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XRD, FTIR, AND THERMAL ANALYSIS OF BAUXITE ORE-PROCESSING WASTE
(RED MUD) EXCHANGED WITH HEAVY METALS
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Abstract—The present work shows the results of X-ray diffraction (XRD), Fourier transform infrared
(FTIR), and thermal analysis of untreated (RM,,,) and acid-treated red mud (RM,), a bauxite ore-processing
waste, exchanged with Pb>", Cd*", and Zn>" cations. These studies were performed in order to investigate
the changes in the sorbent structure caused by the exchange with metals of different ionic radii.

The XRD pattern of RM,,, analyzed according to the Rietveld method, showed a mixture of eight
different phases. However, just three phases made up 78 wt.% of the RM,,: cancrinite (33 wt.%), hematite
(29 wt.%), and sodalite (16 wt.%). X-ray diffraction patterns of RM,, exchanged with Pb*" and Cd*"
cations revealed two additional phases, namely hydrocerussite [Pb;(CO3),(OH), (10 wt.%)] and octavite
[CACO; (8 wt.%)].

These two phases probably originated from the carbonate precipitation processes which were due to the
decarbonation of cancrinite. Hydrocerussite and octavite were not found in the case of acid-treated red mud
samples.

In the FTIR spectra, the introduction of cations caused a distinct shift to higher wavenumbers in the peak
at ~1100 cm ™', which is attributed to the asymmetric stretch of Si—O—Al This effect may be associated
with the Pb>*, Cd**, and Zn>" adsorbed by the red muds which caused a deformation of the initial structure.

Thermal analysis data of the red mud samples were obtained by thermogravimetric/differential
thermogravimetric analysis, and these methods were employed to evaluate the desorption behavior of
water and to clarify the thermal stability of the chemical phases of the different red mud samples. The loss
of metal-bound water in the red mud samples was found to depend on the size of non-framework cations
and water loss consistently followed the order: Zn*">Cd*">Pb>".

Key Words—Cancrinite, Cations of Pb2+, Cd**, and Zn*", Hydrocerussite, Octavite, Red muds,

Sodalite.

INTRODUCTION

Red mud, a by-product of the alumina industry, is the
alkaline material (pH 10.0—12.5) which remains after
the digestion of bauxite with caustic soda during alumina
extraction in the Bayer process (Phillips, 1998; Brunori
et al., 2005). Depending on the quality of bauxite, the
quantity of red mud generated varies between 55 and
65% of the bauxite processed. Roughly 1.0—1.5 tons of
red mud residue are produced for each ton of alumina
and consequently millions of tons of caustic red mud are
generated world-wide (Paramguru ef al., 2005). Red mud
is a hazardous material, but, might also be considered a
secondary raw material (e.g. because it contains rare
earth elements), or as a potential geomedium for the
fixation of contaminating materials, due to its alkaline
pH and adsorptive capacity. Currently, red mud is
usually dumped in holding ponds or dams (Lopez et
al., 1998). The possibility of using red mud as an
adsorbent of heavy metals is of much interest because it
could help to reduce the disposal of this residue and its
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potential impact on the environment (Hind et al., 1999;
Sglavo et al., 2000; Fuhrman, 2004). The combined
presence in red mud of ferric, aluminum, and tectosili-
cate-like compounds is expected to be particularly
effective in relation to the removal and immobilization
of toxic heavy metals from waste waters and polluted
soils (Apak er al., 1998a; Gupta and Sharma, 2002;
Komnitsas et al., 2004; Santona et al., 2006) or in the
reduction of the leaching of soil nutrients (Summer et
al., 1996; Phillips, 1998).

The physical and chemical properties of red mud
depend on the chemical and mineralogical composition
of the bauxite (Komnitsas et al., 2004) and on the
conditions used in the alumina extraction. Consequently,
the possibility of using red mud to reduce heavy-metal
solubility can be established only after evaluation of its
own chemical, physical, and structural properties. For
such heterogeneous material, it is important to determine
the main phases representing the active sites involved in
the metal-fixation processes. It is also important to
determine the mode of bonding of cations on the mineral
surfaces of red mud and to identify the new chemical
phases formed after the metal sorption. However,
spectroscopic and thermal analyses of red muds
exchanged with heavy metals are extremely limited
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because the phase constitution of this industrial waste is
complex. In particular, recognizing and evaluating the
structural changes occurring in red mud after exchange
with heavy metals using XRD, FTIR, and thermal
(TG/DTG) analyses represents a significant challenge.

