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ABSTRACT

Red mud, which is a waste product from alumina production, has been utilized after activa-
tion with concentrated sulphuric acid treatment for removal of Remazol Brilliant Blue (RBB)
dye from dye-contaminated water to investigate its potential as a low-cost adsorbent. The
activation has enhanced the surface area of red mud from 20.2 to 32.28 m2/g, thus enhancing
its adsorption capacity. The effect of initial dye concentration, contact time, initial pH and
adsorbent dosage on percentage removal of dye using concentrated sulphuric acid-treated red
mud (CATRM) was investigated. The ranges of these variables for optimization were selected
based on batch studies. Acidic pH favoured adsorption and 300 min contact time was found
to be suitable for attainment of equilibrium under shaking conditions of 145 rpm. Langmuir
isotherm model has been found to represent the equilibrium data for RBB-CATRM adsorption
system better in comparison with Freundlich model. The adsorption capacity of CATRM was
found to increase with the increase in temperature, and at 40˚C, it was found to be 125 mg
dye/g of CATRM. The adsorption kinetics was represented by second-order kinetic model,
and the kinetic constant was estimated to be 0.0063 g/mg min. Factors affecting the adsorp-
tion process were optimized by response surface methodology based on experiments designed
as per central composite design. The effects of individual variables and their interaction effects
on dye removal were determined. The results of the study showed that dye removal efficiency
of almost 100% can be obtained with optimal conditions of initial dye concentration at
105 mg/l, red mud dosage of 2.05 g/l, initial pH of 1 and temperature of 31.65˚C. pH and
temperature were found to have high interaction effect on adsorption.

Keywords: Adsorption; Isotherm; Kinetics; Red mud; Remazol Brilliant Blue; Response
surface methodology

1. Introduction

Dyes are used in dyeing, paper and pulp, textiles,
plastics, leather, cosmetic and food industries [1], and

effluents from these industries contain the residual
dyes. The receiving water bodies also undergo chemi-
cal and biological changes that consume dissolved
oxygen and thereby kills the aquatic organisms [2].
Increasing environmental pollution-related problems
by toxic dyes due to their hazardous nature is a*Corresponding author.
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matter of great concern. These dye compounds are
aesthetically displeasing and also inhibit sunlight
penetration into the water and affect the aquatic
ecosystem. Remazol Brilliant Blue (RBB), which is also
called as Reactive Blue 220, is a water soluble reactive
dye, which is widely used in the textile industries
for dyeing cotton fabric. RBB is one of the important
dyes in the textile industry with the molecular name
Cuprate(4-), [4,5-dihydro-4-[[8-hydroxy-7-[[2-hydroxy-
5-methoxy-4-[[2-(sulfooxy)ethyl]sulfonyl]phenyl]azo]-
6-sulfo-2-naphthalenyl]azo]-5-oxo-1-(4-sulfophenyl)-1H-
pyrazole-3-carboxylato(6-)]-, sodium, and it is a vinyl
sulphone-based formazan dye [3], a special class of
azo dye containing Cu. Dyes and their breakdown
products are toxic, carcinogenic or mutagenic to life
forms mainly because of carcinogens, such as ben-
zidine, naphthalene and other aromatic compounds
[4,5]. Moreover, Remazol Brilliant Blue, BB, contains a
copper complex, and copper may bioaccumulate in
the human body, aquatic life, natural water bodies
and also possibly trapped in the soil leading to toxi-
city [6], if the dye is released with effluent water.

There are various conventional methods of remov-
ing dyes from dye wastewater which include coagula-
tion and flocculation, oxidation [7], electrochemical
treatment [8], photo catalysis [9] and biological
treatment [10]. But these treatment methods pose
technological or economical limitations. Adsorption
technique is the most versatile, cost-effective and
widely used method for wastewater treatment. The
most common adsorbent materials are silica [11] and
activated carbon [12]. Studies have shown that
the above-said adsorbents for the adsorption of
different types of dyes are efficient, but their use is
restricted due to their higher cost. It has resulted
in finding alternative low-cost adsorbents [13],
which may replace the conventional adsorbents in
pollution control. Low-cost alternative adsorbents are
natural materials or the wastes or by-products of
industries [13].

Waste natural materials such as hen feather
[14–16], egg shell waste [17,18], egg shell membranes
[19] and industrial wastes such as nanoalumina [20]
and bottom ash [21] have been used for the removal
of dyes, heavy metals and organic pollutants from
wastewater.

Red mud is the insoluble solid waste remaining
after the caustic digestion of bauxite used for pro-
duction of alumina by the Bayer process. Red mud
causes serious environmental pollution-related prob-
lems due to its high alkalinity and production in
large amount as a solid waste. Environmental con-
cerns have led to extensive research to find effective

ways to utilize the abundantly available red mud
from aluminium industry. Red mud has been stud-
ied as one of the low-cost unconventional adsorbent,
for the removal of fluoride [22], heavy metals
[23–25] and dyes from aqueous solution. Several
studies have reported that red mud can be utilized
for adsorbing dyes such as Congo red [26], Rho-
damine B, Fast Green, and Methylene Blue [27]. Red
mud activated with dilute sulphuric acid was found
to be a very efficient adsorbent for removal of RBB,
a reactive dye [28]. Activation by dilute sulphuric
acid was found to improve the adsorption. Search
for better activation method to enhance the adsorp-
tion is necessary for the removal of high concentra-
tions of the dye from contaminated wastewaters.
Thus, this study attempts to use concentrated sul-
phuric acid treatment for activation of red mud to
enhance the adsorption capacity of red mud for the
removal of RBB from contaminated water. Reuse of
industrial solid waste for the treatment of wastewa-
ter from another industry will help not only in solv-
ing the solid waste disposal problem, but also in
reducing the treatment cost of wastewater.

