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bstract

Red mud, a waste residue of alumina refinery, has been used to develop effective adsorbents to remove phosphate from aqueous solution. Acid
nd acid-thermal treatments were employed to treat the raw red mud. The effects of different treatment methods, pH of solution and operating
emperature on adsorption have been examined in batch experiments. It was found that all activated red mud samples show higher surface area
nd total pore volume as well as higher adsorption capacity for phosphate removal. The red mud with HCl treatment shows the highest adsorption
apacity among all the red mud samples, giving adsorption capacity of 0.58 mg P/g at pH 5.5 and 40 ◦C. The adsorption capacity of the red mud
dsorbents decreases with increase of pH. At pH 2, the red mud with HCl treatment exhibits adsorption of 0.8 mg P/g while the adsorption can
e lowered to 0.05 mg P/g at pH 10. However, the adsorption is improved at higher temperature by increasing 25% from 30 to 40 ◦C. The kinetic
tudies of phosphate adsorption onto red mud indicate that the adsorption mainly follows the parallel first-order kinetics due to the presence of two
cidic phosphorus species, H2PO4

− and HPO4
2−. An analysis of the adsorption data indicates that the Freundlich isotherm provides a better fitting
han the Langmuir model.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Phosphorus is one of the primary nutrients that cause detri-
ental eutrophication in aquatic environments. A continuing

levated level of phosphate in water system stimulates the
rowth of photosynthetic algae and toxic cyanobacteria. Domes-
ic wastewaters have typical phosphate concentration ranging
rom 10 to 15 mg/l [1]. Agricultural, industrial, household uses
nd many other human activities are the major sources of phos-
hate in natural water bodies. In order to respond to the demand
or lowering the emission of this nutrient into the environment,
arious technologies for phosphate removal from wastewater

ave been investigated. The conventional treatment methods that
re employed include biological removal, precipitation, adsorp-
ion and ion exchange [1,2]. Some novel techniques have also
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een developed such as electrodialysis and reverse osmosis [3],
owever, most of these technologies are disadvantaged by poor
perational stability or high economic cost. Adsorption tech-
ique utilising solid adsorbents, could find a wide application in
hosphate removal due to its high efficiency, relatively inexpen-
ive operation and potential for saving and recycling phosphate
esources. In recent years, considerable attention has been paid
o the development of effective and low-cost adsorbents from
ndustrial solid wastes. If inexpensively alternative adsorbents
an be developed, it would be beneficial to the environment and
ave attractive commercial value.

Red mud (RM) is a waste residue formed after the caustic
igestion of bauxite during the production of alumina. It is a
ighly alkaline waste material with pH 10–12.5. The brick red
olour of the RM is mainly contributed by the iron impurities [4].
M is mainly composed of fine particles containing aluminium

xide, iron oxide, silica, titanium oxides and hydroxides [5]. For
very tonne of alumina produced, approximately 1 or 2 tonnes
dry weight) of RM residues are generated. Due to the alkaline
ature and the chemical and mineralogical species present in
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he RM, this solid waste causes a significant impact on the envi-
onment and proper disposal of the waste RM presents a huge
hallenge where alumina industries are located. Many attempts
ave been made over past years to find some practical applica-
ions for RM, such as an additive pigment for mortar and concrete
6] and surface treatment for carbon steel [4]. In recent years,
nvestigations have also been extended to develop RM as an
dsorbent to remove arsenate [7,8], toxic heavy metals [9–12],
yes [13–15] and phenol [16–18] from aqueous solution.

