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Abstract This article studied the thermal behavior and

the evolution of the crystalline phases with temperature of

the red mud (bauxite tailing) from an aluminum industry at

Maranhão, North-Northwestern Brazil. The experiments

were carried out by Field Emission Scanning Electron

Microscopy (FE-SEM), Simultaneous Thermal Analysis

(TG–DSC), Optical Dilatometry up to 1623 K, and X-ray

diffraction (XRD) of previously heated samples between

523 and 1523 K. The crystalline phases and the amorphous

contents were quantified on raw and heated samples (at

1523 K) according to the Rietveld Quantitative Analysis

(RQA) method. The data obtained showed that the raw red

mud is composed by a mixture of seven different phases

(hematite, goethite, sodalite, anatase, gibbsite, calcite,

and amorphous). Finally in the interval of 1023–1523 K

the following crystalline phases: hematite, nepheline,

sodalite, anatase, perovskite, and pseudobrookite have been

observed.
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Introduction

Bauxite deposits are known to occur in at least 50 coun-

tries, with estimated world reserves of approximately

25 billion tones. The production of this raw material in

2007 was 190 million tones. Six countries are responsible

for 84.7% of the world’s production: Australia 33.7%

(64 million metric dry tons (Mt)); China 16.8% (32 Mt);

Brazil 12.6% (24 Mt); Guinea 7.4% (14 Mt); Jamaica

7.4% (14 Mt); and India 6.8% (13 Mt) [1].

The main mineral in bauxite ores is gibbsite, which is

extracted in the Bayer process [2] to produce alumina

(Al2O3), the most important compound of aluminum used

in the production of aluminum metal in the Hall–Heroult

process [3, 4]. Alumina production worldwide from

bauxites by the Bayer’s process is about 81.6 Mt/year, with

a market value of approximately $ 9 billion per year, with a

typical sale price of about $ 200/ton [5]. This process

generates red mud, which is a solid waste with high con-

centration of sodium, high pH ([11), high alkalinity, and

heavy metals contents [6].

Far from our knowledge, information about the Brazil-

ian red mud production in the literature is scarce. However,

according to the U.S. Geological Survey, the alumina

production in this country reached the mark of 7 Mt in

2008 [1]. Taking into account that for each ton of alumina

almost produced, 1–1.5 tons of mud red is generated [7]; it

is possible to infer that the Brazilian red mud production is

almost 7–10.5 Mt/year. If one takes into account the

increasing of new investments for the alumina production

in Barcarena, Paragominas and Jurity (Brazil), the amount

of this residue should be multiplied by four, and could be

estimated in around 22 Mt/year of this material in the next

years [8].

The mineral and chemical compositions of the red mud

depend mainly from the quality of bauxite and operational

process parameters. In general, they are largely composed

of iron oxides, hematite (Fe2O3), and goethite (FeOOH),

aluminum oxide as the hydroxides gibbsite (Al(OH)3), and
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boehmite (AlOOH), calcium oxides, titanium oxides

(anatase and rutile), and aluminosilicate minerals (sodalite)

[7, 9–11].

In addition, the Brazilian Standards Association

(ABNT) classifies the red mud as a dangerous waste due to

their high alkalinity and heavy metals content (high cor-

rosive and high reactivity). Therefore, its inadequate

manipulation can cause serious environmental and

economical problems [12].

Many attempts of taking advantage of this residue have

been carried out [13–21]. Several researchers have also

studied red mud from different sources by thermal analysis

and other techniques [22–27]. All of them have reported

that this material has a complex behavior due to their

chemical and mineralogical composition. Therefore, the

knowledge of this material is necessary to plan any pro-

duction process. In spite of the importance of the Brazilian

aluminum industry, there are no registries about the thermal

behavior of the Brazilian Red Mud (BRM) in the literature.

The aim of this article was to study the thermal behavior

and the phase transformations during the heating of a

Brazilian Red Mud, hereinafter called as BRM, using the

following techniques: Wet chemical Analysis and Atomic

Absorption Spectrometry (AAS), X-ray powder diffraction

(XRD), Rietveld Quantitative Analysis (RQA), thermal

analysis (Thermogravimetry, Differential Scanning Calo-

rimetry, and Optical Dilatometry). The morphology of the

powder samples were also investigated by Scanning

Electron Microscopy.

