
A

“
c
c
o
m
a
l
p
c
©

K

1

w
t
i
s
s
p
o
n
v
t
a

l
c
a
d

0
d

Journal of the European Ceramic Society 27 (2007) 1645–1649

Thermal behaviour of clay mixtures with bauxite
residue for the production of heavy-clay ceramics

Y. Pontikes a, P. Nikolopoulos b, G.N. Angelopoulos a,∗
a Laboratory of Materials and Metallurgy, Department of Chemical Engineering, University of Patras, 26500 Rio, Greece

b Laboratory of Ceramic and Composite Materials, Department of Chemical Engineering, University of Patras, 26500 Rio, Greece

Available online 19 June 2006

bstract

Bauxite Residue”, BR, is the main by-product of the alumina-producing Bayer cycle. Aiming at its utilisation in the production of heavy-clay
eramics, the thermal behaviour of clay body mixtures with BR was investigated. The process parameters examined were the calcite content in the
lay body mixture and the firing temperature, in relation to different BR additions in the clay body mixture. The firing process was studied by means
f DTA–TG and dilatometry whereas the mineralogy was determined by XRD. The DTA–TG curves did not reveal cross-reactions between body
ixture and BR. However, in the mixtures with BR, sintering initiated at a lower temperature and the firing shrinkage was increased. Moreover,
second shrinkage zone was observed for high BR content and firing temperature above 950 ◦C, suggesting the development of a low viscosity
iquid phase. The main mineralogical phases present in the BR modified mixtures after firing were quartz, hematite, clinopyroxenes, gehlenite and
lagioclase. The formation of clinopyroxenes and gehlenite seems to be dependant on all process parameters examined, i.e. calcite content in the
lay body mixture, BR addition and firing temperature.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

“Bauxite Residue”, BR, also known as “red mud”, is the main
aste generated during the production of alumina by means of

he Bayer cycle. It is produced during the digestion of bauxites,
n a sodium hydroxide solution at elevated temperature and pres-
ure, and leaves the cycle as a highly alkaline and of high ionic
trength slurry. The solid portion consists of the insoluble com-
ounds present in bauxites along with compounds introduced
r formed during the Bayer process and a small percentage of
ot recovered alumina (oxy) hydroxides.1 Its disposal remains a
ital problem2–5 and only a few cases have been reported where
he material is being utilised in industrial processes or other
pplications.6–8

Aiming at the utilisation of BR in bulk productive industries,
ike in the field of traditional ceramics, the thermal behaviour of

lay body mixtures with BR additions was studied. The research
ims to define the reactivity of BR thus enabling the optimized
esign of raw materials blends and firing conditions for the pro-
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uction of bricks and roofing tiles. The percentage of BR, the
ring temperature, as well as the calcite content of the clay body
ixture, known to have a significant impact on the mineralogi-

al and physical-mechanical characteristics of the end bodies,9

ere the investigated process parameters.

. Experimental

The raw materials used were two clay body mixtures, R
nd W, industrially used for the production of bricks and roof-
ng tiles, and dried BR supplied by “Aluminium of Greece”,
reece. Both body mixtures consist of quartz, calcite (Mg,
e)-chlorite, muscovite and albite, their main difference being

n the calcite and quartz content. Traces of mixed smec-
itic interlayer minerals, kaolinite and K-Feldspar are likely
o be present whereas illite was also identified in the Ca-
ich formulation. In oxidising firing, body mixture R gives
red bodies of orange-red colour whereas body mixture W of
hite-cream colour. BR consists of hematite, diaspore, gibb-
ite, calcite, quartz, calcium aluminum iron silicate hydrox-
de [Ca3AlFe(SiO4)(OH)8], perovskite [CaTiO3], cancrinite
Na6Ca2Al6Si6O24(CO3)2·2H2O] and; goethite and sodium
luminium silicate hydrate [1.0Na2O·Al2O3·1.68SiO2·1.73H2O]

mailto:angel@chemeng.upatras.gr
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Table 1
Chemical composition, in wt.%, of clay body mixtures W and R and of bauxite residue, BR

Material SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 L.O.I. CaCO3

R 61.43 12.31 8.40 5.45 1.98 1.77 0.52 n.d. 7.41 13.8
W 2.04
B 0.57
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50.34 9.11 13.19 4.91
R 7.79 17.04 11.64 44.34

.d.: not determined.

eem also to be present as minor constituents. More details on
he characterisation of BR can be found elsewhere.10 The chem-
cal analysis of the clay body mixtures R and W, as well as of
R, is presented in Table 1.

