Significant variations in the properties of
calcined kaolin were observed.

Experimental
Materials and preparations

In this article, kaolin’s study was provided by Shijiazhu-
ang Minerals Co., Ltd. (China). Samples were crushed and
sieved to obtain particle sizes between 74 and 149 pm. The
fresh kaolin was dried at 100 °C for approximately 2 min
in a vacuum drying oven (FZG-4A, Yiheng Instruments,
China), and then its components were analyzed on an
energy dispersive X-ray spectrometer (EDX, EDX-700HS,
Shimadzu, Japan). The material is mainly compos of SiO,
and Al,O3 (Table 1).

Calcination of natural kaolin was performed in a muffle
furnace from room temperature to 400, 700, and 1050 °C at
a heating rate of 5 K min~', and then kept at the final
temperature for 2 h in an air environment. The calcined
samples were labeled according to the calcination tem-
perature, namely, M-400, M-700, and M-1050. The fresh
material was labeled as FM. All samples were kept in
desiccators before use.

Sample characterization

XRD patterns were recorded on a diffractometer, using Ni-
filtered CuKo-radiation. Room temperature diffractograms
were recorded at a scanning speed of 0.002° 20 s~ from 5°
to 50°. BET specific surface areas were determined by
nitrogen adsorption at the temperature of liquid nitrogen on
a Gemini 2380 (Mac Inc., USA). SEM was done using a
field emission scanning electron microscope JSM-6700F
(Jeol Datum Ltd., Japan). The compositions of the samples
were analyzed using an EDX (EDX-700HS Shimadzu,
Japan).

TG-DTA curves of the air-dried sample were recorded
using a Diamond TG/DTA (Perkin Elmer Co., Ltd., USA).
Approximately 20 mg of sample was placed in a platinum
crucible in the microbalance and was heated from ambient
temperature to 1200 °C. Analysis was performed under
60 mL min~" supplied airflow and at a heating rate of
10 K min~".

Table 1 Chemical composition of kaolin (% mass/mass)

Composition SiO, Al,O3 Fe,0O; K,O Na,0O CaO MgO TiO,

Content/%  53.57 43.54 1.08 1.52 0.078 0.085 0.094 0.073

@ Springer

Results and discussion
Thermal and structural characteristics

The XRD patterns of FM, M-400, M-700, M-1050 are
shown in Fig. 1. The TG-DTA curves of the kaolin sam-
ples at 20-1200 °C are illustrated in Fig. 2. The first
endothermic mass loss at 20-200 °C is due to moisture
loss. The major endothermic mass loss of the kaolin sample
was observed at 450-600 °C. The minimum weight loss
occurs above 500 °C. This can be attributed to endothermic
dehydroxylation (or alternatively, dehydration) to produce
disordered metakaolin (Al,Si,0;). Dehydroxylation con-
tinued up to 900 °C [13, 14]. This may be attributed to the
gradual oxolation of the metakaolin. Extensive research has
led to a general consensus that metakaolin is not a simple
mixture of amorphous silica (SiO,) and alumina (Al,O3),
but rather a complex amorphous structure that retains some
longer-range order (not strictly crystalline) due to the
stacking of its hexagonal layers [15]. The structure loses its
crystallographic order between 500 and 750 °C, which is
observed by the lack of Bragg scattering from materials
heated above these temperatures. The exothermic peak
above 1000 °C can be ascribed to the formation of the
crystalline phase [16—18]. These TG-DTA results further
support the XRD data on the effect of thermal treatment on
kaolin.

2 ALSi,05(OH),— 2 ALSi,O7 + 4 H,0
Further heating to 925-950 °C converts metakaolin to a

defect, aluminum-silicon spinel (Si3Al4O;,), which is also
referred to as a gamma-alumina type structure.

+ SiO,
V Kaolinite

Muscovite ¢ Al,Si,Os (OH),-2H,0

\ Si,AlO 5

1 M-1050

Intensity/a.u.

10 20 30 40 50

Fig. 1 X-ray diffraction patterns of fresh kaolin and its thermal
treated samples at different calcination temperatures
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Fig. 2 TG-DTA data for fresh kaolin

2 Alei207 — SigAl4012 + SlOz

Upon calcination to around 1050 °C, the spinel phase
(Si3Al40,,) nucleates and transforms to mullite [3Al,O5-
2Si0,], and highly crystalline cristobalite (SiO,).

3 Si3Al4O1; — 2 SipAlgO13 + 5 SiO;
[19]

Morphology

The morphologies of the kaolin materials were studied
by SEM. The SEM pictures of FM, M-400, M-700, and

Fig. 3 SEM images of kaolin
calcined at different
temperatures for 2 h

Table 2 BET analysis of nature kaolin and its calcined sample at
different temperatures

FM M-400 M-700  M-1050
BET surface area/m” g 11.6 10.7 11.3 7.00
Pore volume/cm® g 0.0564 0.622 0.0704 0.0874
Pore size/A 194.6 2333 2486 501.7

M-1050 are shown in Fig. 3. Kaolin has a layered structure
[20]. Layer stripping occurred at increased calcination
temperatures. This indicates that a higher calcination
temperature promotes lamellar layer formation and an
increase in specific surface area. However, the clay struc-
ture collapsed at 1050 °C [19].

