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bstract

pecific heats of four clays (standard reference kaolins, commercial kaolin and montmorillonite) before and after dehydroxylation have been
easured. The results were compared with handbook data for the thermal chemical properties of solids. Good agreement has been obtained for

◦ ◦ ◦
he reference kaolin before any thermal treatment. Then, following thermal treatments at 500 C, 600 C and 700 C, dehydroxylation leads to a
rogressive decrease of heat capacity per unit mass. After dehydroxylation, heat capacity values for all the studied materials are rather similar and
gree closely with those estimated by the rule of mixtures. Finally, an empirical relation describing the specific heat capacity (C) in J kg−1 K−1 of
ehydroxylated kaolin from 40 ◦C to 1100 ◦C is proposed: C = 1128 + 0.102T − 36 × 106T−2 where T is in K.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The energy cost for large scale production of ceramic objects
as become a critical issue. Nowadays, as a consequence of
ore ecologically aware policies, energy requirements during

he firing cycle and also properties of the final product, such
s the heat storage ability, have to be identified and predicted.
onsequently, evaluation of the specific heat of the raw material
nd its subsequent variation with thermal treatment represents
undamental and vital knowledge.

In various sectors of the manufacturing industry, such as
hitewares (earthenware, porcelain, etc.), structural clay prod-
cts (tiles, roof tiles, brick, etc.) or refractories, the basic raw
aterials are constituted of clays. These are a mixture of clay
inerals (phyllosilicates), associated minerals (feldspar, quartz,

tc.) and impurities (iron, titanium, etc.). Typically, the fabrica-
ion process involves forming where the raw material mixture is
orked into the required shape, for example by casting, drying

nd then firing to obtain a dense robust object. During firing

oth structural and microstructural changes take place in the
lay material. Even if associated minerals and impurities can
nfluence the kinetics of densification,1,2 the most important
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volution concerns the phyllosilicate phases. Indeed the origi-
al phyllosilicate is a hydrated aluminium silicate with a layered
rystal structure in the form of fine grains. This transforms into
n amorphous phase or a mixture of amorphous and crystallised
hases depending on the thermal treatment.

In general, the specific heat of a material constituted of dif-
erent solid phases can be calculated using the rule of mixtures.
his rule also gives a useful approximation for a material of
nknown specific heat providing its chemical composition can
e broken up into constituent parts with known values. How-
ver, situations can occur where such an approach has its limits.
ccording to Debye theory, because of a difference in terms of

tomic structure and binding, two solids with the same chemi-
al composition could have different specific heats particularly
n the low temperature regime. For example, in the case of car-
on, measurements with an adiabatic calorimeter by Lebedev
t al. show that at room temperature there is a difference of 30%
etween the specific heats of diamond and graphite.3 Therefore,
n order to test the validity of the rule of mixtures for complex
lay based materials, measurements are necessary.

As early as 1887, Le Chatelier studied the thermal reac-
ions occurring in clays on heating.4 Then work by Simpson,
note, MacGee and Cohn and reported measurements of the

eat involved in clay transformations and also that related
o the specific heat.5–8 The values cited for specific heat in
hese early papers correspond to average values measured for

large change in temperature (20–1050 ◦C). More recently

dx.doi.org/10.1016/j.jeurceramsoc.2011.01.007
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easurements made on various clays show that, at room temper-
ture, their heat capacities vary from 780 to 950 J kg−1 K−1.9,10

nfortunately, the exact mineralogical compositions are not
iven, which makes further use more difficult. According to
he handbook of the “Thermal Chemical Properties of Inor-
anic Substances”, the value at room temperature for kaolinite
s 945 J kg−1 K−1.11 Then, after dehydroxylation, which leads
o metakaolinite, according to the same handbook, the room
emperature heat capacity increases to 1006 J kg−1 K−1. These
alues were used for a previous study on thermal conductivity of
aolinite using the laser flash technique.12 It should however be
oted that the handbook curve for metakaolinite does not reveal
he same sensitivity to temperature variation as that given for
aolinite. This behaviour merits further study.

