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ABSTRACT

The removal of color from wastewater is a major problem for textile industries. The best
option to remove color is to combine conventional treatments with additional processes,
such as adsorption. Industrial waste has been studied for use as adsorbents, specifically red
mud (RM), which is an insoluble residue that is generated in large quantities during the
processing of bauxite. In this study, a typical reactive dye, reactive blue 19 dye (RB 19),
used in the textile industry was selected, and its ability to adsorb RM that was thermally
treated at 500˚C (RM 500˚C) was evaluated. The adsorption of RB 19 was highest when the
pH values were lower than the pHPCZ (7.0). The experimental adsorption capacity data
were analyzed using the Langmuir and Freundlich models. The Langmuir model was
more appropriate for describing this phenomenon in acidic conditions, with a maximum
adsorption capacity of 178.4mg g−1 (R2 of 0.84). Kinetics studies indicate that a pseudo-
second-order reaction mechanism is responsible for the adsorption of RB 19, indicating that
adsorption occurs through electrostatic interactions. Thus, these results indicate that the RM
500˚C has potential applications for treating effluents from textile industries.

Keywords: Bauxite refining residue; Reactive dye adsorption; Kinetics studies; Isotherms
models

1. Introduction

The textile industry is greatly important to the
economies of emerging countries. Brazil is the largest
textile center in South America, ranking fifth among
the largest producers of textiles and clothing in the
world [1]. Water consumption and the generation of
large volumes of industrial effluents that have high

concentrations of dyes and chemicals are associated
with the high-economic performance of the industry.
The direct discharge of dye into water bodies can
cause serious environmental problems by reducing
light penetration into the water column and photosyn-
thesis [2].

The best option for removing color from wastewa-
ter is to combine conventional treatments with addi-
tional processes such as chemical oxidation [3–5],
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membrane filtration [6], adsorption [7], and coagula-
tion [8]. The adsorption technique presents the best
results for industrial applications [9]. Adsorbents such
as activated carbon [10,11], clay [12,13], chitosan and
chitin [14,15], and cellulosic materials [16] are com-
monly used to remove dyes from industrial wastewa-
ter.

Good results have been obtained with different
alternative and inexpensive materials [17–19], espe-
cially red mud (RM), which is an insoluble residue
created in large quantities during the refining of baux-
ite ore. Brazil produces a third of the world’s bauxite,
surpassed only by Australia and China. Bauxite refin-
ing residue (RM) is derived from the Bayer process
during the digestion of crushed bauxite in a concen-
trated caustic solution (NaOH) at elevated tempera-
tures and pressures. In Brazil, 7,000,000–10,500,000
tons of this insoluble residue is generated per year
during the refining of bauxite ore [20]. The residues
occupy vast areas. Apart from the visual impact, they
can leak and consequently contaminate the soil, sur-
face water, and groundwater [21–23].

In the present study, a typical reactive dye from
the textile industry was selected, and its adsorption
onto Brazilian thermally treated RM was investigated.
For this study, the pH, electrical conductivity, isoelec-
tric point, mineralogy, and surface area of natural
RM and RM that was thermally treated at 500˚C
(RM 500˚C) were characterized. The influence of the
initial pH on the adsorption tests using RM that was
thermally treated at 500˚C was evaluated. Pseudo-
first-order and pseudo-second-order kinetics models
and adsorption isotherms were studied to understand
the dye adsorption characteristics of the RM 500˚C.
The kinetic models were based on Langmuir and
Freundlich models.

2. Materials and methods

2.1. RM activation and characterization

Brazilian RM samples were provided by the alumi-
num plant in Alumı́nio City, São Paulo State, Brazil.
Initially, all of the samples of RM were dried over-
night at 80˚C. According to Antunes et al. [24], Brazil-
ian RM has been classified as mesoporous at all
temperatures, except between 400 and 500˚C, where a
better gain of specific surface area was observed.
Thus, the heating treatment used for the RM was con-
ducted at 500˚C in a furnace for 3 h (RM 500˚C).

The pH and the electrical conductivity values for
RM and RM 500˚C were determined using a YSI 556
meter calibrated with standard solutions: pH 4.00
(4.00 ± 0.01 at 25˚C ± 0.2˚C) and 7.00 (7.00 ± 0.01 at

25˚C ± 0.2˚C) and a solution of KCl (1.0 mmol L−1) of
known electrical conductivity: 147 μS cm−1 at 25˚C.