This study presents the removal of RBB by adsorp-
tion using red mud treated with concentrated H2SO4.
Industrial-scale application of the process necessitates
the optimization of parameters affecting the adsorp-
tion process. Number of experiments, time and overall
research cost may be reduced by employing “Design
of experiments” strategy for optimization. “One factor
at a time” method is often insufficient to account for
interaction between the factors affecting the process
performance. Several researchers have used “Design
of experiments” for modelling and optimization of
adsorption process for removal of heavy metals and
dyes using different adsorbents [29–31]. Thus, in this
study experiments were designed based on central
composite design (CCD) and response surface
methodology (RSM) was used for optimization of the
adsorption process.

2. Materials and methods

2.1. Red mud and dye

Red mud (composition: Fe2O3 (42%), Al2O3 (20%),
TiO2 (9%), SiO2 (10–12%), Na2O (4–5%)) was obtained
from Hindalco Aluminium Industry, Belgaum, India.
RBB dye (90% pure) was gifted by Campbell Knitwear
Ltd, Belgaum, India. The dye concentration was esti-
mated by measuring the absorbance at 608 nm (λMax)
using a precalibrated UV–vis bio-spectrophotometer
(Elico BL-198).
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2.2. Pretreatment and characterization of raw red mud

Red mud was washed thoroughly with distilled
water, filtered and dried at 110˚C for 24 h. 10 g of this
red mud was soaked in 20 ml concentrated H2SO4

(98%) for 4 h. Then, the red mud was separated from
the digestion slurry by filtration, washed with distilled
water several times and dried in an oven at 110˚C
overnight. This formed the concentrated acid-treated
red mud (CATRM).

Characterization of raw red mud and CATRM
samples were carried out by X-ray diffraction (XRD)
and scanning electronic microscopy (SEM) for surface
morphology and composition to compare the relative
performance of raw red mud and CATRM. The X-ray
diffractograms of these samples were obtained using
JEOL X-ray diffractometer, using CuK-alpha radiation
(λ = 1.5425 Å

´
, V = 40 kV, I = 20 mA). The SEM analysis

and energy-dispersive X-ray (EDAX) of the samples
were carried out by JED 2300 Analysis JEOL. The sur-
face area of raw red mud and CATRM were deter-
mined by BET analysis using ASAP 2020 V3.04 H,
Micromeritics, USA. The chemical composition of raw
red mud and CATRM was determined by X-ray fluo-
rescence (XRF) spectroscopy, using Philips PW2400
XRF spectrometer.

2.3. Batch adsorption experiments

Batch adsorption experiments were carried out in
100-ml conical flasks containing the aqueous dye solu-
tion of known concentration and with CATRM at
desired quantity. Initial pH of the solution was
adjusted to the desired value with 1 N NaOH or 1 N
HCl solutions. The solution was agitated with a con-
stant speed of 145 rpm in an incubator-shaker main-
tained at a required temperature till the equilibrium
condition was reached. The solution containing red
mud was then centrifuged to separate the supernatant
from red mud. The solution was centrifuged at
4,000 rpm in Remi centrifuge to separate the adsorbent
from the solution. The equilibrium dye concentration
of supernatant was determined using UV spectropho-
tometer. Batch adsorption experiments were per-
formed at different initial dye concentrations in the
range of 50–150 mg/l, CATRM dosages in the range
of 0.3–1.8 g/l, temperature 20–40˚C range and pH
varying from 2 to 12.

2.4. Design of experiments for optimization of parameters

To aid in the optimization of parameters such as
pH, initial dye concentration, CATRM dosage and
temperature for efficient removal of the dye, batch

experiments were designed as per CCD with four fac-
tors at five levels. The range of levels in coded and
uncoded form for different factors are presented in
Table 1.

The response variable in this study is the percent-
age adsorption of dye at equilibrium. Thirty-one sets
of batch adsorption shake flask experiments were car-
ried out as per CCD under conditions shown in
Table 2.

2.5. Analysis and optimization

The results of the batch experiments based on
CCD set were subjected to analysis using RSM. The
effect of four factors (initial pH, CATRM dosage, ini-
tial dye concentration and temperature) as individuals
and in combination as interacting effect on the
response (% adsorption of the dye) was evaluated
using RSM. Multiple regression analysis (MRA) on the
experimental input–output data was performed using
MINITAB 14 software. The results were fitted into the
regression equation, and the effects of factors on the
response were analysed by RSM. The analysis
included the linear and quadratic effects of the four
factors and their interactions. Thus, the equation
giving percentage dye adsorption (response), as a
function of the factors, is presented as Eq. (1) a sec-
ond-order polynomial model with 15 coefficients
(b0, b1, b12…b34).

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ b11X
2
1 þ b22X

2
2

þ b33X
2
3 þ b44X

4
4 þ b12X1X2 þ b13X1X3 þ b14X1X4

þ b23X2X3 þ b24X2X4 þ b34X3X4

(1)

where X1, X2, X3 and X4 are the uncoded factors stud-
ied and Y is the response.