In conclusion, only a few studies are available describing the
volution of the specific heat of clays and in particular phyllosil-
cates with thermal treatment. No established behaviour seems
o exist. To clarify the situation and refine our results, measure-

ents using an adiabatic calorimeter have been made. The aim
f this article is therefore to measure specific heat for two pure
aolin clays before and after dehydroxylation. The approach is
hen extended to two slightly more complex commercial clays
nd the validity of the rule of mixtures is examined.

. Experimental

Clay minerals are classified as either 1:1 or 2:1
hyllosilicates.13 The four chosen materials consist essen-
ially of a mixture of 1:1 phyllosilicate (kaolinite) and/or 2:1
hyllosilicates (montmorillonite, illite, muscovite), secondary
hases (quartz, feldspar, etc.) and impurities (iron). The model
aterials labelled KGa-1B and KGa-2 are standard reference

aolin clays from Georgia (USA) supplied by the “The Clay
inerals Society”. Both of them contain more than 95 wt.%

f kaolinite.14–16 KGa-1B is well crystallised (high Hinck-
ey index, i.e. 1.03), whereas KGa-2 exhibits a lot of defects
low Hinckley index, i.e. 0.37).17 The commercial raw mate-
ials are BIO kaolin from Echassière (Allier, France) supplied
y “les Kaolins de Beauvoir” and a montmorillonite supplied
y “Argiletz”. BIO kaolin consists principally of kaolinite
∼80 wt.%), muscovite (∼17 wt.%) and quartz (<4 wt.%).18 The
tudied montmorillonite contains less than 65 wt.% of 2:1 phyl-
osilicates (montmorillonite, illite), a high percentage of quartz
∼30 wt.%) and iron (7 wt.%).19 The principal characteristics of

hese raw materials are summarized in Table 1.

It should be noted that a sample of KGa-1B was enriched with
ron following the method of Arias et al.20 Finally, measurement
y Inductively Coupled Plasma-Atomic Emission Spectrometry

C

w
m

able 1
rincipal characteristics of studied clays: kaolin KGa-1B,14 KGa-2,15 BIO,18 montm

Material Main phases

odel materials KGa-1B Kaolinite (>95%)
KGa-2 Kaolinite (>95%)

aw industrial materials BIO Kaolinite (∼80%), musco
Montmorillonite Montmorillonite (<65%),
ig. 1. Comparison of measured specific heat values and those of literature for
pure tin oxide powder.

hows that the powder contains 9.5 wt.% of Fe2O3. According
o Soro, it is in the form of ferrihydrite nanometric particles.17

The transformations in the clays due to thermal treatment
ere studied using differential thermal analysis (DTA). Then
reen bodies and fired samples were characterized using X-ray
owder diffraction (XRD).

Specific heat was measured, between 40 ◦C and 220 ◦C on
aw or thermally treated powder using a Calvet type calorimeter
C80, Setaram). The apparatus was calibrated in energy through
elting of an indium sample. Because of the thermal inertia of

he furnace, the heating rate is slow (0.2 ◦C min−1) between an
nitial 2 h dwell at 30 ◦C and the final 2 h dwell at 220 ◦C. The
eat capacity is then calculated by:

= Ae − AB

mv
(1)

here Ae and AB are the measured heat flows with and with-
ut the sample, respectively (mW), m is the sample’s mass and
is the heating rate. The measurement validity was verified

sing a tin oxide powder (Aldrich, purity 99.9%), whose spe-
ific heat is well known.11 The difference between literature and
ur measurement is less than 2% for all temperatures (Fig. 1).

For comparison to measured specific heat, the term “calcu-
ated specific heat” refers to those values obtained using the rule
f mixtures, given by:

∑

rom =

i

miCi (2)

here Crom is the calculated specific heat, mi and Ci are the
ass fraction and specific heat of phase i, respectively. For each

orillonite.19

Comments

Well crystallised
Numerous defects

vite (∼17%), quartz (<4%) /
quartz (∼30%), illite High percentage of quartz and iron (∼7%)
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emperature T (K), Ci is calculated using a polynomial:

i = (ai + bi10−3T + ci106T−2) (3)

here ai, bi and ci are the coefficients given by the thermochem-
cal data handbook.11 The given coefficients were divided by the

olar mass of the solid phase to obtain directly the specific heat
n J kg−1 K−1.

