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a b s t r a c t

Red mud, an abundant industrial waste from alumina industry, represents a rich source of various metal
oxides, mainly of Fe2O3, Al2O3 and SiO2. In this study, the rinsed Bosnian red mud (RBRM) was eval-
uated as an economical, composite sorbent for aqueous Ni2+ ions. The process was investigated as a
function of pH, contact time and initial metal concentration. The investigated mineral mixture exhibited
a high acid neutralising capacity, and its most important role in cation immobilization was observed in
the initial pH range 2–8. The initial metal ion concentration strongly influenced the sorption kinetics
and equilibrium times. Addition of 5 g/L of RBRM caused 100% removal from the solutions of 10−4 to
5 × 10−4 mol/L, whereas with the further increase of Ni2+ concentration to 8 × 10−3 mol/L, the removal
orption
i2+

efficiency decreased to 26%. The maximum sorption capacity of 0.372 mmol/g, at initial pH 5, was deter-
mined using Langmuir theoretical model. The possibility of sorption efficiency improvement by annealing
RBRM powder was investigated in the range 200–900 ◦C and the relationships between temperature, red
mud physicochemical and sorption properties were established. The optimum heating temperature was
found to be 600 ◦C, due to water exclusion from gibbsite and bayerite phases, leading to improved poros-
ity and surface area, as well as increased pH value and sorption efficiency. The stability of the sorbed

achin
cation was assessed by le

. Introduction

Given that heavy metal ions are harmful to a variety of liv-
ng species, issues of significant importance are their transport
nd distribution through the environment as well as their removal
rom contaminated water, soil and sediments. Industrial wastew-
ters that contain high levels of heavy metal cations are treated
y different physicochemical processes, with the focus on chemi-
al precipitation, coagulation–flocculation, flotation, ion-exchange,
embrane filtration and sorption [1]. A survey of recent patents

or water and wastewater treatments [2] showed that significant
mount of patents related to sorption technologies still include
nly carbon based materials which are relatively expensive, act
n a non-selective manner and exhibit unsatisfactory efficiency in
he removal of inorganic contaminants. For that reason, there is
n increasing trend in searching for new heavy metal sorbents
mong commercially available materials such as by-products of

arious industries. Recent comparison of composite sorbents which
re accessible, inexpensive and effective for treating a variety of
ontaminants have emphasized the outstanding metal removal
apabilities of materials originating from agricultural and industrial
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E-mail address: slavkosm@gmail.com (S. Smiljanić).
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g experiments in distilled water and acidic TCLP2 solution.
© 2010 Elsevier B.V. All rights reserved.

by-products [3]. The examples of stabilized industrial solid wastes
that were evaluated as composite sorbents are red mud, fly ach,
waste from electroplating industry and blast furnace slag [4–7]. One
of the most promising sorbent was found to be red mud, a waste
sludge obtained after processing the bauxite ore following Bayer’s
process. Iron in bauxite ores occurs in various minerals forming the
principal component of the red mud waste. In addition, red mud
usually contains Al-bearing phases boehmite (AlOOH) or gibbsite
(Al(OH)3), titania (TiO2), quartz (SiO2), sodalite (Na4Al3Si3O12Cl),
and many residual minerals such as cancrinite-type sodium alu-
minum silicate (CAN), gypsum (CaSO4·2H2O), calcite (CaCO3),
whewellite (CaC2O4·H2O), etc [8].

In nature, oxides of iron are important components of soils and
sediments and represent the most important sink for toxic metal
ions, released into the environment from a variety of anthropogenic
sources [9]. Taking into account the main mineralogical phases of
red mud, it is not surprising that samples from different parts of the
world have revealed high removal efficiency for numerous heavy
metal cations [8]. In addition, red mud was studied as an effective
immobilization agent for various other pollutants such as fluoride

[10,11], boron [12], phenol [13], dyes [14,15], etc. In the avail-
able scientific literature, temperature, acid and combined acid-heat
activation procedures of red mud [13–18], were investigated. Tem-
perature effect was thoroughly analyzed using phosphate [16,17]
and arsenate anions as sorbates [18], but there it is hard to find a

dx.doi.org/10.1016/j.cej.2010.04.062
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:slavkosm@gmail.com
dx.doi.org/10.1016/j.cej.2010.04.062
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imilar comprehensive study of the effect of annealing temperature
n red mud removal properties in respect to heavy metals cations.