Infrared spectroscopy can supply fundamental infor-
mation on the changes in sorbent structure caused by the
exchange with cations of different ionic radius, charge,
and mass (Mozgawa et al., 1999; Castaldi et al., 2005).
Thermal analysis can be employed to evaluate the
desorption behavior of water in red mud exchanged
with cations of different ionic radius (Joshi et al., 2002).
X-ray diffraction provides information about the nature
of the constituent phases and structural changes occur-
ring in the sorbent after exchange with heavy metals, and
provides details on the structure and microstructure such
as lattice parameters, average crystallite size, and
microstrain.

The aim of this work was, therefore, to assess,
through XRD, FTIR, and TG/DTG, the mineralogical
and structural changes in untreated (RM,,) and acid-
treated (RM,) red mud after exchange with cations of
different chemical and physical properties.

MATERIALS AND METHODS

Characterization of the red mud

Red muds were obtained from the Ex-Eurallumina
plant in Portovesme, SW Sardinia, Italy. The red muds
were dried overnight at 105°C, finely ground, and sieved
to <0.02 mm (RM,,). Red mud samples were also acid-
treated (RM,) by two washings with 0.05 M HCI for 2 h
(ratio red mud/HCIl solution 1:25 wt.%). After this
treatment, RM, samples were washed with distilled
water and dried overnight at 105°C. The acid treatment
was performed to decrease the alkalinity of red mud and
to obtain a sorbent that could be applied both in acidic
and in neutral polluted soils.

The pH and electrical conductivity (EC) values were
determined in a 1:25 ratio of sorbent/distilled water
(Official Methods, 1999). The cation exchange capacity
(CEC) was determined with BaCl,-triethanolamine
following national standard methods (Official Methods,
1999). The specific surface areas of the RM,, and RM,
were determined by the BET/N, adsorption method
(Carlo Erba Sorptomatic). The point of zero charge
(PZC) of the RM,; and RM, samples was measured by
Laser Doppler Velocimetry coupled with Photon
Correlation Spectrometry using a Coulter Delsa 440
spectrometer equipped with a 5 mW He-Ne laser
(632.8 nm) (Celi et al., 2003). The total concentration
of selected heavy metals in the RM,,, and RM, samples
was determined by drying the red mud overnight at
105°C and digesting it with HNO3 and HCl (ratio 1/3) in
a Microwave Milestone MLS 1200. The heavy-metal
concentrations were determined using a Beckam D.C.
plasma atomic emission spectrometer.
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Adsorption studies were carried out in triplicate
batches. All chemicals used were of reagent grade and
used without additional purification. Samples of RM,,
and RM, (1.0 g each) were treated separately with 25 mL
of 0.2 M ionic solutions of Pb>", Cd**, and Zn*", all
derived from their nitrate salts (Castaldi et al., 2005).
The sorbent/cationic solutions were shaken for 24 h at
200 rpm and 25°C, which was proved beforehand to be
sufficient for reaching equilibrium. Two other identical
washings were carried out on the same red mud samples.
The adsorption tests were carried out at controlled pH: a
buffer solution of acetic acid-sodium acetate was used to
maintain a constant pH (5.5) for Zn-, Pb-, and Cd-RM
samples. After the ion-exchange process, the red mud
samples were washed with 25 mL of distilled water.

After each step the solid and liquid phases were
separated by centrifugation at 10,000 rpm for 20 min and
the supernatant filtered through a 0.45 pum pore cellulose
membrane filter. The samples obtained were air dried for
5—6 days. The total concentration of heavy metals
sorbed by the RM samples was determined by drying the
red mud overnight at 105°C and digesting it with HNO;
and HCI (ratio 1/3) in a Microwave Milestone MLS
1200. The heavy-metal concentrations were determined
using a Beckam D.C. plasma atomic emission spectro-
meter. The data presented were the mean of three
replicates.

Powder XRD analysis

X-ray powder diffraction (XRD) analysis was carried
out using a Rigaku D/MAX diffractometer (CuKa). The
operating power of the X-ray generator was 40 kV and
40 mA, the goniometer was equipped with a graphite
diffracted-beam monochromator, and the patterns were
collected in the angular range from 10° to 100°260 with a
step size of 0.05°20. Before analysis, polluted and non-
polluted RM,,, and RM, samples were dried at 65°C for
8 h. After that, samples were dried at 140°C for 8 h to
eliminate humidity and weakly bound adsorbed water;
then the XRD patterns of all the samples were recorded.
The data collection was performed overnight (~12 h per
pattern). For a scan of 90°20 with step-size of 0.05° this
is equivalent to ~24 s per point.