Experimental

Sample preparation

A plastic drum (250 kg) of red mud from the aluminum

industry of São Luis-Maranhão (Alcoa) with pH 12.9 was

received in laboratory, being that approximately 5 kg was

separated and dried at room temperature (305 K) and at

333 K in a forced air oven. Almost 250 g of this material,

hereinafter called as Brazilian Red Mud (BRM), was di-

saggregated and sieved through the 100 mesh, which was

used for all experiments.

Physical characterization of the BRM powder

Specific surface area

The specific surface area (Se) of the BRM powder was

analyzed by nitrogen gas adsorption on the solid surface

according to B.E.T. (Brunauer, Emmet e Teller) Theory, in

a Monosorb Surface Area Analyzer; model MS-13, of

Quantachrome Corporation.

Particle size distribution

The particle size distribution was carried out using a laser

scattering-based size analyzer (Master Sizer S; Malvern

Instruments, UK). The measurements were realized on

slurry sample. Sodium hexametaphosphate was used as

dispersant, and the particles were further desaglomerated

by an ultrasonic treatment of 5 min.

True density

The true density of the BRM powder was measured by

He pycnometry, using a Micromeritics AccuPyc 1330

instrument.

Chemical analysis

The chemical analysis was done by several methods as

follows: SiO2 and Loss of Ignition (LOI) by gravimetry;

Al2O3—complexometry; and Fe2O3 total and TiO2 by

colorimetry. The alkaline elements (CaO, MgO, Na2O, and

K2O) were determined by absorption, in a Perkin Elmer

3300 Atomic Absorption Spectrometer.

Thermal analysis

Heating experiments under static atmosphere

Static heating in air of ca. 3 g of BRM was carried out in a

furnace at the temperature range 523–1523 K (normal

pressure conditions) with a constant heating rate of

10 K/min and 1 h of dwell time. The powders obtained

were ground in an Agatha mortar and analyzed by XRD to

identify the mineral changing of the specimens with

temperature.

Conventional thermal analysis

Differential Scanning Calorimetry (DSC) and Thermo-

gravimetric (TG) analysis were conducted at a constant

heating rate of 5 K/min up to 1623 K in blowing air

(50 cm3 min-1), using Pt crucibles and a-Al2O3 powder as

the reference in an STA 449 C equipment from Netzsch.

All acquired data were normalized for 10 mg, with baseline

correction.

Optical dilatometry

Cylindrical pressed pellets of 50 mm of diameter were

conformed at 5 MPa and heated up until 1623 K with a

constant heating rate of 10 K/min. The dimensional

changing of the BRM with the heating were analyzed by an
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Optical Dilatometer (EM201—Hesse Instrument, Osterode

am Harz—Germany).

X-ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out using

monochromatic CuKa (0.15406 nm) anode in an X’Pert

PRO (MPD PW 3040/60 Theta/Theta of PANalytical

(B.V.) Diffractometer with an RTMS X’Celerator detector.

The crystalline phases in the BRM samples were identified

and compared with the powder diffraction files cards

(PDF): PDF 033-0664 (Hematite), PDF 081-0464 (Goe-

thite), PDF 070-2038 (Gibbsite), PDF 085-2065 (Sodalite),

PDF 071-1167 (Anatase), PDF 086-0174 (Calcite), PDF

083-2279 (Nepheline), PDF 089-6949 (Perovskite), PDF

073-1631 (Pseudobrookite), and PDF 086-0174 (Quartz),

using the software X’Pert HighScore version 2.1b

(PANalytical) compiled by the International Center for

Diffraction Data (ICDD).

Conventional XRD measurements

Conventional XRD patterns of the BRM and heated sam-

ples (523–1523 K) were acquired under the following

conditions: voltage: 40 kV; current: 30 mA; scan range

from 5 to 70o (2h); step size of 0.017 (2h); continuous scan

mode; and time per step 5 s.