In this study, red mud supplied from the “Birač” Alumina Factory
Zvornik, eastern Bosnia), was evaluated in terms of heavy metal
mmobilization. At this location, rinsed red mud suspension, of a
ensity between 1.2 and 1.3 g/mL and dry matter concentration
50–350 g/L is disposed as a waste in an open field – a natural dump
rea. The liquid phase of the suspension still contains about 7 g/L
f Na2O, therefore red mud waste is highly alkaline. As a heavy
etal representative Ni2+ was selected, the cation most commonly

ound in wastewaters originated in metal plating operations and
cid mine drainage. The results reported on Ni2+ removal by a sam-
le from central Greece, indicated that heavy metal cations were
fficiently removed from dilute solutions by red mud acting simul-
aneously as an alkalinity regulator, as an adsorbent of the formed
ickel hydroxide and as a flocculant of the resulting fine particulate
atter [19].
The objective of this work was: (i) to examine the physicochem-

cal characteristics of rinsed red mud from Bosnia and influence of
arious experimental conditions on its sorption properties towards
i2+ cations; (ii) to evaluate the effect of thermal treatment on red
ud composition, pH and sorption properties, and to select optimal

onditions for sorbent pretreatment.

. Experimental

.1. Preparation of red mud samples

Preliminary experimental results have shown that the origi-
al sample collected from the “Birač” Alumina Factory have pH
round 10.5, and significant Ni2+ removal efficiency due to precip-
tation of insoluble Ni(OH)2. Furthermore, thermal treatment had
imited effect on Ni2+ removal by original red mud, because the
ffect of excess base covered other effects induced by annealing of
he sample. In order to investigate the sorption properties of red

ud mineral constituents, and produce environmentally benign
orbents, it was necessary to remove excess base by repeated wash-
ng. The sample was thoroughly washed with distilled water in
he following way: in a 10 L plastic container, a 2.5 L of original
ed mud was mixed with approximately 6 L of distilled water; the
uspension was stirred intensively by hand for a couple of min-
tes and then allowed to equilibrate and settle overnight. After
ecanting, a small solution aliquot was centrifuged and used for
H measurement. The fresh distilled water was then added to the
ed mad sample, and the whole procedure was repeated during
he period of 2 weeks, i.e. until no further changes in pH were
etected. The solution was decanted once more, the residual red
ud was transferred to shallow pots, dried in an oven at 105 ◦C and,

nally, powdered using mortar and pestle. Additional activation of
he sample, denoted as RBRM, was carried out by annealing the 15 g
ortions in an electrical furnace, at 200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C and
00 ◦C for 3 h. These samples were denoted as RBRM200–RBRM900.

.2. Characterization of red mud samples

The chemical composition of RBRM sample was determined in
he central laboratory of the “Birač” Alumina Factory. Additionally,
he mineralogical composition of RBRM, as well as of temperature
reated samples, was studied by X-ray diffraction (XRD) analyses
sing a Philips PW 1050 diffractometer, with Cu K�1,2 radiation

nd a step/time scan mode of 0.05◦/1 s.

The pH value of RBRM was measured following the EPA 9045D
ethod for soil and waste pH [20]. According to this method, waste

s continuously stirred with reagent water for 5 min, and after set-
ling for another 15 min, aqueous phase used for pH measurement
ing Journal 162 (2010) 75–83

is separated from the suspension by filtration or centrifugation. The
1:1 solid to solution ratio is preferred, but the method allows addi-
tional dilutions, if working with hygroscopic or other problematic
matrices. Since investigated RBRM powder tends to absorb water
and form dense mud, different solid/solution ratios in the range
1:200 to 1:1 (5–1000 g/L) were investigated. For the comparison,
the pH values of thermally treated samples were determined at
selected 1:2.5 solid/solution ratio.

The point of zero charge (pHPZC) of RBRM was determined
by batch equilibration technique [21]. The sample was agitated
for 24 h with the electrolyte solution of known initial pH, at
solid/solution ratio of 1:200. As an electrolyte 0.1 mol/L, 0.01 mol/L
and 0.001 mol/L NaCl solutions were applied. Initial pH values were
adjusted in a wide pH range (from ∼1 to ∼11) by adding mini-
mum quantities of variously concentrated HCl and NaOH solutions.
Final pH values were plotted against initial pH and the pHPZC was
determined from the plateau of the graph.