For phosphate removal, some investigators have used either
cid or heat treated RMs as adsorbents [19–22]. Pradhan et al.
eported adsorption of phosphate from aqueous solution using
Cl activated RM and achieved 80–90% removal efficiency

19]. Altundogan and Tumen [23] studied the acid treatment and
eat treatment to bauxite for removal of phosphate and found that
he acid treatment of bauxite reduces the phosphate adsorption
apability while heat treatment would increase the capacity. Li et
l. [21] recently investigated the effects of acidification and heat
reatment of raw RM and fly ash on the sorption of phosphate.
hey found that the sample prepared by using RM stirred with
.25 M HCl for 2 h (RM0.25), as well as another sample pre-
ared by heating RM at 700 ◦C for 2 h (RM700), registered the
aximum removal of phosphate (99% removal of phosphate).

t is seen that acid or heat treatment could produce an effect on
hosphate adsorption depending on the material and treatment
onditions. However, no further investigation has been reported
n combination of acid and heat treatment of RM on phosphate
dsorption. Genc-Fuhrman et al. [7,8] reported an investiga-
ion of seawater neutralised RM (Bauxsol) further activated by
cid treatment or combined HCl washing and heat treatment for
rsenic adsorption. The results showed that acid treatment alone,
s well as combination with heat treatment increased the removal
fficiency, with the combination providing the best removal.

In this paper, we report an investigation of the adsorption
roperties of RM and various activated RM in phosphate removal
rom aqueous solution. We investigated the effects of acid treat-
ent using different acids such as HCl and HNO3 combined
ith heat treatment on the properties and adsorptive behaviour
f the modified RM with aims at understanding of chemical
hanges of different pre-treatments of RM and the adsorption
inetics and isotherm of activated RMs in phosphate removal
rom aqueous solution.

. Experiment

.1. Adsorbent materials

The waste RM sample used in the present study was provided
y the Worsley Alumina, Australia. The chemical composi-
ions of the RM based on dry weight are Fe2O3 (60%), Na2O
16%), Al2O3 (15%), TiO2 (5%) and SiO2 (5%). Four derived
amples were prepared by different acid treatments and acid-
hermal treatments. Typically, the solid RM samples were mixed

t room temperature for 24 h with 2 M HCl or 2 M HNO3 solu-
ion, respectively at liquid/solid ratio of 20 ml/g. These two
amples are referred to as RM–HCl and RM–HNO3, respec-
ively. After acid treatment, the residue was washed with distilled

w
i
k
(
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ater and dried overnight at 100 ◦C. Acid-thermal treatment was
arried out by placing the acid pre-treated RM samples in a muf-
e furnace for calcination at 700 ◦C in air for 5 h (referred as
M–HCl-700 and RM–HNO3-700). The temperature ramp rate
f the furnace was set to 10 ◦C/min. The resultant solid samples
ere then allowed to cool down overnight in the furnace.

.2. Characterisation

The surface area and total pore volume were obtained by
itrogen adsorption–desorption at the liquid nitrogen tempera-
ure (−196 ◦C) using a Quadrasorb S1 (Quantachrome Corp.)
ll samples were degassed at 200 ◦C for 4 h before analysis.
he BET equation was applied to determine the surface area.
he total pore volume was determined at P/P0 = 0.98.

X-ray diffraction (XRD) patterns of all samples were mea-
ured using a Rigaku miniflex diffractormeter with Co K�
adiations generated at 30 kV, 15 mA. Scattering angles were
anged from 2◦ to 80◦, with a scanning speed at 2◦ per minute.

Microstructure and surface morphology of the adsorbent
amples were characterised by a JEOL 6400 field emission scan-
ing electron microscope (SEM) with an accelerating voltage of
2.0 kV at a magnification 1 × 30,000.

Fourier transfer infrared (FT-IR) spectra were collected on a
icolet 6700 with a resolution of 4 cm−1 by using attenuated

otal reflectance (ATR) technique. The spectrum was scanned
rom 400 to 4000 cm−1.

.3. Adsorption studies

The kinetic tests were carried out in batch experimental mode.
ne gram of solid sample was placed in a large beaker and
ixed with 1 l of 1 mg P/L solution at 70 rpm at varying tempera-

ures. Liquid samples were collected at various time intervals and
he concentrations of phosphate were determined by a Jasco V-
50 UV/vis spectrophotometer at λmax of 710 nm. A calibration
urve was obtained by measuring the absorbance of phosphate
oncentration ranging from 0.01 to 1 mg P/L as the basis to
etermine the concentration of the samples.

