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bstract

The objective of this study is to remove the congo red (CR) anionic dye, from water by using the acid activated red mud in batch adsorption
xperiments. The effects of contact time, pH, adsorbent dosage and initial dye concentration on the adsorption were investigated. The pH of the
ye solution strongly affected the chemistry of both the dye molecules and activated red mud in an aqueous solution. The effective pH was 7.0 for

dsorption on activated red mud. It was found that the sufficient time to attain equilibrium was 90 min. The adsorption isotherms were analyzed
sing the Langmuir, the Freundlich, and the three parameter Redlich–Peterson isotherms. The Langmuir isotherm was the best-fit adsorption
sotherm model for the experimental data obtained from the non-linear chi-square statistic test.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic dyestuffs can be exist in the effluents of wastewa-
er from different industries, i.e. textiles, paper, leather, plastics,
tc. [1]. Discharge of wastewater into natural streams and rivers
rom the industries using dyes poses severe environmental prob-
ems. Even small quantities of dyes can color large water bodies,
hich not only affects aesthetic merit but also reduces light pen-

tration and photosynthesis. In addition, most of dyes are either
oxic or mutagenic and carcinogenic [2,3]. For these reasons,
he removal of dyes from process or waste effluents becomes
nvironmentally important.

Conventional wastewater treatment plants are not suited to
emove the dyes due to their non-biodegradable features [4].
herefore, alternative methods have been developed to remove

he dyes from wastewater, namely, coagulation and floccula-
ion [5], membrane separation [6], oxidation or ozonation [7,8],

lectro-coagulation [9], and adsorption [10,11].

Among these methods, adsorption currently appears to offer
he best potential for overall treatment [12]. Although activated
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arbon is the most widely used adsorbent for wastewater treat-
ent, it is very expensive and has high operating costs due to the

igh price of the activated carbon and to the high water flow rate
lways involved, and these costs can be greatly increased when
here are no carbon regeneration units locally [3,13]. There-
ore, in recent years, considerable attention has been devoted
o the study of different types of low-cost materials in order to
emove the pollutants from aqueous phase [14,15]. Many work-
rs have employed the perlite [16], biomaterial [17], recycled
lum sludge [18], zeolites [19], clay [20], agricultural waste
esidues [21], bagasse fly ash [11], peanut hull [3] for removing
he dyes from wastewater.

Red mud (bauxite wastes of alumina manufacture) emerges as
n unwanted byproducts during alkaline-leaching of bauxite in
ayer process, which is used for the production of alumina from
auxite. In most refineries, the ground bauxite is initially slur-
ied with a caustic liquor and held at approximately 100 ◦C for
number of hours (pre-desilication). The slurry is then digested
t temperature, usually between 150 and 250 ◦C, to dissolve
he soluble aluminium species (gibbsite and/or boehmite; diges-

ion). The resulting sodium aluminate solution – ‘pregnant’ or
green’ liquor – is then separated from the solid impurities (‘red
ud waste residue’; mud settling and filtration) and the gibbsite

recipitated after cooling and addition of seed material (precipi-

mailto:ali.alitor@gmail.com
dx.doi.org/10.1016/j.jhazmat.2006.04.063
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ation). The spent liquor is then recycled to pre-desilication after
djustment of the caustic concentration [22].

About 500,000 m3 of strongly alkaline (pH 12–13) red mud-
ater pump is dumped annually into specially constructed dams

round Seydişehir Aluminium Plant (Konya, Turkey). Since the
lant began to process, red mud has accumulated over years and
auses a serious environmental problem. Studies using red mud
esidues from alumina refineries as unconventional adsorbents
or water and wastewater treatment purposes are motivated by
he fact that red mud is a fine-grained mixture of oxides and
ydroxides, capable of removing several contaminants, as well
s being widely available. Thus, several studies have reported
hat red mud or activated red mud can be utilized for adsorb-
ng dye [23], heavy metals and anionic pollutants from water,
ncluding phosphate [24], fluoride [25], nitrate [26], cadmium,
ead, copper [27–30], and arsenic [31–33]. However, the studies
bout utilization of activated red mud for removal of dye from
queous solution are very rare. Therefore, in the present paper,
he possibility of utilisation of the red mud in the acid activated
orm as an adsorbent for removal of CR from synthetic wastew-
ter was studied.