The pH of the isoelectric point (pHPCZ) was also
determined from RM and RM 500˚C. NaCl solutions
(0.1 N) with pH values ranging from 1 to 11 were pre-
pared. RM and RM 500˚C (0.10 g) were added to the
solutions. This system was continuously stirred at 250
rpm at room temperature for 48 h. After this period, the
final pH of the solutions was measured. The pHPCZ is
defined as the point on the pHfinal versus pHinitial curve
that crosses the line pHfinal = pHinitial [25].

The mineral composition was determined by
X-Ray diffraction (XRD) using a Philips X-Pert wide-
angle X-ray diffractometer operating at 40 kV and 40
mA with CuKα radiation. The morphologies of the
RM and RM 500˚C samples were observed using a
scanning electron microscope equipped with an
energy dispersive X-ray spectrometer unit (SEM-EDS).
The specific surface areas of all samples were
determined by BET/N2 adsorption methods using a
Micromeritics ASAP 2010 instrument.

2.2. Adsorption studies

The adsorption experiments were carried out with
RM 500˚C as the adsorbent and the Reactive Blue 19
(RB 19) dye as the adsorbate. The characteristics of the
dye are shown in Table 1. Aqueous solutions of this
dye show maximum adsorbance at 590 nm in the
visible region. The pH range does not affect the
adsorbance of the dye. The time required to reach
adsorption equilibrium of RB 19 was 3 h.

Isothermal studies were carried out by mixing
0.200 g (±0.01 g) of RM 500˚C with 50mL of a RB 19
solution with the following concentrations: 100, 500,
1,000, 2,000, 3,000, and 5,000mg L−1. The samples with
initial concentrations higher than 500mg L−1 of dye,
were diluted 1:200 in distilled water. The system was
continuously stirred at 250 rpm for 3 h and maintained
at a temperature of 30˚C. Next, the solution was cen-
trifuged for 3 minutes at 3500 rpm, and an aliquot was
collected from the supernatant to determine the resid-
ual RB 19 concentration. The influence of the initial
pH on the experiments was studied using solutions
with pH values of 2.0, 4.0, 7.0, and 10.0.

The adsorption kinetics study was carried out by
monitoring the concentration of RB 19 over time,
which consisted of adding 0.200 g (±0.01 g) of RM
500˚C at different concentrations (500, 1000, and 1500
mg L−1) to 50mL of a RB 19 solution at pH 4. After
different time intervals, an aliquot of the sample was
centrifuged to determine the residual concentration of
RB 19.
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The RB 19 residual concentrations were deter-
mined using a Hach DR-2800 spectrophotometer with
peak readings centered at a wavelength of 590 nm.
Deionized water was used as a blank sample. The
amount of RB 19 adsorbed onto the RM, qe (mg g−1),
was calculated using the mass-balance relationship
shown in Eq. (1). The percent adsorption (%A) of RB
19 was calculated using Eq. (2).

qe ¼ ðC0 � CeÞ � V

W
(1)

%A ¼ ðC0 � CeÞ
C0

� 100 (2)

where C0 and Ce= initial and equilibrium concentra-
tions of dye, respectively (mg L−1); V = volume of solu-
tion (L); W =weight of adsorbent sample (g).

3. Results and discussion

3.1. Characterization of Brazilian RM

The procedure for determining the chemical
composition of RM and RM 500˚C has been described
by Antunes et al. [24]. The results indicate that the main
constituents of these materials are Fe2O3, Al2O3, and
SiO2 (Table 2). The grain size analysis indicated that the
RM and RM 500˚C have ca. 7% of fine sand (>0.05mm),
60% of silt (from 0.002 to 0.02 mm), and 33% of clay
(<0.002mm) [24]. The characteristics of RM and RM
500˚C are shown in Table 3. The pH values of RM and
RM 500˚C are 10.3 and 10.9, respectively, which con-
firms that the material is highly alkaline even after heat

treatment due to the addition of NaOH in the Bayer
process.