The kinetics and sorption mechanism were evaluated with
hree different models: the Lagergren equation, a pseudo first-
rder mechanism; a pseudo second-order mechanism [24]; and a
arallel first-order mechanism. The pseudo first-order equation
akes the form

og (qe − qt) = log qe − k1t

2.303
(1)

r alternatively

t = qe(1 − e−k1t) (2)
here qt is the amount of phosphate adsorbed at time t (mg/g), qe
s the amount of phosphate adsorbed at equilibrium (mg/g) and
1 is the equilibrium rate constant for pseudo first-order kinetics
min−1).
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analysis are shown in Fig. 1. In raw RM, the major phases are
quartz, hematite, goethite and calcite. The XRD patterns show
a remarkable difference between acid treated samples and the
acid-thermally treated samples, which suggests that phase trans-

Table 1
Surface area and pore volume of various samples

Samples SBET (m2/g) Vtotal (cm3/g)

RM 22.71 0.0566
Fig. 1. XRD patterns of

The pseudo second-order equation is expressed as

t

qt
= 1

k2q2
e

+ t

qe
(3)

nd can be used in a nonlinear form

t = k2q
2
e t

(1 + k2qet)
(4)

here k2 is the equilibrium rate constant for the second-order
inetics (g mg−1 min−1)

The parallel first-order kinetics can be expressed as

t = qe1(1 − e−k1at) + qe2(1 − e−k1bt) (5)

here qe1 and qe2 are the amount of phosphate adsorbed at equi-
ibrium (mg/g) in the first and second reactions, respectively, and
1a and k1b (min−1) are the equilibrium rate constants for the first
nd second reactions, respectively.

The isothermal adsorption tests were performed by shaking
.02–0.4 g of solid in 50 ml of 1 mg/l KH2PO4 (as P) solution at
0 rpm for 6 h at a constant temperature of either 30 or 40 ◦C. The
quilibrium time was determined by the kinetic tests described
arlier. The concentration of phosphate was measured using the
pectrophotometry described above.

An adsorption isotherm is a mathematical expression of the
elationship between the amount of solute adsorbed and the con-
entration of the solution in the liquid phase at a given constant
emperature. In order to determine the mechanism of phos-
hate adsorption on the RM, two types of isotherms, Langmuir
nd Freundlich isotherms, were applied to describe the equilib-
ium adsorption of solutes from liquid solution. The Langmuir
sotherm assumes the sorption process at specific homogeneous
ites for monolayer adsorption. The Langmuir isotherm can be

xpressed in the form

= kQmCeq

1 + bCeq
(6)

R
R
R
R

y different treatments.

here Q is the adsorbed amount of the solute in mg/g, Ceq is
he equilibrium concentration of the liquid solution in mg/l, Qm
s the monolayer adsorption capacity (mg/g) and k is a constant
elated to the free energy of adsorption (l/mg).

The Freundlich isotherm is an empirical equation employed
o describe heterogeneous system. The Freundlich isotherm can
e expressed as

= KC1/n
eq (7)

here K is a constant that indicates the extent of the adsorption
nd n is a constant, which indicates the nonlinearity between
olution concentration and the adsorption.

In addition, the effect of pH on adsorption capacity was also
nvestigated. A series of phosphate solution were prepared by
djusting pH over a range of 2–10 using 0.1 M HCl or NaOH
olution. The pH of solutions was measured with a pH meter
TPS pH Cube).

. Result and discussion

.1. Characteristics of adsorbents

The crystalline phases of RM samples determined by XRD
M–HCl 28.48 0.0779
M–HCl-700 33.78 0.0928
M–HNO3 38.15 0.0658
M–HNO3-700 33.33 0.0973
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ormation has taken place. After acid treatments, the calcite
hase present in the raw RM disappears. The acid-thermal treat-
ent creates a new phase of magnetite, which is attributed to the

ecomposition of goethite. The intensities of hematite also show
significant enhancement, making them the dominant phases in
M–HCl-700 and RM–HNO3-700 samples.