Crystalline phases were identified with a search-
match procedure using the database of the International
Center for Diffraction Data for Inorganic Substances
(Inorganic Crystal Structure Database). The powder
patterns were then analyzed quantitatively according to
the Rietveld method (Young, 1993) using the MAUD
software (Lutterotti and Gialanella, 1998) running on a
personal computer. The estimated standard error of the
phases is supplied by the procedure based on the
assumption of a uniform and normal distribution of
residuals, i.e. the difference between calculated and
experimental intensity at each data point. Briefly, the
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technique is sensitive to the presence of phases
comprising 1-2 wt.% of the total, and the estimated
standard error may be as large as 3—4 wt.% for the more
abundant phases. This sensitivity is not to be ascribed to
the numerical Rietveld method but mainly to the
diffraction-pattern collection strategy.

Aside from crystalline phases, experience with the
background behavior of XRD patterns suggests that
~15—-20 wt.% of the RM consisted of amorphous oxides.

FTIR spectroscopy

The FTIR spectra in the 4000 to 400 cm ™' range were
recorded at room temperature using a Nicolet 5 PC FTIR
spectrometer equipped with Omnic software. Spectra
were collected after 256 scans at 4 cm™' resolution. The
KBr pellet technique used for sample preparation
utilized FTIR grade KBr (Fluka), dried at 200°C for
24 h, 200 mg of which was ground together with 1 mg of
RM sample (from the XRD analyses) for 1—2 min. The
pellets were made by pressing 90 mg of the KBr-RM
mixture in a die under vacuum for 4—6 min at 12 t
pressure to produce transparent disks ~1 mm thick and
13 mm in diameter. An empty KBr pellet was used as
reference and its spectrum was subtracted from the
sample spectrum to suppress the spectral artifacts caused
by KBr impurities and water.

Thermal analysis

Thermogravimetry (TG) and differential thermogra-
vimetry (DTG) of the red mud samples were performed
using a Netzsch STA 429 thermal analysis apparatus.
The samples were heated in a platinum crucible in the
temperature range 25—800°C with a heating rate of
10°C/min in air. The flow rate of air was 10 mL/min.

Table 1. Main properties of red mud.

Chemical parameters RM, RM,
pH 11.5 7.0
EC (mS/cm) 2.1 0.3
Sprer (M?/g) 18.9 25.2
CEC (mmolykg) 106.5 98.2
PZC 5.1 53
Pb (mg/kg) <0.01 <0.01
Cd (mg/kg) <0.001  <0.001
Zn (mg/kg) 0.02 0.01
Cu (mg/kg) 23.9 21.4
V (mg/kg) 649.0 623.4
Cr (mg/kg) 790.0 786.5
Chemical phases

Cancrinite [Na6Ca1_5Al6Si6024(CO3)1_6] 33.0 29.0
Sodalite [Nag(Cl,OH),;AlsSigOx4] 16.0 24.0
Hematite [Fe,O;] 29.0 27.0
Boehmite [AIO(OH)] 6.0 5.0
Gibbsite [AI(OH);] 5.0 4.0
Anatase [TiO,] 5.0 5.0
Andradite [Ca-Fe-Al-Si oxide] 4.0 4.0
Quartz [SiO,] 2.0 2.0
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About 30 mg of the sample was used in each run. The
water concentration in the samples was determined from
the TG curve mass loss.

RESULTS AND DISCUSSION

Characterization of non-polluted RM,, and RM,
samples

A mixture of eight phases was observed for the RM,,
sample, though it should be noted that just three phases
made up 78 wt.% of the RM,, sample, namely,
cancrinite (ICSD #9317, S.G. P63, a = 1.275 nm, ¢ =
0.514 nm), hematite (ICSD #15840, S.G. R3cH, a =
0.5038 nm, ¢ = 1.3772 nm), and sodalite (ICSD #29443,
S.G. P43n, a = 0.882 nm) (Table 1).

