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a b s t r a c t

Red mud (RM), the digestion by-product of bauxite processing from “Aluminum Hellas”, was dewatered
by means of a filter press. The filtrand with water content from 28 to 32 wt% was named ferroalumina
(FA). In order to utilize it as a raw material in the production of Ordinary Portland Cement (OPC), mixtures
were prepared with limestone, sandstone and 1, 3 and 5 wt% FA addition, respectively. The design of the
mixtures was based on the cement’s compositional indexes LSF, AM and SM. Burnability tests showed
that less than 1 wt% free lime can be obtained in all cases for firing at 1450 ◦C, except for the mixture with
1 wt% FA addition, which requires 1550 ◦C. XRD analysis and optical microscopy examination showed that
FA addition did not affect the mineralogical phases of the produced clinkers. The characterisation of the
produced Portland cements indicated that differences on surface area, water requirement and setting
ilter press
ater-soluble chromium

time are negligible. Compressive strength results after 28 days of curing varies from 55 to 63 MPa, which
ranks the produced cements in CEM I 42.5N category. More specifically, the cements with FA addition
due to their relatively high 2-day strengths (>20 MPa) can be ranked in CEM I 52.5N category. Addition of
FA increases the amount of water-soluble chromium proportionally to the amount of total chromium to
the mixture; however, conversion of total Cr to hexavalent Cr remains practically constant, in the range of
32–35 wt%. The results indicate that FA can be used as raw material in the production of OPC up to 5 wt%

l com
according to the chemica

. Introduction

Red mud (RM) is the by-product of the digestion of bauxite ores
ith caustic soda in autoclaves according to the Bayer process, in

rder to produce alumina. Its constituents are mainly Fe2O3 and
l, Ca, Si, Ti and Na oxides distributed in various mineral phases.

t contains also small quantities of V, Cr, Mn, Cu, Cd, Ni, Zn, Pb, Mg
nd K oxides as well as rare earth elements [1].

The worldwide alumina industry produces annually 70 Mt of RM
2,3], whilst the amount for Greece is 0.7 Mt. RM is considered as a
aste material and is disposed in mud lakes in the form of slurry

mpoundment or is dry stack in ponds near alumina plants or into
nearby sea. The latter is the case of Greece, where the RM is

ischarged through a pipeline into Antikyra Bay on the northern
horeline of the central Gulf of Corinth. RM fineness, thixotropic

ature, alkalinity and trace metal content are some of the issues

or land and sea disposal, which are today’s main practices [4]. A
ignificant amount of research has been carried out during the last
ears in order to develop environmental-friendly procedures for

∗ Corresponding author. Tel.: +30 2610 969530; fax: +30 2610 990917.
E-mail address: angel@chemeng.upatras.gr (G.N. Angelopoulos).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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position of the other raw materials.
© 2009 Elsevier B.V. All rights reserved.

the disposal [2] as well as for the utilization of RM. In the latter,
field applications have been proposed concerning the water and soil
treatment [5,6], the use as a catalyst [7] as well as the production
of building and structural materials [8–12].

Cement industry, in particular, has already utilized with success
a large number of waste materials for clinker production such as
metallurgical slags, sludge from waste water treatment, glass, min-
ing and municipal wastes [13–16]. Regarding the utilization of RM
in the cement production, published work exists in the area of spe-
cial and iron-rich cements [1,9] as well as of the Ordinary Portland
Cement (OPC) [17,18]. In the case of [17], the addition of RM was
3.5 wt% and the results indicate that the physical and mechanical
properties of the produced cement were similar to those obtained
from the reference cement. In the case of [18], the addition of RM
was 2.5 wt% and the produced cement presented similar physical
properties and an improvement in the early day strengths compar-
ing to the reference one. The main problem for the use of the RM
slurry as a raw material in the cement industry is the high content

in water (∼400 g/l solids), which increases the energy demand and
makes difficult its handling and its transportation.

In Greece, a research project EPAN No. 12252/19-11-02, sup-
ported by the General Secretariat of Research and Technology
(GSRT), was carried out aiming at the utilization of the RM as raw

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:angel@chemeng.upatras.gr
dx.doi.org/10.1016/j.jhazmat.2009.02.049
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aterial in the field of construction materials. The scope of the
roject was the dewatering of RM and the utilization of the fil-
rand in the existing production routes of the heavy clay and cement
ndustries. The project results, led the company “Aluminium Hel-
as” on the installation of an industrial filter press in its integrated
ndustrial complex. The press of the French company Choquenet
as 760 m2 active surface with 156 plates covered with double
olypropylene filters. Its productivity is 350,000 t FA per year. Its
ater content varies from 26 to 28%. The cost of the investment was
,150,000 D . The total cost for the processing of the entire quantity
f the produced RM (700,000 t/year) is estimated to 7,000,000 D .