The BET surface area and total pore volume of various RM
amples are given in Table 1. As seen, the raw RM has a sur-
ace area of 22.7 m2/g with pore volume of 0.0566 cm3/g. Both
cid treatments increase the surface area and the pore volume,
ut RM–HNO3 shows a larger BET surface area than that of

M–HCl. After thermal treatment, RM–HCl-700 shows a fur-

her enhancement in the surface area and pore volume while
M–HNO3-700 shows a reduction in the surface area.

ig. 2. SEM photographs of RM. (a) Raw RM, (b) RM–HCl and (c) RM–HCl-
00.
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Fig. 3. FT-IR spectra of various RM samples.

SEM pictures provide surface morphology of the RM sam-
les at micro-scale. From Fig. 2, the contrast in surface features
etween the raw RM which is relatively smooth and flat, and the
cid treated specimen, RM–HCl, provides clear visual evidence
or the new surface area generated by strong acid treatment.
he acid treated sample shows many new cavities and coars-
ned exterior probably due to removal of some acid-soluble salts
25]. After heat treatment, RM–HCl-700 exhibits a morphology
imilar to the RM–HCl but with additional porosity.

FT-IR spectra of the differently treated RM samples are
resented in Fig. 3. The broad peak at 3130–3450 cm−1

orresponding to OH vibrations, appears for RM, RM–HCl
nd RM–HNO3. Two intense hydroxyl deformation bands
t 906–910 and 802–806 cm−1 are seen on RM–HCl and
M–HNO3 but not observed on RM–HCl-700 and RM–HNO3-
00. This is ascribed to the decomposition of goethite to
ematite, confirmed by the appearance of peaks at 439–442 and
28–532 cm−1, which are characteristic vibrations of hematite,
nd magnetite. Thus, FT-IR results support the evidence of phase
hange from the XRD profiles.

.2. Dynamic adsorption of phosphate on RM

Fig. 4 illustrates the results of dynamic adsorption of phos-
hate on various treated RM samples at natural pH. The
dsorption of phosphate onto the RM surface takes place quickly
n the first 3 h and attains 85–90% phosphate removal. In the
ast 3 h, the phosphate uptake becomes much slower until it
eaches equilibrium. This is due to the decreased diffusion rate
26]. At approaching equilibrium, adsorbate concentration is
uch reduced and the saturation of adsorption sites is achiev-

ng, the rate of adsorption will be much slow. The time to
ttain equilibrium for all samples is approximately 6 h. Also as
een from the figure, all treatment methods are able to enhance
he adsorption capacity of RM to different levels. Acid treat-

ents by HCl and HNO3 increase the adsorption and RM–HCl

chieves the highest adsorption capacity among all the sam-
les, which suggests that HCl treatment is better than HNO3
reatment. However, the acid-thermal treatment (RM–HCl-700)
hows lower adsorption capacity than RM–HCl. RM–HNO3 and
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Fig. 4. Pseudo first-order kinetics of phosphate adsorption on different treated RM.
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Fig. 5. Pseudo second-order kinetics of p

M–HNO3-700 exhibits similar adsorption capacity. Generally,
cid treatments neutralise the hydroxide ions, which reduces the
egative charges on the alkaline surface of RM [13]. The process
romotes the adsorption of negatively charged PO4

3− species
n solution, thus the increase of adsorption capacity can be
nticipated. The high temperature treatment decomposes some
rganics and hydroxyl groups, which are the effective sites for
hosphate adsorption [13]. In addition, heat treatment may also
ause the sintering of particles, losing contact area for adsorbate
nd resulting in low adsorption capacity.

XRD profiles indicate that acid treatment removed calcite
rom the raw RM, which changes the surface property. N2
dsorption also demonstrated that BET surface area is increased
fter acid treatment. During the heat treatment, goethite in the

M was decomposed to form hematite and magnetite, which can
e observed from XRD and FT-IR profiles. For RM–HCl-700,
he surface area and pore volume are all increased; however,
he adsorption is decreased. For RM–HNO3-700, the surface

t
t
a

hate adsorption on different treated RM.