For the preparation of the samples, BR was introduced at
teps of 10 wt.%, replacing the clay body mixture, up to 40 wt.%.
he samples were named after the clay body mixture used,
hich defines the first letter, and the percentage of BR intro-
uced, denoted by the number that follows. Thermal behaviour
as studied by simultaneous differential thermal analysis and

hermogravimetry, DTA–TG (STA 409, Netzsch, Germany) and
ilatometry (402ES, Netzsch, Germany). For DTA–TG analy-
is, powder samples were <125 �m and tested in static air with a
eating rate of 10 ◦C/min. Dilatometry was performed on rods,
5 mm in length and 5 mm in diameter, in static air, with a heat-
ng and cooling rate of 3 ◦C/min. The samples have been taken
rom extruded rods, after green machining and polishing with
brasive papers. X-ray diffraction analysis (PW1830, Philips,
he Netherlands) was performed on samples fired in a labora-

ory muffle furnace at three maximum temperatures 900, 950
nd 1000 ◦C. The operating parameters were Cu K� radiation,
0 mA and 40 kV, for a 2θ range from 10◦ to 70◦. The heating rate
rom room temperature to 600 ◦C was approximately 60 ◦C/h,
olding time at 600 ◦C was 2 h, from 600 ◦C to maximum fir-
ng temperature heating rate was 40 ◦C/h and 4 h soaking time.
amples were left to cool inside the furnace until room temper-
ture. The firing temperature did not exceed 1000 ◦C, in view of

he typical industrial conditions employed in the production of
ricks and roofing tiles. In any case, firing above 1100 ◦C should
e avoided due to the reduction of Fe3+ to Fe2+,11 and the O2
volution that may lead to bloating.12

f
s
b
m

Fig. 1. DTA–TG curves for the clay body mixture R, and for the mixtures of R w
1.98 1.66 n.d. 16.02 22.7
0.07 3.17 5.12 9.77 9.70

. Results and discussion

The DTA–TG curves for R and W, with 0, 20 and 40 wt.%
R, are depicted in Figs. 1 and 2, respectively. For the mixtures
ith BR, the first endothermic peak corresponds to two

eactions with maxima at 240 and 285 ◦C. It is attributed to
he removal of crystalline water from calcium aluminum iron
ilicate hydroxide and most probably sodium aluminum silicate
ydrate. At 324 ◦C a smooth peak appears in both R40 and
40, attributed to the decomposition of gibbsite. The decom-

osition of diaspore takes place at 510–540 ◦C;10,13 for R40 the
ndothermic hump is clearly visible whereas for W40 the peak
s less intense. For a temperature higher than 700 ◦C, the dis-
ociation of calcite initiates which is concluded before 800 ◦C.
he reactions taking place at a higher temperature were not

dentified.
The TG curves for the studied mixtures of R with BR appear

imilar. A constant weight loss takes place up to 760 ◦C, whereas
or higher temperatures a plateau is observed and only minimal
eight change was recorded. The overall weight loss is practi-

ally the same for all mixtures. In the case of W, weight loss is
bserved up to 800 ◦C. For W20 and W40, the corresponding
emperatures are 790 and 785 ◦C, respectively, in accordance to
he decreasing percentage of calcite in the body. This is also
eflected on the total weight loss, the less it being the less the
alcite in the mixture.

The results from dilatometry are presented in Figs. 3 and 4,

or R and W group of samples respectively. All mixtures show
imilar dilatation behaviour up to 700 ◦C, the main difference
eing the less intense quartz � ↔ � inversion in the BR modified
ixtures. At a higher temperature sintering initiates accompa-

ith 20 and 40 wt.% bauxite residue substitution, R20 and R40, respectively.