2.3. Ni2+ sorption/desorption tests

In general, sorption tests were carried out in closed PVC bottles
by agitating suspensions containing 0.1 g of a sorbent and 20 mL of
NiCl2 solution. Experiments were conducted on a horizontal lab-
oratory shaker for 24 h at room temperature (20 ± 1 ◦C). Variously
concentrated NaOH and HCl solutions were used for the adjust-
ments of initial pH values. After equilibration, the solid residues
were separated from the liquid phase by both centrifugation and fil-
tration, and the remaining metal concentrations were determined
by a flame Atomic Absorption Spectrometer (Philips Pye Unicam
SP9) at 232.0 nm. The detection limit for Ni2+ ions was 0.059 mg/L.
The amounts of Ni2+ removed from the solution were calculated as
difference between initial and final metal concentrations. The ini-
tial and final solution pH values were measured by InoLab WTW
pH-meter.

The effect of pH on Ni2+ uptake by RBRM was screened using
solution with initial cation concentration of 10−3 mol/L and adjust-
ing the initial pH values in the range from ∼1 to ∼12.

The effect of contact time on the amount of heavy metal cations
removed was determined by equilibrating the RBRM powder with
10−4 mol/L and 8 × 10−3 mol/L NiCl2 solutions, at initial pH 5. For
each system, nine identical batches containing sorbent and appro-
priate NiCl2 solution were prepared and placed on the shaker. At
different time intervals (from 5 min to 48 h) one of the batches was
taken for solid/liquid separation. Along with the determination of
residual Ni2+ concentrations, solution pH changes were monitored.

The effect of initial cation concentration was analyzed using ini-
tial Ni2+ concentrations in the range 10−4 to 8 × 10−3 mol/L. pH
values of all solution were adjusted to five prior to addition of
sorbent, whereas equilibrium pH values were recorded.

The desorption of Ni2+ ions, previously sorbed from differ-
ently concentrated solutions, was examined in acidic conditions,
by equilibrating dried solid residues with 20 mL of solution. Leach-
ing solution was prepared from acetic acid, following Toxicity
Characteristic Leaching Procedure (TCLP) [22] for more aggressive
extraction media (TCLP2, pH 2.88 ± 0.05).

In order to evaluate and compare sorption properties of RBRM
and products obtained at different annealing temperatures, Ni2+

solutions of 2 × 10−3 mol/L was applied, whereas initial pH val-
ues were adjusted in the range 2–5. For the assessment of final
pH changes sorbents were additionally equilibrated for 24 h with
distilled water, at 1:200 solid/solution ratio.
The stability of obtained Ni-loaded products was also estimated.
The red mud residues loaded with Ni2+ at initial pH 2, 3 and 4 were
dried at 105 ◦C overnight, resuspended in 20 mL of distilled water
and shaken for another 24 h. For the estimation of leaching char-
acteristics in acidic media, sorption products obtained at initial pH
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Table 1
Chemical composition of rinsed red mud.

Component Mass fraction (%)

SiO2 12.37
Fe2O3 44.35
Al2O3 18.33
TiO 4.70
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CaO 3.01
Na2O 7.76
Loss of ignition 7.03

were dried and subsequently equilibrated for 24 h with TCLP2
eaching solution.

. Results and discussion

.1. Physicochemical characteristics of red mud sorbents

.1.1. Chemical composition
The chemical composition of rinsed sample is presented in

able 1. The major component was iron oxide, followed by alumina
nd silica. The red mud composition is strongly dependent on the
haracteristics of precursor bauxite ore, as well as on applied tech-
ological process, and consequently fluctuates strongly between
amples generated in different parts of the world. The quantity
f each major constituent of investigated sample falls into ranges
entioned in the literature [8].

.1.2. XR-diffraction analysis
The mineralogical composition of RBRM sample was investi-

ated by XRD analysis (Fig. 1). The main crystalline phase present
as found to be hematite (Fe2O3), whereas gibbsite and bayerite

Al(OH)3) were identified as Al-bearing minerals. In addition, the
eaks originated from sodalite (Na8Si6Al6O24Cl2), calcite (CaCO3)
nd quartz (SiO2) were present, as well as of TiO2 in the forms of
oth anatase and rutile. The main mineralogical components are in
good agreement with the chemical composition of investigated

amples (Table 1).
The large effect of temperature on mineralogical composition of

ed mud was demonstrated in Fig. 2. The increase of temperature to
00 ◦C (Fig. 2a) caused decrease of intensity of XR-diffraction peaks
haracteristic for gibbsite and bayerite, whereas the complete loss
f these peaks was observed in the specimens heated at ≥400 ◦C.
hese observations are consistent with the dehydration process of
ibbsite [23,24] as well as of bayerite phase [25], and they can be
xpressed by the reaction:

Al(OH)3 → Al2O3 + 3H2O
The intensity of sodalite peaks started to drop at 600 ◦C, and dis-
ppeared at higher heating temperatures, as a result of the structure
estruction and a creation of amorphous aluminosilicate phase.
emperature increase to 800 ◦C (Fig. 2d) was followed by the forma-

ig. 1. XRD patterns of RBRM sample (H – hematite, S – sodalite, G – gibbsite, B –
ayetite, C – calcite, Q – quartz, A – anatase, R – rutile).
Fig. 2. XRD patterns of: a) RBRM200, b) RBRM400, c) RBRM600, d) RBRM800 and
e) RBRM900 (H – hematite, S – sodalite, G – gibbsite, B – bayetite, C – calcite, Q –
quartz, Cr – low-carnegieite, N – nepheline).

tion of a new crystal phase low-carnegieite (NaAlSiO4), according
to the reaction:

Na4Al3Si3O12Cl
−NaCl−→ 3NaAlSiO4

At 900 ◦C (Fig. 2e), transformation of low-carnegieite into a dif-
ferent polymorphic form – nepheline, was detected. This important
mineral can be found in nature in a variety of alkaline igneous rocks,
and it was found to be stable up to 1270 ◦C [26].

In the investigated temperature range quartz, hematite and
rutile were not affected by the heating process, however, the
improved hematite crystallinity with temperature increase above
600 ◦C, was clearly observed.

3.1.3. pH values of red mud wastes
In order to determine the influence of solid/solution ratio on

the waste pH, different quantities of red mud samples were sus-
pended in the same amount of reagent water. Fig. 3a shows that
the pH increased significantly, from 7.56 to 9.77, with the increase
of solid/solution ratio in the investigated range.

Due to hygroscopic nature of dried red mud, the solid to solu-
tion ratio of 1:2.5 was chosen for further comparison of thermally
treated samples. The increase of heating temperature in the range
200–600 ◦C caused the increase of pH from 9.51 to 10.20 (Fig. 3b)
whereas with further temperature increase up to 900 ◦C, the solu-
tion pH decreased to 9.57. The pH values of temperature treated
samples varied according to the transformation occurring in them.
The observed increase of pH between 200 ◦C and 600 ◦C was prob-
ably due to the dehydroxylation process confirmed by the XRD
analysis. The pH values of samples heated at higher temperatures
decreased, since less soluble and more crystalline phases occurred
at temperatures above 600 ◦C. The results are consistent with the
study reported for dissolution of thermally treated red mud [27],
where the maximum total dissolution was obtained for specimen

heated at 600 ◦C due to loss of the major quantity of releasable con-
stituents and the highest specific surface area. In another study, the
red mud density was found to increase for T > 600 ◦C, due to the
progressive formation of crystalline phases with higher densities
[28].
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ig. 3. (a) pH values of RBRM sample as a function of solid to solution ratio; (b) the
elationship between RBRM heating temperature and solution pH at solid/solution
atio of 1:2.5.

It is important to notice that the elevated pH of red mud wastes
enerally represents a major obstacle for its further reuse. Accord-
ng to EPA regulatory levels, red mud is not classified as a hazardous

aste [29]. However, any waste is classified as corrosive if exhibits
queous pH < 2 or pH > 12.5. It can be concluded that samples
nvestigated in this study had pH values in the appreciated range,
egardless of the solid/solution ratio and heating temperature.

.1.4. pHPZC value of RBRM sample
The point of zero charge, defined as the pH at which the net

harge on the surface is zero, is useful for the determination of
he surface charge properties of sorbent materials. Fig. 4, presents
relationship between the initial pH values of variously concen-

rated NaCl solutions and the final pH obtained after equilibration
ith RBRM sample. Buffering section, occurring as nearly horizon-

al section of the curves, was found to be a result of hydroxyls on the
urfaces of iron oxide and sodalite and calcite dissolution [30]. The
osition of the plateaus was not a function of NaCl concentration,

uggesting that this electrolyte is inert in respect to RBRM surface.
or the applied solid/solution ratio, the pHPZC value of 7.5 ± 0.2 was
stimated. In the literature, both lower (6.5 [31]) and higher (8.3
32] and 8.5 [33]) pHPZC values were reported for different red mud
amples.
Fig. 4. Determination of the pHPZC value of RBRM sample. Inert electrolyte (NaCl)
concentrations: 0.1 mol/L (�), 0.01 mol/L (�) and 0.001 mol/L (�).

