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Abstract

Processing of mullite-based refractory ceramic bodies by unidirectional dry pressing, from different formulations that include Al-
rich sludge, as single or main component is described. The sludge is produced from anodising or surface coating processes and is
generated in the wastewater treatment unit of an industrial plant. After a detailed characterisation study, involving determinations

of chemical, thermal and granulometric parameters, as-received, and previously dried (110 �C) or calcined (1400 �C) sludge was
used alone or combined with common ceramic raw materials, such as diatomite, kaolin or ball clay. Green bodies were consolidated
by dry pressing and fired at temperatures in the range 1400–1650 �C, and the mechanical, thermal and electrical properties of the

fired products were evaluated. Promising refractory materials based on mullite, mullite+alumina, or alumina were obtained.
# 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Aluminium anodising and powder surface coating pro-
cesses are commonly used techniques to protect metallic
bodies from corrosion effects and to achieve some aes-
thetic effects, such as colouring. These processes are highly
water consuming, not only in each consecutive chemical
batch but also to properly wash the pieces in between [1].
As a direct consequence, a huge amount of wastewater is
generated and proper treatments are required to satisfy
environmental criteria of the final generated effluent
able to be sent out of the factory. Efficient solids removal
and pH control of the suspension are the main required
costly and time consuming operations [2,3]. Another con-
sequence of these processes is the formation of high
amounts of sludge, mostly constituted by colloidal alumi-
nium hydroxide, sodium or calcium (generated from
neutralising solutions) and aluminium (used as floccu-
lating agent) sulphates, and water (up to 85 wt.%) [2,3].
Despite the potential high degree of metal mobility in

aqueous solutions, this sludge has been often classified as

non-hazardous [4]. However, the high daily-producing
amounts and the difficulties in reducing their volume, by
suitable filter-pressing methods, require high transpor-
tation costs for disposal (22–30 US$/ton). In EU coun-
tries, about 100 000 metric tonnes per year are currently
generated [5] and no interesting applications were
implemented up to now.
On the other hand, predictable high alumina contents

of such calcined residues and their compositional con-
stancy along the time makes them very attractive for
recycling processes, such as trying to recover aluminium-
based compounds, processing of alumina-based materials
[6], or attempting to incorporate them in other products.
In this last field, several materials have been investigated
as inertization matrixes, such as concrete, glass and cera-
mics [7–9]. Some other possible applications for the raw
Al-rich sludge have been attempted such as a glue for
paper production [10], or as a sulphate-containing floc-
culation agent in wastewater purification processes [1].
This work aims to develop mullite or alumina-based

ceramic refractories, shaped by unidirectional pressing of
dried powder mixtures made of Al-rich sludge and com-
mon natural raw materials, such as kaolin, ball-clay and
diatomite. These products should present high thermal
inertness, electrical insulating properties, and strong
mechanical strength. A detailed description about the
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processing and evaluation of the ultimate materials
properties is given.

2. Experimental

2.1. Raw materials and batch formulations

The main component used to formulate several cera-
mic compositions was an Al-rich sludge generated in the
wastewater treatment unit of an anodising or surface
coating industrial plant (Extrusal, S.A., Aveiro) and used:
(1) as-received and strongly humid (water content of
about 85 wt.%), and (2) previously dried (at 110 �C for 24
h) or calcined (at 1400 �C for 2 h). The dried sludge is
mostly constituted by aluminium hydroxide. Aluminium,
calcium and sodium sulphates are also present as minor
constituents. Its complete chemical and mineralogical
characterisation is given elsewhere [4,5]. Calcination at
1400 �C decomposes all soluble salts and organic addi-
tives, and prevents the ulterior occurrence of possible
deleterious phenomena or technological processing dif-
ficulties like high shrinkage levels, surfacial segregation,
the formation of efflorescences or coloured spots, and
mechanical deterioration. XRD analysis reveals the single
presence of a-Al2O3 [5].
Other common Portuguese natural raw materials were

used: (1) ball-clay (BM-8, Barracão); (2) kaolin (Mibal-B,
Barqueiros); and (3) a previously calcined (at 600 �C, for 2
h) diatomite (Anglo-Portuguese Society of Diatomite,
Óbidos). Their average chemical compositions were
obtained by XRF and EDS and are given in Table 1.

