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a b s t r a c t

Red mud is a solid waste produced in the process of alumina extraction from bauxite. In this paper,
recovery iron from Bayer red mud was studied with direct reduction roasting process followed by mag-
netic separation, and then building materials were prepared from alumosilicate residues. After analysis of
chemical composition and crystalline phase, the effects of different parameters on recovery efficiency of
iron were carried out. The optimum reaction parameters were proposed as the following: ratio of carbon
powder: red mud at 18:100, ratio of additives: red mud at 6:100, roasting at 1300 ◦C for 110 min. With
these optimum parameters, total content of iron in concentrated materials was 88.77%, metallization ratio
ron recovery
uilding material
ineral transformation

euse

of 97.69% and recovery ratio of 81.40%. Then brick specimens were prepared with alumosilicate residues
and hydrated lime. Mean compressive strength of specimens was 24.10 MPa. It was indicated that main
mineral phase transformed from nepheline (NaAlSiO4) in alumosilicate residues to gehlenite (Ca2Al2SiO7)
in brick specimens through X-ray diffraction (XRD) technology. The feasibility of this transformation under
the experimental conditions was proved by thermodynamics calculation analysis. Combined the recov-
ery of iron with the reuse of alumosilicate residues, it can realize zero-discharge of red mud from Bayer
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process.

. Introduction

With the increasing demand both in China and abroad, many
lumina plants have sprung up in China in recent years. The total
roduction of alumina in China added up to 13.7 million tons in
006 which had increased 60% compared with that of 2005 [1].
hina ranked the second place among alumina production coun-
ries in the world following Australia. Red mud is a solid waste in
he production of alumina by alkaline leaching process of bauxite.
enerally, 1–1.5 tons of red mud will be produced with each ton of
lumina production. And there are approximately 15 million tons
f red mud produced in China every year.

Red mud characterizes to be of high alkalinity, so it can cause
erious environment problems. Alkaline solution and red mud
lurry usually seep from the red mud landfill site or pipelines into
round or underground water. Huge areas of land are required for
he storage of red mud, which may cause the reduction of farming

and. And building and maintenance of red mud dam need a lot of

oney. An alumina plant in Shandong province spent 70 million
uan on a red mud landfill project in China [2].
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Characteristics of red mud differ from different processes of
lumina production [3]. Red mud from sintering process, contain-
ng some reactive substance such as �-2CaO·SiO2, can be used to
roduce construction materials directly [2,4,5]. However, in Bayer
rocess, Al2O3 is dissolved depending on sodium hydroxide from
igh-iron, high-aluminum boehmite and gibbsite bauxite without
alcination. Thus there is less pozzalanic active substance in the
ayer red mud. It is not feasible to use red mud from Bayer process
s construction materials directly. Some research work on calcina-
ion cement was carried out with Bayer red mud by Tsakiridis et
l. [6]. However, only 3–5% red mud can be mixed with other raw
aterials and it is not an effective way compared with the huge

mount of the production of red mud. Pontikes et al.[7] did some
esearch work in producing ceramic with Bayer red mud, which
as the potential of utilization red mud in industries. Some tech-
iques of recovery rare elements from red mud are not applied
ecause of those complicated procedure and high cost, although
ome useful production such as gallium, titanium dioxide, and scan-
ium can be obtained [8–10]. As the high iron content of the Bayer
ed mud, some researches were carried out on recovery iron from

hem [11–14]. In this approach, iron can be recovered with sim-
le treatment, i.e. reduction. It should be noted that alumosilicate
esidues, after the recovery of iron, are up to 60% of total amount of
ed mud, and they also face the problem of storage and secondary
ollution. In this thesis, iron was recovered from red mud of Bayer

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yjiakuan@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2008.03.122
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Table 1
Chemical composition of red mud

C MgO TiO2 Na2O K2O SO4
2− LOI

C 1.32 2.3 10.5 0.04 0.6 9.96
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icate residues were analyzed by X-ray fluorescence (XRF, EAGLE III,
by EDAX). XRF was carried out with Rh target, Si (Li) crystal detector
and calibrated by fundamental parameters.

The alumosilicate residues after magnetic separation and the
slaked lime were mixed together and then the mixture was pressed

Table 2
omponents SiO2 Fe2O3 Al2O3 CaO

ontent (wt%) 20.98 27.93 22.00 6.23

rocess with direct reduction roasting and building materials were
repared with alumosilicate residues magnetically separated from
ed mud.