. Results and discussion

.1. Structure and microstructure

Phyllosilicates are hydrated aluminium silicates with a lay-
red crystal structure in the form of fine grains. At an atomic
cale, a layer consists of one octahedral sheet (Oc) and one
r two tetrahedral sheets (Te) piled up in the c-axis direction
Fig. 2). In fact, clay minerals can be classified depending on
he way that tetrahedral and octahedral sheets are packed into
ayers as 1:1 (Te–Oc) or 2:1 (Te–Oc–Te). If inside a layer the
onds, including those to the OH groups, are ionic or covalent in
ature, between layers the bonds are weaker (hydrogen or Van
er Waals) and in some cases space is provided for interlayer
ations, such as potassium.

The loss of hydroxyl groups from the crystal structure, called

ehydroxylation, is an endothermic phenomenon. Using dif-
erential thermal analysis, it was detected between 500 ◦C and
00 ◦C for all of the studied materials (Fig. 3). This phenomenon
as less clearly seen in the case of the montmorillonite material

  Silicon 

  Oxygen 

  Aluminium 

  Oxygen or hydroxyl group 

Tetrahedral layer

Octahedral layer

a

b

c

Fig. 2. Schematic of the octahedral and tetrahedral planes.
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ig. 3. DTA between 200 ◦C and 800 ◦C of (a) montmorillonite, (b) BIO kaolin,
c) KGa-1B kaolin and (d) KGa-2 kaolin.

ecause of the poor signal to noise ratio. Using X-ray diffraction,
he main evolutions and characteristics of our samples before
nd after dehydroxylation were followed (Figs. 4 and 5). The
-ray diffraction patterns confirm that KGa-2 kaolin is less crys-

allised than KGa-1B kaolin, relating to peak broadening. They
lso indicate the presence of quartz and 2:1 phyllosilicate in the
IO kaolin and the studied montmorillonite. It should be noted

hat because of a high proportion of iron in the montmorillonite,
he corresponding X-ray diffraction pattern contains more noise.

For KGa-1B and KGa-2 kaolins, after dehydroxylation, no
rystallised phases, except anatase, can be detected even though
he layer structure is maintained in a distorted form called
etakaolin up to 900 ◦C. However, according to MacKenzie
t al., approximately 10% of hydroxyl groups remain in the
tructure.21 For BIO kaolin and montmorillonite, since after

20100 2 θ (°)
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    Illite / Muscovite

    Quartz 
    Kaolinite 

    Montmorillonite

ig. 4. XRD patterns for (a) montmorillonite, (b) BIO kaolin, (c) KGa-2 kaolin
nd (d) KGa-1B kaolin, as green bodies.
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Table 2
Comparison of measured and calculated specific heat values for pure KGa-1B kaolin and for KGa-1B kaolin enriched with 9.5 wt.% iron as a function of temperature.

Temperature (◦C) Heat capacity (J kg−1 K−1)

KGa-1B KGa-1B with iron

Literature Measured values Calculated values Measured values

40 984 974 954 953
60 1023 999 992 980
80 1058 1043 1025 1014

100 1089 1085 1055 1054
1
2

d
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50 1154 1176
00 1208 1223

ehydroxylation the muscovite and illite structures are main-
ained until 800 ◦C and above,22,23 only these 2:1 phyllosilicates
re still detected in the diffraction patterns (Fig. 5).

.2. Specific heat of raw materials

The measurements of heat capacities of KGa-1B and KGa-2
aolins between 40 ◦C and 215 ◦C exhibit the same values within
.3%. In this particular case, we deduce that there is no influence
f crystallinity on heat capacity. Furthermore the measured heat
apacity is in close agreement with literature yielding difference
f less than 2.5% for all values in the temperature range.