3.2. Evaluation of Ni2+ removal by red mud

3.2.1. Effect of pH on Ni2+ removal
Using appropriate Ni2+ and Cl− concentrations, the Visual

MINEQ software was applied for the calculation of Ni-species distri-
bution vs. solution pH (Fig. 5a). In the absence of sorbent material,
Ni2+ cations are prevalent up to pH 8. At pH > 8, the hydrolysis of
Ni2+ cations starts, reaching the maximum concentration of insol-
uble Ni(OH)2 at pH 10. With further pH increase, the dissolution
of nickel-hydroxide and formation of negatively charged Ni(OH)3

−

species occur.
As shown in Fig. 5b, Ni2+ sorption by investigated powders was

the most strongly pH dependent in the initial pH range 1–3, where
the sharp increase of final pH values was observed indicating high
acid neutralising capacity of investigated mineral mixture. In the
same initial pH range, Ni2+ removal increased sharply as well, from
3.5% up to 87%. The lower metal uptake in acidic media can be
connected with progressive dissolution of soluble sorbent compo-
nents, as well as by H+ cations competition with Ni2+ for RBRM
sorption sites, which both caused increase of pH. The region of
initial pH 4–7, was characterized by stabile final pH values (∼6.5)
and relatively stabile Ni2+ sorption (90–95%). Comparing the data
from Figs. 4 and 5b, it is obvious that the final pH values at the
plateaus were lower in Ni2+ solutions, than in the inert electrolyte.
The release of H+ ions into the solution signifies the specific Ni2+

sorption on the RBRM surface. Further initial pH increase from 8 to
12 was followed by increase in final pH, while heavy metal removal
was completed. pH increase resulted in greater metal removal
from the solution due to the following reasons: (i) at pH > pHPZC
sorbent surface became negatively charged and attracted more pos-
itively charged sorbate particles Ni2+ as well as NiOH+, and (ii)
precipitation of Ni(OH)2 started at pH > 8, and reached maximum
concentration at pH ∼10. By evaluation of the data presented in
Fig. 5a and b, it can be concluded that in the overall process of inves-
tigated heavy metal removal, presence of RBRM sorbent exhibited
largest significance in the initial pH range 2–8. According to the
red mud dissolution studies [30], at pH values 4∼5 to 8, consider-

able amounts of Na, Ca and Si can be leached due to dissolution
of sodalite and calcite. Below pH 4 or 5, in addition to congru-
ent sodalite dissolution, Fe-oxides start to dissolve increasing the
amounts of dissolved Fe and Al. Therefore, in our further study of
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ig. 5. (a) Ni-species distribution vs. solution pH; (b) The Ni2+ removal efficiency
rom the solution (�) and variations of final pH values (�) with the changes of initial
H.

he effect of contact time and initial cation concentration onto Ni2+

emoval by RBRM, the initial pH 5 was selected.

.2.2. Kinetics of Ni2+ removal process
Ni2+ removal kinetics was investigated using solutions of initial

oncentrations 10−4 mol/L and 8 × 10−3 mol/L. It can be observed
rom Fig. 6a, that removal efficiency and equilibrium times strongly
epended on metal concentration in the solution. For 10−4 mol/L,
i2+ concentration in treated solutions was below detection limit
fter 5 min of contact. On the other hand, the percentages of Ni2+

mmobilized from more concentrated solution increased rapidly
n the first 5 h, and continued to rise gradually up to 24 h of
ontact where the maximum of 25% was achieved. Minor differ-
nces in removal efficiency were noted at the end of the second
ay of shaking, consequently a contact time of 24 h was selected
or further evaluation experiments. Although sorption kinetics is
ignificantly influenced by variation of experimental parameters,
mmobilization of various toxic substances by red mud was found
o be reasonably fast [11,12,33]. Furthermore, previously published
esults on phosphorous removal indicated that equilibrium times

ncreased with the increase of the initial sorbates concentration
34], whereas concentration independent equilibrium times were
eported for fluoride/red mud system [10].