The significance of the terms in the model was
evaluated using analysis of variance (ANOVA) based
upon the F-test with unequal variance (p < 0.05). Sta-
tistically significant model correlating the percentage
adsorption of the dye with the input variables was
hence developed. The optimum values of initial pH,

Table 1
Factors and levels (coded and uncoded) used in the central
composite design

Factors −2 −1 0 +1 +2

pH(X1) 1 2 3 4 5
Initial concentration(X2), mg/l 50 75 100 125 150
Red mud dosage (X3), g/l 0.3 0.75 1.2 1.65 2.1
Temperature(X4), ˚C 20 25 30 35 40
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red mud dosage, initial dye concentration and tem-
perature were obtained using response optimizer of
MINITAB 14. Response surface plots were generated
using these input–output data.

3. Results and discussions

3.1. Red mud characterization

Raw red mud is a complex mixture of phases com-
prising of haematite (Fe2O3), goethite (FeOOH), gibba-
site (Al(OH)3), anatase (TiO2) and quartz (SiO2). The
XRD of raw red mud and CATRM samples were
obtained. From XRD pattern, after the acid treatment,
the intensity for haematite (104) and goethite (240)
increased, and the peaks for haematite (024) and
goethite (002) had almost disappeared, suggesting the
phase transformation of red mud during activation.
The surface of the red mud activated by acid pretreat-

ment was compared with that of raw red mud using
the results of SEM. SEM-EDAX analysis showed that
the intensity for metals such as Al, Si, Ti and Fe in
raw red mud was very high. The intensities of ele-
ments such as Al, Si, Ti and Fe in raw red mud were
60, 25, 10 and 15, respectively. Drastic decrease in
intensities of Fe, Ti, Si and Al was observed after the
acid treatment. Similar results were obtained by
Agatzini-Leonardou et al. [32]. The acid treatment
leads to dispersion of dissolved metal oxides as
hydroxides which leads to formation of pores. On acid
treatment, the adsorbed salts and exchangeable cations
are dissolved first, and then, aluminium ions and
other metallic ions are removed from the lattice of
structure so that many micropores are created [33].
Decreased metal intensities on acid treatment confirms
the removal of cations from the surface.

BET analysis showed that the raw red mud and
CATRM have specific surface area of 20.2 and

Table 2
Batch adsorption experiments as per CCD

Run no pH Initial concentration, mg/l Dosage, g/l Temperature, ˚C

1 2 75 1.65 25
2 4 125 0.75 25
3 3 100 2.1 30
4 3 100 1.2 40
5 2 75 0.75 25
6 4 75 1.65 25
7 1 100 1.2 30
8 4 75 0.75 35
9 3 100 1.2 30
10 3 50 1.2 30
11 3 100 1.2 30
12 3 100 1.2 30
13 4 125 1.65 35
14 2 75 0.75 35
15 3 150 1.2 30
16 2 75 1.65 35
17 3 100 1.2 20
18 3 100 1.2 30
19 4 75 1.65 35
20 3 100 1.2 30
21 2 125 1.65 35
22 2 125 0.75 25
23 2 125 1.65 25
24 4 125 1.65 25
25 5 100 1.2 30
26 4 75 0.75 25
27 2 125 0.75 35
28 4 125 0.75 35
29 3 100 1.2 30
30 3 100 1.2 30
31 3 100 0.3 30
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32.28 m2/g, respectively. Table 3 presents the surface
area, pore volume and pore size of raw and CATRM.
Concentrated acid treatment has increased the surface
area, pore volume and decreased the pore size. Sur-
face area of the dilute acid-treated red mud was
reported to be 27.30 m2/g [28]. Surface area of
CATRM is higher than that obtained with dilute acid-
treated red mud. Significant improvement in surface
characteristics could be attained by concentrated acid
treatment.

Table 4 shows the chemical composition of the raw
red mud and CATRM as obtained using XRF spec-
troscopy. It shows that CATRM has greater silica con-
tent and lower abundance of other metal oxides. The
Si4+cations at tetrahedral sites of red mud would not
have dissolved by acid activation. Similar observations
were made by Regina and Ajemba [34] in their studies
on acid-treated Udi clay. The increased surface area of
CATRM as compared to raw red mud may be attribu-
ted to the removal of impurities, replacement of
exchangeable cations (Na+ and Ca+) with hydrogen
ions and leaching of Al+3, Mg+2 and Fe+3 from octahe-
dral and tetrahedral sites [34] which expose the edges
of the red mud sample. Sulphuric acid treatment has
also led to the increase of SO3 concentration in
CATRM.

3.2. Effect of pH

The pH of the dye solution plays an important
role in the whole adsorption process and particularly

on the adsorption capacity. The adsorption of
charged dye groups onto the CATRM surface is
primarily influenced by the surface charge on the
adsorbent, which in turn is influenced by the initial
pH of the solution. The batch adsorption experiments
were conducted at different initial pH ranging from
2 to 12. Fig. 1 shows the effect of initial pH on
percentage removal of dye at equilibrium, with initial
dye concentration of 50 mg/l and CATRM dosage of
1.2 g/l. The percentage removal of dye by adsorption
has decreased with the increase in pH from 2 to 12.
At a pH range between 4 and 8, a considerable
decrease in adsorption takes place. The percentage
removal decreased with increase in pH. This varia-
tion is quite similar to the previous reports [35] for
removal of Acid Violet using red mud. The decrease
in removal of dye with increase in pH may be
explained on the basis of acid–base dissociation at
solid/liquid interface [35]. As highly acidic condi-
tions showed better adsorption, to design the experi-
ments as per CCD for optimization studies, pH range
of 1–5 was selected.