. Materials and methods

.1. Red mud and activation procedure

Red mud was supplied from the Etibank Seydişehir Alu-
inium Plant (Konya, Turkey). The grain size of red mud was
ostly (>94%) less than 10 �m and average composition of the

ed mud was determined according to the procedure described
n Ref. [34] by using ICP-AES (Varian, vista/AX CCD Simul-
aneous ICP-AES) and result was given in Table 1.

The alkaline red mud was suspended in distilled water with a
iquid to solid ratio of 2/1 on a weight basis, stirring it until the
quilibrium pH is 8.0–8.5, and drying. Later activation of red
ud was carried out as follows: 10 g of water-washed and dried

ed mud was boiled in 200 ml of 20 wt.% HCl for 20 min. The
cid slurry is then filtered and the residue washed with distilled
ater to remove residual acid and soluble Fe and Al compounds.
inally, the residue is dried at 40 ◦C, and used for the experiments
ithout further treatment. The BET surface area of activated red
ud was 20.7 m2/g, respectively [27].
.2. Reagents

Congo red (C.I. 22120), NaCl, NaOH, HCl were of analyti-
al grade and obtained from Merck Co. (Darmstadt, Germany).

able 1
verage composition of red mud used (wt.%) [n = 3]

l2O3 18.71 ± 0.59
e2O3 39.70 ± 0.67
iO2 4.90 ± 0.54
a2O 8.82 ± 0.96
aO 4.47 ± 0.56
iO2 14.52 ± 0.37
OIa 8.15 ± 0.40

a Loss on ignition.
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Fig. 1. Structure of CR dyestuff.

ongo red (CR) contains NH2 and SO3 functional groups (see
ig. 1). It has a maximum absorbency at wavelength 500 nm
n a UV–vis spectrophotometer. The chemical formula and
olecular weight of CR is C32H22N6Na2O6S2 and 696.7 g/mol,

espectively.

.3. Batch adsorption procedure

The dye solutions were prepared from stock solutions
1000 mg/l) to desired concentrations. The adsorption experi-
ents were carried out by a batch method. All experiments were

arried out at a constant ionic strength of 0.01 M maintained with
aCl. A known amount of activated red mud and dye solution
ere taken in a 100 ml stoppered conical flask. Sodium chloride
as added to maintain ionic strength, and pH was adjusted to the
esired level with 0.1 M NaOH or 0.1 M HCl solutions. pH of the
olution was determined by using Orion EA940 ionmeter. The
nal volume was adjusted to 50 ml with distilled water and agi-

ated at constant speed (700 rpm) with magnetic stirrer at room
emperature over a period of time and the dye solution was sep-
rated from the adsorbent by at 10,000 rpm for 20 min. The CR
oncentration of supernatant was determined by using UV spec-
rophotometer (λ = 500 nm) (Shimadzu UV-160 A). Calibration
urves were plotted between absorbance and concentration of
he standard dye solutions.

The amount of CR adsorbed was calculated from the follow-
ng equation:

= (C0 − Ce)V

m
(1)

here q is the amount of dye adsorbed per unit weight of acti-
ated red mud (mg/g); C0 the initial concentration of CR (mg/l);
e the concentration of CR in solution at equilibrium time

mg/l); V the solution volume (l); m is the activated red mud
osage (g).

Blank runs, with only the sorbate in 50 ml of distilled water,
ere conducted simultaneously at similar conditions to account

or adsorbed by glass containers.
The experimental parameters studied are adsorbent amount

1–10 g/l), contact time (10–240 min), initial dye concentration
10–90 mg/l), and pH (6–10).

