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bstract

Red mud (RM), a waste tailing from alumina production, was modified with FeCl3 for the removal of arsenate from water. The RM and modified
ed mud (MRM) were characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD) microanalysis. Adsorption of arsenate
n modified red mud (MRM) was studied as a function of time, pH, and coexisting ions. Equilibrium time for arsenate removal was 24 h. Solution pH
ignificantly affected the adsorption, and the adsorption capacity increased with the decrease in pH. Langmuir and Freundlich isotherms equation

ere used to fit the adsorption isotherms. The Langmuir isotherm was the best-fit adsorption isotherm model for the experimental data. Adsorption

apacity of MRM was found to be 68.5 mg/g, 50.6 mg/g and 23.2 mg/g at pH 6, 7 and 9, respectively. NO3
− had little effect on the adsorption.

a2+ enhanced the adsorption, while HCO3
− decreased the adsorption. MRM could be regenerated with NaOH, and the regeneration efficiency

eached 92.1% when the concentration of NaOH was 0.2 mol/L.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Arsenate is a widespread toxic contaminant in water and
ts pollution in ground water has been found in many coun-
ries in the world [1]. Human poisoning and death from arsenic
ave occurred in Taiwan, Bangladesh, India, etc. [2]. Chronic
rsenism poses a serious health problem in China also [3].
n 2002, the USEPA lowered the maximum contaminant level
MCL) for arsenic in drinking water from 50 �g/L to 10 �g/L.
he new MCL was enforced in 2006. The WHO, the European
nion, and several other countries also lowered their recom-
ended or required arsenic limit to 10 �g/L in drinking water. As
result of the lower MCL, many methods have been developed to

emove excessive arsenate from water, namely, adsorption, coag-

lation, ion exchange, precipitation, electrolysis, and reverse
smosis [4–8]. Among them, adsorption was regarded as a reli-
ble and economical technique. Many kinds of adsorbents such
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s iron oxide-loaded slag [4], Fe-oxide impregnated activated
arbon [9], akaganeite [10], red mud [11,12] have been devel-
ped for the removal of arsenic. Adsorption will provide an
ttractive technology if the adsorbent is cheap and ready for
se.

Red mud, a waste tailing formed during the production
f alumina, causes serious environmental problems due to its
igh alkalinity and large amount. For every tonne of alumina
roduced, 0.5–2 tonnes (dry weight) of red mud residues are
roduced. It is estimated that in china about 10 million tonnes
ed mud will be produced annually in the near future. The
isposal and management of red mud tailing residue consti-
utes one of the most challenging problems facing the alumina
ndustry [13]. Red mud is composed primarily of particles of
ron, aluminium, calcium, silica, titanium oxides and hydrox-
des. Arsenate is strongly adsorbed on Fe, Al and Ti oxides and
ydroxides [4,14,15], which are abundant in RM. The use of red
ud as an adsorbent for arsenate has been advocated. RM has
een found to remove fluoride [16], chromium [17], phosphate
18], dyes [19] from aqueous solution. Altundog investigated the
emoval of As(V) from a 10 mg/L solution using acid-activated
ed mud and found that the maximum removal reach 96.5%
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11]. Genç-Fuhrman removed arsenate effectively using seawa-
er neutralized red mud. The release of metal ions from seawater
eutralized red mud during arsenate sorption was also investi-
ated and the results indicated that negligible quantities of the
etal ions were released [12].
Here a method is used to modify the red mud with FeCl3. The

M and modified red mud (MRM) are characterized using scan-
ing electron microscopy (SEM) and X-ray diffraction (XRD)
icroanalysis. The removal of arsenate from aqueous solution

sing the MRM is studied in batch experiments. The influences
f time, initial pH, and coexisting ions on the adsorption capacity
re investigated.

. Materials and methods

.1. Materials

The RM used in the study was obtained from Shandong Alu-
inium Corporation, China. The chemical composition of RM
as analyzed through conventional method by the chemical

nalysis of aluminosilicates [20]. It has the following chemi-
al composition (wt.%) listed in Table 1 and it shows that RM is
rimarily a mixture of Fe, Ti and Al oxides. The single-point N2-
ET method indicated that the specific surface area of a typical
M sample was about 115 m2/g.

The modification of RM was carried out as follows: RM was
ieved and the particles below 177 �m were used for modifica-
ion. Ten grams of powder was added to 1 L water and pH of the
olution was about 13. The mixture was stirred at 60 rpm and
.5 M FeCl3·6H2O was added dropwise to the mixture until the
H reached 5. About 40 mL FeCl3·6H2O was expended. The
esulting solution was aged for 1 day and the mixture was cen-
rifuged. The obtained solid was washed with deionised water
hree times and dried at 105 ◦C. The MRM was then sieved again,
nd particles below 177 �m obtained were used as adsorbent for
he experiments.