3.3. Effect of contact time

The effect of contact time on percentage adsorp-
tion of RBB on CATRM, at different initial RBB con-
centrations, is shown in Fig. 2. It can be observed
that the adsorption is faster for 60 min of initial time,
but the adsorption took place at a lower rate for the

Table 3
Characterization of raw red mud and red mud treated with concentrated sulphuric acid

Sample Surface area, m2/g Pore volume, cm3/g Pore size, nm

Raw red mud 20.2 0.093 20.98
CATRM 32.28 0.119 19.21

Table 4
Chemical composition of raw red mud and acid-treated red mud

Oxides Raw red mud (composition, %) CATRM (composition, %)

Fe2O3 36.16 24.71
Al2O3 24.30 13.87
SiO2 13.59 22.30
Na2O 11.28 0.12
TiO2 10.29 14.29
CaO 2.40 0.08
P2O5 0.42 0.23
SO3 0.41 2.36
MgO 0.24 0.13
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remaining time. The amount of adsorbed RBB
increased with contact time and then attained a con-
stant value at 300 min. This trend was observed at
all the initial RBB concentrations studied. Similar
results were observed by Tor and Cengeloglu [26],
during the removal of Congo red by red mud. As at
the initial time, the dye solution concentration is
higher, the driving force is the maximum, leading to
maximum rates. But as the adsorption proceeds, the
bulk concentration reduces approaching the equilib-
rium value and the rate decreases [28]. The time to
reach equilibrium condition is around 300 min for all
the initial dye concentrations studied. Thus, 300 min
was found to be sufficient for the attainment of
equilibrium in the prevailing shaking conditions of
145 rpm.

3.4. Effect of adsorbent dosage

The removal of dye with varying amount of
red mud was studied for different initial dye

concentrations. Results of this study are shown in
Fig. 3. The adsorption of dye has increased
with increase in CATRM dosage. The percentage
adsorption of dye increased by 5% when the
quantity of CATRM used was doubled from 0.3 to
0.6 g/l. As the amount of CATRM was increased
further to 1.2 g/l, the dye removal had increased by
only around 2%. It can be observed from Fig. 3 that
there is only a negligible change in percentage
adsorption when the CATRAM dosage increased
from 1.5 to 1.8 g/l, at all the initial dye concentra-
tions studied. Thus, 1.5 g/l of adsorbent was
considered to be quite appropriate, as further
increase in dosage did not show much increase in
uptake of dye.

The increase in the amount of dye removal with
adsorbent dosage is due to greater availability of
active sites. Fig. 4 shows the sample plot of the
effect of adsorbent dosage on dye adsorption
capacity, for dye solution with initial concentration
of 130 mg/l. It can be seen from Fig. 4 that the
adsorption capacity decreased with an increase in
the adsorbent dosage, though the percentage adsorp-
tion had increased with the increase in adsorbent
dosage as shown in Fig. 3. Similar trends were also
observed with other initial dye concentrations. This
suggests that as the number of particles increases,
there may be over crowding of the adsorbent
particles in solution, which may lead to overlapping
of adsorption sites or adsorbed species causing the
particles to aggregate, thereby resulting in reduced
adsorption active sites per unit mass of the adsor-
bent [36]. At high adsorbent dosage, due to larger
probability of collision between the adsorbent
particles, the particles tend to aggregate, and hence,
the adsorption capacity decreases.
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Fig. 1. Effect of initial pH on percentage adsorption of dye.
Conditions: initial dye concentration = 50 mg/l, tempera-
ture = 30˚C and CATRM dosage = 1.2 g/l.
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3.5. Adsorption isotherm

The relationship between the amount of dye
adsorbed and the equilibrium dye concentration
remaining in solution is described by adsorption
isotherms. The two most common isotherms which
define adsorption equilibrium are Langmuir and
Freundlich isotherms.

The most important model of monolayer adsorp-
tion is the Langmuir isotherm; the linear form of
which is shown in Eq. (2).

Ce

qe
¼ 1

Qob
þ 1

CeQo
(2)

where Ce is the dye solution concentration of RBB
(mg/l) at equilibrium, qe is the amount of adsorbed
dye per unit mass of adsorbent (mg/g), Qo the mono-
layer capacity of the adsorbent (mg/g), and b is the
Langmuir adsorption constant indicating the
adsorption energy (l/mg).

The Freundlich isotherm is an empirical model
applied to model the multilayer adsorption system
and for the adsorption on heterogeneous surfaces. The
linear form of Freundlich model is given as in Eq. (3).

ln qe ¼ ln kþ lnCe

n
(3)

where k is the sorption capacity (mg/g) and n is an
empirical parameter which is an indicator of adsorp-
tion intensity. The equilibrium data obtained from the
experiments were fitted into these two types of iso-
therms to test the validity of these for RBB-CATRM
adsorption system. The values of parameters of the
isotherms at three different temperatures of 20, 30 and
40˚C, along with the corresponding R2 values are
presented in Table 5.

The R2 values indicate that the equilibrium for
RBB-CATRM adsorption system can be represented by

both Langmuir and Freundlich isotherms under the
conditions of the study. Significant fit into both the
models may be owing to lower dye concentrations
employed in the study, under circumstances in which
both the models may be applicable. But Langmuir iso-
therm is found to fit the data better at all the studied
temperatures as depicted by higher R2 values. From
the results of Langmuir isotherm parameters, it is
clear that the values of monolayer capacity Qo and
adsorption energy b of CATRM increase with the
increase in temperature. It is known that smaller the
value of n (1 < n < 10), higher is the adsorption inten-
sity [37,38]. Similarly greater the k value, higher is the
adsorption capacity of the adsorbent for the dye mole-
cule. Hence, increase in k and n of Freundlich model
with increasing temperature suggests that adsorption
capacity of CATRM for RBB is higher at higher
temperatures. Thus, it may be concluded that high
temperature favours the adsorption.