. Results and discussion

.1. Effect of contact time
The variation of CR adsorbed with time is shown in Fig. 2. It
as observed that with a fixed amount of activated red mud, the

mount of CR adsorbed increases with time and then attained a
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ig. 2. Removal of CR as a function of equilibrium time. pH 7, initial dye
oncentration 20 mg/l and activated red mud dose is 8 g/l.

onstant value after 90 min. The time to reach equilibrium con-
itions appears to be independent of initial CR concentrations.
he adsorption of CR decreased from 85 to 50% by increasing
R concentration from 10 to 90 mg/l. Further, it was observed

hat the removal curves are smooth and continuous indicating
he possibility of the formation of monolayer coverage on the
urface of activated red mud by dye molecules.

.2. Effect of pH

The initial pH values of dye solutions affect the chemistry
f both a dye molecule and an adsorbent. In this study, blank
tudies for CR were done in the pH range of 3–13. The solution
as kept for 1 h after the pH adjustment and, thereafter, the

bsorbance of the solution was found out. It is found that the
olor is stable at initial pH around 7. Fig. 3 shows the color
emoval without activated red mud over a pH range of 3–13.
he results indicated that the molecular form of CR in solution
edium changed markedly in the pH range 3–5, and at a high

lkaline pH of 12, e.g., the color of CR changes from dark blue
t pH 3–5 to red at pH 12. In addition, the red color is different
rom the original red in the pH range 10–12. Similar result was
eported in Ref. [35]. Therefore, the pH of the solution were
xamined between 6 and 10 in the presence of activated red
ud.
The solution pH relative to the point of zero charge (pHpzc)

or the activated red mud also needs to be considered. At pH
alues above the pHpzc of the adsorber, the surface of adsor-
er particles is negatively charged and as the pH rises above the
Hpzc, adsorption of CR decreases. The pHpzc for activated red
ud has been reported as about 8.5 in Ref. [27]. The effect of pH
s presented in Fig. 3. The percentage removal of dye was maxi-
um in the pH range of 6–8 and decreased with further increase

n pH. This result is in agreement with previous publications
11,35]. At a pH above 8, a decrease in adsorption takes place

s
g

l

ig. 3. The effect of initial pH on CR removal. Contact time is 90 min; activated
ed mud dose 8 g/l and initial dye concentration 20 mg/l.

ue to repulsion between anionic dye molecules and negatively
harged adsorbent surface.

.3. The isotherm analysis

The relationship between the amount of CR adsorbed and
he CR concentration remaining in solution is described by an
sotherm. The three most common isotherm types for describ-
ng this type of system are the Langmuir, the Freundlich, and
he Redlich–Peterson isotherm. The most important model of

onolayer adsorption came from the work of Langmuir [36].
his isotherm is given as

e = Q0bCe

1 + bCe
(2)

he constants Q0 and b are characteristics of the Langmuir equa-
ion and can be determined from a linearized form of Eq. (2).

angmuir :
Ce

qe
= 1

Q0b
+ Ce

Q0
(3)

here Ce is the concentration of CR (mg/l) at equilibrium, Q0
he monolayer capacity of the adsorbent (mg/g) and b is the
angmuir adsorption constant (l/mg).

The Freundlich isotherm [37] is derived to model the mul-
ilayer adsorption and for the adsorption on heterogeneous sur-
aces. The Freundlich model is formulated as

e = kC1/n
e (4)

he equation may be linearized by taking the logarithm of both
ides of Eq. (4) and linear form of Freundlich isotherm can be

iven as

og qe = log k + 1

n
log Ce (5)
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Comparison of linear regression coefficients of determination (R2) and non-
linear chi-square (χ2) analysis

Isotherm R2 χ2

Langmuir 0.993 0.078
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here Ce is equilibrium concentration, k the sorption capacity
mg/g) and n is an empirical parameter.