The activation of RM 500˚C reduces the electrical
conductivity of this material from 3,700 to 1,600 μS
cm−1. The pHPCZ (7.0) appears to be unaffected by the
heat treatment. Furthermore, thermal activation at
500˚C increases the specific surface area of the mate-
rial from 18.7 to 38.0m2 g−1, with pore sizes ranging
from 1 to 4 nm, corresponding to the dimensions of
mesopores and micropores. The morphologies of the
RM and RM 500˚C particles were observed using
SEM-EDS, as illustrated in Fig. 1. RM and RM 500˚C
samples are composed of particles with different sizes
and forms. The heat treatment does not appear to
change the morphology of the particles.

Fig. 2 shows the XRD patterns of RM and RM
500˚C. The mineralogical composition of RM shows

Table 1
Main characteristics of the reactive blue 19 dye (RB19)

Molecular structure

Generic name C.I. Reactive blue 19
Molecular formula C22H16N2O11S3Na2
Molar mass 626.54 gmol−1

Class Reactive
λmáx (nm) 590

Table 2
Chemical composition (%) of RM and RM 500˚C

Oxide RM RM 500˚C

SiO2 19.2 20.7
TiO2 3.0 3.2
Al2O3 22.8 24.3
Fe2O3 27.4 28.9
MnO 0.2 0.2
MgO 0.4 0.4
CaO 2.2 2.3
Na2O 7.9 8.0
K2O 0.8 0.8
P2O5 0.4 0.4
LOI 15.5 10.4
Total 99.8 99.6
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that hematite (Fe2O3), goethite (FeO(OH)), quartz
(SiO2), gibbsite (Al(OH)3), calcite (CaCO3), sodalite
(Na8Al6Si6O24Cl2), kaolinite (Al2Si2O5(OH)4), and rutile
(TiO2) were present in the samples. The peaks corre-
sponding to gibbsite and goethite are no longer
observed in the XRD patterns of RM 500˚C, while the
intensity and sharpness of the hematite bands increase

(See the marked regions on Fig. 2). This behavior is
particularly obvious for the hematite band at approxi-
mately 33˚ 2θ CuKα. According to Antunes et al. [24],
the decomposition of goethite to hematite occurred
at 234˚C (FeO(OH)→ Fe2O3) and the gibbsite
decomposed to boehmite and then to alumina
at 272˚C (Al(OH)3→Al(OH)(S) + H2O→Al2O3+H2O).
This explains the increase of specific surface area in
RM 500˚C because the transition aluminas have
a higher specific surface area than the original
hydroxides [26].

3.2. Influence of pH on adsorption experiments

Fig. 3 shows the removal of RB 19 by RM 500˚C at
different pH conditions (pH values of 2, 4, 7, and 10).
The removal efficiency of RB 19 decreases as the initial
concentration of RB 19 increases for all pH values.
This result is due to the limited number of surface
sites available for adsorption, which will be occupied
by the RB 19 molecules during the adsorption process
[27]. When the concentration of RB 19 in solution
increases, the competition for vacant sites increases
(limited sites available). After reaching saturation, no
more dye can be adsorbed.

Table 3
Characterization of RM and RM 500˚C

Parameter RM RM 500˚C

pH 10.3 10.9
Electrical conductivity (μS cm−1) 3,700 1,600
Specific surface area (m2g−1) 18.7 38.0
pHPCZ 7.0 7.0
Mineralogy hematite, goethite, quartz, gibbsite,

calcite, sodalite, kaolinite, and rutile
hematite, quartz, alumina, calcite,
sodalite, kaolinite, and rutile

Fig. 1. SEM-EDS of RM (a) and RM 500˚C (b).

Fig. 2. XRD patterns of RM and RM 500˚C. Sodalite = Sdl,
Gibbsite = Gds, Goethite = Gt, Kaolinite = Kln, Hematite =
Hem, Quartz = Qtz, and Calcite = Cal. The marked regions
emphasize the disappearance of peaks of the aluminum
and iron hydroxides.
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For all concentrations tested, the percent removal
of RB 19 was between 5 and 10% at alkaline pH (10.0),
indicating a weak adsorption process. For all concen-
trations, the adsorption capacity was significantly
increased under acidic conditions, (pH values of 2 and
4). For solutions with an initial concentration of RB 19
below 500 mg L−1, the color removal capacity
exceeded 90% under acidic conditions. However, the
percent adsorption for all concentrations was very low
in solutions with a pH of approximately 7 near the
pHPCZ. This result confirms that when the surface
charge of RM 500˚C is neutral, the RM has the lowest
adsorption capacity.