.2. Instrument

Arsenate was analyzed on Atomic Fluorescence Spectrom-

ter (AF-610A). The specific surface area of the samples was
etermined by the BET nitrogen gas sorption method using
Micromeritics ASAP2000V Accelerated Surface Area and

orosimetry. The micrograph and microanalysis of the samples

able 1
omposition and properties of RM used (wt.%)

onstituent % (w/w)

iO2 13.44
e2O3 23.98
l2O3 12.80
aO + MgO 13.00
a2O 6.22

2O 0.40
iO2 12.24
OI 16.45

OI: loss on ignition.
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ere determined using a 30 kV HITACHI S-3000N scanning
lectron microscope (SEM). X-ray diffraction (XRD) patterns
f all samples were obtained with a Rikaku Dmax-RB diffract
eter using Cu K� radiation at 40 kV and 150 mA over the 2θ

ange of 10–100◦.

.3. Adsorption and desorption experiments

All chemicals were of analytical grade and used without fur-
her purification. All glassware and sample bottles were soaked
n diluted HCl solution for 24 h and washed three times with
eionised water. All experiments were conducted in duplicate
nd the mean values were considered. Solutions were prepared
rom Na2HAsO4·7H2O for As(V). A 1 g/L As(V) stock solution
as prepared by dissolving 4.057 g Na2HAsO4·7H2O in 1 L of
istilled water. As(V)-bearing water was prepared by diluting
s(V) stock solution to given As concentrations with deionised
ater. The pH of the solutions was adjusted with either HCl or
aOH solution.
Adsorption studies were carried out by shaking 200 mL of

mg/L Na2HAsO4·7H2O solution at 400 rpm with 0.02 g of
RM in the bottles for 24 h at room temperature (20 ± 1 ◦C),

nd a background electrolyte of 0.01 M NaCl was used for all
atch experiments. After equilibrium, the solutions were cen-
rifuged at 5000 rpm for 10 min and the supernatant was taken
nd analyzed for arsenate. Arsenate adsorbed was calculated as
ollows:

= (C0 − Ce)V

M
(1)

here q is the concentration of the arsenate adsorbed (mg/g), C0
nd Ce are the initial and final concentrations of the arsenate in
olution (mg/L), respectively. V is the solution volume (L) and

is the mass of sorbent (g).
Desorption experiments using NaOH were carried out.

irst arsenate was adsorbed according to the same procedure
escribed above. Suspensions were centrifuged after adsorp-
ion. The supernatant was decanted and analyzed for arsenate.
hen 50 mL of NaOH solution (0.05–0.4 M) were added to the

oaded particles (0.1 g). The samples were stirred at 400 rpm
t room temperature (20 ± 1 ◦C) for 2 h. Then the samples
ere centrifuged and the supernatant was analyzed for arsenate.
egeneration efficiency was calculated.

. Results and discussion

.1. Characterizations of RM and MRM

SEM provides visual evidence of the effect of FeCl3 on the
M surface erosion and collapse. The exterior roughened and
ew cavities appeared during the modification process. The gen-
ration of new surface area by acidification was observed from
he difference between the SEM of the RM and MRM sam-

les (Fig. 1). The single-point N2-BET method indicated that
he specific surface areas of the RM and MRM samples are
bout 115 m2/g and 192 m2/g, respectively, which demonstrates
hat treatment with FeCl3·6H2O increases the surface areas of
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Fig. 1. SEM micrograph of the particles

he RM samples. After modification, the content of Fe in RM
ncreased and calcium decreased as we can see from the element

icroanalysis report (Fig. 2). The wt.% of Fe and Ca in RM were
0.6% and 4.2%. After modification, the wt.% of Fe and Ca in

RM were 17.5% and 2.0%, respectively. The results of X-ray

nalysis of RM and MRM were shown in Fig. 3. It revealed
hat the peaks of calcite, sodalite and quartz were reduced after

odification.
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Fig. 2. Microanalysis report o
RM and MRM: (a) RM and (b) MRM.