The essential characteristics of the Langmuir iso-
therm can be expressed by a separation or equilibrium
parameter (RL), which is given by Eq. (4).

RL ¼ 1

ð1þ bC0Þ (4)

where C0 is the initial concentration of dye (mg/l) and
b is the Langmuir constant (l/mg). RL indicates the
nature of the adsorption process as given below:

RL> 1 Unfavourable
RL = 1 Linear
0 <RL< 1 Favourable
RL= 0 Irreversible

The values of RL were found to be in the range
of 0–1 as shown in Table 6, indicating that the
process of adsorption of RBB on CATRM is favour-
able. The RL values obtained with dilute sulphuric

0
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15
20
25
30
35
40

0.0 0.5 1.0 1.5 2.0

q,
 m

g/
g

Adsorbent Dosage, g/l

Fig. 4. Effect of CATRM dosage on adsorption capacity.
Conditions: pH 2, initial concentration of dye = 130 mg/l
and temperature = 30˚C.

Table 5
Adsorption isotherm parameters at different temperature

Temperature, ˚C Langmuir model Freundlich Model

20 Qo = 100 mg/g n = 1.29
b = 0.16 l/mg k = 19.16 mg/g
R2= 0.991 R2 = 0.978

30 Qo= 111 mg/g n = 2.84,
b= 2.25 l/mg k = 58.18 mg/g
R2= 0.980 R2 = 0.989

40 Qo= 125 mg/g n= 3.11
b= 8 l/mg k= 87.35 mg/g
R2= 0.984 R2 = 0.939
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acid-treated red mud with different initial concentra-
tions are around 0.10 [28]. The RL for CATRM are
much lesser than one, indicating that adsorption of
dye on red mud treated with concentrated sulphuric
acid is highly favourable than that treated with dilute
acid.

3.6. Process optimization by RSM

Thirty-one sets of experiments, shown in Table 7,
designed as per CCD matrix, were conducted to study
the effect of different factors influencing the adsorp-
tion process as an individual and on interaction with
each other, as well as with a view to optimize the pro-
cess using RSM. The matrix of four variables pH (X1),
initial concentration of dye (X2), adsorbent dosage (X3)
and temperature (X4) were varied at five levels (−2,
−1, 0, +1, +2). The higher level of variable was
designated as “+”, and the lower level was designated
as “−”. Dye removal percentage obtained from the
experiments at the end of 300 min (equilibrium time)
for each of the experiments are shown in Table 7.

MRA of the experimental data was performed
based on ANOVA using RSM with MINITAB 14.
Multiple regression model relating the factors in
uncoded form to the response were developed with
the regression coefficients. The MRA model developed
in terms of uncoded factors is shown in Eq. (5).

% Adsorption ¼ 123:7� 12:39X1 � 0:162X2 þ 0:56X3

þ 1:284X4 þ 1:709X2
1 þ 0:001X2

2

� 2:69X2
3 þ 0:023X2

4 þ 0:011X1X2

þ 0:33X1X3 þ 0:0050X1X4

� 0:0362X2X3 � 0:002X2X4

þ 0:489X4X3

(5a)

The MRA model developed in terms of coded factors
is shown in Eq. (5b).

% Adsorption ¼ 68:216� 9:25X1 � 2:71X2 þ 1:077X3

þ 0:413X4 þ 4:316X2
1 þ 1:816X2

2

� 0:0218X2
3 þ 2:3167X2

4 þ 1:1X1X2

þ 0:06X1X3 þ 0:1X1X4 � 0:16X2X3

� 1:1X2X4 þ 0:44X4X3

(5b)

Eq. (5a) can be used for prediction of % adsorption at
the required values of the factors. The coefficients of
terms in Eq. (5b) explain the relative significance of
the terms on the percentage adsorption. The coeffi-
cients of X1 (pH) and X2 (initial concentration) are
negative terms indicating that with increase in these
parameters, the percentage removal of dye decreases.
The positive coefficients of X3 (dosage) and X4 (tem-
perature) indicate that the percentage removal

Table 6
RL values at different initial concentrations at 30˚C

C0, mg/l RL

50 0.009
70 0.007
100 0.004
110 0.004
130 0.003
150 0.003

Table 7
Experimental design matrix and results for the dye
removal percentage

Run no Predicted % removal Experimental % removal

1 85.65 85
2 69.65 70
3 81.35 80
4 85.18 85
5 81.83 80
6 76.83 78
7 90.85 93
8 75.66 75
9 78 78
10 84.45 86
11 78 78
12 78 78
13 79.05 80
14 84.99 85
15 75.18 72
16 93.23 92
17 75.45 74
18 78 78
19 84.49 85
20 78 78
21 86.69 88
22 77.99 80
23 80.22 80
24 72.49 75
25 73.78 70
26 72.39 74
27 80.05 78
28 71.83 75
29 78 78
30 78 78
31 70.28 70
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increases with increase in these parameters. On
comparison of coefficients of X1, X2, X3 and X4 in
Eq. (5b), and as observed from high value of the
coefficient for X1, the effect of pH is highly significant,
followed by initial concentration and then dosage and
temperature. These results are concurrent with one
factor at a time experimental results described earlier.
Though X1 and X2 individually showed negative
effect, the interaction effect was positive as indicated
by the positive coefficient of X1X2 term. Similarly,
though X1 and X3; X1 and X4 had opposing effects,
the net interaction effects were positive, indicating that
pH and dosage effects interact with each other to
increase the adsorption. Similarly, pH and tempera-
ture effects interact with each other to increase the
adsorption. However, dosage effect in interaction with
the initial dye concentration effect provides negative
effect on adsorption, though individually, dosage has
a positive effect. The positive effect of dosage is
masked by the negative effect of initial dye concentra-
tion, thus providing overall negative effect.