Discriminating between cancrinite and sodalite, when
present in the same sample, can be difficult because the
phases have peak sequences which overlap. However, the
two phases could be distinguished by the presence of at
least three peaks, namely at d spacings of 0.463, 0.322,
and 0.273 nm in cancrinite, which have no equivalent in
sodalite (Figure 1). Cancrinite was the main phase of the
red mud (33 and 29 wt.% for RM,; and RM,, respec-
tively). With obvious caveats, because of the uncertainties
in the quantitative determination, the percentage of
cancrinite decreased and that of sodalite increased with
acid treatment in the pattern of RM,; the sodalite
percentage was in fact greater in the RM, sample (16
and 24 wt.% for RM,,; and RM,, respectively) (Table 1).
These two phases made up about half of the red mud. This
is interesting because these two phases have never been
reported together in previous studies, at least not in such
large quantities (Paramguru et al., 2005).

The cancrinite framework (hexagonal P65) consists of
alternating Si-O-T7 units (7 = Si or Al) deriving from SiOy4
and AlO, tetrahedra (Whittington et al., 1998). The

Cancrinite

Sodalite

X-ray intensity (a.u.)

Hem atite

A

T T T
20 40 60 80
Scattering angle (°20)

Figure 1. Experimental XRD pattern (data points) and Rietveld
refinement (solid line) of the RM,,; sample. The contributions of
the three main phases are also reported after accomplishing the
fit, according to their relative abundance.
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tetrahedral arrangement determines the formation of cages
and channels which are typical of the open porous
structure of zeolites (Hackbarth et al., 1999; Castaldi et
al., 2005). The wide main channel can host cations and
anions such as carbonate, whereas the small cages contain
only cations and water molecules (Mon et al., 2005).
Sodalite differs from cancrinite in terms of the presence of
OH™ and CI™ compensating anions in place of the
carbonate, in terms of its symmetry of crystallization
(cubic P43n), and because of the absence of channels in
its framework which are replaced by a network of large
cages which can accommodate cations or water molecules
(Barrer et al., 1970; Zheng et al., 1997; Mon et al., 2005).

Hematite was not unexpected due to the red color of
the red mud and it represented 29 and 27 wt.% of the
RM,,, and RM, samples, respectively (Table 1).

Quantities of boehmite and gibbsite (11 wt.% and
9 wt.% of the RM,; and RM, samples, respectively)
were also detected. These phases were not unexpected
either because they are probably derived from the
processing of bauxite and represent a fraction of
aluminum hydroxides which were not completely
extracted. Clearly the quartz and andradite phases were
connected to the mineralogical features of the extraction
site. Moreover, note the weak but appreciable presence
of titanium in the form of anatase (Table 1). A specific
investigation on this phase may be interesting because of
its well known photocatalytic property.

A significant variation in the lattice parameters of the
cancrinite after the acid treatment was observed
(Table 2), where the ¢ axis varied from 0.514 nm in
the RM,;; to 0.516 nm in the RM, sample. This increase
may be due to the partial dissolution of intracrystalline
carbonate anions which are placed in the main channel
of cancrinite along the direction of the hexagonal ¢ axis
(Hackbarth et al., 1999). This was also reflected by the
increase in the specific surface area of RM, (Table 1)
due to the ‘cleaning effect’ of HCI treatment, which
partially dissolved the cancrinite (Santona et al., 2006).

The PZC values of the RM,,; and RM, samples were
5.1 and 5.3, respectively, which is significantly different
from the values found in the literature (PZC = 8-—8.5)

Castaldi et al.

Clays and Clay Minerals

(Apak et al., 1998b; Lopez et al., 1998; Pradhan et al.,
1999); this is probably due to the large aluminosilicate
content of this material.

XRD analysis of RM,, samples exchanged with Zn*",
Pb°", and Cd®" cations

The maximum amount of heavy metals adsorbed on
RM,, followed the order: Zn*" > Pb** >Cd>" (Santona et
al., 2006). In general, adsorbing phenomena were likely
to involve the three main phases, i.e. hematite,
cancrinite, and sodalite. Given the known stability of
hematite, the latter two phases may be responsible for
the observed reactivity with the added cations.
Cancrinite and sodalite are tectosilicates that had a
negative charge density in their lattice because of
substitution of Si** by AI’*" (Whittington et al., 1998;
Mon et al., 2005). This negative charge density could
have been neutralized by metals adsorbed with outer-
sphere bonds on the external surfaces and by the
incorporation of metals in the cages and channels of
these aluminosilicate frameworks.