XRD analysis revealed that the mineralogical con-
stituents were: (1) kaolinite, quartz and traces of illite
(ball-clay); (2) kaolinite, quartz, and small amounts of
micaceous and feldspathic minerals (kaolin); (3) and
basically amorphous silica (diatomite) [11].
The starting batch formulations are shown in Table 2,

and the corresponding main oxide compositions estimated
from the data given in Table 1 are also presented in Table 2.
The use of as-received sludge was partially attempted in C3
formulation, while dried and calcined (at 1400 �C) sets
were used in C1 and C2 compositions, respectively.

2.2. Preparation and characterization techniques

Starting aqueous suspensions having a solids load of
30–35 wt.% were deagglomerated and mixed by wet ball
milling for 15 h, poured into plaster moulds to partially
remove the water and then dried at 110 �C during about
24 h. The dried cakes were reduced to powders by
deagglomeration in rapid porcelain jar mills for 15 min.
Green bodies of different shapes and dimensions, rec-
tangular (62�20 mm) and circular (�=25 mm) and
about 3 mm thick were consolidated by uniaxial press-
ing at about 32 MPa. Bodies were then fired at different
maximum temperatures, depending on the composition,
namely, at 1400 and 1450 �C (C1); and at 1450, 1550,
and 1650 �C (C2 and C3). Firing cycles correspond to
heating and cooling rates of 5 �C/min and 1 h soaking
at maximum temperature.
Particle size distributions of the as-received and dis-

persed sludge and of the several mixtures were measured
by X-ray dispersion analysis (SediGraph 5100 V3.2—

Table 1

Chemical compositions of raw materials determined by XRF and EDS (Al-sludge and diatomite)a

Raw material SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 CaO MgO SO3 K2O Na2O LOI

Al-sludgeb 4.54 – 87.16 0.72 0.36 1.37 – 0.79 – 5.06 –

Kaolin Mibal-Bc 47.00 0.20 37.10 1.10 – 0.10 0.15 – 2.00 0.20 12.15

Ball-clay 53.32 0.80 28.71 2.27 – 0.23 0.11 – 1.85 0.09 11.88

Diatomited 92.30 – 1.40 1.80 – 1.80 – – 2.70 – –

a LOI, loss of ignition at 1000 �C.
b Calcined at 1400 �C for 2 h.
c As given by the supplier.
d Calcined at 600 �C for 2 h.

Table 2

Tested batch formulations (wt.%) and corresponding chemical compositions adjusted and simplified to the Al2O3–SiO2–CaO ternary system

Composition Al-sludge Kaolin Mibal-B Ball clay Diatomite Al2O3 SiO2 CaO

C1 79.5a – – 21.5 63.5 29.5 8.2

C2 42b 15 15 28 49.6 44.0 6.5

C3 100c – – – 86.5 4.5 9.1

a Dried sludge (110 �C for 24 h).
b Calcined sludge (1400 �C for 2 h).
c Mixture (50:50 wt.%) of wet (as-received) and calcined sludge.
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Micromeritics). Apparent densities of fired bodies were
determined by the Archimedes method (Hg immersion),
while the real densities were measured by H2O pycno-
metry on grinded (<45 mm) sintered samples. Water
absorption values were determined from the weight dif-
ferences between the as-fired and water saturated samples
(immersed for 2 h in boiling water) samples [12]. These
values are related with the volume fraction of open
pores (apparent porosity). Linear shrinkage values upon
drying and firing were evaluated from the variation of
the main dimension (length) of the paralelepipedic sam-
ples. The flexural strength (Lloyd Instruments LR 30K)
of the sintered samples was the measured mechanical
parameter. Dilatometric analysis (Netzsch 402 EP) was
used to characterize the thermal expansion behaviour of
dried and fired samples. Mineralogical characterization of
the raw materials and determination of main crystalline
phases formed during firing was done by XRD (Rigaku
Denk Co., Japan). Microstructural study (SEM—Hitachi
S4100) of fired bodies was also conducted on previously
etched samples (5v/v HF solution for 2–5 min). Finally,
electrical resistivity of Pt-electroded sintered samples
was evaluated by impedance spectroscopy (HP 4284A,
between 20 and 10 [6] Hz) as a function of temperature
(600–1100 �C).