The Redlich–Peterson isotherm [38] has a linear dependence
n concentration in the numerator and an exponential func-
ion in the denominator. It approaches the Freundlich model
t high concentrations and is in accord with the low con-
entration limit of the Langmuir equation. Furthermore, the
edlich–Peterson equation incorporates three parameters into
n empirical isotherm, and therefore, can be applied either in
omogenous or heterogeneous systems due to its high versatil-
ty. The Redlich–Peterson equation is

e = KRCe

1 + aRC
β
e

(6)

here KR is Redlich–Peterson isotherm constant (l/mg), aR also
constant (l/mg)β and β is the exponent which lies between zero
nd one. For β = 1, Eq. (6) reduces to Langmuir equation and for
= 0, it reduces to Henry’s equation. Eq. (6) can be converted

o a linear form by taking logarithms:

n

[(
KRCe

qe

)
− 1

]
= ln aR + β ln Ce (7)

The values of the constants for isotherms were obtained
rom the slope and intercept of the plots of each linear form
f isotherm. The monolayer sorption capacity, Q0, and sorption
quilibrium constant, b, are 7.087 mg/g and 0.130 l/mg, respec-
ively, for Langmuir linear equation. The Freundlich sorption
sotherm constant k is 1.072 and n is 1.956; the Redlich–Peterson
sotherm constant KR is 0.821, aR is 0.107 and β is 0.983. The
oefficients of determination (R2) for linear form of isotherm
odels were calculated by using the equation below [39,40].
he value of R2 ranges between 0 and 1. A R2 of 1 shows that
00% of the variation of experimental data is explained by the
egression equation:

2 = S2
xy

SxxSyy

(8)

here Sxx is the sum of squares of X.

xx =
n∑

i=1

x2
i −

∑n
i=1xi

n
(9)

here Syy is the sum of squares of Y.

yy =
n∑

i=1

y2
i −

∑n
i=1yi

n
(10)

here Sxy is the sum of squares of X and Y.

xy =
n∑

i=1

xiyi −
(∑n

i=1xi

) (∑n
i=1yi

)
n

(11)

The R2 value for linear form of isotherms are presented in

able 2. As seen in Table 2, the Redlich–Peterson isotherm best
epresents the equilibrium adsorption of CR on activated red
ud. The Langmuir isotherm also shows comparable fit with

he experimental data (see Table 2).

b
t
s
u

reundlich 0.930 0.761
edlich–Peterson 0.995 0.128

Due to the inherent bias resulting from linearization of
sotherm models, chi-square (χ2) error function was employed
n this study to find out the best-fit isotherm model to the exper-
mental equilibrium data. χ2 analysis is basically the sum of the
quares of the differences between the experimental data and
ata obtained by calculating from models, with each squared
ifference divided by the corresponding data obtained by cal-
ulating from models [41]. The mathematical statement of chi-
quare test can be given as below:

2 =
∑ [

(qe − qm)2

qm

]
(12)

here qm is the equilibrium capacity obtained by calculating
rom the model (mg/g), and qe is experimental data of the equi-
ibrium capacity (mg/g). Small number of χ2 indicates that data
rom the model is close to the experimental data. Whereas, large
umber of χ2 indicates that data from the model is different
rom experimental data. Therefore, there is need for the analy-
is of the data using the chi-square test to confirm the best-fit
sotherm for the sorption system [42]. According to the χ2 values
Table 2), the best-fit isotherm model was the Langmuir isotherm
odel.
Under the basic condition of the CR sorption system, it was

stimated to be more likely to approach the Langmuir form;
his can be seen from the data that the values of β tend to
nity (β = 0.983). Inversely, linear regression has denoted dif-
erent outcomes. However, linear regression and the non-linear
hi-square analysis gave different models as the best-fitting
sotherm for the given data set, thus indicating a significant
ifference between the analytical methods. As most of the
hemical analysis still mostly relied on linear regression due
o its simplicity compared to the non-linear chi-square analy-
is, this may have led to an inaccurate conclusion. Therefore,
hi-square (χ2) analysis can be used a method for the deter-
ination of the best-fit isotherm due to its unified axial setting

42]. Fig. 4 shows the non-linear adsorption isotherms. Conse-
uently, the Langmuir isotherm was the most suitable model
or the sorption system of CR on activated red mud. Com-
arison of monolayer sorption capacity (Q0) for the adsorp-
ion of CR by non-conventional adsorbents are presented in
able 3.