Quantitative XRD analysis

The quantitative mineralogical analysis by the Rietveld

Method was carried out for two different groups of sample:

(i) raw dry and unheated powders samples (BRMR), which

were mixed with 20% in mass of CaF2 (Merck, A.A.) as

standard; (ii) heat-treated powders (1523 K) (BRMH),

which were mixed with 10% in mass of Silicon metal

(NIST) as pattern. Both samples were separately homoge-

nized in a mixer mill during 5 min, in an Agatha jar, with

Agatha balls, and the XRD patterns were acquired under

the following conditions: 40 kV; 35 mA; scan range from

10 to 90o (2h); step size of 0.017 (2h); continuous scan

mode; time per step 81 s. In order to quantify the mineral

phases in both samples of BRM, Rietveld Quantitative

Analysis (RQA) was carried out using Fullprof Suite

package programs [28].

Scanning electron microscopy

The morphology of the BRM powder was investigated by

field emission scanning electron microscopy (FE-SEM),

Hitachi S-4700 (Hitachi, Tokyo, Japan). The powder sur-

face was carefully coated with a thin Au–Pd layer by

sputtering.

Results and discussion

Physical properties of BRM

Table 1 shows the physical properties (true density, spe-

cific surface area, and particle size/agglomerate) of the

BRM (unheated powder). The obtained average particle/

agglomerate size, D50, was almost 3.80 lm. Otherwise,

the maximum size, D90, was 8.42 lm with a Specific sur-

face area (Se) of 12.96 m2 g-1, and a true density of

2.65 g cm-3.

These results indicate that the BRM is similar to other

investigated red mud [9, 10, 14], has small particle/

agglomerate sizes, and a high specific surface area. This

very important feature should be taken into account for the

application of these wastes as raw material.

From the FE-SEM micrography showed in Fig. 1a, one

can observe that BRM powder is constituted by agglom-

erates less than 10 lm, formed by very fine particles of

different sizes. In Fig. 1b, one can also observe the pres-

ence of agglomerated porous with flakes morphology,

which are smaller than 3 lm.

Chemical analysis and mineralogy

Table 2 shows the chemical composition of the BRM and

of other red mud reported in the literature [11, 16, 19, 26,

27]. It is possible to observe that BRM, like others red mud,

is constituted by a mixture of Fe2O3, Al2O3, SiO2, Na2O,

TiO2, MgO, and CaO, which are the majority oxides. The

K2O is also present, but in less quantities.

Mineral identification and quantitative analysis

The conventional XRD analysis of the BRM powder was

possible to identify the following mineral phases: hematite,

goethite, gibbsite, quartz, sodalite, anatase, and calcite. In

addition, an amorphous phase can be inferred by the high

background observed that could be also due to the iron

fluorescence. Phases with MgO content were not detected.

The RQA results and the difference curve of the BRM

material are presented in Table 3 and Fig. 2. As one can

see, the values calculated by RQA are in good agreement

with the chemical analysis (Table 2), and the major

Table 1 Physical properties of the BRM powder

Properties

q (g cm-3) 2.65

Se (B.E.T.) (m2 g-1) 12.96

D10 (mm) 0.40

D50 (mm) 3.80

D90 (mm) 8.42
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crystalline phases (64.3%) detected were: hematite, goe-

thite, gibbsite, and sodalite. A high amorphous content of

24.9% was also observed. It is important to observe that

this high amorphous content may be constituted by amor-

phous iron oxide, aluminum oxide, and silicon oxide,

where the latter two are sometimes attributed to the desi-

lication product (DSP) in the Bayer industry [29]. Another

important feature of the RQA is that the technique is sen-

sitive to the presence of phases comprising 1–2% of the

total, and the estimated standard error may be as large as

3–4% for the more abundant phases. This sensitivity is not

to be ascribed to the numerical RQA method but mainly to

the diffraction-pattern collection strategy. Aside from

crystalline phases, experience with the background

behavior of XRD patterns suggests that 10–25% of the

BRM consisted of amorphous oxides. Taking into account

the data set presented in Tables 2 and 3, one can asses that

iron oxide is present in the sample as hematite and goe-

thite; aluminum oxide as gibbsite and sodalite; titanium

oxide as anatase; sodium oxide as sodalite; silicon oxide as

quartz and sodalite; and calcium oxide as calcite. The BRM

identified phases agree with those phases reported in the

literature by other authors for red mud originated in dif-

ferent countries [30].