The mineralogical and structural changes occurred on
the RM,, after the exchange, immobilization, and
precipitation reactions with the heavy metals were
determined through the XRD analysis.

The RM,,; exchanged with Zn nitrate showed that the
mineralogical composition did not change substantially
with respect to the untreated red mud (figure not shown,
Table 3). In addition, smithsonite or other carbonate
forms of zinc were not observed, probably because
carbonate forms of Zn are not stable at the working pH
conditions.

Comparison of the lattice parameters of sodalite and
cancrinite for the untreated and treated red mud and for
the red muds exchanged with heavy metals (Table 2)
revealed that the lattice parameter of cubic sodalite in
Zn-RM,,; was significantly smaller than that found in the
untreated red mud. This may be due to an incorporation
of Zn>" into the structural cages of sodalite, which
caused a contraction of lattice parameters due to the
significantly smaller ionic radius of Zn*" (0.74 A) which
exchanged for Na" cations (1.02 A).

Table 2. Lattice parameters of the main constituents of RM,; and RM, (error associated with

the unit-cell parameters +0.001).

Cancrinite (SG P63)

Sodalite (SG P33n)

Hematite (SG R3c)

a (nm) ¢ (nm) a (nm) a (nm) ¢ (nm)
RM, 1.266 0.514 0.896 0.503 1.375
RM, 1.266 0.516 0.896 0.502 1.375
Zn-RM¢ 1.266 0.516 0.887 0.503 1.374
Cd-RM,, 1.265 0.516 0.892 0.503 1.375
Pb-RM,¢ 1.270 0.517 0.907 0.503 1.375
Zn-RM, 1.264 0.516 0.890 0.503 1.374
Cd-RM, 1.266 0.517 0.893 0.503 1.376
Pb-RM, 1.270 0.517 0.904 0.503 1.375
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Table 3. Mineralogical phases of RM, and RM, exchanged with Zn**, Cd*", and Pb*>" (wt.%) (140°C).

Zn-RM,, Cd-RM,,, Pb-RM,, Zn-RM, Cd-RM, Pb-RM,

Cancrinite 30.0 20.0 20.0 28.0 27.0 27.0
Sodalite 19.0 23.0 23.0 23.0 23.0 24.0
Hematite 29.0 27.0 25.0 27.0 28.0 27.0
Bohemite 6.0 6.0 6.0 6.0 6.0 6.0
Gibbsite 5.0 5.0 5.0 5.0 5.0 5.0
Anatase 5.0 5.0 5.0 5.0 5.0 5.0
Andradite 4.0 4.0 4.0 4.0 4.0 4.0
Quartz 2.0 2.0 2.0 2.0 2.0 2.0
Octavite — 8.0 — — - -

Hydrocerussite — — 10.0 — — —

After the addition of Cd nitrate to the RM,,, octavite
[CACO; (8 wt.%)] was observed in the XRD pattern
(Figure 2). Its contribution to the total Rietveld fit was
evaluated numerically and is presented in Figure 2.
Furthermore, in the RM,,, exchanged with Cd, a decrease
of cancrinite and an increase in sodalite were observed
with respect to the untreated red mud (Table 3). It is
possible that the process of decarbonation of cancrinite
generated octavite, also favoring the formation of sodalite.

Similar conclusions may be drawn for the pattern of
RM,, treated with Pb nitrate, where a 10 wt.% presence
of hydrocerussite [Pb3(CO3),(OH),] was observed

(Table 3). Note that a complete structure solution of
hydrocerussite was reported only recently (Martinetto et
al., 2002). Figure 2 shows the contribution of hydro-
cerussite numerically isolated from the rather complex
experimental pattern after the Rietveld fitting.
Furthermore, the Pb-RM,,, sodalite phase showed an
expanded lattice volume, which can be considered
significant with respect to the RM, (a0 +0.011 nm for
Pb>"). The unit-cell expansion may be associated with
the incorporation of Pb>" ions, which have an ionic
radius substantially greater (1.19 A) than the Na" ions
(1.02 z&) for which they were exchanged. Nevertheless,

Hydrocerussite

X-ray intensity (a.u.)

