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a b s t r a c t

Zr(IV) and Fe(III) ions were loaded onto an orange waste precursor to prepare a metal-loaded orange
waste gel, which was investigated for the adsorptive removal and recovery of antimony (III and V) from
an aqueous environment. The loading capacity of the orange waste for Zr(IV) and Fe(III) was found to
be 1.40 and 1.87 mmol/g, respectively. The maximum batch mode sorption capacity of the Zr(III)-loaded
saponified orange waste (SOW) gel was found to be 0.94 mmol/g for Sb(III) and 1.19 mmol/g for Sb(V).
A nearly similar result was found for the Fe(III)-loaded SOW gel with the sorption capacity for Sb(III)
and Sb(V) being 1.12 and 1.19 mmol/g, respectively. The presence of a variety of anionic species such as
ntimony
dsorption
igand exchange
lution

carbonate, chloride, nitrate and sulfate had no influence on the adsorption of both Sb(III) and Sb(V). A
column adsorption–elution test demonstrated the utility of this system in continuous mode. Selective
sulfide precipitation of antimony is one of the major findings in the present work, which clearly suggests
a means of effective recovery of antimony from solution containing antimony and other metal ions. Due to
their low cost, availability and significantly high adsorption capacity, the metal-loaded gels are expected
to be effectively employed for the removal and recovery of antimony from aqueous solution, thus leading
to the establishment of a greener environment.
. Introduction

Excessive release of toxic metals into the environment due to
ndustrialization has created great global concern in recent years.
ntimony is a toxic metal which has been extensively used in lead
lloys, battery grids, bearing and power transmission equipment,
mmunition, sheet and pipe [1]. This metal is finding increasing
se also in semiconductors in the form of intermetallic compounds.
owever, the presence of antimony in the environment is a major

oncern due to its toxicity to many forms of life. Its toxicologi-
al effects depend on its chemical form and oxidation state [2].
lthough few data address the speciation of antimony in water,

hese are presented together with thermodynamic predictions,
ndicating that the most favored form in water is the pentavalent
ntimonate oxoanion (Sb(OH)6

−), while the other common inor-
anic form of antimony is antimonite (Sb(OH)3) [3–5]. Because of

he toxicological effects of antimony, its monitoring and subsequent
emoval from aqueous solution has been mandatory.

A number of methods have been proposed and reported for
he removal of antimony. These include reduction and precipita-
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oi:10.1016/j.jhazmat.2009.07.055
© 2009 Elsevier B.V. All rights reserved.

tion [6,7], solvent extraction [8], ion exchange [9,10] and adsorption
[11–13]. Although the precipitation method is predominant in anti-
mony removal, this process requires the disposal of hazardous
sludge. Solvent extraction is also an extensively used technique,
but in this technique, it is sometimes not easy to regenerate the
reagents by stripping. Ion exchange offers the ease of a column
separation process but it poses some other processing problems
such as low selectivity and slow kinetics. Adsorption of antimony
has been studied on activated carbon [14], silica gel [15] and
cellulose polymers [16]. Adsorption using such materials is some-
times found to be expensive and time consuming. Agriculture is
one of the richest sources for low-cost adsorbents. Agricultural
wastes like orange peels posses little economic value and cre-
ate serious disposal problems. Natural, formaldehyde-treated and
copolymer-grafted orange peels have been reported to remove lead
ions from aqueous solutions [17]. Thus adsorption of antimony
using agricultural by-products or biomass wastes has emerged as
an option for developing an economic, efficient and eco-friendly
method. It is noteworthy that biological materials as well as agricul-
tural by-products represent potential sources of abundant low-cost

adsorbents and there are no environmental or technical reasons
which impede the use of these materials in the preparation of adsor-
bents.

From such a viewpoint, we have prepared an adsorption gel from
orange waste, one of the major agricultural by-products in Japan,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:biplob43@hotmail.com
mailto:inoue@elechem.chem.saga-u.ac.jp
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y carrying out a simple chemical process of saponification. Orange
aste contains around 10% pectin in its cell wall as an intercellu-

ar cementing material. Pectin is a carboxylated polysaccharide in
hich pectic acid is partly esterfied by a methyl group. It can be

asily converted into pectic acid by saponification with alkali and
an be loaded with metal ions to make an adsorption gel for cap-
uring certain anionic species [18]. Since, hydrous zirconium has
een reported to have a high resistance against acids, alkalis, oxi-
ants and reductants and has been successfully loaded onto various
olymers matrices to remove anions such as arsenic and selenium
19,20], Zr(IV) was loaded onto the orange waste to prepare an
dsorption gel. Fe(III), on the other hand, was loaded considering its
vailability and low cost. In this study, we have focused on assess-
ng the potential of such a prepared gel for the removal of antimony
rom aqueous solutions by examining the effect of pH, extent of
orption capacity, influence of coexisting anions and selectivity on
he recovery of antimony.