Red mud thermal behavior

TG and DSC measurements

The thermal behavior of the BRM obtained by TG/DSC is

shown in Fig. 3. From the TG curve, one can observe that

Fig. 1 SEM pictures of the BRM sample

Table 2 Chemical composition of BRM and data reported from

others red mud reported in the literature

Mass/%

Oxides BRM* Australia/10 Guine/9 Jamaica/14

Fe2O3 31.22 34.05 48.48 51.50

Al2O3 20.77 25.45 26.60 15.00

SiO2 14.37 17.06 5.50 1.70

Na2O 9.87 2.74 nr. 6.97

TiO2 4.55 4.90 2.80 6.70

K2O 0.20 nr. nr. nr.

CaO 2.49 3.69 1.20 7.0

MgO 3.92 1,86 0.90 nr.

LOI 12.61 10.25 14.52 11.13

nr. not reported, * This work

Table 3 Mineralogical composition of BRM and data reported from

others red mud reported in the literature

Mineral phases BRM* (mass/%) Jamaica/14 Sapin/16 Turkey/39

Hematite 21.1 ??? ??? ???

Goethite 8.5 - ? -

Sodalite 23.0 - - ???

Gibbsite 12.2 ?? ?? -

Anatase 4.1 ? ??? ?

Calcite 2.3 ? ? ?

Bohemite nd. ? ? ?

Amorphous 24.8 ? ??? nr.

Quartz 4.1 ? - ?

* This work, Rwp = 17.0, v2 = 1.9, Gof = 1.1

??? Majoritary, ?? abundant, ? detected, - absent

BRMR :
Yobs

Y Yobs- cal
Ycal

Bragg_possition

2θ/°

10 18 26 34 42
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50 58 66 74 82 90

Fig. 2 Rietveld quantitative analysis of BRM and its difference curve
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BRM presents a total mass loss of 12.78% until reaching

1523 K. The first mass loss (4.73%) occurs between 323

and 523 K, and it may be related to the free water evap-

oration and gibbsite decomposition. A second mass loss

can be observed in the temperature range 533–964 K, and

it can be attributed to goethite and calcite decomposition

(overlap effects). The last one occurs between 965 and

1523 K, and it could be associated to the amorphous

decomposition and to the sodalite contents, as it had been

confirmed by RQA.

These thermal effects are better identified on the DSC

curve, which confirms the previous results observed on the

TG curve. Five endothermic effects are observed:

(i) a band centered at 386 K, which is associated to the

physical water evaporation adsorbed on the particle

surfaces;

(ii) at 548 K, an endothermic peak which is attributed to

the thermal decomposition of gibbsite and a forma-

tion of a cryptocrystalline or a transition alumina

(v-Al2O3) [31, 32]. In this sense, the following

reaction path is suggested [33, 34]:

Gibbsite ! v-Al2O3 ! j-Al2O3 ! a-Al2O3 ð1Þ

(iii) two weak endothermic peaks located at 578 and

618 K, which are associated to the goethite decom-

position into hematite [35–37];

(iv) at 953 K, an endothermic peak that is related to the

calcite decomposition [38, 39];

(v) at 1471 K; an endothermic peak which can be

attributed to the sodalite decomposition [25, 39] or to

the melting of the amorphous aluminosilicate mate-

rials found in the red mud [39].

Changes in the slope of the DSC curve also can be

observed at 1163 K with no change associated in the TG

curve. This change in the DSC curve could be associated to

second-order transformations and the beginning of the

sintering process of the sample.

Dilatometric measurements

The results of the optical dilatometry are presented in

Fig. 4a and b, which reveal a very important feature of the

thermal behavior of BRM as a function of the temperature.

The material has a soft expansion of 0.4% until 1143 K

that can be attributed to water, hydroxyl, or to CO2 groups

released during the decomposition of goethite, gibbsite,

calcite, or a- to b-quartz transformation, as it has been

observed by the XRD and TG–DSC experiments. Among

1143–1623 K, the sample shrinks approximately 50%

according to the following steps: (i) 10% in the temperature

range 1143–1443 K, which corresponds to the beginning of

the sintering process; (ii) 20% among 1443–1503 K (the

softening point); (iii) 20% above 1503 K, with the melting

of the sample at 1623 K. From the sequences of pictures

showed in Fig. 4b, it is also possible to observe that the

sample almost does not suffer any dimensional changing
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Fig. 3 Thermogravimetric and differential scanning calorimetry of