A sample of KGa-1B kaolin was enriched with 9.5 wt.% of
ron. According to calculation using the rule of mixtures, its spe-
ific heat should be about 3% lower than for kaolinite without
ron. Measurements are in close agreement with the calcula-

ions (Table 2). From these results, the measurement accuracy
s deduced to be better than 3%.

The heat capacity of untreated BIO kaolin is slightly lower
han that of KGa-1B. The difference varies between 20 at 40 ◦C
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   Feldspar 
    Quartz 

A     Anatase 
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ig. 5. XRD patterns for (a) montmorillonite treated at 650 ◦C and (b) BIO
aolin, (c) KGa-2 kaolin, (d) KGa-1B kaolin treated at 700 ◦C.
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nd 40 J kg−1 K−1 at 200 ◦C. BIO kaolin contains 80 wt.% of
aolinite. Taking into account an upper limit of 4 wt.% of quartz,
hose heat capacity is 735 J kg−1 K−1 at 23 ◦C, only a decrease
f 10 J kg−1 K−1 can be explained. Therefore, the reduced value
f heat capacity could also be attributed to the 17 wt.% of mus-
ovite in BIO kaolin providing muscovite has a lower heat
apacity than kaolinite. Finally, the heat capacity of montmo-
illonite is significantly decreased compared to KGa-1B kaolin
y approximately 100 J kg−1 K−1 throughout the temperature
easurement range 40–200 ◦C. This seems to be related to the

igh proportion of 2:1 clay minerals (∼60 wt.%). Muscovite and
ontmorillonite are 2:1 clay minerals, and thus contain fewer

ydroxyl groups than kaolinite (Table 3). It can be deduced that
he proportion of hydroxyl groups has a significant effect on the
pecific heat capacity values.

.3. Effect of thermal treatment

The measurements on the raw materials suggest that the value
f heat capacity per unit mass is related to the OH content in the
lay mineral. Thermal treatment for dehydroxylation constitutes
nother route to induce a strong change in the OH content of
clay mineral. The values of heat capacity per unit mass are

herefore compared before and after dehydroxylation. However,
he literature data for kaolinite and metakaolinite is somewhat
mbiguous. In fact the two curves cross over at 70 ◦C so that
he effect of dehydroxylation is an increase in specific heat
elow 70 ◦C and a decrease in specific heat for values above
0 ◦C (Fig. 6). Furthermore this behaviour is different from that
redicted by the rule of mixtures. Based on the chemical compo-
ition of metakaolinite, the rule of mixtures predicts less than 1%

ifference between the specific heat values at 23 ◦C for a mixture
f mullite and cristobalite (748 J kg−1 K−1) and that for a mix-
ure of alumina and silica in the form of quartz (749 J kg−1 K−1).
etailed values are given in Table 4.

able 3
ormulas of montmorillonite, muscovite and kaolinite.

Formula

ontmorillonite Si4(Al2−xRx
2+)O10(OH)2CEx·nH2O

uscovite KAl3Si3O10(OH)
aolinite Si2Al2O5(OH)4
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Table 4
Example of calculated specific heat obtained in the case of dehydroxylated kaolin KGa-1B (a) with respect to its chemical composition (b) on the assumption that it
has been entirely transformed into mullite and cristobalite.

Components Specific heat at 23 ◦C (J kg−1 K−1) Chemical composition (wt.%) Calculated specific heat (J kg−1 K−1)

SiO2 (quartz) 735 52.25 749 (a)
Al2O3 (alumina) 767 45.42
TiO2 686 1.92
Fe2O3 654 0.24
K2O 895 0.02
Na2O 1103 0.03
MgO 920 0.07
CaO 751 0.03

2 66 748 (b)
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Fig. 7. Measured specific heat of KGa-1B kaolin treated at (a) 500 ◦C, (b) 600 ◦C
and (c) 700 ◦C.
SiO2, 3Al2O3 (mullite) 750
iO2 (cristobalite) 744