Considering that, 22 Mt of raw materials are used each year in
reece for the production of 15 Mt of OPC [19], additions up to
–3 wt% in the raw meal will result in the utilization of the majority
f the produced RM.

In this work, the results of the research performed in order to
valuate the utilization of the RM in the OPC manufacturing process
re presented. RM was dewatered by means of a filter press. The
ltrand was named ferroalumina (FA). Two series of experiments
ere carried out with FA addition up to 5 wt% in the raw meals.

n the first series, the physicochemical properties of the produced
PC were evaluated, whereas in the second one, the levels of water-

oluble chromium were measured. The design of the meals of both
eries of experiments was based on the widely applied in industrial
ractise LSF, AM and SM indexes.

. Experimental

RM slurry with concentration of approximately 400 g/l was sup-
lied by “Aluminium Hellas”. The dewatering was performed by
eans of a filter press equipped with 20 synthetic fibre cloth fil-

ers of active surface 180 × 180 mm2 operating at 0.55 MPa. In order
o avoid settling of the slurry, the 200 l capacity supply tank was
quipped with a two impeller 0.5 kW stirrer operating at 30 rpm,
s shown in Fig. 1. After the dewatering procedure, the water con-
ent of the produced filtrand (FA), was determined by weighting
our samples from different filters along the press, before and after
rying at 110 ◦C. Chemical composition of FA was determined by
tomic absorption spectroscopy, whilst its mineralogical compo-
ition was determined by X-ray diffraction (XRD) analysis. Other
aw materials used for the preparation of the meals were lime-
tone and sandstone, as CaO and SiO2 carriers, respectively. The
bove raw materials were delivered by the Greek cement indus-
ry “TITAN”. They were crushed and milled under 90 �m and their
hemical composition was determined by X-ray fluorescence (XRF)

nalysis.

For the evaluation of the physicochemical properties of the OPC,
aw meals with 1, 3 and 5 wt% FA addition were prepared. The design
f the FA-containing meals was based on keeping the LSF index sim-
lar to the one of the reference mixture and the alumina (AM) and

ig. 1. Layout of laboratory filter press installation, (1) stirrer 0.5 kW operating at 30 rpm
AKU filter press with 20 synthetic fibre cloth filters of active surface 180 × 180 mm2, (6)
s Materials 168 (2009) 473–478

silica (SM) modulus within the limits that are required for the pro-
duction of OPC. The reference mixture was also delivered by “TITAN”
cement industry. Particle size distribution was measured by a laser
scattering analyzer, whereas the thermal behaviour was evaluated
by DTA–TG analysis. Burnability tests were performed for the deter-
mination of free lime. Approximately 100 g of each mixture was
fired at 1450, 1500 and 1550 ◦C for 40 min and the free lime content
in each temperature was determined according to ASTM C114-03
[20]. The aim of these tests was to determine the temperature in
which free lime content was below 1 wt%

For the sintering process, the meals with minimum water addi-
tion were shaped into 30 mm spherical pellets and preheated at
1000 ◦C for 4 h in order to remove the physically and chemically
bounded water, the volatile organic matter and the CO2 mainly from
the dissociation of limestone. Subsequently, and according to the
burnability test results, the pellets were fired in order to produce
clinker. In all cases, an electric furnace with MoSi2 heating elements
was used. The chemical analysis of the clinkers was performed by
XRF analysis. The microstructure of the clinker was evaluated by
optical microscopy in polished sections after etching with 1% nital.
Subsequently, the clinker was mixed and co-ground with 5 wt% gyp-
sum. The specific surface of the so-produced cement was measured
with a Blaine apparatus according to EN 196-6 [21]. The mineralog-
ical composition of the samples was determined by XRD analysis.
The setting time and the water requirement were determined by a
Vicat needle apparatus and a Vicat probe, respectively, according to
EN 196-3 [22]. Compressive strength of 40 × 40 × 160 mm3 mortar
prisms at 2, 7, 28, 90, 180 and 360 days, was determined according
to EN 196-1 [23].