. Experimental

.1. Materials

Crude orange waste was kindly donated by JA Saga Beverage Co.,
td., Japan and was stored in a freezer at −20 ◦C. Aqueous solutions
f zirconium and iron were prepared by dissolving analytical grade
irconium oxychloride octahydrate (ZrOCl2·8H2O) and ferric chlo-
ide hexahydrate (FeCl3·6H2O) in 0.1 M (M = mol/l) hydrochloric
cid. Stock solutions of antimony (III and V) were prepared by dis-
olving antimony trichloride (SbCl3) and potassium hexahydroxo
ntimonate (K[Sb(OH)6]) in deionized water, respectively. However,
f required, 0.1 M N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
cid (HEPES), a buffering agent, was added at an arbitrary volume
atio.

.2. Preparation of saponified orange waste

The preparation scheme for the adsorbent is shown in Scheme 1.

he saponified orange waste gel was prepared according to the
ethod described in our previous paper [18] as follows: about 100 g

f frozen orange waste was taken together with 8 g of Ca(OH)2 in a
uice mixer and crushed into small particles to make a suspension,

hich was then transferred to a beaker. After adding a substantial

Scheme 1. Preparation of the metal-loaded SOW gel follo
s Materials 172 (2009) 721–728

amount of deionized water, the suspension was stirred for 24 h at
about 200 rpm at room temperature in order to facilitate the saponi-
fication. The initial pH of this suspension was maintained at around
12.5 by adding sodium hydroxide solution. After stirring, the sus-
pension was repeatedly washed with deionized water until neutral
pH by means of decantation and finally filtered to obtain a wet gel,
which was dried in a convection oven for about 48 h at 70 ◦C to
produce the dry gel. The specific surface area of this gel was mea-
sured as 7.25 m2/g by using a Belsorp 18PLUS-SP (BEL.JAPAN.INC.)
according to the BET method.

2.3. Batchwise adsorption tests of Zr(IV) and Fe(III) and their
loading on the SOW gel for antimony adsorption

To determine the loading capacity of the SOW gel for Zr(IV),
batchwise adsorption tests were carried out. At first, adsorption
tests were performed at varying pH values to determine the opti-
mum pH value for adsorption. The pH value thus determined was
utilized to obtain the adsorption isotherm for Zr(IV). Based on this
isotherm, loading of Zr(IV) onto the SOW gel was carried out as
follows: SOW gel (3 g) was equilibrated with 500 ml of 0.1 M zirco-
nium solution at pH 2.11 for 24 h. The suspension was then filtered
and washed with deionized water until neutral pH, followed by
drying in vacuum to constant weight and finally sieved to pro-
duce a particle size fraction of between 75 and 150 �m for the
antimony adsorption tests. The amount of metal ion loaded on the
SOW gel was calculated from the difference in metal concentra-
tion of the solution before and after loading. The preparation of
the Fe(III)-loaded SOW gel [21], on the other hand, has been car-
ried out as follows: the iron solution was prepared by dissolving
analytical grade FeCl3·6H2O in hydrochloric acid solution and the
pH value maintained at 3. The pH of the solution was adjusted by
using either 5 M HCl or 5 M NaOH. Approximately 5 g of the SOW
was equilibrated with 1000 ml of the iron solution for 24 h at 30 ◦C.
The suspension was then filtered and washed with deionized water
until neutral pH, and then dried in an oven at 60 ◦C for about 2 days
to obtain the Fe(III)-loaded SOW gel. However, the specific surface

area of the gel after metal loading was not changed significantly
(2.0 m2/g after Zr(IV) loading). Since adsorption of antimony is sup-
posed to be occurred via ligand exchange as will be described in
Section 3.2, the extent of adsorption largely depends on the kind of
metal ion loaded onto the gel.

wed by antimony adsorption via ligand exchange.
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.4. Adsorption tests of Sb(III) and Sb(V) on the metal-loaded gels
nd subsequent elution tests