the BRM
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Fig. 4 Optical dilatometry of BRM: (a) dilatometric curve. b Photo-

micrographs of BRM during the heating experiments
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until 1123 K. However, as the temperature increases, it is

easily observed that the sample shrinks (1323 K) and

deforms at 1463 K. It should be emphasized that this

temperature is close to the endothermic peak observed at

1471 K on the DSC curve. This hypothesis is confirmed if

one takes into account that an increase of 333 K leads to an

increase of 20% on the shrinkage, which indicates a strong

liquid phase formation, being that the complete melting of

the sample occurs at 1623 K.

Mineralogical phase evolution during heating

Figure 5 and Table 4 demonstrate the XRD analysis of the

BRM crystalline phases as a function of the temperature.

As one can observe in Table 4, the crystalline phases

identified at 523 K were hematite, goethite, sodalite,

gibbsite, quartz, anatase, calcite, and an amorphous. From

623 to 823 K, gibbsite and goethite were not detected, as it

was observed by TG–DSC. Calcite and quartz disappear in

the temperature range 923–1123 K (Fig. 5). Among 1223

and 1423 K the major crystalline phases identified were

hematite, sodalite, nepheline, and pseudobrookite

(Fe2TiO3). A small content of perovskite (CaTiO3) was

also detected. Finally, sodalite disappears at 1523 K and

the only phases observed were hematite, nepheline,

pseudobrookite, and perovskite. An increase of the amor-

phous band was also detected at small angles. The RQA

carried out on the heat-treated sample at 1250 �C reveals

that the final mineralogical composition of the BRM is:

43.4 ± 0.9% of hematite, 38.8 ± 0.6% of nepheline,

2.9 ± 0.4% of perovskite, 3. 9 ± 0.4% pseudobrookite,

and 11.0 ± 0.4% of amorphous (Rwp = 5.2; Rexp = 3.5;

v2 = 2.2).

Reaction mechanism

Taking into account the TG–DSC curves (Fig. 3), optical

dilatometry (Fig. 4), and the crystalline phase evolution

(Fig. 5) during the heating identified by XRD and RQA,

the following reaction mechanisms are proposed in this

article:

(i) around 373–393 K water was adsorbed to the BRM

particles, leaving the sample, as described below:

H2OðlÞ ! H2OðgÞ ð2Þ

(ii) among 523 and 553 K, gibbsite loses hydroxyl

groups to form a cryptocrystalline alumina (Al2O3-

k), as it follows:

2 � Al OHð Þ3ðsÞ ! Al2O3-kðsÞ þ 3H2O gð Þ ð3Þ

Although this phase had been not detected by XRD,

this statement is confirmed by other evidences, like the

endothermic peak observed in the DSC curve at 543 K

and the absence of reactions between 723 and 823 K

(boehmite decomposition) in the TG–DSC curve

[40–43].

(iii) Goethite dehydration takes place between 573 and

623 K, according to the following reaction [24, 35,

36, 44]:

2 � FeO OHð ÞðsÞ ! Fe2O3ðsÞ þ H2OðgÞ ð4Þ

From 661 to 1123 K, several reactions take place in

the sample, as confirmed by the continuous mass loss

observed in the TG curve. This fact is interpreted as the

following:
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Fig. 5 Mineral phases identified after the heating of the BRM

powder

Table 4 Mineral phases identified in the BRM after heating

Mineral phase Temperature/K

523 623 723 823 923 1123 1323

Hematite ?? ?? ?? ?? ?? ?? ??

Sodalite ?? ?? ?? ?? ?? ? ?

Gibbsite ? - - - - - -

Goethite ?? - - - - - -

Quartz ?? ?? ? ? ? - -

Anatase ? ? ? ? ? ? -

Calcite ? ? ? ? - - -

Nepheline - - - - - ? ??

Pseudobrookite - - - - - - ?

Perovskite - - - - - -

Amorphous ?? ?? ?? ?? ?? ? ?

?? Abundant, ? detected, - absent
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(i) decomposition of calcite (1.16%) among 933–1023 K

[38], as it can be observed in TG–DSC curve. This

reaction occurs as described below:

CaCO3ðsÞ ! CaOðsÞ þ CO2ðsÞ ð5Þ

According to the literature, kaolinitic clay is present in

most bauxites currently used for the production of

alumina by the conventional Bayer process [5–7, 9].