Ocatvite

T
20 40

80

Scattering angle (°20)

Figure 2. Data points of experimental XRD patterns and full lines after Rietveld refinement for the Cd-RM,, and Pb-RM,,; samples.
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Figure 3. FTIR spectra of undoped and doped RM,,; samples.

the small changes in the lattice parameters derived when
Pb>" exchanges for Na* could be due to the difficulty
experienced by divalent cations in accessing exchange-
able sites. Besides, no evidence for such behavior was
observed in specimens treated with Cd**, though some
cationic incorporation cannot be excluded.

XRD analysis of RM, samples exchanged with Zn>",
Pb>", and C&" cations

The maximum metal adsorption on RM, followed the
order: Zn*" > Cd*" > Pb** (Santona et al., 2006). The
addition of Zn?" affected the lattice-contraction para-
meters in sodalite while the opposite behavior was
observed in Pb-RM, (Table 2). In the case of Cd-RM, no
appreciable changes were observed. Note that acid pre-
treatment precluded the formation of octavite and
hydrocerussite (Table 3). These phases were absent
from the XRD patterns of RM, exchanged with Cd*"
and Pb>" (figures not shown).

FTIR spectra analysis

Shifts in frequencies and variations in the intensity of
some bands were observed in RM,; and RM, samples
exchanged with different metals. These changes
depended on cation exchange, but clear correlations
were lacking (Figures 3—4).

In all the spectra a strong band was present in the
hydroxyl-stretching region at 3400—3300 cm™'. This
was probably due to the presence of H,O in the red mud
(Armstrong and Dann, 2000; Ruan et al., 2001; Gok et
al., 2007). In all the samples a band at ~1630 cm™' was
detected. This was attributed to the water molecules
occluded inside the aluminosilicate structure (Linares et
al., 2005; Gok et al., 2007).

Carbonate bands were observed within the 1410—
1470 cm ™! region. In particular, in the traces for Pb-RM,,,
and Cd-RM,,, the peak at ~1440 cm ™! was more intense.
This is in agreement with the XRD data where two
carbonate phases (octavite and hydrocerussite) were
observed for these samples. The peak recorded at
1400 cm™' in the RM,, and RM, samples could be
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Figure 4. FTIR spectra of undoped and doped RM, samples.

attributed to nitrate; this NO3 band might be present in
both cancrinite and sodalite, according to the results
reported by Zhao et al. (2004).

Even though several studies have distinguished
sodalite and cancrinite, using FTIR spectroscopy (e.g.
Barnes et al., 1999; Armstrong and Dann, 2000), this
seems very difficult with a material as heterogeneous as
the red mud. Sodalite and cancrinite, being very similar
in terms of their structural features, show common peaks
in the region 400—500 cm™' due to the 7—O bend
(where T'= Si or Al) and in the region 560—630 cm ™'
due to 4- or 6-membered ring vibrations of SiO4 or AlO4
tetrahedra (Barnes et al., 1999) (Figures 3—4).
Moreover, in all the RM spectra, a peak due to stretching
vibrations of the Fe—O bond (460—500 cm ™' range) was
also present (Ruan et al., 2001). Additional peaks were
also observed in the region 680—600 cm™'
(Figures 3—4) due to the symmetric stretch of the
Si—O—Al framework and at 1100—1120 cm™" due to
the asymmetric stretch of the Si—O-—Al framework
(Barnes et al., 1999). The FTIR spectra of the RM,,, and
RM, heavy metal-doped samples showed slight differ-
ences with respect to the untreated sample; in particular
the peak at ~1100 cm ' shifts slightly to greater
wavenumbers (Figures 3—4). This effect, which is
indicative of a decreased strength of the Si—O—Al
bond (Mozgawa et al., 2002), may be associated with the
cation-exchange process which implies the initial
structure to be deformed. Finally, in the RM,-doped
samples, the peak at 1470 cm™' appears lowered in its
intensity as a result of both the acid pre-treatment and
the metal-nitrate salts used as doping solutions which
favored the dissolution of carbonates. These results are
consistent with those obtained from the XRD analysis of
RM,.

Thermal behavior

Weight losses for the RM,, and RM, samples were
detected at similar stages. The weight loss measured in the
temperature range 60—150°C was attributed to the super-
ficial absorbed water, with the temperature of the peak
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Table 4. Weight losses (percentage of total sample weight) recorded by the TG analysis.