SOW gel being a cation exchanger cannot adsorb antimony
pecies and it is necessary to load metal ion, which facilitates to
orm hydroxyl and/or water ligands coordinated with the metal
on in hydrated condition. Since Zr(IV) ion tends to be exten-
ively polymerized and hydrolyzed even at low concentration
nd it converts into tetranuclear [Zr4(OH)8(H2O)16]8+ ions and
ctanuclear [Zr8(OH)20(H2O)24]12+ species [22], a lot of water
olecules as well as hydroxyl ions are, therefore, available for lig-

nd exchange with antimony species. In aqueous solution, iron also
ives [Fe(OH)(H2O)5]2+ ion [22], which facilitates ligand exchange
oo. However, batchwise adsorption tests for Sb(III) and Sb(V) were
ndividually carried out to examine the adsorption behavior of the
r(IV)- and Fe(III)-loaded SOW gels for antimony. Adsorption of
ntimony as a function of pH was first examined in a series of
xperiments where the initial concentrations of Sb(III) and Sb(V)
ere maintained constant (15 mg/l) at varying pH values and thus

he optimum pH for adsorption was determined. Once the opti-
um pH for adsorption was determined, adsorption isotherms
ere developed by varying the antimony concentration. All batch

dsorption experiments were carried out in 50 ml conical flasks
y taking 25 mg (dry weight) of the gel together with 15 ml of the
ntimony solution. The flasks were then shaken in a thermostated
haker (THOMAS thermostatic shaking incubator AT24R) main-
ained at 30 ◦C and 140 rpm for about 24 h to attain equilibrium.
fter 24 h, the suspensions were filtered through a 1 �m filter paper
nd the equilibrium concentrations in the filtrates were measured.
he amount of adsorbed Sb(III) and Sb(V) was calculated from the
ecrease in antimony concentration in the filtrate.

Elution tests of Sb(III) and Sb(V) from the Zr(IV)-loaded SOW gel
ere carried out by using various concentrations of NaOH at 30 ◦C.
t the same time, the effect of the addition of tartaric acid was also

ested to determine the change in the extent of elution of Sb(III) and
b(V).

.5. Continuous antimony adsorption and elution in a column
peration

Continuous adsorption tests of Sb(V) and Sb(III) onto the Fe(III)-
oaded SOW gel were individually carried out at 30 ◦C using a
ransparent glass column of 0.8 cm inner diameter and 20 cm height
tted with a glass filter at the bottom. The entire column was
quipped with a jacket surrounding the column to keep the tem-
erature constant at 30 ◦C. Small glass beads having an average
iameter of 1.35 mm were first packed to an arbitrary height in the
olumn and then a small amount of cotton, which acted as a sup-
ort layer for the gel, was packed on top. The gel was tightly packed
nto this cotton layer and another layer of cotton pressed on top of
he gel together with another layer of glass beads at the top of the
olumn. The cotton layer ensured a uniform flow pattern through
he gel during the operation. The solution was percolated through
rom the bottom of the column and the effluent was taken from
he top. The Fe(III)-loaded SOW gel (100 mg) was first soaked in
eionized water to facilitate swelling and then packed into the col-
mn. The gel volume was approximately 0.4 cm3. The test solution,
ontaining 5.5 mg/l of Sb(III) or 3.5 mg/l of and Sb(V), was perco-
ated through the column using an EYELA model MP-3N Micro Tube
ump at a flow rate of 4.7 and 4.5 ml/h, respectively. The pH of the
olution was maintained at 5.4 for Sb(III) and 3.0 for Sb(V). Before-

and, the column was conditioned by passing water at the same
H for 24 h. A fraction collector (BIORAD Model 2110 Fraction Col-

ector) was used to collect the fractions of effluent at selected time
ntervals in 8 ml plastic tubes for the measurement of the antimony
oncentration. Elution tests for both Sb(III) and Sb(V) were carried
s Materials 172 (2009) 721–728 723

out using 2 M HCl solution. Prior to the elution test, the column was
washed with deionized water to expel any unbound adsorbate. The
eluted antimony concentration was measured as before.