During the course of the reaction, after solid/liquid separation,
olution pH was monitored in order to estimate the role of Ni2+
Fig. 6. Effect of contact time on (a) Ni2+ sorption efficiency, (b) solution pH value.
Initial Ni2+ concentrations: 10−4 mol/L (�) and 8 × 10−3 mol/L (�).

precipitation and/or surface complexation mechanisms (Fig. 6b).
In both investigated systems, a rapid pH increase was observed
in the first 60 min of shaking. This rise of pH, from initial pH 5,
was dependent relative to Ni2+ concentration. For low Ni2+ con-
centration, although cation removal process was almost instant,
the equilibrium pH value was reached more gradually (in approxi-
mately 24 h). These data indicated that in the investigated systems
various transport and chemical phenomena i.e. hydrolysis, dissolu-
tion, sorption, diffusion etc., took place on the solid/liquid interface,
simultaneously. The values of solution pH measured after contact of
RBRM with 10−4 mol/L solution were <8 at the early process stage
where 100% removal was obtained. This implied the significant
contribution of sorption mechanisms other than Ni(OH)2 precip-
itation (such as surface complexation or ion-exchange). Starting
from more concentrated solution, initial pH increase was followed
by pH decrease to ∼5. As the sorbed amount of Ni2+ increased
with time, resulting pH drop can be a sign of the H+ substitution
from the surface active sites by Ni2+ cations, i.e. the sign of inner-
sphere complex formation on the surface of investigated sorbent

composites.

3.2.3. Effect of initial cation concentration
Based on the previous results, the maximum removal capacity

of rinsed sorbent RBRM was evaluated at initial pH 5 and contact
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ously sorbed amount (Fig. 8a). These quantities were in the range
ig. 7. (a) The relationship between initial cation concentration, Ni2+ removal effi-
iency (�) and equilibrium solution pH (�); equilibrium data fitting using linear
angmuir (b) and Freundlich equation (c).

ime of 24 h, using Ni2+ solution in wide initial concentration range
rom 10−4 mol/L to 8 × 10−3 mol/L (5.8–465 mg/L).
From the aspect of removal efficiency (Fig. 7a), in the initial
ation concentration range 10−4 to 5 × 10−4 mol/L, Ni2+ concentra-
ion in treated solutions was below the detection limit, using RBRM
oses of 5 g/L. The overall process efficiency decreased to 26%, with
ing Journal 162 (2010) 75–83

increase of sorbate concentration up to 8 × 10−3 mol/L. However,
with the initial concentration increase, absolute amounts of cation
removed increased as well reaching the value of 0.371 mmol/g
(21.8 mg/g), at the plateau. For the comparison, the value of about
20 mg/g can be estimated from the plot of Greek red mud capacity,
at similar solid/solution ratio and initial concentration range [19].

According to Fig. 7a, the precipitation of Ni(OH)2 may represent
the predominant cation removal mechanism only for the lowest
initial concentrations studied, where equilibrium solution pH val-
ues were ∼8. Increased removal of Ni2+ was followed by significant
proton release, confirming the increasing role of specific cation
sorption mechanism, at higher metal concentrations.

The obtained equilibrium data were fitted by Langmuir [35] and
Freundlich [36] isotherm models. Langmuir equation was used in
the following linear form:

Ce

Qe
= 1

XmKL
+ Ce

Xm
(1)

where Ce (mmol/L) and Qe (mmol/g) represent the equilibrium
sorbate concentration in solution and in solid phase, respectively;
Xm (mmol/g) is the maximum sorption capacity and KL (L/mmol)
represents the Langmuir constant related to sorption affinity.

Freundlich empirical equation has the following linear form:

log Qe = log K + 1
n

× log Ce (2)

where K and 1/n represent the Freundlich constants referring to
sorption capacity and intensity, respectively. This model does not
predict any saturation of the sorbent, and it was proven to be useful
for describing sorption processes that exhibits complex interac-
tions and situations in which bound sorbate molecules interact
with each other (multi-layer sorption) [37].

The results of linear fitting are presented in Fig. 7b and c.
High regression coefficient (R2 = 0.990) suggested good correlation
between Langmuir theoretical model and experimental results.
The calculated sorption parameters were Xm = 0.372 mmol/g and
KL = 5.63 L/mmol. Given that Xm characterize the monolayer cov-
erage of sorbent with sorbate, an excellent agreement between
calculated and experimentally obtained maximum sorption capac-
ities indicated monolayer cation sorption on the surface of RBRM
sorbent.

Using Freundlich model, from the slope and the intercept
of the line presented in Fig. 7c, numerical values of 1/n = 0.252
and KF = 0.264 were obtained. Generally, the numerical value of
1/n < 1 indicates that the sorption process is favorable and sug-
gests stronger bonds between sorbate and multiple binding sites
on the sorbent surface. However, regression coefficient of R2 = 0.919
obtained for Freundlich model indicate that the Langmuir isotherm
fits the sorption data better, if overall concentration range is con-
sidered.