60—150°C 240-310°C 310—-490°C 490—800°C
RM,y¢ 1.89 2.18 1.03 1.44
RM, 1.87 2.19 1.11 1.39
Zn-RMy 2.10 2.92 1.03 1.22
Cd-RM,, 1.75 2.32 1.35 1.36
Pb-RM,, 1.68 2.20 1.57 1.18
Zn-RM, 2.27 2.73 1.11 1.25
Cd-RM, 2.07 2.29 1.10 1.27
Pb-RM, 2.08 2.20 1.12 1.29

varying (Figure 5). The RM,,, and RM, exchanged with
Zn*" in particular had greater weight losses (Table 4).

The weight losses in the 240—490°C range can be
interpreted mainly as the sum of a number of events. The
first (240—310°C range) with a peak at 273°C may be
associated with the loss of water molecules located in
the channels and cages of the cancrinite and sodalite
structure and bound to the non-framework cations
(Castaldi et al., 2005). In Figures 5 and 6, the peak at
273°C varies in intensity depending on the metal being
considered. The weight losses in the RM,, and RM,
doped samples in the range 240—310°C decreased with
increase in the size of non-framework cations exchanged
and they consistently followed the order
Zn*">Cd**>Pb*". The ionic radii of these metals
increase in the same order. This was expected because
the possibility that each metal must interact with the
sorbent reactive sites depends on its charge density,
which is a consequence of the ion size. Thus the greater
weight losses recorded in both Zn-RM,, and Zn-RM,
samples are due to the greater sphere of hydration of
Zn*" ions which are the smallest of the three metals
tested.

The thermal events recorded in the range 310—490°C
can be ascribed to a synergic release of CO3~ groups
(Linares et al., 2005) and to the decomposition of

RMnt

Cd-RMnt

Pb-RMnt

Zn-RMnt

0 100 200 300 400 500

Temperature (°C)

600 700 800

Figure 5. DTG thermograms of undoped and doped RM,,
samples.

gibbsite (Pontikes et al., 2007). In the Pb-RM,,; and Cd-
RM,, samples, the peak at 330—350°C seems to increase
due to the partial release of carbonate groups by the
precipitated Pb*' and Cd*" carbonate compounds
hydrocerussite and octavite. In all RM, samples this
peak is markedly decreased in its intensity, probably
because the acid pre-treatment favored the dissolution of
carbonates and gibbsite, in agreement with the XRD
results and FTIR analysis of RM,.

The peak at ~500°C observed in all the RM samples
can be assigned to the dehydration of boehmite to form
aluminum oxide phases (Sglavo et al., 2000).

In the Cd-RM,,; sample another peak is present at
~600°C which may be attributed to the total decomposi-
tion of octavite. By contrast, the degradation of the Pb-
carbonate was not identified by precise peaks but by a
progressive weight loss which took place in the
310—490°C temperature range.

CONCLUSIONS

The adsorbing properties of red mud are related to its
capacity to decrease the mobility of heavy metals
through exchange and precipitation reactions. These
aspects are of particular importance in evaluating the
efficiency of the red mud as a heavy-metal adsorbent.

RMa
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Pb-RMa

DTG (%min)

T

Zn-RMa

0 100 200 300 400 500

Temperature (°C)

600 700 800

Figure 6. DTG thermograms of undoped and doped RM,
samples.
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The XRD analysis, coupled with the Rietveld method,
was found to be particularly suitable for identifying and
quantifying the new carbonatic phases (octavite and
hydrocerussite) in the red mud doped with Cd and Pb
nitrates. This result is particularly significant and seems
more important in terms of the fixation of heavy metals
than in terms of structural entrapment. Besides, the
carbonate precipitation process was not observed in the
case of acid-treated red muds probably because of the
partial dissolution of intracrystalline carbonate anions
which reside within the main channel of cancrinite.

The essential changes observed in the FTIR spectra of
red mud samples exchanged with Pb**, Cd*", and Zn**
cations may be related to the greater degree of cancrinite
and sodalite-ring deformation, which is caused by the
incorporation of cations with larger ionic radii. In
particular, the 12-membered rings in cancrinite appear
to be the most favorable for incorporation of hydrated
cations. However, the insertion of these groups in a
specific site as opposed to e-cages or B-cages of sodalite
is difficult to determine from our XRD data-fitting
analysis.

The thermoanalytical data obtained from TG/DTG
showed that in the doped RM samples the water loss
decreased with increase in the size of exchanging non-
framework cations. This was explained by the regularity
of the network formed by water molecules and the extent
of various water molecule interactions.
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