2.6. Selective precipitation of antimony from the
Fe(III)-containing antimony eluent

The elute from the column experiments contained antimony as
well as the iron which was loaded on the sorbent. An attempt to
selectively separate Sb(III) and Sb(V) from iron was made by means
of a sulfide precipitation method. In this process, 0.5 ml of 20 mM
sodium sulfide was added to 7 ml of the elute, which was kept in a
test tube. After shaking the test tube for 5 min, the precipitate was
allowed to settle for 24 h. Finally the supernatant was collected and
the concentration of antimony as well as iron was determined.

2.7. Analyses and measurement of elements in the test solutions

The pH of the sample solution was measured by a DKK-TOA
model HM-25G pH meter. The concentrations of antimony as well
as other metal ions were determined using a Shimadzu model ICPS-
8100 ICP/AES spectrometer. Standard solutions of antimony and
other metal ions (Wako Pure Chemical Industries, Ltd., Japan) at
a concentration of 1000 mg/l were diluted to the desired concen-
tration and used for the ICP/AES calibration.

3. Results and discussion

3.1. Zr(IV) and Fe(III) loading on SOW gels

The optimum pH for loading of metal ions was first determined
through a series of experiments where the % adsorption was calcu-
lated at varying pH values. Consequently, Zr(IV) and Fe(III) were
loaded onto the SOW gel at optimum pH 2.5 and 2.7, respec-
tively. Fig. 1(a) illustrates the adsorption isotherms for both metals,
which shows that the adsorption increases with increasing metal
concentration until reaching a plateau region, suggesting that the
adsorption takes place according to the Langmuir adsorption mech-
anism. From the plateau regions of both metals, the maximum
loading capacities of the SOW gel were determined to be 1.40 and
1.87 mmol/g for Zr(IV) and Fe(III), respectively. However, the pres-
ence of metal ions was confirmed by taking energy dispersive X-ray
spectroscopy (EDS) of the metal-loaded SOW gel. Fig. 1(b) shows the
EDS of Zr(IV)-loaded SOW gel where characteristic peak of zirco-
nium compound was observed at around 183 eV, which is analogous
to the findings of Sarma and Rao [23] and Moulder et al. [24].

3.2. Effect of pH on the adsorption of antimony onto Zr(IV)- and
Fe(III)-loaded SOW gels

As mentioned earlier in Section 2.4 that the ligand exchange
will not be possible for SOW, where calcium is originally present,
owing to the fact that calcium does not exist as complexes that
may render to be possible to anion exchange either in electrostatic
form or through ligand substitution process. Rather, it will be leaked
into solution after cation exchange process with various metal ions,
which has been confirmed in our previous research [25]. Moreover,
calcium perhaps forms an inner-sphere complex during hydration
states so the attractive force between calcium and ligand is strong,
which does not allow ligand exchange with target anions in the
solution. Zirconium, on the other hand, has a high shielding effect,

so the ligands (hydroxyl and/or water) coordinated with the Zr(IV)
ion can easily be substituted. This is why metal-loaded SOW gel can
adsorb anionic forms of antimony. However, the adsorption behav-
ior of Sb(V) and Sb(III) onto both Zr(IV)- and Fe(III)-loaded SOW gels
were studied from aqueous solutions over a range of pH values. The
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ig. 1. (a) Isotherms for Zr(IV) and Fe(III) adsorption onto the SOW and (b) EDS
pectra of Zr(IV)-loaded SOW gel.

ercentage adsorptions of Sb(V) and Sb(III) are shown in Fig. 2(a)
nd (b), respectively. In the case of the Zr(IV)-loaded SOW gel, it
as found that the % adsorption of Sb(V) increased with increasing
H at pH values lower than 2.0 and the maximum adsorption was
bserved over a wide pH range from 2.5 to 7.5. Similar adsorption
ehavior was reported for Sb(V) adsorption on activated carbon and
raphite [26]. At pH values higher than 8, adsorption decreased with

urther increases in the pH of the solution. The adsorption behavior
an be explained in terms of the distribution of antimony species.
b(V) exists in different ionic forms depending on the solution pH
27] as shown in Fig. 3(a). In aqueous solution, two species of anti-

onic acid (Sb(OH)5, Sb(OH)6
−) are believed to be in equilibrium

ig. 2. Effect of equilibrium pH on the adsorption of (a) Sb(V) and (b) Sb(III) onto both gels
ime = 24 h and temperature = 30 ◦C.
s Materials 172 (2009) 721–728

and it is apparent that the dissociation depends on the aqueous
chemistry of the solution. However, at acidic pH values, the concen-
tration of Sb(OH)6

− increases with an increase in pH, which benefits
the adsorption of antimony through substitution of hydroxyl ions
coordinated with the metal ions loaded on the gel matrices.