3. Results and discussion

3.1. Sludge characterization

DTA/TGA curves of the wet (as-received) sludge are
shown in Fig. 1. Removal of high amounts of free water
or moisture is clearly denoted by the strong endother-
mic peak that occurs up to about 200 �C, corresponding
to a weight loss of nearly 80%. A previous drying
operation held at 110 �C for 24 h strongly reduces this
phenomenon, as denoted by the lower weight changes
on TGA curve. The gel-like consistency of the as-
received sludge and the presence of significant amounts
of hydroxides, are probably the main reasons for the

continuous weight loss observed for the dried sample up
to about 500 �C.
DTA curve shows another endothermic inflection

between 770 and 860 �C that might corresponds to the
decomposition of aluminium sulphate:

Al2 SO4ð Þ3 ! Al2O3 þ 3SO3 ð1Þ

Slight changes on TGA curves probably mean minor
presence of this soluble salt.
Both TGA and DTA curves denote further decom-

position reactions at temperatures higher than 1200 �C,
probably due to the presence of different sulphates (Na
and/or Ca), derived from the neutralizing batches of the
anodising suspension. Therefore, a calcination step at
1400 �C was adopted to remove the soluble salts from
the sludge and avoid unwanted problems related with
differential migration or the formation of efflorescences.
Particle size analysis of the sludge (Fig. 2) confirms its

fine character, being all particles inferior to 1 mm and the
average size around 0.4 mm. This fineness might enhance
mixing problems with other components and requires wet
preparation processes that start from slurries.
Thermal expansion behaviour of the dry sludge is

given in Fig. 3. A strong shrinkage (about 6%) is
observed up to near 500 �C, certainly related with sig-
nificant amount of released water (�33.5 wt.%). This

Fig. 1. TGA/DTA curves of wet and previously dried (at 110 �C)

sludge.

Fig. 2. Particle size distributions of different compositions and of the

as-received dispersed sludge.

Fig. 3. Dilatometric curves of dried bodies made of several composi-

tions and of pure sludge. Inserted picture gives a detailed view of the

expansion behaviour of samples C2 and C3 up to about 600 �C.
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observation confirms the need of a careful control of the
heating process of pure or sludge-rich samples, to avoid
deformation or failure risks. At about 1100 �C the
abrupt collapse corresponds to starting of the sintering
process. However, densification process seems to be
stopped between 1200 and 1300 �C, probably due to
gases release derived from decomposition of calcium
sulphate. According to Mackenzie [13] a ! b anhydrite
transformation occurs at about 1225 �C before its
decomposition into CaO and SO3. Above 1300 �C,
densification process seems to restart.

3.2. Influence of composition and sintering temperature
on the proprieties of ceramic bodies

Although the overall compositions of formulations
C1, C2 and C3 are very complex, as shown in Table 1,
the simplification attempt to represent them in the tern-
ary equilibrium phase diagram of the main components
SiO2–Al2O3–CaO [14] was made. Following this
approach, similar oxides were grouped and converted