Similarly, the positive effect of temperature is
masked by the negative effect of initial concentration,
providing an overall negative effect on the interaction
of these factors. However, dosage and temperature
effects are positive individually as well as on interac-
tion with each other. But as observed from the coeffi-
cients of X3, X4 and X4X3, it can be concluded that
their individual positive effects are higher, but the
interaction effect is lower as compared to the individ-
ual effects. As observed from the coefficients of pro-
duct terms, the interaction effects between pH–initial
concentration and initial concentration–temperature
are the maximum, followed by that of dosage and
temperature. The interaction effects between pH–tem-
perature and initial concentration–dosage are not very
significant. pH and dosage showed least interaction

effect, as observed from the least value of coefficients
among the product terms.

ANOVA showed that the main and interaction
terms are highly significant (P < 0.05) and that the
model is well applicable. The coefficient of determina-
tion (R2 = 0.94) for the model was high, showing good
fit of the statistical model. Predicted values of percent-
age removal for all the 31 experiments are shown in
Table 6 and are found to agree well with the experi-
mental values. ANOVA indicated that the second-
order polynomial model Eq. (5) is highly significant
and adequate to represent the actual relationship
between the response (percentage removal efficiency)
and the variables, with P-value of 0.006 and a high
value of coefficient of determination.

Process optimization was carried out based on the
data using “Response optimizer” tool of MINITAB 14.
The optimum values found were the following: pH
1.00, initial dye concentration = 105 mg/L, CATRM
dosage = 2.05 g/l and temperature = 31.65˚C. The batch
experiments were conducted at these optimum condi-
tions, and it was found that 99% adsorption of the dye
occurred in 300 min, showing the significance of opti-
mization strategy. The predicted value of percentage
adsorption from the model under these conditions
was 99.9%. The predicted value of percentage adsorp-
tion from the model under optimum conditions
matches well with the experimental value, with negli-
gible error. It indicates the validity of the model. As
optimum CATRM dosage is a function of dye concen-
tration, it is more appropriate to represent the opti-
mum dye to CATRM dosage ratio than the optimum
CATRM dosage. The optimum dye to adsorbent
(CATRM) dosage ratio was 0.051 g/g.

The combined effect of initial pH and temperature
on adsorption of dye at constant dosage (2.05 g/l) and
initial concentration (105 mg/l) is shown in the surface
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Fig. 5. Surface plot for effect of pH and temperature on % adsorption.
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plot presented as Fig. 5. It can be seen that with
increase in pH value, the percentage adsorption of the
dye decreases in the entire temperature range studies.
The percentage adsorption is higher at low pH and
higher temperature. The effect of temperature on per-
centage adsorption seems nearly similar in the entire
range of pH studied, indicating marginal interaction
between these variables.

Fig. 6 shows the interaction effect of temperature
and initial concentration of dye on percentage adsorp-
tion of dye onto CATRM at constant dosage of 2.05 g/
l and pH of 1. It shows that as the initial concentration
of dye increases, the percentage adsorption decreases.
Increase in temperature leads to increase in percentage
adsorption. Percentage adsorption is highly favoured
at higher temperatures and lower initial dye concen-
trations. However, the effect in temperature on per-
centage adsorption seems to be significant at lower
concentration condition as compared to that at higher
concentration, indicating the interaction effect.

The three-dimensional response surface for the
combined effect of initial concentration of dye and
dosage on adsorption of dye at constant pH (1) and
temperature (31.65˚C) is shown in Fig. 7. Percentage
adsorption decreases with the increase in initial dye
concentration and increases with increase in adsor-
bent dosage. With higher dosage and lower concen-
trations, the maximum removal of dye can be
observed. Effect of adsorbent dosage appears to be
nearly similar in the entire initial dye concentration
range, indicating marginal interaction effect between
these factors.

The combined effect of pH and adsorbent dosage
on adsorption of dye at constant temperature (31.65˚C)
and initial concentration of dye (105 mg/l) is shown
in Fig. 8. Percentage adsorption decreases with

increase in pH. The percentage adsorption increases
with the increase in adsorbent dosage. Minimum
adsorption was found to be at a pH of around 5.5 and
at lowest adsorbent dosage. The effect of dosage on
percentage adsorption is similar in the entire range of
pH. Hence, dosage and pH interaction is marginal.

Fig. 9 shows the three-dimensional response sur-
face which was constructed to show the effect of tem-
perature and adsorbent dosage on the adsorption of
dye at constant pH of 1 and initial dye concentration
of 105 mg/l. It can be observed from Fig. 9 that the
percentage removal increases with the increase in
adsorbent dosage. Percentage removal increases sig-
nificantly with the increase in temperature. But, at
lower values of temperature, the percentage adsorp-
tion increases with dosage, up to a certain value, and
then remains almost constant with further increase of
dosage. However, as the temperature increases per-
centage adsorption increases sharply with the increase
in dosage. Very sharp increase in percentage adsorp-
tion with dosage is observed in Fig. 9, at the highest
temperature of 40˚C. Thus, the interaction effect
between the dosage and temperature is significant.