.2. Adsorption of arsenate on MRM

.2.1. Kinetic study
The effect of time on the removal of arsenate was investigated
s described in sorption studies for increasing periods of time,
ntil equilibrium was achieved. The removal of arsenate versus
ime was illustrated in Fig. 4a. The removal of As(V) increased
ith time and attained equilibrium at 24 h for the initial arsen-

f RM (a) and MRM (b).
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Table 2
Pseudo-second-order kinetics constants and related regression coefficients

As (mg/L) qe K2 (×10−3 g (mg min)) R2

1 8.95 5.87 0.999
10 25.46 2.07 0.999
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Fig. 3. XRD pattern of RM (a) and MRM (b).

te concentration of 1 mg/L. About 40% removal was achieved
ithin the first 3 min and there was no significant change in the

oncentration after 24 h.
The kinetic data obtained were analyzed by applying the

seudo-second-order kinetics model, which is expressed as (2):

dqt

dt
= k2(qe − qt)

2 (2)

Linearized form of Eq. (2) is Eq. (3):
t

qt

= 1

k2q2
e

+ t

qe
(3)

o
f

ig. 4. Adsorption kinetics for arsenate removal using MRM. (a) Removal of arsenat
ith reaction conditions I = 0.01 M NaCl, pH 6.8, initial arsenate concentration 1 mg/
0 34.92 1.51 0.991
0 43.25 1.22 0.998

here k2 (g/(mg min)) is the pseudo-second-order kinetics con-
tant, qt the amount of metal adsorbed per unit mass of adsorbent
t t (time) and qe (mg/g) is the amount of metal adsorbed per
nit mass of adsorbent at equilibrium.

The statistical data have shown a fair goodness of correlation
or pseudo-second-order kinetics (Fig. 4b). After the applica-
ion of the pseudo-second-order kinetics model, the results were
isted in Table 2.

.2.2. Effect of pH
The pH of the aqueous solutions is an important variable and

ontrols the adsorption between the adsorbent and aqueous inter-
ace. The extent of adsorption of anions is strongly governed by
he pH of the solution [21–24]. The effects of the solution pH on
rsenate removal were studied by varying the pH of the solution
ver a range of 3–10 using either 0.1 M HCl or 0.1 M NaOH.
he results depicted in Fig. 5 showed that arsenate removal was

avoured at lower pH values for MRM. This kurtosis distribu-
ion was similar to the effect of pH on arsenic adsorption with
eawater neutralized red mud [12], acid treated red mud [11,19]
nd sand–red mud columns [25]. Increasing arsenate adsorp-
ion with decreasing pH indicates the presence of fewer OH−
ons at lower pH conditions that can compete with the arsen-
te anions for the available sorption sites. Red mud is a metal
xide adsorbent containing different metal oxide in the structure.
ydroxylated surfaces of these oxides developed charge on the

urface in water. The interaction between arsenate ion and metal

xide was modeled by assuming ligand exchange reactions as
ollows:

M–OH + A− + H+ � M–A + H2O (4)

e as a function of equilibrium time and (b) pseudo-second-order kinetics plots
L, 10 mg/L, 20 mg/L, 50 mg/L, and MRM dosage is 100 mg/L.
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ig. 5. Effect of pH on arsenate removal using MRM at room temperature with
eaction conditions I = 0.01 M NaCl, initial arsenate concentration 1 mg/L and
osage 100 mg/L.

here M–OH is a surface hydroxyl group and M–A is the
dsorbed species. According to Deliyanni [10] and Pedersen’s
26] report, a strong adsorption of arsenate occurs on the Fe, Al
ites and Fe, Al oxides are effective sites for arsenate adsorp-
ion. MRM is a mixture of Fe, Al oxides and similar adsorption
ehavior happened.

.2.3. Adsorption isotherm
In Fig. 6, the adsorption capacity of arsenate for different

s(V) concentration at pH 6, 7 and 9 were presented. The
angmuir and Freundlich isotherm models were used to ana-

yze adsorption data. The Langmuir equation was applied for
dsorption equilibrium as follows:

Ce 1 Ce
Qe
=

Q0b
+

Q0
(5)

here Ce is the equilibrium concentration (mg/L), Qe the amount
dsorbed under equilibrium (mg/L), Q0 (mg/g) the theoreti-

ig. 6. Arsenate adsorption on MRM at room temperature with reaction con-
itions I = 0.01 M NaCl, initial arsenate concentration range 2–100 mg/L, and
osage 100 mg/L.

e
s
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p

F
t

ig. 7. Langmuir adsorption plots for arsenate adsorption on MRM at room
emperature.

al maximum adsorption capacity, and b (L/mg) is a Langmuir
onstant related to the enthalpy of adsorption. Q0 and b are deter-
ined from the slope and intercept of the plot. The linear plots

f 1/Qe versus 1/Ce were obtained with R2 ≥ 0.98 for various
H, indicating that adsorption of As(V) onto MRM obeyed the
angmuir isotherm model. Plots fitted by the Langmuir equa-

ion for the three-tested pH were presented in Fig. 7. Adsorption
apacity of the MRM was found to be 68.5 mg/g, 50.6 mg/g and
3.2 mg/g at pH 6, 7 and 9, respectively.