into the main representative oxide of each family (e.g.
alkaline and earth-alkaline oxides were accounted as
CaO, TiO2 as SiO2, etc.). The simplified compositions
are given in Table 2 and their locations in the phase
diagram are shown in Fig. 4. Formulation C1 is closer
to the mullite phase, and silica or alumina enrichment
was tried with compositions C2 and C3, respectively. C2
belongs to the alumina-mullite-anorthite triangle and is
located in the field of primary mullite (2Al2O3.SiO2)
crystallization. C3 formulation is close to a pure alu-
mina material and is located in corundum field. Its
refractoriness is expectably higher. Final stable phases
expected for C1 and C2 fired compositions are respec-
tively mullite+alumina, and mullite+silica. XRD pat-
terns (Fig. 5) partially confirm these predictions, except
for C2 formulation were mullite is the single crystalline
phase detected. In this case, silica might be dissolved in
the glassy phase. C3 composition shows b-alumina
(NaAl11O17) in addition to the predicted corundum, and
in agreement with some previous results [5,7]. A combi-
nation of sodium in this phase should not affect the

Fig. 4. Al2O3–SiO2–CaO equilibrium phase diagram showing the location of simplified C1, C2 and C3 compositions.
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refractoriness of the material, since b-alumina is a well-
known refractory inert material commonly used also as
ionic conductor [15].
As predicted, C1 formulation is the highest reactive,

and water absorption levels of only 1% were obtained
for samples sintered at 1450 �C. In this material, the use
of fine reactive dried sludge particles might favour ear-
lier maturation processes. Fig. 6a shows a representative
view of its microstructure, which confirms the presence
of prismatic mullite grains involved by the glassy phase
fulfilling the main portion of the inter-crystalline pores.
On the contrary, the sintering of C2 and C3 composi-
tions should be done at 1650 �C to get similar densifi-
cation levels (Table 3). Real density values of C3
samples are clearly higher than the other formulations,
due to the dominant presence of alumina (density of
3.98) [16]. Fig. 7 shows the microstructural evolution of
C2 material with sintering temperature. Needle-like
mullite small tertiary crystals are visible at 1450 �C and
the amount of pores is still high. A more abundant
glassy phase was formed at 1550 �C, enabling the
growth of the mullite needles and fulfilling practically
all the inter-crystalline pores. Only the larger inter-
agglomerate pores are still visible. Finally, at 1650 �C
large well-developed tabular crystals have been formed
and all the pores seem to be covered by the glassy-phase
(Fig. 6b).
Mechanical and thermal expansion values, in addition

to densification levels of tested samples, are summarized
in Table 3 as a function of the sintering temperature. It
can be seen that for all the compositions, density and
bending strength values increase with increasing sinter-
ing temperatures. The highest value of bending strength
(�259 MPa) was obtained for the composition C3 when
fired at 1650 �C. This was expected from its higher alu-
mina content and the less amount of glassy phase
formed (Fig. 6c). Densified pure alumina bodies show
flexural strength values higher than 310 MPa and their
Moh’s hardness is around 9 [16]. C2 samples are

mechanically weak (only 58 MPa at 1650 �C), as pre-
dicted from the absence of alumina crystals in the cera-
mic matrix. In accordance to XRD results, single
mullite crystals are observed surrounded by the glassy
phase (Fig. 6b). This behaviour is also related with

Fig. 5. XRD patterns of powdered samples of C1, C2 and C3 com-

positions fired at corresponding maximum temperatures (^- mullite;

&, a-alumina; ^, NaAl11O17).

Fig. 6. Typical microstructures of (a) C1, (b) C2, and (c) C3 samples

fired at 1450 (the first one) and 1650 �C.
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relatively lower densification levels, which are in accor-
dance with higher water absorption values.
Thermal expansion behaviour of dried samples is