rea is decreased but the pore volume is enhanced while it
xhibits similar adsorption to RM–HNO3. This suggests that
he surface area is not important in determining the adsorption
apacity. Chemical adsorption would be more important than
hysical adsorption. Altundogan and Tumen [23] investigated
Cl and heat treatments of RM and found that surface area
f RM was increased by acid treatment but the treated sample
ad lowered phosphate adsorption capacity. Parfitt et al. [27]
tudied the phosphate adsorption on various iron oxides and
ound that goethite exhibited higher adsorption than hematite.
herefore, it is deduced that RM–HCl exhibits the highest
dsorption will be attributed to the stronger chemical inter-
ction of goethite with phosphate and the developed porous
tructure.
Based on those tests, the experimental results were employed
o derive the kinetic parameters using the three different models:
he pseudo first-order mechanism, pseudo second-order mech-
nism, and parallel first-order mechanism. The constants for
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ig. 6. Parallel first-order kinetics of phosphate adsorption on different RM
amples.

he three kinetic models were determined by curve fitting with
esults as shown in Figs. 4–6. The constants are listed in Table 2.
t is seen that the first-order kinetics does not show a good
greement with the experimental data whereas the second-order
inetics provides a close fit, with a regression coefficient R2

f greater than 0.99 in most cases. In adsorption processes, a
seudo second-order mode is generally interpreted to mean that
he mechanism of the process is mainly controlled by chemi-
al bonding or chemisorption. This would imply that the cause
f phosphate adsorption onto the RM involves valency forces

hrough sharing or exchange of electrons between sorbate and
orbent [28].

However, from the figure and table, it is also seen that the
arallel first-order kinetics provides a very good fit of the exper-

v
r
a

able 2
arameter for kinetic models of phophate adsorption on various red mud samples

ample Parameters

M
Pseudo first-order k1 = 0.0073 qe = 0.489
Pseudo second-order k2 = 0.0222 qe = 0.544
Parallel first-order k1a = 0.198 qe1 = 0.109

M–HCl
Pseudo first-order k1 = 0.0441 qe = 0.830
Pseudo second-order k2 = 0.0504 qe = 0.946
Parallel first-order k1a = 0.164 qe1 = 0.454

M–HCl-700
Pseudo first-order k1 = 0.0375 qe = 0.487
Pseudo second-order k2 = 0.0718 qe = 0.564
Parallel first-order k1a = 0.500 qe1 = 0.219

M–HNO3

Pseudo first-order k1 = 0.0354 qe = 0.579
Pseudo second-order k2 = 0.0553 qe = 0.675
Parallel first-order k1a = 0.227 qe1 = 0.272

M–HNO3-700
Pseudo first-order k1 = 0.0369 qe = 0.615
Pseudo second-order k2 = 0.0647 qe = 0.673
Parallel first-order k1a = 0.146 qe1 = 0.329

here k1 = min−1, k2 = g mg−1 min−1 and qe = mg/g.
ig. 7. Effect of pH on phosphate adsorption on raw RM and RM and RM–HCl.
= 25 ◦C.

mental results. For the two adsorption processes, the adsorption
ate in the second process is always lower. This suggests that two
ctive sites are involved in the adsorption. For KH2PO4 solution,
wo acidic phosphorus species, namely H2PO4

− and HPO4
2−,

ay be expected to dominate at natural pH, both of which will
e adsorbed on the solid surface. Thus, the mechanism can be
escribed as

eOOH + H2PO4
− → FeOHPO4

− + H2O (8)

eOOH + HPO4
2− → FeOPO4

2− + H2O (9)

.3. Effect of pH
RM adsorption capacity has a close relationship with pH
alue of the phosphate solution as shown in Fig. 7. For both
aw RM and RM–HCl over a broad range of pH both materi-
ls present a similar trend in that the higher the pH, the lower

R2

0.9816
0.9249

k1b = 1.39 × 10−3 qe2 = 0.965 0.9996

0.9897
0.9974

k1b = 8.68 × 10−3 qe2 = 0.470 0.9983

0.9768
0.9946

k1b = 8.36 × 10−3 qe2 = 0.336 0.9993

0.9845
0.994

k1b = 7.60 × 10−3 qe2 = 0.393 0.9978

0.9875
0.9972

k1b = 6.23 × 10−3 qe2 = 0.396 0.9930
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Table 3
Adsorption isotherm parameters for RM–HCl and RM at different temperatures