Experimentally, powders were thermally treated to 500 ◦C,
00 ◦C or 700 ◦C (heating rate: 5 ◦C min−1), corresponding to
he temperature range for dehydroxylation of KGa-1B kaolin
Fig. 3). The powders were cooled after reaching the maximum
emperature of the cycle, except for the sample treated at 700 ◦C.
n this case, the maximum temperature was maintained for one
our before cooling. The calorimeter measurements show that
t the beginning of dehydroxylation, the heat capacity is the
ame as that of the raw material, and afterwards it corresponds
o that calculated by the rule of mixtures (Fig. 7). For a ther-

al treatment at 600 ◦C, the heat capacity curve lies halfway
etween these two limits. In fact, the curves are approximately
arallel and the particular behaviour reported by literature for
etakaolinite was not observed.
Samples of KGa-1B kaolin were also treated at 1050 ◦C and

400 ◦C. The thermal treatment at 1050 ◦C leads to the for-
ation of an amorphous phase. At higher temperatures, it is

omposed of a mixture of amorphous phase, cristobalite and
ullite (Fig. 8). However, measurements of the specific heats of

hese two samples exhibit values close to those calculated using
he rule of mixtures. No particular effect of crystallisation was

etected (Table 5).

Moreover according to a previous study, there is a good agree-
ent between the calculated values and those measured at higher
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ig. 6. Specific heat values of kaolinite, metakaolinite,11 and those calculated
y the rule of mixtures between 25 ◦C and 500 ◦C.

Fig. 8. XRD patterns of KGa-1B kaolin treated at (a) 1400 ◦C and (b) 1050 ◦C.

Table 5
Comparison of calculated and measured specific heat values of thermally treated
KGa-1B kaolin as a function of temperature.

Temperature (◦C) Heat capacity (J kg−1 K−1)

Calculated Treated at 1050 ◦C Treated at 1400 ◦C

40 792 808 809
80 875 869 864

120 935 910 919
160 980 939 984
200 1015 976 988
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emperatures (350–1100 ◦C).12 For kaolinite treated at 700 ◦C
metakaolinite) and higher temperatures up to 1400 ◦C, we there-
ore propose an empirical relation, which describes the specific
eat capacity as a function of temperature (T in K) between
0 ◦C and 1100 ◦C:

= 1128 + 0.102T − 36 × 106T−2 (4)

It can be noted that these more refined heat capacity val-
es have a slight effect on room temperature values of thermal
onductivity of thermally treated KGa-1B kaolin reported in a
revious paper.12

Finally, the heat capacity values for BIO kaolin and montmo-
illonite after thermal treatment were estimated using the rule of
ixtures and compared to experiment. First, without the OH

roups the estimated values at room temperature are almost the
ame: 748 J kg−1 K−1 for BIO kaolin and 753 J kg−1 K−1 for
ontmorillonite. Second, the experimental data for BIO kaolin

reated at 700 ◦C and montmorillonite treated at 650 ◦C are in
lose agreement with calculations (Fig. 9). The role of the OH
roup content in the heat capacity values of BIO kaolin and
ontmorillonite raw materials is revealed in Fig. 9 by comparing

he curves before and after dehydroxylation.

. Conclusion

Specific heat measurements on kaolin reference clays
95 wt.% of kaolinite), which have not been dehydroxylated,
gree with literature. It has also been shown that crystallinity
oes not have a significant influence on these measured val-
es. In contrast, for more complex clay mixtures, heat capacity
ecreases when the proportion of 2:1 phyllosilicates increases,
hich can be related to the hydroxyl group content.
Further measurements, during and after dehydroxylation,

onfirm the role of hydroxyl groups. Indeed, dehydroxylation
eads to a progressive decrease of heat capacity values. Once

ehydroxylation is completed, values for heat capacities are in
greement with those calculated by the rule of mixtures. These
alues are rather similar for all the studied materials.
eramic Society 31 (2011) 1377–1382
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