Fig. 10 shows the three-dimensional response
surface to explain the combined effect of pH and
initial concentration on adsorption of dye at constant
dosage (2.05 g/l) and temperature (31.65˚C). The per-
centage adsorption is more in lower concentration
region and at lower pH values. But the percentage
adsorption decreases with higher concentration and
with higher pH values. The effect of pH is very
pronounced at lower initial concentration range. But
the effect of pH seems to be minimal at high initial
concentration. This indicates that the interaction
effect between the pH and initial concentration is
highly significant.
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Fig. 6. Surface plot for effect of initial concentration and temperature on % adsorption.
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3.7. Effect of dye to adsorbent dosage ratio on percentage
adsorption for CATRM

Amount of adsorbent needed to provide enough
adsorption sites for given amount of dye is a very

crucial parameter in adsorption. Dye to adsorbent
ratio to provide just enough adsorption sites should
be a constant value. This value is very important
in designing continuous adsorption systems for
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Fig. 7. Surface plot for effect of initial concentration and dosage on % adsorption.
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Fig. 8. Surface plot for effect of pH and dosage on % adsorption.
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industrial-scale operation. From the optimum values
of dye concentration and dosage obtained by opti-
mization, the optimum ratio of dye to adsorbent
dosage was obtained. The required adsorbent dosage
varies with the dye concentration. To study the effect
of initial dye concentration on adsorption with a con-
stant dye to adsorbent ratio, experiments were per-
formed by varying the amount of CATRM dosage and
the initial concentration of dye independently, so that
the initial dye to adsorbent dosage ratio was kept con-
stant at the optimum value of 0.051 g dye/g of adsor-
bent. Batch studies were carried out at optimum
conditions of pH 1 and temperature = 31.65˚C. Experi-
ments were carried out with initial dye concentration
of 50–130 mg/l. Adsorbent dosages were varied so
that dye to dosage ratio was kept constant at 0.051 g
dye/g CATRM. Time course variations of percentage
adsorption at different combinations of both initial
dye concentrations and red mud dosage with constant
dye to dosage ratio (g/g) are as shown in Fig. 11.

The percentage adsorption reached a maximum of
100% within 300 min contact time with all the initial
dye concentrations. But for lower concentration of
50 mg/l, 100% adsorption was reached faster than that
with higher concentration. The adsorption rate is fast
for lower concentrations of dye as compared to that at
higher concentrations. The results showed that at con-
stant value of dye to dosage ratio, the maximum per-
centage adsorption does not depend upon the initial
dye concentration, whereas the rate of adsorption var-
ies with the initial dye concentration.

3.8. Adsorption kinetics

In order to, evaluate the adsorption kinetics, avail-
able kinetic models were tested with the batch data.
The batch experimental data under optimum

conditions (pH 1, temperature 31.65˚C and dye to
dosage ratio 0.051 g/g) with initial dye concentration
of 105 mg/l were analysed using the pseudo-first-
order and pseudo-second-order adsorption kinetic
models, and kinetic constants were calculated. The
rate constants of the adsorption process carried out at
initial concentration of 105 mg/l for fixed temperature
of 31.65˚C were determined.

The linear form of pseudo-first-order rate equation
is given by the Eq. (6).

log qe � qð Þ ¼ log qeð Þ � K1

2:303

� �
t (6)

where q is the amount of adsorbate adsorbed at time t
(mg/g), qe is the adsorption capacity at equilibrium
(mg/g), and K1 is the pseudo-first-order rate constant.
The value of pseudo-first-order rate constant was
found to be 0.016 (min−1) with coefficient of deter-
mination (R2) value of 0.84. The model’s predicted
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Fig. 10. Surface plot for effect of pH and initial concentration on % adsorption.
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(24.26 mg/g) value of qe largely deviated from the
experimental value (73.16 mg/g). Thus, pseudo-
first-order kinetic model is not the valid model to
represent the adsorption kinetics of RBB on CATRM.
Thus, pseudo-second-order kinetic equation which is
also based on the sorption capacity of the solid phase
was tested. The linear form of pseudo-second-order
kinetic equation is given by the Eq. (7).

t

q
¼ 1

q2eK2
þ t

qe
(7)

where K2 is the rate constant of pseudo-second-order
adsorption kinetic equation (g/mg min). The pseudo-
second-order rate constant was obtained from the
slope and intercept of the plot of t

q against t. Pseudo-
second-order kinetic model with the R2 value of 0.99
has been found to fit the data better than the first-
order kinetics model. The experimental and the pre-
dicted values of qe from the pseudo-second-order
kinetic model match well with very minimal error.
These results suggest that sorption kinetics follows the
pseudo-second-order model with kinetic rate constant
of 0.0063 g/mg/min.

4. Conclusion

The adsorption of RBB dye using red mud trea-
ted with concentrated sulphuric acid was studied.
The concentrated acid treatment was found to
increase the surface area of red mud by 12 m2/g.
Highly acidic conditions were found to favour the
adsorption process. Around 100% removal of
50 mg/l RBB and 97% removal for 150 mg/l
of RBB could be attained with the CATRM dosage
of 1.5 g/l. Langmuir isotherm model has been found
to represent the equilibrium data for RBB-CATRM
adsorption system better than Freundlich model.
Factors affecting adsorption process were optimized
using RSM, based on the experiments designed as
per CCD. The optimum conditions for maximum
removal of RBB on CATRM were pH 1, initial dye
concentration = 105 mg/l, red mud dosage = 2.05 g/l
and temperature = 31.65˚C. Optimum ratio of dye to
CATRM dosage was found to be 0.051 g/g. At
constant values of dye to dosage ratio, the maxi-
mum percentage adsorption does not depend upon
the initial dye concentration, whereas the rate of
adsorption varies with the initial dye concentration.
The sorption kinetics for CATRM-RBB adsorption
system follows the pseudo-second-order model

with kinetic rate constant of 0.0063 g/mg/min. The
process of adsorption of dyes using red mud
involves the reuse of red mud, a waste product
from alumina industry for the treatment of wastewa-
ter from other industries such as textiles and hence
will not only help in solving the solid waste
disposal problem, but also reduces the treatment
cost of wastewater.