Sample Parameters R2

RM–HCl 30 ◦C
Langmuir model k = 545.24 Qm = 0.346 0.8877
Freundich model K = 0.477 1/n = 0.1886 0.9887

RM–HCl 40 ◦C
Langmuir model k = 146.39 Qm = 0.462 0.914
Freundich model K = 0.623 1/n = 0.2336 0.9098

RM 30 ◦C
Langmuir model k = 2.73 Qm = 0.271 0.7967
Freundich model K = 0.242 1/n = 0.597 0.9521

RM 40 ◦C
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Fig. 8. Effect of temperature on adsorption (a) RM–HCl and (b) RM.

he adsorption capacity. Significant enhancement of adsorption
apacities is achieved at a pH of about 2 where the adsorption
apacity is about 6 times the amount at pH of 10. A remarkable
bservation from the pH tests was that, the raw RM at very low
H exhibits similar phosphate removal ability as the acid treated
M. The reason may be attributed to alkaline properties of RM

urface, which results in higher adsorption of acid ions. Pre-
ious research has demonstrated that increasing the pH results
n reduced phosphate adsorption [19]. When the solution has a
igher pH, the surface of the RM carries more negative charges
hich serves to increase the repulsion of the negatively charged
hosphate species in solution and consequently results in lower
M adsorption capacity.

.4. Adsorption isotherm

The adsorption isotherms of RM and RM–HCl at 30 and
0 ◦C are presented in Fig. 8. The two isotherms, Langmuir and
reundlich isotherms, were applied to describe the equilibrium
dsorption of solutes from liquid solution. The isotherm parame-
ers of adsorption using the Langmuir and Freundlich isotherms
re also shown in Table 3. It can be seen that the adsorption
apacity increases with an increase of temperature, indicative of

n endothermic nature of the adsorption. The temperature has
ore obvious influence on adsorption for RM–HCl while less

ffect for raw RM. For RM–HCl, the adsorption capacity can
chieve up to 0.58 mg P/g at 40 ◦C, which is increased approxi-
Langmuir model k = 0.407 Qm = 1.106 0.9709
Freundich model K = 0.325 1/n = 0.806 0.9818

ately 25% than that at 30 ◦C. Raw RM can reach 0.29 mg P/g
t 40 ◦C in comparison with 0.23 mg P/g at 30 ◦C.

Comparison between experimental data and isotherm mod-
ls shows that the Freundlich isotherm represents the adsorption
rocess better than the Langmuir isotherm. The higher R2 value
or Freundlich isotherm is also a clear evidence. Since the Fre-
ndlich model is more suitable to describe the experimental data,
his suggests that some heterogeneity in the surface or pores of
dsorbents play a role in the phosphate adsorption.

. Conclusion

RM has been investigated for removal of phosphate from
queous solution. Different pre-treatment methods of the RM
rought about textural and phase changes, resulting in varying
dsorption capacity. Activation of RM with acid treatment or
cid-heat treatment increases surface area and thus improves
he adsorption capacity. The RM with HCl acid treatment shows
he greatest adsorption capacity of 0.58 mg P/g at pH 5.5 and
0 ◦C while raw RM only presents 0.23 mg P/g at the same con-
itions. Kinetic and isothermal studies indicate that phosphate
dsorption is a heterogeneous adsorption with two major phos-
hate species. The adsorption kinetics will be best described
y the parallel first-order model. The adsorption capacity of
ach species is similar but adsorption kinetic constants are sig-
ificantly different. The Freundlich isotherm provides a better
tting to isotherm than the Langmuir isotherm. Both solution
H and temperature will influence the phosphate adsorption on
M. Low solution pH can enhance phosphate adsorption while
igh solution pH decreases the adsorption. Due to the endother-
ic nature of phosphate adsorption on RM, high temperature
ill increase the adsorption capacity. For RM and RM–HCl, the

dsorption can both increase by 25% from 30 to 40 ◦C.
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