As FA may contain up to 0.2 wt% Cr, the charge in water-soluble
chromium of the produced cements was evaluated in a second
series of experiments. In this case, the compositional indexes LSF,
AM and SM of the raw meals were maintained similar to the ref-
erence one in order to ensure as possible the same mineralogical
composition for all clinkers. This was accomplished by adding spe-
cific proportions of limestone, sandstone as well as FA up to 3 wt%
to the reference meal. The meals were shaped as in the first series of
experiments and were fired at 1450 ◦C. The produced clinkers were
co-grounded with 5 wt% gypsum. Subsequently, the so-produced
cements were mixed with water in a 10:1 liquid to solid ratio for
15 min followed by filtration. The chromium content of the water
solution after filtration was determined by atomic absorption spec-
troscopy.

3. Results and discussion
3.1. Characterisation of raw materials and meals

FA cake obtained from the filter press had 32 wt% water content
and 1.8 g/cm3 apparent density. XRF chemical analyses of FA, lime-

, (2) 200 l supply tank, (3) rotary pump, (4) 30 l feed tank operating at 0.55 MPa, (5)
P = 30 Mpa.
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Table 1
Chemical analysis of raw materials.

Oxides Content of raw materials (wt%)

Limestone Sandstone Ferroalumina

SiO2 7.14 73.53 10.70
Al2O3 1.26 15.54 18.70
Fe2O3 0.93 3.53 43.00
CaO 50.86 2.24 11.40
MgO 0.79 0.42 0.19
K2O 0.16 1.44 0.06
Na2O 0.15 0.31 3.53
TiO2 ND ND 4.16
Cr2O3 ND ND 0.20
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Table 2
Composition of raw meals.

wt%
Reference 1 wt% FA 3 wt% FA 5 wt% FA

Raw materials
Limestone 87.75 86.50 85.30
Sandstone 11.25 10.50 9.70
Ferroalumina 1.00 3.00 5.00

Oxides
SiO2 14.14 14.66 14.22 13.76
Al2O3 3.28 3.04 3.28 3.52
Fe2O3 2.50 1.64 2.47 3.29
CaO 44.15 44.99 44.57 44.17
MgO 0.69 0.74 0.73 0.72
K2O 0.56 0.30 0.29 0.28
Na2O 0.27 0.20 0.27 0.34
TiO2 0.00 0.04 0.12 0.21
LOI 34.45 35.25 34.80 34.50

Total 100.04 100.87 100.76 100.79
OI 39.00 3.00 9.00

otal 100.29 100.01 100.94

D, not determined.

tone and sandstone, after drying at 110 ◦C, are given in Table 1.
RD analysis of FA is presented in Fig. 2. The main mineralogical
hases detected are hematite [Fe2O3], diaspore [AlO(OH)], gibb-
ite [Al(OH)3], calcite [CaCO3], calcium–aluminium–iron silicate
ydroxide [Ca3AlFe(SiO4)(OH)8], perovskite [CaTiO3] and cancri-
ite [Na6Ca2Al6Si6O24(CO3)2·2H2O]. The composition of raw meals
s well as their chemical analysis, together with the composi-
ional indexes LSF, AM and SM, are presented in Table 2. Increasing
A addition, the content of Al2O3 and Fe2O3 increases whilst the
ontent of SiO2 decreases. The meal with 3 wt% FA addition is com-
arable to the reference one. The meal with 1 wt% FA addition
resents the highest AM and SM indexes whilst the one with 5 wt%
A, the lowest.

The DSC–TG curves are presented in Fig. 3. For the mix-
ures with FA, the DSC curves presents an endothermic peak at
70–280 ◦C, which is attributed to the removal of crystalline water
rom calcium–aluminium–iron silicate hydroxide and most proba-
ly sodium–aluminum silicate. Peaks at 340 and 510–540 ◦C, which
ere observed elsewhere [24], and correspond to the decomposi-

ion of gibbsite and diaspore, respectively, are not present due to
he relatively low proportion of FA, up to 5 wt%, in the meals. For
emperatures over 670 ◦C, the dissociation of limestone and other
arbonate compounds initiates for all the mixtures and is concluded

t about 870 ◦C.

TG results are in accordance with the DCS analysis. Up to approx-
mately 670 ◦C a 2–3% weight loss is observed. An abrupt change in

eight loss is observed between 670 and 870 ◦C due to the dissocia-

Fig. 2. XRD spectrum of Ferroalumina.
LSF 97.92 98.44 98.41 98.55
AM 1.31 1.85 1.33 1.07
SM 2.45 3.13 2.47 2.02

tion of carbonates. At higher temperatures, a plateau is observed in
all cases. Small differences in the overall weight loss were recorded
reflecting the differences in calcite content in the samples. The ref-
erence sample having the lowest calcium oxide content presents
the lowest weight loss value of 34.32 wt%, whilst the mixture with
1 wt% FA, having the highest calcium oxide content, presents the
highest weight loss of 35.14 wt%.