In comparison with Freundlich, Langmuir isotherm model
showed better fit with the experimental data in the case of congo
red sorption onto red mad [14], as well as phosphate [17], arsenic
[38], and various heavy metal divalent ions such as copper, lead,
cadmium, nickel and zinc [34,39]. In all quoted literature, Langmuir
modeling has been quite successful in predicting the experimental
saturation capacities, indicating monolayer coverage due to strong
interactions between red mud surface and investigated sorbates.

The stability of obtained solid residues was studied in acidic
leaching solution (TCLP2). The quantity of Ni2+ leached from
variously loaded products increased with the increase of the previ-
0.005–0.037 mmol/g. Desorption efficiency, on the other hand,
decreased with increased cation loading. At lower utilization of
sorption capacities, Ni-RBRM products were generally more labile,
whereas at higher loadings desorption percentages were 8–10%.
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ig. 8. The relationship between sorbed amount of Ni2+ and: (a) desorption effi-
iency from RBRM surface in TCLP2 leaching solution; (b) solution pH values after
eaching experiments.

he most important reason for rather low desortion efficiency was
robably the increase of TCLP2 solution pH (from 2.88 to 4.0 ± 0.1)
fter interaction with spent red mud samples (Fig. 8b).

.2.4. Effect of temperature treatment on red mud
orption/desorption properties

The Ni2+ removal efficiency of rinsed and thermally treated
BRM samples, at various initial pH values, was compared in Fig. 9a.

Heavy metal removal from aqueous media was generally the
owest at initial pH 2, rapidly increased between 2 and 3, and
ecame rather pH-independent with further pH increase in the

nvestigated range. The results are consistent with the pH profile
f Ni2+ sorption by sample RBRM, obtained for lower initial cation
oncentration (Fig. 3b). In the most acidic media, the percentages
f Ni2+ sorbed by variously treated samples varied drastically from
ractically 0–52%, whereas in the initial pH range 4–5 sorption
eached maximum values of 40–83%, depending on the sorbent
ype.

The evaluation of differences in Ni2+ removal, induced by
nnealing, revealed that cation sorption exhibited an increase with

◦
he increase of temperature up to 600 C, following by sorption
ecrease with further temperature rising. Although the enhanced
orption of sample RBRM600 was apparent in the entire investi-
ated pH range, the major difference compared to other sorbents
as observed at initial pH 2.
Fig. 9. The relationships between temperature treatments of RBRM, and: (a) Ni2+

removal efficiency from the solution of different initial pH (� – pH 2, � – pH 3, �
– pH 4, and � – pH 5); (b) pH after interaction of RBRM samples and Ni-solution of
different initial pH, or distilled water (�).

Ni2+ uptake was greatly influenced by the structural state (amor-
phous or crystalline) and specific surface area of other sorbent
materials [40]. In the case of red mud, heating have brought about
both physical (change of grain size, change of pore shape and size),
and chemical changes (decomposition, new phase formation, phase
transformation, etc.) that resulted in alteration of its sorption prop-
erties. Enhanced sorption on powder calcinated at 600 ◦C, can be
associated with water exclusion from gibbsite and bayerite phases,
leading to improved porosity and surface area of such sorbent. In
the same time, due to phase transition and increased solubility, the
pH values after Ni2+ sorption (Fig. 9b), were highest for RBRM600,
also influencing the improved metal removal. Quite the opposite,
the progressive formation of crystalline mineral phases at T > 600 ◦C
and sintering of calcinated red mud particles have contributed to
lower Ni2+ sorption, by lowering the overall specific surface area
and pH value.
Our results can be connected with the results of Altundogan and
Tümen [41], who found that heating of bauxite at 600 ◦C, represents
the optimum treatment for phosphate sorption improvement,
due to an eight-fold increase in surface area via dehydration of
boehmite and diaspore. In the work of Gupta and Sharma [42]
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ydrogen-peroxide pretreated red mud sample from India, heated
t 500 ◦C was used for Cd2+ and Zn2+ sorption experiments, as its
est sorption capacity and optimum surface area were declared.
eating red mud from China at 700 ◦C produced the optimal sam-
le for phosphate immobilization [16], while 400 ◦C was reported
o be the optimal in the case of arsenate removal by red mud from
urkey [18].