On the other hand, the Freundlich isotherm model could be
xpressed as follows:

og Qe = log Kf + 1

n
log Ce (6)

here Kf and n are empirical constants, being indicative of the

xtent of the adsorption and the degree of nonlinearity between
olution concentration and adsorption, respectively. Plots fit-
ed by the Freundlich equation for the three-tested pH were
resented in Fig. 8.

ig. 8. Freundlich adsorption plots for arsenate adsorption on MRM at room
emperature.
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Table 3
Calculated Langmuir and Freundlich isotherm parameters for arsenate adsorp-
tion on MRM (dosage 100 mg/L for pH 6, 7 and 9)

pH Langmuir model Freundlich model

Q0 (mg/g) R2 b (L/mg) k R2 1/n

6 68.5 0.980 0.114 18.2 0.948 0.285
7
9
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Fig. 10. Effect of NaOH concentration on desorption of arsenate.
50.6 0.991 0.090 9.61 0.953 0.365
23.2 0.996 0.142 6.7 0.928 0.279

Table 3 listed the calculated Langmuir and Freundlich con-
tants, as well as the correlation coefficients of the respecting
traight lines. A linear plot of log Qe versus log Ce was also
btained with a R2 > 0.94, showing that the adsorption followed
he Freundlich isotherm model as well.

.2.4. Effect of coexisting ions
Ca2+, HCO3

− and NO3
− always exist in natural water.

n order to assess the potential applicability of MRM as the
emoval of arsenate from natural water, adsorption capacity was
valuated as a function of Ca2+, HCO3

− and NO3
− concen-

ration. NaHCO3, Ca(NO3)2 and NaNO3 solutions were used
n the experiment. Adsorption studies were carried out with-
ut adjustment and the pH 7.3 of the mixture was measured.
he results were shown in Fig. 9. Ca2+ significantly enhanced

he adsorption capacity of MRM. An increase from 0 mg/L to
0 mg/L in the concentration of Ca2+ resulted in an increase
rom 8.5 mg/g to 9.5 mg/g in the amount of arsenate adsorbed.
a2+ can link the MRM particle with arsenate, forming a
etal–arsenate complex or a metal–H2O–arsenate complex

27]. HCO3
− decreased the arsenate removal efficiency. This is

aybe due to the competition between HCO3
− and HASO4

2−
−
or positively charged adsorption sites. NO3 had no obvious

ffect on adsorption of arsenate because it did not compete with
ASO4

2−.

ig. 9. Effects of the presence of ions on arsenate removal using MRM at room
emperature with reaction conditions I = 0.01 M NaCl, pH 7.3, initial arsenate
oncentration 1 mg/L, and dosage 100 mg/L.
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ig. 11. Effect of the dosage on arsenate removal using MRM and MRM after
egeneration at room temperature with reaction conditions I = 0.01 M NaCl, pH
, initial arsenate concentration 1 mg/L.

.3. Desorption

The applicability of MRM as a potential adsorbent depends
n the desorption property and reusability also. NaOH solution
as selected as the regeneration agent. The effect of NaOH con-

entration on desorption efficiency was plotted in Fig. 10. NaOH
as efficient for the MRM. The regeneration efficiency reached
8.4% and 92.1% when the concentration of NaOH reached
.1 mol/L and 0.2 mol/L, respectively. Comparative experiment
f MRM and MRM after regeneration was carried out. Effect
f the dosage on arsenate removal using MRM and MRM after
egeneration was investigated. As seen from Fig. 11, the adsorp-
ion capacity of adsorbent after regeneration was equal to the

RM untapped.
. Conclusions

Fe modified RM was successfully prepared and was reported
o be an effective adsorbent for the removal of arsenate from
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ater. The specific area of MRM reaches 192 m2/g. The adsorp-
ion properties of MRM depend on pH values. It is effective
or the removal of arsenate with a high capacity of 68.5 mg/g.
t has a much higher adsorption capacity than RM. Adsorption
s favoured under acid conditions and the adsorption capacity
ncreases with decreasing pH. Adsorption is dependent on ionic
trength. The adsorption increases in the presence of Ca2+, while
O3

− has little effect and HCO3
− decreases the adsorption.

s can be desorbed from MRM with NaOH and the removal
fficiency reaches 92.1% when the concentration of NaOH is
.2 mol/L. The adsorption capacity of adsorbent after regenera-
ion was equal to the MRM untapped.
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