The particle size distribution of all samples is depicted in Fig. 4.
No significant differences are observed. All samples have practically
similar particle size distribution.

The results of the burnability tests are presented in Fig. 5. In
order to achieve free lime content less than 1 wt%, the reference
meal as well as the ones with 3 wt% and 5 wt% FA required a firing
temperature of 1450 ◦C. The meal with 1 wt% FA addition requires
a higher temperature of 1550 ◦C. This is attributed to the fact that
the alumina AM and silica SM modulus for 1 wt% FA are the highest
of all meals (Table 2).

3.2. Clinker and cement characterisation
The chemical composition of the produced clinkers was deter-
mined by XRF analysis, whilst their mineralogical composition was
derived applying Bogue’s equations, Table 3. Alite (C3S) content

Fig. 3. DSC–TG analysis of raw meals.
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Fig. 4. Particle size distribution of raw meals.

Table 3
Chemical and mineralogical composition of the produced clinkers.

wt%
Range [13] Reference 1 wt% FA 3 wt% FA 5 wt% FA

Oxides
SiO2 19–23 22.05 23.61 22.64 21.53
Al2O3 3.5–6.5 5.66 4.17 4.52 4.89
Fe2O3 2–4 3.38 1.94 3.17 4.40
CaO 62–68 67.12 67.45 66.93 66.07
MgO – 1.60 0.83 0.82 0.81
K2O – 0.54 0.24 0.32 0.38
Na2O – 0.23 0.17 0.27 0.38
SO3 – 0.22 0.08 0.13 0.16

Total – 100.80 98.49 98.80 98.62

Mineralogical phases [8]
% C3S 42–67 62 64 65 66
% C2S 9–30 16 19 16 12
% C3A 6–14 9 8 7 6
% C4AF 1–12 10 6 10 13

Fig. 6. Microstructure of Portland cement clinker; (a) and (b) reference and 1 wt% FA, resp
3 wt% FA, clustering of belite in interstitial melt, (d) 5 wt% FA round belite crystals with ty
Fig. 5. Burnability test of raw meals.

varies from 62 to 66 wt% for all meals. Belite (C2S) content decreases
with the increase of FA addition due to the decrease of SiO2 con-
tent of clinkers. Calcium-aluminoferrite (C4AF) increases with FA
addition due to the increase of total Fe2O3. The clinker of the refer-
ence meal presents similar contents of C2S and C4AF to the one with
3 wt% FA addition. Moreover, due to its higher alumina content, it
presents higher content of C3A and lower content of C3S.

The microstructure of the clinkers is presented in Fig. 6. Addition
of FA did not affect qualitatively the formed mineralogical phases.
The texture of all clinkers is similar. The matrix contains prismatic
C3S crystals, round C2S crystals and interstitial phase. The bluish or
tan subhedral and euhedral alite crystals exist in a variety of sizes.
Differences in coloration occur most probably due to differences in

crystallographic orientation, structural state and chemical compo-
sition. In several cases, alite crystals are strongly zoned. The latter
is more noticeable in the case of reference sample. Moreover, alite
contains inclusions of belite, which are more conspicuous in the
case of the reference and 1 wt% FA samples. Belite crystals in most

ectively, strongly zoned prismatic alite crystals with inclusions of round belite, (c)
pical multidirectional lamellae.
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Fig. 7. X-ray diffraction of the produced Portland cements.

Table 4
Physical properties of the produced cements.

Physical properties Reference 1 wt% FA 3 wt% FA 5 wt% FA

Specific Surface (cm2/g) 3730 3810 4010 3870
I
F
W

c
c
a
s
o
t
h
i
c

o
F
t
d
C

s
e
t
(
3
t
o
w
o

3

w
t
t
r

Compressive strength after 2 days curing is over 20 MPa, whereas
after 28 days, it varies from 55 to 63 MPa. These values rank the
obtained FA cements in CEM I 52.5N category. Finally, the addition of
FA increases the amount of water-soluble chromium proportionally
to the amount of total chromium of the mixture.

Table 5
Compressive strength of the produced cements.