3.3. Adsorption isotherms

Fig. 4 shows the isotherms for the adsorption of
RB 19 dye onto RM 500˚C. The isotherms describe the
equilibrium relationship between the concentration of
an adsorbate on the solid phase and its concentration
in the liquid phase at constant temperature and pres-
sure. Analysis of these isotherms was performed by
adjusting Langmuir and Freundlich adsorption
models.

The Langmuir model (Eq. (3)) assumes that
maximum adsorption corresponds to a saturated
monolayer of adsorbate molecules on the surface of
the adsorbent with a constant energy. The constants
KL and qm can be obtained by rearranging Eq. (3),
resulting in Eq. (4).

qe ¼ ðqm � KL � CeÞ
ð1þ KL � CeÞ (3)

Ce

qe
¼ 1

qm � KL
þ 1

qm

� �
� Ce (4)

where KL= the Langmuir constant related to the
energy of adsorption (mg−1); qm=maximum amount
of adsorption corresponding to complete monolayer
coverage on the surface (mg g−1).

The Freundlich model is an empirical isotherm that
can be used for non-ideal sorption involving heteroge-
neous surface energy systems. Eq. (5) describes this
model, and the linear form is written in Eq. (6).

qe ¼ KF � C
1
n
e (5)

log qe ¼ logKF þ 1

n

� �
� logCe (6)

where KF= Freundlich constant; n = constant (1/n is
the adsorption intensity).

The abovementioned isotherms were used to adjust
the experimental data, and the results are shown in
Table 4. The Langmuir model represents RB 19
adsorption onto RM 500˚C when the system is acidic.
However, for alkaline pH conditions, the use of
Freundlich model is more appropriated. These results
show that the adsorption of RB 19 under acidic condi-
tions resulted into a saturated monolayer of dye on
the RM adsorbent (Langmuir model). At pH 4.0, each
gram of RM 500˚C shows a maximum adsorption
capacity of 168.7mg of RB 19, whereas at pH 2.0, the
same amount of adsorbent material is capable of
adsorbing 178.4 mg of this dye. Under acidic adsorp-
tion conditions, the average maximum adsorption
capacity of RM that was thermally treated at 500˚C is
173 ± 7 mg g−1.

Fig. 3. The effect of initial pH on the adsorption of RB 19
by RM 500˚C under different pH conditions.

Fig. 4. Adsorption isotherms of RB19 by RM 500˚C using
the Langmuir adsorption model for pH 2 and 4.
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3.4. Adsorption kinetic studies

In this study, adsorption kinetic was obtained for
the acidic conditions using different initial concentra-
tions (Fig. 5). It is important to know the rate of
adsorption from kinetics models to design wastewater
treatment systems for industrial plants. The Lagergren
pseudo-first-order (Eq. (7)) and pseudo-second-order
(Eq. (8)) models were used to understand the dynam-
ics of the adsorption kinetics of RB 19 by RM 500˚C.

dqt
dt

¼ K1 � ðqe � qtÞ (7)

dqt
dt

¼ K2 � ðqe � qtÞ2 (8)

where qe and qt= amount of RB 19 adsorbed (mg g−1)
at equilibrium and at any time t (min), respectively;
K1 and K2 = the equilibrium rate constants of pseudo-
first-order (min−1) and pseudo-second-order adsorp-
tion (gmg−1 min−1), respectively.

It is possible to write Eqs. (9) and (10) by integrat-
ing Eqs. (7) and (8) with the boundary conditions t = 0
to t and qt = 0 to qt and rearranging them to obtain a
linear form.

log ðqe � qtÞ ¼ log qe � K1

2:303

� �
� t (9)

t

qt
¼ 1

K2 � q2e

� �
þ 1

qe

� �
� t (10)

The results of the adsorption kinetics of pseudo-
first-order and pseudo-second-order models for RB 19
by RM 500˚C are shown in Table 5. The adjustment
coefficient for the pseudo-second-order model is a bet-
ter fit to the experimental data with a value of 0.99.
Additionally, the calculated values of qe are closer to
the experimental values of qe. This result indicates that
the adsorption of RB 19 by RM 500˚C obeys the
pseudo-second-order kinetic model. The pseudo-sec-
ond-order kinetic model is based on the assumption
that the rate-limiting step may involve valence forces
such as electron sharing or exchange between sorbent
and sorbate [28]. The pHPCZ measure confirms such
an adsorption mechanism.