During the refining process, this clay is attacked and

dissolved into the Bayer liquor. The dissolved silica

reprecipitates as a sodium aluminum silicate, also

known as Bayer desilication product (DSP) or as

Bayer-sodalite with the composition 3(Na2O�Al2O3�
2SiO2)2NaX�nH2O, where X represents a variety of

inorganic anions, like sulfate, carbonate, chloride,

aluminate, and hydroxide. This compound could be

represented by [45]:

Na6þy; AlSiO4½ �6; Xð Þy�zH2O; 0 � y � 2ð Þ ;�
½ 0 � z � 8ð Þ ð6Þ

(ii) as the temperature raises among 1023–1223 K, the

BRM loses structural water yielding to the formation

of nepheline or pseudonepheline as proposed by

Borchert and Keidel for the heated NaOH and

kaolinite [46]:

Na6þy; AlSiO4½ �6; Xð Þy�zH2O

! Na6þy; AlSiO4½ �6; Xð Þy�nH2O þ z� nð ÞH2O "
ð7Þ

Na6þy; AlSiO4½ �6; Xð Þy�nH2O

! Na2Oð Þ1=3 Na AlSiO4½ �6þ n þ 1=2yð ÞH2O "
ð8Þ

It is important to observe that sodalite is a feldespathoid

mineral phase, which open structure can be stabilized by

the different accommodated ions, leading to the increasing

of the temperature of decomposition [47–49]. As one can

observe in Fig. 5, sodalite disappears above 1423 K, indi-

cating its complete decomposition. Among 1223 and

1523 K (Fig. 5), nepheline forms [Na(1-2x).�MxAlSiO4;

M = Li, K, Na, Ca - (0 \ x B 0.5)], which can be

explained by the reaction between amorphous aluminosil-

icates (DSP) and the sodalite decompositions products. For

instance, the presence of gallium and alkaline earth or

transition metals, which could be present in the lateritic

soils like bauxite, turns out the statement about the Bayer

process tailings inaccuracy, where the nepheline solid

solution takes place after the heat treatment of BRM. The

real final stoichiometry is described as below:

CaOðsÞ þ TiO2ðsÞ ! CaTiO3ðsÞ ð9Þ

Fe2O3ðsÞ þ TiO2ðsÞ ! Fe2TiO5ðsÞ ð10Þ

The sequence of reactions above, representing the

formation of perovskite and pseudobrookite in the

temperature range 1123–1423 K, as detected by the X-

ray diffraction experiments.

Conclusions

The mineral constitution of the Brazilian Red Mud was

determined by X-ray diffraction and Rietveld Quantitative

Analysis. The major crystalline phases (64.3%) detected

were: hematite, goethite, gibbsite, and sodalite. A high

amorphous content of 24.9% was also observed, which

may be constituted by amorphous iron oxide, aluminum

oxide, and silicon oxide. Several thermal events were

observed by simultaneous TGA–DSC in the range from

room temperature to 1673 K and were related to the

composition of the sample. Decomposition reactions of

gibbsite, goethite, calcite, and sodalite were observed on

the DSC curve. The optical dilatometry experiments

demonstrated that the BRM compacts do not suffer any

dimensional changing until 1123 K. However, as the

temperature increases, it is easily observed that the sample

shrinks (1323 K) and deforms at 1463 K. The changing of

the BRM mineral phases was followed as a function of the

temperature by X-ray diffraction. At temperatures lower

than 1123 K, the following crystalline phases were iden-

tified: hematite, goethite, sodalite, gibbsite, quartz, anatase,

calcite, and an amorphous. Among 1123 and 1423 K the

major crystalline phases identified were hematite, sodalite,

nepheline, perovskite, and pseudobrookite (Fe2TiO3). At

1523 K, the final mineralogical composition of the BRM

was also determined by Rietveld Quantitative Analysis as:

43.4 ± 0.9% of hematite, 38.8 ± 0.6% of nepheline,

2.9 ± 0.4% of perovskite, 3.9 ± 0.4% of pseudobrookite,

and 11.0 ± 0.4% of amorphous.
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