Compressive strength (MPa)

CEM I [13] Reference 1 wt% FA 3 wt% FA 5 wt% FA

42.5N 52.5N

2 days ≥10.0 ≥20.0 19.2 26.5 27.4 30.8
7 days NR NR 39.2 48.2 42.9 44.3
28 days ≥42.5 ≥52.5 55.6 62.9 57.5 58.4
90 days NR NR 57.5 69.6 65.2 63.0
180 days 60.2 71.2 67.8 68.3
360 days 64.3 73.1 69.8 70.2

NR, no requirement.

Table 6
Composition of raw meals, second series.

Raw material % Raw meals constituents

Reference 1 wt% FA 2 wt% FA 3 wt% FA

Reference meal 100.00 97.80 55.00 55.00
Limestone – 1.20 35.00 34.50
Ferroalumina – 1.00 2.00 3.00
Sandstone – – 8.00 7.50

Total – 100.00 100.00 100.00

LSF 96.21 96.12 96.30 96.32
AM 1.31 1.34 1.22 1.20
SM 2.45 2.42 2.25 2.19

Table 7
Conversion of initial Cr into water soluble in the produced cements.
nitial Setting Time (min) 100 100 80 90
inal Setting Time (min) 160 140 160 150
ater Demand (%) 21.6 22.4 22.6 22.2

ases occur in lumps. In the case of the reference, are brown-blue
oloured, whereas in samples with FA, are brown-tan coloured. In
ll cases, they present typical multidirectional lamellae except for
ample with 3 wt% FA addition, which shows minimal development
f lamellae. The interstitial melt of relatively high proportion is bet-
er differentiated in the case of the sample with 3 wt% addition. At
igher magnification, not presented herein, it can be noted that the

nterstitial melt is crystallized to a mixture of ferrite (C4AF) and
alcium aluminate (C3A), that is, not of a dendritic texture.

All clinkers were co-ground with 5 wt% gypsum for 10 min, in
rder to produce OPC. The XRD analyses of the produced cements,
ig. 7, indicate that addition of FA did not affect the formation of
he mineralogical phases. The FA addition cements present similar
iffraction peaks to the reference one, with the phases C3S, C2S,
3A, C4AF and anhydrite to dominate.

The cements with FA present greater specific surface for the
ame grinding time and greater water demand than the refer-
nce one in order to acquire the desirable consistency. The setting
ime for all the produced cements varies between 40 and 80 min
Table 4). The compressive strength results for 2, 7, 28, 90, 180 and
60 days of curing, are displayed in Table 5. The results indicate
hat all the produced mortars may be ranked as Portland cements
f 42.5N category according to EN196. More specifically, the pastes
ith FA addition can be ranked into a higher category, the 52.5N

ne, as their 2-day compressive strength are over 20 MPa.

.3. Evaluation of FA addition on chromium charge
The design of the second raw meals series is presented in Table 6
hilst in Table 7, the total chromium content of the cement (Crtot),

he water-soluble hexavalent chromium content (Cr+6) as well as
he chromium conversion defined as Cr+6/Crtot × 100 are presented,
espectively. Total chromium, from 0.159 mg/g in the reference
s Materials 168 (2009) 473–478 477

sample, increases to 0.271 mg/g in the sample with 3 wt% FA. Water-
soluble chromium increases too for the same samples, from 0.053
to 0.086 mg/g. It is observed that chromium conversion remains at
similar levels from 32 to 35%. This value is higher than the 10–20%
conversion that is reported in previous study [25]. For European
member states, the limit of the water-soluble chromium in cement
is 0.0002 wt% according to the directive 2003/53/EC of the EU Par-
liament. An excess of the above-mentioned limit can be affronted
with measures already existing in the industrial practice such as
use of a reducing agent such as ferrous sulphate [26].

4. Conclusions

RM was dewatered by means of a filter press. The filtrand named
FA presents water content from 26 to 28%.

The addition of FA as a raw material in the raw meal for the pro-
duction of cement is feasible up to the investigated 5 wt% according
to the chemical composition of the other raw materials. FA addi-
tion does not affect the thermal behaviour of the meals. Burnability
tests showed that free lime less than 1 wt% can be obtained for
firing temperature of 1450 ◦C in all cases except for mixture with
1 wt% FA addition, which requires 1550 ◦C. XRD analysis and opti-
cal microscopy examination showed that FA addition did not affect
qualitatively the mineralogical phases formed in the produced
clinkers. Characterisation of the cements showed that differences
on surface area, water requirement and setting time are negligible.
Cr Reference 1 wt% FA 2 wt% FA 3 wt% FA

Initial in raw meal (mg/g) 0.153 0.187 0.229 0.271
Water soluble in cement (mg/g) 0.053 0.066 0.072 0.086
% Conversion 35 35 32 32
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