References

[1] O. Gulnaz, A. Kaya, F. Matyar, B. Arikan, Sorption of
basic dyes from aqueous solution by activated sludge,
J. Hazard. Mater. 108 (2004) 183–188.

[2] A.S. Mahmoud, A.E. Ghaly, S.L. Brooks, Influence of
temperature and pH on the stability and colorimetric
measurement of textile dyes, Am. J. Biochem. Biotech-
nol. 3 (2007) 33–34.

[3] K. Hunger (Ed.), Industrial Dyes: Chemistry, Proper-
ties, Applications, Wiley-VCH, Weinheim, 2003.

[4] D. Suteu, C. Zaharia, D. Bilba, A. Muresan, R. Muresan,
A. Popescu, Decolorization waste waters from the
textile industry—Physical methods, chemical methods,
Ind. Text. 60(5) (2009) 254–263.

[5] D. Suteu, C. Zaharia, A. Muresan, R. Muresan,
A. Popescu, Using of industrial waste materials for
textile wastewater treatment, Environ. Eng. Manage. J.
8(5) (2009) 1097–1102.

[6] N. Mathur, P. Bhatnagar, P. Bakre, Assessing muta-
genicity of textile dyes from Pali (Rajasthan) using
amesbioassay, Appl. Ecol. Environ. Res. 4 (2005)
111–118.

[7] P.K. Malik, S.K. Saha, Oxidation of direct dyes with
hydrogen peroxide using ferrous ion as catalyst, Sep.
Purif. Technol. 31 (2003) 241–250.

[8] S.H. Lin, C.F. Peng, Treatment of textile wastewater
by electrochemical method, Water Res. 28 (1994)
277–282.

[9] A. Aguedach, S. Brosillon, J. Morvan, E.K. Lhadi,
Photocatalytic degradation of azo-dyes reactive black 5
and reactive yellow 145 in water over a newly depos-
ited titanium dioxide, Appl. Catal. B 57 (2005) 55–62.

[10] B.E. Barragán, C. Costa, M. Carmen Márquez,
Biodegradation of azo dyes by bacteria inoculated on
solid media, Dyes Pigm. 75 (2007) 73–81.

[11] G. McKay, J.F. Porter, G.R. Prasad, The removal of
dye colors from aqueous solutions by adsorption on
low-cost materials, Water Air Soil Pollut. 114 (1999)
423–438.

[12] S. Baup, C. Jaffre, D. Wolbert, A. Laplanche,
Adsorption of pesticides onto granulated activated
carbon: Determination of surface diffusivities using
simple batch experiments, Adsorption 6(3) (2000)
219–228.

[13] V.K. Gupta, A. Suhas, Application of low-cost adsor-
bents for dye removal review, J. Environ. Eng. 90
(2009) 2313–2342.

[14] J. Mittal, V. Thakur, A. Mittal, Batch removal of
hazardous azo dye Bismark Brown R using waste
material hen feather, Ecol. Eng. 60 (2013) 249–253.

G.M. Ratnamala et al. / Desalination and Water Treatment 57 (2016) 11361–11374 11373



[15] A. Mittal, V. Thakur, J. Mittal, H. Vardhan, Process
development for the removal of hazardous anionic
azo dye Congo red from wastewater by using hen
feather as potential adsorbent, Desalin. Water Treat.
52(1–3) (2014) 227–237.

[16] J. Mittal, V. Thakur, A. Mittal, Batch removal of
hazardous azo dye Bismark Brown R using waste
material hen feather, Ecol. Eng. 60 (2013) 249–253.

[17] H. Daraei, A. Mittal, M. Noorisepehr, F. Daraei,
Kinetic and equilibrium studies of adsorptive removal
of phenol onto eggshell waste, Environ. Sci. Pollut.
Res. 20 (2013) 4603–4611.

[18] H. Daraei, A. Mittal, M. Noorisepehr, J. Mittal, Separation
of chromium from water samples using eggshell powder
as a low-cost sorbent: Kinetic and thermodynamic stud-
ies, Desalin. Water Treat. 53(1) (2015) 214–220.

[19] H. Daraei, A. Mittal, J. Mittal, H. Kamali, Optimiza-
tion of Cr(VI) removal onto biosorbent eggshell mem-
brane: experimental & theoretical approaches, Desalin.
Water Treat. 52(7–9) (2014) 1307–1315.

[20] R. Jain, P. Sharma, S. Sikarwar, J. Mittal, D. Pathak,
Adsorption kinetics and thermodynamics of haz-
ardous dye Tropaeoline 000 unto Aeroxide Alu C
(Nano alumina): A non-carbon adsorbent, Desalin.
Water Treat. 52(40–42) (2014) 7776–7783.

[21] J. Mittal, D. Jhare, H. Vardhan, A. Mittal, Utilization of
bottom ash as a low-cost sorbent for the removal and
recovery of a toxic halogen containing dye eosin yel-
low, Desalin. Water Treat. 52(22–24) (2014) 4508–4519.
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