Y. Pontikes et al. / Journal of the European Ceramic Society 27 (2007) 1645–1649 1647

F with

n
t
B
c
t
5
m

w
c
f
c
I
e
p
i
B
i
s
fi

F
R

m
e
a
m
i
a
o
m
t
i
c
i

4
b

ig. 2. DTA–TG curves for the clay body mixture W, and for the mixtures of W

ied by abrupt shrinkage. For all formulations, the breakpoint of
he curves was shifted at a lower temperature for an increasing
R content. This behaviour can be attributed to the higher spe-
ific surface of BR, approximately 11 m2/g measured by BET
echnique, in comparison to the body mixture, approximately
m2/g, that enables the mass transport phenomena to take place
ore readily.
Shrinkage during firing was increased for both clay mixtures

ith BR. For the R group, shrinkage increases accordingly to the
ontent of BR; for W group the highest shrinkage was observed
or W30. Results presented elsewhere,14 for a similar to W
lay body mixture with BR, demonstrate a comparable trend.
n view of the relatively low sintering temperature, the different
xtent of firing shrinkage should be primarily linked with the
acking efficiency during the formation of the samples. Exper-
ments, not presented herein, have shown that for an increasing

R content the open porosity of the extruded green samples

ncreases. The more open configuration leads to higher firing
hrinkage but typically limits the achievement of high-density
nal microstructures.

ig. 3. Dilatometry curves for the clay body mixture R and for the mixtures of
with up to 40 wt.% bauxite residue (BR) substitution.
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m

F
W

20 and 40 wt.% bauxite residue substitution, W20 and W40, respectively.

After maximum densification at 900 ◦C approximately for R
ixture, further heating has a moderate effect resulting in slight

xpansion of the body. For the temperature interval 900–950 ◦C,
ll mixtures of R with BR demonstrate a comparable dilato-
etric behaviour due to the similar mineralogical composition

n terms of Ca-rich phases. For W, increase of the temper-
ture beyond 890 ◦C approximately results in expansion, as
bserved elsewhere for calcite-rich clay formulations.15 For the
ixtures of W with BR, the expansion rate for the tempera-

ure interval 890–950 ◦C gradually decreases as the BR content
ncreases. This phenomenon is related to the decreasing per-
entage of Ca-rich phases for an increasing BR substitution
n W.

For temperatures higher than 950 ◦C and BR percentage of
0 wt.%, a second shrinkage zone was observed for both clay
ody mixtures. This effect is attributed to an enhanced formation

f low viscosity liquid phase. For W40, the shrinkage zone was
ess intense compared to R40, mainly due to the more open

icrostructure as a result of the higher calcite content in the raw
ixture.

ig. 4. Dilatometry curves for the clay body mixture W and for the mixtures of
with up to 40 wt.% bauxite residue (BR) substitution.
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Fig. 5. XRD diagrams for the clay body mixture R and for the mixtures of R
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Fig. 6. XRD diagrams for the clay body mixture W and for the mixtures of W
with up to 40 wt.% bauxite residue (BR) substitution. Firing took place at (a)
9

w
i
i
h
t
f

p
q
fi
t
F
a
e
f
v
a

ith up to 40 wt.% bauxite residue (BR) substitution. Firing took place at (a)
00 ◦C and (b) 1000 ◦C.

The results from the XRD analysis for the R group of
amples and BR, fired at 900 ◦C, are presented in Fig. 5(a).
he main phases identified for R were quartz, plagioclase,
linopyroxenes, gehlenite and hematite. In BR fired at the
ame temperature, hematite, perovskite, corundum, gehlen-
te, sodium aluminium silicate [Na6(AlSiO4)6] and cancrinite
Na6Ca1.5Al6Si6O24(CO3)1.6] were the phases detected; cal-
ium aluminum oxide (Ca3(AlO3)2) is also likely to be present.
or an increasing BR content substituting the R body mixture,

he peaks of hematite become more intense in view of the high
oncentration of BR in hematite. The peaks of quartz, gehlen-
te and plagioclase gradually decrease, whereas clinopyroxenes’
ecome more intense. This is in line with the chemistry of the
ody mixtures being closer to clinopyroxenes structure than to
ehlenite, although rarely such systems are in thermodynamic
quilibrium.16

In Fig. 5(b) the results from the XRD analysis for the R group
f samples and BR, fired at 1000 ◦C, are being presented. For

, quartz, plagioclase-probably anorthite, hematite and clinopy-

oxenes were the identified phases. In BR, fired at the same
emperature, hematite, perovskite, corundum, gehlenite, sodium
luminium silicate [Na6(AlSiO4)6] and nepheline [NaAlSiO4]

t
t
p
I

00 ◦C and (b) 1000 ◦C.

ere detected, whereas calcium aluminum oxide (Ca3(AlO3)2)
s likely to be present. For the mixtures of R and BR, the
dentified phases were quartz, plagioclase, clinopyroxenes and
ematite. Gehlenite has not been formed; both the chemistry of
he bodies and the higher firing temperature seem to favour the
ormation of clinopyroxenes.