. Experiment

.1. Experimental theory

Direct reduction process for direct reduction iron (DRI) consists
f gas-based reduction process and coal-based reduction process.
n the gas-based process, deoxidization reaction is done in shaft
urnace, tank furnace or fluidized bed boiler with a reducing gas of

2 or CO. FASMET is the most common coal-based method in China,
n which coal acts as reducing agent and deoxidization reaction is
ompleted in rotary kiln or tunnel kiln [15]. The reaction theory can
e expressed with the following equations [16]:

e2O3 + 3C → 2Fe + 3CO ↑ (1)

e3O4 + 4C → 3Fe + 4CO ↑ (2)

eO + C → Fe + CO ↑ (3)

aking Eq. (3) as an example, the relationship between reduction
egree and parameters is shown in Eq. (4) [17],

R = R′/[AKMc
• exp(−E/R0T)]

+ r′
0�0

•[1/2 − R′/3 − (1 − R′)2/3/2]/3De (4)

In Eq. (4), tR is the time of iron oxide reduction (s), R′ is reduc-
ion degree of production (%), A is reaction constant, E is activation
nergy (J mol−1 K−1), R0 is the ideal gas constant (8.314 J mol−1 K−1),
is the temperature (K), K is the balance constant of iron reduction
quation, Mc is coal ratio (%), r′

0 is grain radius when reduc-
ion degree is R′ (m), �0 is oxygen contain in iron oxide initially
mol m−3), and De is diffuse coefficient in solid phase (m2 s−1).

From Eq. (4), the parameters that influence reduction degree
f reaction are reaction temperature, reaction duration, and ratio
f carbon. Moreover, red mud contains many impurities, such as
iO2, Al2O3, which can have the negative impact on the reduction
eaction between FeO and carbon. Mei et al. found that calcium and
agnesium carbonate can react with these impurities and improve

eduction ratio of FeO [18]. In summary, main factors on iron recov-
ry were ascertained as: reaction temperature, reaction duration,
arbon ratio, and additive ratio.

.2. Raw materials

Red mud from Bayer process was sampled from red mud stork-
ard of an alumina plant in Chiping of Shandong Province, China.
hemical and mineral compositions and ferrous chemical phase
f red mud samples were analyzed. Results of chemical analysis
howed that compositions of red mud comprise Fe2O3, SiO2, Al2O3,
aO, Na2O, and TiO2 (Table 1). The crystalline phases were investi-

ated by powder XRD technique, using Ni-filtered Cu K�, operated
t 40 kV and 30 mA and at the rate of 4◦ min−1. Some mineral
hases exist, such as quartz, hematite, limonite, cancrinite, cal-
ite, and illite, shown in Fig. 1. According to the chemical phase
nalysis, most of iron existed as hematite (Fe2O3) and limonite

C

P

F
F

Fig. 1. XRD pattern of Bayer red mud.

nFe2O3·mH2O), followed by ferrosilite (FeSiO3), siderite (FeCO3)
nd pyrites (FeS) (Table 2).

In order to eliminate the negative effect of carbon on iron recov-
ry experiment [17], commercial analysis grade activated carbon
as used as reducing agent. The additives were made by analysis

rade calcium carbonate mixed with equal magnesium carbonate.
Lime was used as an activator in the preparation of brick spec-

mens, and supplied by the alumina plant as a by-product in the
roduction of CO2. Lime should be slaked before application.

.3. Experimental method

Four group experiments were designed to investigate the effects
f different parameters on iron recovery from red mud, such as
oasting temperature, roasting time, the ratio of carbon to red
ud, and the content of the additives. Red mud was mixed thor-

ughly with carbon and additives according to specific proportions
nd then the mixture was pressed with a cylinder mold I (�
0 mm × 40 mm) by press machine at a pressure of 10 MPa. The
haped columnar samples were put in crucibles, then dried and
oasted at high temperature in furnace. After a given time, roasted
amples were taken out and quenched with water immediately.
roducts were milled and separated by magnetic separator (model:
CGS-79), with working electrical current of 1 A. The content of
otal iron (TFe) and content of metallic iron (MFe) of magnetically
eparated concentrate were analyzed in chemistry method. Then
etallization ratio (MFe/TFe) was calculated, and recovery ratio of

ron (the ratio of the amount of iron in magnetically separated con-
entrate to that in red mud raw material) were deduced according
o mass balance in magnetic separation process.

The element compositions of both the concentrate and alumosil-
hemical phases of iron in red mud

hase Hematite (limonite) Ferrosilite Siderite Pyrites TFe

e (%) 19.24 0.23 0.05 0.03 19.55
e/TFe (%) 98.41 1.18 0.26 0.15 100.00
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Fig. 2. Effects of the roasting temperatures on iron recovery.

ith a shape of cylinder mold II (� 30 mm × 50 mm) by a press
achine at a pressure of 20 MPa. The samples were controlled
ith the same weight and high. Then samples were cured with

he steam of 80 ◦C under 1 atm for 11 h in braising-boiler (model:
XQ-LS-50SII). The compressive strengths of cured samples were
ested after dipped in water for 24 h. The crystalline phases of alu-

osilicate residues and cured brick specimens were comparatively
nvestigated by powder XRD technique. The experimental condi-
ions of XRD were the same as presented in Section 2.2.