The fit of the data to Langmuir isotherm model may indicate
he homogeneous of the adsorbent surface. This is also supported

y the equilibrium constant (KD, m3/kg) values, which reflects
he binding ability of the surface for an element. The KD of a
ystem mainly depends on the applied pH and type of surface
sed. The equilibrium constant KD values for dye and red mud at
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Fig. 5. The variation of KD values with activated red mud dose. pH 7, inital dye
concentration, 20 mg/l, contact time is 90 min.

F

ig. 4. The adsorption isotherm of CR on the activated red mud. pH 7; contact
ime 90 min; activated red mud dose is 8 g/l.

H 7 were calculated according to the following equation [46]:

D = Cs

Cw
(13)

here Cs is the concentration of dye in the solid particles (mg/kg)
nd Cw is the equilibrium concentration of dye in the solution
mg/m3). As can be seen from Fig. 5, KD does not change with
ncreasing activated red mud dose at constant pH that implies
he homogenous surface of the activated red mud. If the surface
s heterogeneous, the KD values at a given pH should increase
ith increase of adsorbent concentration [47].

.4. Effect of red mud dosage

The percentage of CR adsorption with varying amounts of
ctivated red mud is presented in Fig. 6. In general, the increase
n adsorbent dosage increased the percent removal of adsorbate.
his is consistent with the expectation that higher adsorbent
osages will result in lower q values. The concentration of
urface hydroxyl groups is related to red mud concentration

hrough surface site density [48]. Therefore, percent of adsorp-
ion increased with red mud dosage, whereas q decreased since
he unit of q is milligram of dye per gram of activated red mud
Fig. 6).

able 3
omparison of monolayer sorption capacity (Q0) for the adsorption of CR by
on-conventional adsorbents

dsorbents Q0 (mg/g) Reference

aste Fe(III)/Cr(III) hydroxide 44.00 [43]
aste orange peel 22.44 [44]
agasse fly ash 11.88 [11]
iogas waste slurry 9.50 [45]
ctivated red mud 7.08 Present work
aste red mud 4.05 [23]

d

4

w
r
o
s

ig. 6. The variation of CR removal with activated red mud dose. pH 7, initial
ye concentration 20 mg/l, contact time is 90 min.

. Conclusion

In the present study, the removal of CR from synthetic
astewater was investigated by using activated red mud with

espective different parameters. The other point, the utilization
f activated red mud as adsorbent for removal studies was con-
idered. The following results can be summarized as:
(i) The adsorption equilibrium was attained within 90 min.
(ii) The Langmuir isotherm was the best-fit adsorption isotherm

with regard to the Redlich–Peterson and the Freundlich
isotherms. This indicates that the homogenous adsorp-
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tion occur. The equilibrium constant KD also supports this
conclusion.

iii) The pH affects the adsorption capacity and the effective pH
for the adsorption was found to be 7.

iv) Because the red mud is discarded as waste in bauxite pro-
cessing industry, its utilization as adsorbent for removal of
dye is expected to be economical.
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30] R. Apak, E. Tütem, M. Hügül, J. Hizal, Heavy metal cation retention by
unconventional sorbents (red muds and fly ashes), Water Res. 32 (1997)
430–440.

31] H.S. Altundogan, S. Altundogan, F. Tumen, M. Bildik, Arsenic adsorption
from aqueous solutions by activated red mud, Waste Manage. 22 (2002)
357–363.

32] H. Genc, J.C. Tjell, D. McConchie, R.D. Schuiling, Adsorption of arsenate
from water using neutralized red mud, J. Coll. Interface Sci. 264 (2003)
327–334.

33] H. Genc, J.C. Tjell, Effects of phosphate, silicate, sulphate, and bicarbonate
on arsenate removal using activated seawater neutralised red mud (bauxsol),
J. Phys. IV Fr. 107 (2003) 537–540.

34] E. Kir, Kirmizi Camurdan Metallerin Geri Kazanılması ve Değerlendirme
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