In the case of the Fe(III)-loaded SOW gel, the increase in the %
adsorption of Sb(V) was found to occur over a pH range of 1–3, and
then it decreased with further increases in the pH. Consequently,
pH 2.5 was selected to conduct further batch adsorption tests to
determine the adsorption isotherm for this system, which will be
discussed later in Section 3.3. However, there is a distinct difference
in the adsorption pattern for the two gels which may be attributed
to the differences in their physicochemical properties such as the
solubility product of the loaded metal ions. In addition, the decrease
in adsorption at pH < 2 may be attributed to a partial leakage of the
loaded metal ions to the strong acidic solution, which is supported
by the measured concentration of the leaked metal ions. More-
over, under strong acidic solution conditions (pH < 2), the increase
in the concentration of Sb(OH)5 may result in a decrease in anti-
mony adsorption. A similar phenomenon of decreasing adsorption
at low pH (<2.8) has also been reported by Xu et al. for antimony
adsorption by activated alumina [28].

Sb(III), on the other hand, showed quantitative adsorption for
both gels over a wider pH range (Fig. 2(b)), which indicates that
Zr(IV)- and Fe(III)-loaded SOW gels could be applied to treat waste
water contaminated with antimony. A similar result had been also
reported for Sb(III) adsorption onto adsorbents chemically modified
with a pyrogallol moiety [12]. In the case of the Zr(IV)-loaded SOW
gel, at pH values higher than 11, the % adsorption decreases with
increasing pH, which can be attributed to the competition for the
adsorption sites between hydroxyl ions, predominant at high pH,
and the anionic antimony species (SbO2

−), as depicted in Fig. 3(b)
[29]. In the case of the Fe(III)-loaded SOW gel, although the decrease
in the % Sb(III) adsorption starts at pH values higher than 7, a high
adsorption (>80%) is still found at pH 10. Hence, it can be concluded
that both Zr(IV)- and Fe(III)-loaded SOW gels have a strong affin-
ity toward antimony species and the adsorption could, therefore,
be due to the substitution of hydroxyl or water ligands, which are
coordinated with the metal ion at hydrated condition (Scheme 1).
This has been further supported by the fact that the pH has either
increased or not quite changed after the adsorption of antimony at
various initial pH. Similar results have also been reported for the
adsorption of antimony on rice husks [13] and activated alumina
[28].
3.3. Adsorption isotherms

Analysis of the adsorption isotherms in the present work was
conducted on the basis of the Langmuir model to evaluate the

. Conditions: S/L ratio = 1.67 mg/ml, Cin = 15 mg/l (for both Sb(V) and Sb(III)), shaking



B.K. Biswas et al. / Journal of Hazardous Materials 172 (2009) 721–728 725

[27] a

m
a
t
(

w
a
c
i
a
a
c
c
m
t
i
e
s
a
i
c
t
f

T
T
l

E

S

S

T
M

A

C
H
H
A

A
D

1:1 molar binding ratio has been achieved between Sb(V) and Zr(V),
which is much better than that (0.07:1) reported by Nishiyama et al.
[32]. Since Fe(III) loading was quite high at 1.87 mmol/g, it is con-
sidered that binuclear complexation between iron and antimony
might have taken place under the present experimental conditions.
Fig. 3. Species distribution of (a) Sb(V)

aximum adsorption capacity for antimony. That is, equilibrium
dsorption data were plotted as a function of antimony concen-
ration in aqueous solution at the optimum pH according to Eq.
1):

ce

q
= ce

qm
+ 1

b × qm
(1)

here ce is the equilibrium concentration (mmol/l), q is the amount
dsorbed at equilibrium (mmol/g), and qm and b are the Langmuir
onstants related to the adsorption capacity (mmol/g) and the bind-
ng energy of the sorption system (l/mg), respectively. The plots of
ntimony adsorption on both Zr(IV)- and Fe(III)-loaded SOW gels
ccording to Eq. (1) have been illustrated in Fig. 4(a) and (b) and the
orresponding results are summarized in Table 1. High correlation
oefficients of the linearized Langmuir equation indicate that the
odel can quite satisfactorily explain the adsorption of antimony by

he gels. Although it is difficult to directly compare the gels studied
n the present work with other adsorbents because of the different
xperimental conditions used, still it is obvious that the maximum
orption capacities of the Zr(IV)- and Fe(III)-loaded SOW gels for
ntimony are significantly higher than other adsorbents reported

n the literature as listed in Table 2. Because of this high adsorption
apacity, the Zr(IV)- and Fe(III)-loaded SOW gels may be expected
o be employed commercially in future for the removal of antimony
rom aqueous solution.