BET surface area and porosity

The BET surface area and porosity of all the samples are
summarized in Table 2. The surface area of the samples
decreased with increased calcination temperature, whereas
pore volume and pore size increased on the contrary.
Kakali et al. [21] in their study, pointed out that well-
ordered kaolin transformed in a less-reactive metakaolin
with thermal treatment. Loose structure brings larger pore
volume and pore size. Compared with other samples, the
sample that calcined at 1050 °C showed different proper-
ties. This suggests the formation of the crystalline phase.
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Conclusions

TG-DTA and XRD analyses demonstrate dehydroxylation
of kaolin during calcination. Metakaolin was formed dur-
ing 600-900 °C. The surface area of the samples decreased
with increased calcination temperature. Pore volume and
pore size also increased with temperature. The SEM result
shows that stripping has occurred, and the lamellar struc-
ture was formed at the calcination temperature. Well-
ordered kaolin transformed in a less-reactive metakaolin
concurrently achieved increased thermal stability.

Acknowledgements This research is supported by the National
Natural Science Foundation of China (No. 21006113) and National
Basic Research Program of China (973 Program No.
2009CB219900).

References

1. Prasad MS, Reid KJ, Murray HH. Kaolin: processing, properties
and applications. Appl Clay Sci. 1991;6(4):87-119.

2. Vaccari A. Clays and catalysis: a promising future. Appl Clay
Sci. 1999;14(4):161-98.

3. Kok MV, Smykatz-Kloss W. Thermal characterization of dol-
omites. J Therm Anal Calorim. 2001;64:1271-5.

4. Ip KH, Stuart BH, Thomas PS. Thermal characterization of the
clay binder of heritage Sydney sandstones. J Therm Anal Calo-
rim. 2008;92:97-100.

5. Cekerevac C, Laloui L. Experimental study of thermal effects on
the mechanical behaviour of a clay. Int J Numer Anal Met.
2004;28:209-28.

6. Magaraphan R, Lilayuthalert W, Sirivat A. Preparation, structure,
properties and thermal behavior of rigid-rod polyimide/mon-
tmorillonite nanocomposites. Compos Sci Technol. 2001;61:
1253-64.

7. Castelein O, Soulestin B, Bonnet JP, Blanchart P. The influence
of heating rate on the thermal behavior and mullite formation
from a kaolin raw material. Ceram Int. 2001;27:517-22.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

. Liu XM, Yan ZF, Wang HP. In situ synthesis of zeolite with coal

based clay. J Univ Petrol. 2002;26:94-9.

. Onal M, Sarikaya Y. Thermal behavior of a bentonite. J Therm

Anal Calorim. 2007;90(1):167-72.

Onal M, Sarikaya Y. Thermal analysis of some organoclays.
J Therm Anal Calorim. 2008;91(1):261-5.

Yener N, Onal M, Ustiinisik G, Sarkaya Y. Thermal behavior of a
mineral mixture of sepiolite and dolomite. J Therm Anal Calorim.
2007;88:813-7.

Kok MV, Smykatz-Kloss W. Characterization, correlation and
kinetics of dolomite samples as outlined by thermal methods.
J Therm Anal Calorim. 2008;9:565-8.

Bellotto M, Gualtieri A, Artioli G. Kinetic study of the kaolinite-
mullite reaction sequence. Part I: kaolinite dehydroxylation. Phys
Chem Miner. 1995;22:207-14.

Gualtieri A, Bellotto M, Artioli G. Kinetic study of the kaolinite-
mullite reaction sequence. Part : mullite formation. Phys Chem
Miner. 1995;22:215-22.

White Claire E, Provis John L, Thomas P. Combining density
functional theory (DFT) and pair distribution function (PDF)
analysis to solve the structure of metastable materials: the case of
metakaolin. Phys Chem Chem Phys. 2010;12:3239-45.
Badogiannis E, Kakali G, Tsivilis S. Metakaolin as supplemen-
tary cementitious material - Optimization of kaolin to metakaolin
conversion. J Therm Anal Calorim. 2005;8:457-62.

Shvarzman A, Kovler K, Grader G. The effect of dehydroxyla-
tion/amorphization degree on pozzolanic activity of kaolinite.
Cem Concr Res. 2003;33:405-16.

Rahier H, Van Mele B, Biesemans M. Low-temperature synthe-
sized aluminosilicate glasses. 2.Rheological transformations
during low-temperature cure and high-temperature properties of a
model compound. Mater Sci. 1996;31:80-5.

. Breck DW. Zeolite molecular sieves. New York: Wiley-Inter-

science; 1974. p. 314-315.

Ninov J, Donchev I, Dimova L. On the kinetics of pozzolanic
reaction in the system kaolin-lime—water. J Therm Anal Calorim.
2010. doi: 10.1007/s10973-009-0563-9.

Kakali G, Perraki T, Tsivilis S, Badogiannis E. Thermal treat-
ment of kaolin: the effect of mineralogy on the pozzolanic
activity. Appl Clay Sci. 2001;20:73-80.


http://dx.doi.org/10.1007/s10973-009-0563-9

	Characterization and thermal behavior of kaolin
	Abstract
	Introduction
	Experimental
	Materials and preparations
	Sample characterization

	Results and discussion
	Thermal and structural characteristics
	Morphology
	BET surface area and porosity

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