The results from the XRD analysis for the W group of sam-
les and BR, fired at 900 ◦C, are presented in Fig. 6(a). For W,
uartz, plagioclase, clinopyroxenes and gehlenite were identi-
ed. For an increasing substitution of W with BR, the peaks of

he above phases become weaker in comparison with hematite.
or 40 wt.% BR, the major phases present are quartz, hematite
nd clinopyroxenes. For firing at 1000 ◦C, a similar “diluting
ffect” is depicted, Fig. 6(b). However, gehlenite was detected
or BR content higher than 20 wt.%. This was not anticipated in
iew of the high firing temperature and due to the fact that the
vailable CaO involved in gehlenite formation, decreases with
he addition of BR. The fact that gehlenite increases accordingly

o the BR content (verified also for 50 wt.% BR substitution)
rompts for a connection between gehlenite formation and BR.
t is therefore likely that the grain size distribution of calcite
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CaAl2Si2O8 phase formation by solid-state reaction of kaolinite with
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n BR plays a significant role, creating calcium rich microsites
hat promote the gehlenite formation.16 The role of calcite’s
rain size on the formation of gehlenite has been demonstrated
lsewhere17 whereas XRD analysis, on different grain fractions
f BR, revealed a calcite enrichment for particles >32 �m.10

his effect was not apparent in the respective R samples with
R, probably due to the moderate calcite content in the body
ixture.
As a general comment on the XRD results, it can be stated

hat the final mineralogical composition of the mixtures appears
o be an assemblage of the clay body mixture and BR. However,
he interplay between clinopyroxenes and gehlenite is notewor-
hy. Moreover, a number of crystalline compounds present in
R have not been detected in the mixtures with clay. Although

t is quite definite that a number of compounds has not reacted
i.e. corundum) and has not been detected due to analytical lim-
tations, it seems also likely that other compounds (i.e. sodium
luminium silicate, nepheline) may have been involved in the
evelopment of liquid phase. This hypothesis is in accordance
ith the dilatometric data and in line with other reported works
n similar systems.18

. Conclusions

For clay body mixtures with BR, the initiation of the sinter-
ng zone took place at a lower temperature. The firing shrinkage
s higher for the mixtures with BR, however does not increase
n all cases accordingly with the content of BR. For BR per-
entage in excess of 40 wt.% and firing temperature higher than
50 ◦C, low viscosity liquid phase seems to be formed, as indi-
ated by the second shrinkage zone observed in dilatometry. The
nal mineralogical composition of the mixtures appears to be an
ssemblage of the clay body mixture and BR. Nevertheless, the
ormation of clinopyroxenes and gehlenite seems to be depen-
ant on all process parameters examined, i.e. calcite content in
he clay body mixture, BR addition and firing temperature.
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et al., Global red mud production potential through optimised technologies
and ore selection. Miner. Resour. Eng., 2000, 9(4), 407–420.

2. Thakur, R. S. and Das, S. N., Red Mud Analysis and Utilisation. Publications
and Information Directorate and Wiley Eastern Limited, New Delhi, 1994.

3. Technology Roadmap for Bauxite Residue Treatment and Utilization. The
Aluminum Association, 2000.

4. Agrawal, A., Sahu, K. K. and Pandey, B. D., Solid waste management in
non-ferrous industries in India, Resources. Conserv. Recycling, 2004, 42,
99–120.

5. Fortin, L., Martinent-Catalot, V. and Guimond, J., Bauxite residue enhance-
ment projects at Alcan Arvida research & development centre: strategy and
status. In Proceedings of the Seventh International Alumina Quality Work-
shop, 2005, pp. 242–245.

6. Rodriguez, G. A. P., Rivera, F. G. and De Aza Pendas, S., Manufacture of
ceramic materials from Bayer process red muds. Boletin de la Sociedad
Espanola de Ceramica y Vidrio, 1999, 38(3), 220–226.

7. http://www.redmud.org.
8. Bott, R., Langeloh, T. and Hahn, J., Re-usage of dry bauxite residue. In

Proceedings of the Seventh International Alumina Quality Workshop, 2005,
pp. 236–241.
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