. Results and discussion

.1. Iron recovery

.1.1. Effect of temperature on iron recovery
Samples consisted of red mud, carbon and additive at a propor-

ion of 100: 18:6, and were roasted 110 min at a series of different
emperatures such as 1150, 1200, 1250 and 1300 ◦C, respectively.
he effects of roasting temperatures on TFe, degree of metallization,
nd ratio of iron recovery were shown in Fig. 2.

From Fig. 2, TFe and metallization degree (MFe/TFe) at 1200 ◦C
ere lower than that at 1150 and 1250 ◦C obviously. At 1150 ◦C or
igher, low melting point substances such as 2FeO·SiO2, 2FeO·Al2O3
nd 2FeO·2Al2O3·5SiO2 were generated through the reaction

mong FeO and SiO2 or Al2O3. Because of these substances, the
eactive activity of the reactant was decreased, and reduction of
ron oxide and the growth of metallic iron crystalline were blocked.

ith the active effect of the additives at temperature higher than

Fig. 3. Effects of roasting time on iron recovery.
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Fig. 4. Effects of the content of carbon powder on iron recovery.

200 ◦C, these cumbers of lower melting point substances would be
roken, and TFe and MFe/TFe improved when roasting temperature
as 1300 ◦C.

.1.2. Effects of roasting time on iron recovery
Samples were roasted at the temperature of 1300 ◦C for different

oasting time, with the same proportion of red mud, carbon and
dditive at 100:18:6. Experimental results were shown in Fig. 3.

As shown in Fig. 3, there was non-linear relationship between
ach parameter of iron recovery and roasting time, with each
arameter of iron reduction achieving a peak when roasting time
as about 110 min. It was inferred that the optimum roasting time
as about 110 min, during which deoxidization reaction of ferrous

xides was mostly completed.

.1.3. Effects of ratio of carbon to red mud on iron recovery
In order to investigate the optimum content of carbon, differ-

nt ratios of carbon to red mud were studied, respectively, and
ther experiment parameters were kept as the following: the ratio
f additive: red mud at 6:100, reduction temperature of 1300 ◦C for
10 min. Results were shown in Fig. 4.

As shown in Fig. 4, three parameters of iron recovery rose with
he increase of the ratio of carbon to red mud. When the ratio of car-
on to red mud was over 18:100, TFe, MFe, and recovery ratio of iron
ept stable. In case of calculation as hematite contained in red mud,
nly 6.3% carbon was needed theoretically, which was much less
han experimental data. It was indicated that some carbon reacted
ith the impurities of red mud simultaneously.

.1.4. Effects of the content of additives on iron recovery
Low melting-point iron phase would be generated by impurities

n red mud at high temperature. If additives of CaCO3 or MgCO3
ere added, CaO·SiO2, MgO·SiO2 would be firstly formed between

mpurities and CaO or MgO, the decomposed production of CaCO3
r MgCO3. As a result, reactive of reduction of iron oxides was
mproved. Effects of the content of the additives on three param-
ters (TFe, MFe, and recovery ratio of iron) were shown in Fig. 5.
s shown in Fig. 5, generally the optimum content of the additive
as about 6%. In this series of experiments, other parameters were

ept as following: the ratio of carbon powder: red mud at 18:100,
oasting at 1300 ◦C for 110 min.
.1.5. Composition analysis of the concentrate and alumosilicate
Above all, optimum conditions were suggested as following:

oasting temperature of 1300 ◦C, roasting time of 110 min, the car-
on to red mud mass ratio of 18:100, the additives to red mud mass
atio of 6:100. Under the optimum conditions, red mud samples
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Fig. 5. Effects of content of the additives on iron recovery.

Table 3
Element compositions of the concentrate and the residues from magnetic separation
(wt%)
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lement Fe Si Al Ca Mn Na Mg Ti

oncentrate 89.05 3.75 6.43 0.54 0.23 – – –
esidues 5.78 37.26 34.08 6.42 – 11.59 1.55 3.32

ere roasted, reduced, milled and magnetically separated in turn.
hen the chemical compositions of the concentrate and alumosili-
ate residues were analyzed through XRF. The results were shown
n Table 3. TFe and MFe in concentrate were analyzed by chem-
stry method. Three parameters of iron recovery were summarized
s: TFe 88.77%, metallization rate 96.98%, and iron recovery rate
f 81.40%. It was indicated that the recovery products of magnetic
eparation process could be used as direct reduction iron in the
etallurgical production of steel products.