Taking into account the significant differences in the composi-
ion of starting red mud samples, as well as in investigated sorbates,
he variation between optimum heating temperatures between
tudies are realistic.

By observing pH values after contact of red mud sorbents and
queous solutions with and without Ni2+ ions (Fig. 9b), some
onclusions about sorption mechanism can be derived. The pH
alues of distilled water followed the same temperature trend as
iscussed previously in the Section 3.1.3, with the maximum at

00 ◦C, but they were lower than ones obtained by EPA method,
ue to much lower solid/solution ratio and different contact times
solid/solution ratio 1:200 and equilibration time of 24 h). Although
ll final pH values increased in respect to initial ones, pH values

ig. 11. Efficiency of Ni2+ desortpion from variously treated RBRM sorbents in TCLP2
olution, and equilibrium pH values.
ing Journal 162 (2010) 75–83

measured in distilled water were higher in comparison with values
obtained after Ni2+ sorption (pH drifted by 1–4 pH units, depending
on initial pH). The results indicated that inner-sphere complexes
formation between surface groups and Ni2+ ions, followed by H+

release, contributed in the overall removal mechanism of all inves-
tigated sorbents.

In the work of Zouboulis and Kydros [19] nickel precipitation as
insoluble hydroxide was found to be the main Ni2+ removal mech-
anism, because the addition of 5 g/L of rinsed Greek sample to a
solution containing 50 mg/L of Ni2+ led to the shift of pH to >8.
Considering that all final pH values obtained in this study were
<7, using 5 g/L of rinsed as well as thermally treated samples, it
can be concluded that precipitation of nickel-hydroxide was not
a key mechanism of Ni2+ removal. The differences in Greek and
Bosnian red mud alkalinity may be a consequence of their different
compositions, as well as of rinsing procedures.

The stability of sorption products obtained at initial pH 2, 3 and
4, tested using distilled water as leaching media, was found to be
extremely high. Concentrations of Ni2+ cations in distilled water,
after 24 h of contact with loaded sorbents, were below detection
limit, regardless the sorption pH and sorbent pretreatment. Such
low leachability was most likely a consequence of rather high pH
values measured after desorption experiments (Fig. 10).

In addition, stability of the products obtained at initial pH 5 was
tested using acidic TCLP2 solution (Fig. 11). The released Ni2+ quan-
tities varied in the range between 14.6 and 21.3%, while the final pH
values were rather constant (∼4). However, it is important to notice
that RBRM600 sample that exhibited highest sorption efficiency,
showed highest stability, as well. Although the sorbed amounts of
Ni2+ were comparable at pH 4 and 5, desorption efficiency of TCLP2
solution was much higher in respect to distilled water, signifying
that Ni2+ leachabillity was controlled by leaching solution pH.

4. Conclusion

The Bosnian red mud was thoroughly rinsed in order to remove
the Na2O residues from technological process and evaluated as
a potential removal agent for heavy metal cations. Hematite,
bayerite, gibbsite and quartz were found to be major constituents
of this composite sorbent. pH values of examined industrial waste
increased significantly with solid/solution increase. The largest
increase of Ni2+ sorbed amounts were produced by initial pH
increase from 1 to 3. Sorption kinetics was significantly influenced
by initial cation concentration, and equilibrium times varied from
5 min to 24 h with the initial concentration increase from 10−4 to
8 × 10−3 mol/L. The addition of 5 g/L of RBRM caused 100% removal
of Ni2+ from the solutions of 10−4 to 5 × 10−4 mol/L, whereas with
the further increase of Ni2+ concentration in the investigated range,
the removal efficiency decreased to 26%. Using Langmuir theoret-
ical model the maximum sorption capacity of RBRM sample was
found to be 0.372 mmol/g. Desorbed amount of Ni2+ in acidic leach-
ing media (TCLP2) increased with the increase of previously sorbed
amounts, but overall desorption efficiency decreased from ∼33 to
∼10%.

The influence of annealing temperature on RBRM physico-
chemical and sorption characteristics was studied in the range
200–900 ◦C. The amounts of cation sorbed, from the solution of
different initial pH, increased with the temperature rise to 600 ◦C,
whereas decreased with further temperature increase. The superior
sorption properties of RBRM600 sample were associated with tem-

perature induced physical and chemical changes of the sorbent. The
stability of sorption products in distilled water was extremely high
regardless the sorption pH and sorbent pretreatment, whereas the
quantities of Ni2+ desorbed from variously treated sorbents, varied
between 14.6 and 21.3% when acidic TCLP2 solution was applied.
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