shown in Fig. 3. The curve of C1 formulation is similar

to that of the pure dried sludge, in respect to the higher
shrinkage values during the first heating stages (up to
1000 �C) and also in the occurrence of the mentioned
non-densification step above 1200 �C. Overall shrinkage
levels are also similar. We should keep in mind that this
formulation contains dried sludge that will decompose
upon firing. Densification process of C2 samples is
delayed and less pronounced than that of C1 formula-
tion, and only small shrinkage values can be observed
up to 1200 �C, certainly due to the use of previously
calcined sludge. These features are in accordance with
lower final densification levels, already mentioned.
Finally, the sintering process of C3 samples starts even
at higher temperatures, despite the use of wet sludge. In
comparison with C2 composition, slightly higher
shrinkage is noticed at low temperatures (up to about
700 �C—see Fig. 3). However, the inertness character of
the calcined sludge and the absence of clay-based com-
ponents (that also decompose) or diatomite in the for-
mulation C3 increase its refractoriness. We should also
remind that after drying, the weight ratio between cal-
cined and non-calcined sludge becomes about 50:25.
The as-received wet sludge looses about 50% of its
initial weight upon drying at 110 �C (Fig. 1). Shrinkage
evolution above 1400 �C (Fig. 8) is in accordance with
expansive tendencies now discussed.

Fig. 8. Shrinkage evolution of all tested samples as a function of the

sintering temperature.

Table 3

Relevant characteristics of sintered bodies

Composition Sintering

temperature

(�C)

Bending

strength

(MPa)

Water

absorption

(%)

Apparent

density

(g/cm3)

Real

density

(g/cm3)a

Densification

(% )

Thermal epansion

cefficient (20–�C)

mm/m (�C�1)

C1 1400 47 2.87 2.65 – 88.9 –

1450 86 0.06 2.80 2.98 94.0 6.702

1450 35 39.72 2.13 – 76.6 5.25

C2 1550 38 7.51 2.23 – 80.2 5.67

1650 58 0.69 2.50 2.78 89.9 5.62

1450 56 22.9 1.95 – 54.0 –

C3 1550 159 7.54 2.70 – 74.8 –

1650 259 0.08 3.29 3.61 91.1 8.41

a Determined by H2O pycnometry, as suggested by Sugiyama et al. [18].

Fig. 7. Microstructural evolution (SEM) of C2 samples as a function

of the sintering temperature. (a) 1450 �C; (b) 1550 �C (the view of the

sample sintered at 1650 �C is shown in Fig. 6).
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Similar dilatometric tests were conducted with sin-
tered samples. Their average thermal expansion coeffi-
cients (Table 3) are comprised in the range between the
average values of mullite (3.8�10�6 K�1) and alumina
(8.0�10�6 K�1) [16,17]. Amongst all the compositions,
C2 samples present the lowest values (about 5.2–
5.7�10�6 K�1), in accordance with SEM and XRD
analyses that show the presence of single mullite crystals
embedded in a silica-rich vitreous phase (low expansive,
as well). On the contrary, C3 formulation is more
expansive, being the values (about 8.4�10�6 K�1) very
similar to those of a pure alumina. C1 sintered material
is made of alumina and mullite crystals (Fig. 6a) and its
thermal behaviour traduces combined effects of both
phases.
Electrical conductivity of samples was also measured

as a function of the temperature (Fig. 9). All composi-
tions show interesting insulating properties, being the
C3 the highest resistive, as expected from its high alu-
mina content. Resistivity values (�) are comparable to
those of a commercially-grade alumina. For example,
current samples show �=1.02�105 � cm at 1000 �C,
against 5.0�105 � cm of a 94%-pure commercial mate-
rial [17]. Lower values exhibited by the current samples
are probably related with formation of incipient
amounts of b-alumina and/or the presence of impurities.
As observed for other characteristics, C2 formulation is
the highest conductive (�=8.94�102 � cm at 1000 �C)
and C1 samples show intermediate values (�=2.04�103

� cm at 1000 �C).

4. Conclusions

The use of Al-rich sludge from anodising processes as
the main component in the formulation of pressed bod-
ies seems to be an interesting recycling destination for
this abundant industrial waste. Its use (as-received and
previously dried or calcined), as a single raw material or
combined with common ceramic components, gives
good controlled final compositions based on alumina,

mullite or mixtures of both phases after sintering at
1450–1650 �C. The design of interesting technological
properties, such as high electrical and mechanical resis-
tance, refractoriness, etc, was found to be easily achiev-
able by controlling the initial batch formulation and/or
the sintering schedule. Its adaptability for several shap-
ing techniques is now under progress.
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