.2. Preparations of bricks with alumosilicate residues

.2.1. Chemical compositions and mineral phases of alumosilicate
esidues

In optimum conditions mentioned above, alumosilicate

esidues from magnetic separation process were collected for
euse of building materials. Chemical compositions of the residues
ere shown in Table 3, and the XRD pattern of the residues was

hown in Fig. 6(A). As shown in Table 3, oxides of Si, Al, and Ca
ere useful compositions that could be used to the preparation of

ig. 6. XRD patterns of alumosilicate residues (A) and tested cured specimens (B).
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Fig. 7. Effects of the content of hydrated lime on compressive strength.

rick. As shown in Fig. 6, the main crystalline phases of residues
ere NaAlSiO4, �-Al2O3 and CaSiO3.

.2.2. Effect of the content of lime on compressive strength of
rick specimens

Lime is a common and cheap alkaline activator of hydrated
eaction. The different content of hydrated lime of 9%, 13%,
7% and 21% were added into and mixed with the alumosili-
ate residues. After molding and autoclaving process, compressive
trength of samples was tested, shown in Fig. 7. Some other
roperties of brick specimens of Chinese standard dimension in
ize of 240 mm × 115 mm × 53 mm, such as durability and flexural
trength, will be studied systematically in further research.

As shown in Fig. 7, compressive strength of samples reached
maximum peak of 24.10 MPa at the content of hydrated lime of

bout 13%. The XRD patterns of both the original residues and cured
rick specimens were comparatively shown in Fig. 6. It was clear
hat main crystalline phase transferred from nepheline (NaAlSiO4)
n the original residues to gehlenite (Ca2Al2SiO7) and calcium sil-
cate (Ca2SiO4) in the cured samples. Both gehlenite and calcium
ilicate have definitely stability and strength, so it showed the fea-
ibility of preparation of bricks from the residues.

.2.3. Preliminary investigation on phase transformation
echanism of cured bricks

In cured stage, the phase transformation process could be
xpressed as Eq. (5).

NaAlSiO4 + 2Ca(OH)2 → Ca2Al2SiO7 + Na2SiO3 + 2H2O (5)

The transformation relationship between nepheline and gehlen-
te as shown in Eq. (5) has not been reported in previous literatures.
he feasibility of the reaction was proved through calculating Gibbs
ree energy. Based on classical thermodynamics formula, Eq. (6),
G =
∑

vjGj(productions) −
∑

viGi(reactants) (6)

f �G < 0, the reaction is possible in the relevant conditions.

able 4
ibbs free energy of the relative phases (T = 80 ◦C)

ubstance �Gf (kJ mol−1)

aAlSiO4
a −2054.42

a(OH)2 −1016.42
a2Al2SiO7

b −4053.91
a2O·SiO2 −1602.60
2O (l) −280.68

a Calculated as published by Shi et al. [19].
b Calculated as Li et al. [20], else refer Liang et al. [21].
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Some values of Gibbs free energy of reactants and products
nvolved were listed in Table 4. Substituted the data in Table 4
o Eq. (6), �G|T=80 ◦C could be deduced as −76.19 kJ mol−1. It was
ndicated that the phase transformation reaction was possible in
he temperature of 80 ◦C. It was consistent with the results of XRD
atterns.

Furthermore, in the Eq. (5), sodium silicate is a common alkaline
ond. Through the transformation from soluble Na2CO3 to insoluble
aAlSiO4 and NaSiO3, sodium was stabilized and could be difficult

n leaching from bricks.

. Conclusion

1) Major chemical compositions of red mud were Fe2O3, SiO2,
and Al2O3. Quartz, hematite, limonite, cancrinite, calcite, and
illite existed in red mud as main mineral phases, and most of
iron existed in hematite-limonite ore, accompanied with some
FeSiO3, FeCO3, and FeS.

2) Roasting temperature, reduction time, the ratio of carbon to
red mud, and content of the additive were four main factors
which had effects on recovery of iron. Through correspond-
ing four groups of experiments, optimum reduction reaction
conditions were obtained as the follows: roasting tempera-
ture of 1300 ◦C, roasting time of 110 min, the ratio of carbon:
additives: red mud of 18:6:100. Under the optimum reaction
conditions, four parameters of the recovery process of magnet-
ically separated concentration were obtained as the follows: TFe
of 88.77%, metallization ratio of 96.98%, and iron recovery rate
of 81.40%.

3) The brick specimens were prepared from alumosilicate residues
after magnetic separation process. The compressive strength
of cured brick samples achieved the maximum peak of about
24.10 MPa at the content of hydrated lime of 13%. Main crys-
talline phases transformed from nepheline in the original
residues into gehlenite and calcium silicate in cured brick
samples. Thermodynamics calculated results showed that the
feasibility of this phase transformation.

4) Recovery of iron from Bayer red mud was carried out by direct
reduction roasting–magnetic separation process. Moreover, the
residues after magnetic separation process were reused as
building materials. This combination recycling process showed
the potential benefits of zero-emission of red mud wastes from
the production industry of alumina.
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