In addition, the kinetic data (qt and t) can be plot-
ted in Elovich Eq. (11), which assumes that the solid
surface active sites are heterogeneous in nature
[29,30]. In this equation, α and β are related to the rate
of initial adsorption (chemisorption) and surface cov-
erage (desorption constant), respectively. The intrapar-
ticle diffusion kinetic model (Eq. 12) considers that the
adsorbate species are mostly transported from the
bulk of the solution into the solid phase through
intraparticle diffusion/transport [29,30]. The values of
the coefficients of Elovich and intraparticle diffusion
equations are listed in Table 6.

qt ¼ 1

b
ln ðabÞ þ 1

b
ln t (11)

Table 4
Adsorption parameters using Langmuir and Freundlich models for RM 500˚C

pH 2.0 pH 4.0 pH 7.0 pH 10.0

Langmuir parameters
qm (mg g−1) 178.4 168.7 −1.95 248.65
KL 0.005 0.009 1.0 0.0001
R2 0.84 0.96 0.65 0.22
Freundlich parameters
n 2.75 3.04 2.72 1.02
KF (mg g−1) (Lmg−1)1/n 11.8 13.3 0.85 0.26
R2 0.51 0.74 0.46 0.95

Fig. 5. Kinetic curves for adsorption of RB19 by RM 500˚C
at pH 4, with lines indicating the pseudo-second-order
model.
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qt ¼ kit
0:5 þ C (12)

where α = initial adsorption rate constant (mg g−1

min−1); β = desorption constant (mg g−1); ki = intraparti-
cle diffusion rate constant (mg g−1 min−0.5); C = inter-
cept (mg g−1).

The correlation coefficients (R2) indicate a linear
characteristic, with values ranging from 0.92 to 0.95
and 0.81 to 0.84 for Elovich and intraparticle diffusion
kinetic models, respectively. With the increase in ini-
tial concentration (C0), the constants α and β increased,
suggesting that both the rate of chemisorption and the
available adsorption surface would increase. When
the qt versus t0.5 plots pass through the origin, the
intraparticle diffusion is the rate-limiting step. With
the intercept values present in Table 6, it is possible to
conclude that surface adsorption and intraparticle dif-
fusion were concurrently operating during the adsorp-
tion of RB19 by RM 500˚C at pH 4.

4. Conclusions

The chemical and mineralogical analysis showed
that heat treatment of RM at 500˚C transforms the
hydroxides in oxides, thereby increasing the specific
surface area of this material. The pHPCZ was equal for
samples of RM and RM 500˚C. The adsorption was
significantly dependent on the pH of the solution.
Acidic conditions proved to be optimal for adsorption.

The highest percent removal of RB 19 by RM 500˚C
occurred at pH values lower than the pHPCZ, which
were acidic solutions. The Langmuir model was more
appropriate for describing the removal of RB 19 in
acidic solutions. The average maximum adsorption
capacity of thermally treated RM is 178.4 mg g−1. The
pseudo-second-order kinetic model was a better fit for
the experimental data, which indicates that electro-
static interaction is the main adsorption mechanism.
Thus, this study indicates that the RM 500˚C has a
high capacity for removing RB 19, which suggests that
this bauxite refining residue has potential applications
in the treatment of effluents from textile industries.
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red mud as coagulant, adsorbent and catalyst for envi-
ronmental benign process, Chemosphere 72 (2008)
1621–1635.

[19] V.K. Gupta, P.J.M. Carrot, M.M.L. Ribeiro Carrot,
Suhas, Low-cost adsorbents: Growing approach to
waste water treatment – A review, Crit. Rev. Environ.
Sci. Technol. 39 (2009) 783–842.

[20] J.M.R. Mercury, A.A. Cabral, A.E.M. Paiva, R.S.
Angelica, R.F. Neves, T. Scheller, Thermal behavior
and evolution of the minerals phases of Brazilian red
mud, J. Therm. Anal. Calorim. 104 (2011) 634–643.

[21] M. Enserink, After red mud flood, scientists try to
halt wave of fear and rumors, Science 330 (2010)
432–433.

[22] A. Gelencser, N. Kovats, B. Turoczi, A. Rostasi, A.
Hoffer, K. Imre, I. Nyirõ-kósa, D. Csakberényi-
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