able 1
he Langmuir parameters for Sb(III) and Sb(V) adsorption on both Zr(IV)- and Fe(III)-

oaded SOW gels.

lement Gel qm (mmol/g) b (l/mg) R2

b(III) Zr(IV)-loaded SOW 0.94 0.124 0.9966
Fe(III)-loaded SOW 1.12 0.073 0.9805

b(V) Zr(IV)-loaded SOW 1.19 0.139 0.9913
Fe(III)-loaded SOW 1.19 0.098 0.9745

able 2
aximum sorption capacities of various adsorbents.

dsorbent q (mmol/g) Species Refs.

hemically bonded adsorbent 0.18 Sb(III) [12]
ydrous oxide of Mn 0.14 Sb(III) [30]
ydrous oxide of Fe 0.10 Sb(III) [30]
ctivated alumina of different
mesh

0.051–0.774 Sb(V) [28]

luminium-loaded Shirasu zeolite 0.0199 Sb(V) [28]
iphenylthiocarbazone-loaded
polyurethane foam

0.22 Sb(V) [31]
nd (b) Sb(III) [29] as a function of pH.

From the comparison of the maximum adsorption capacity
for Sb(V) (1.19 mmol/g) to the loading capacity of zirconium
(1.40 mmol/g) on the SOW gel, it is indicated that an approximately
Fig. 4. Langmuir adsorption isotherm plots for both Sb(III) and Sb(V) for (a) the
Zr(IV)-loaded SOW gel and (b) the Fe(III)-loaded SOW gel.
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.4. Effect of coexisting anions

The sorption efficiency of an adsorbent is usually affected by
he presence of a number of coexisting ions in the aqueous solution
13,28,31]. Therefore, the effect of different anions on the adsorp-
ion of Sb(V) onto Zr(IV)- and Fe(III)-loaded SOW gels has been
nvestigated to determine the sensitivity of this method. That is,
he adsorption of Sb(V) onto both gels in the presence of excess
oncentrations of various foreign anions was examined over a wide
H range as shown in Fig. 5(a) and (b). As seen from these figures,
he addition of 1.56 mM SO4

2−, 2.42 mM NO3
2−, 2.50 mM CO3

2− and
.23 mM Cl− hardly affected the adsorption of 0.12 mM antimony,
hich signifies that the affinity of antimony towards the adsorption

ites is much higher than that of the tested foreign anions. Similar
esults were found in case of Sb(III) adsorption onto both Zr(IV)-
nd Fe(III)-loaded SOW gels.

.5. Elution of Sb(III) and Sb(V) from Zr(IV)-loaded SOW gel

Elution is an important process in determining the extent of
ecovery of antimony after its adsorption as well as the regener-
tion of the adsorbents for their repeated use. Elution of Sb(III)
nd Sb(V) was carried out by using varying concentrations of NaOH
s shown in Fig. 6(a). The elution of Sb(III) increased from 20% to
4% with increasing NaOH concentration (from 0.1 to 1 M) while
o significant change in the % elution of Sb(V) was observed in the
bove-mentioned NaOH concentration range. Moreover, elution of
oth Sb(III) and Sb(V) was carried out by using higher concentra-
ions of NaOH (up to 5 M). However no more than 50% elution was
chieved.

According to Deorkar and Tavlarides [12] antimony can be
uccessfully eluted with tartaric acid from a sorbent contain-
ng the pyrogallol moiety. Therefore, a mixture of tartaric acid
ogether with NaOH was used to elute Sb(III) and Sb(V) from the
r(IV)-loaded SOW gel. As depicted in Fig. 6 (b), Sb(III) elution

ncreased from 20% to 72% with the addition of 0.05 M tartaric
cid to 0.1 M NaOH. In the same way, elution of Sb(V) was also
ncreased from 27% to 60%. However, loaded zirconium was also
luted to some extent. Similar results were also observed for the
lution of antimony from the Fe(III)-loaded SOW gel. Since the
elective elution of the adsorbed antimony free from leakage of

he loaded metal ions was found to be impossible, the adsorbed
ntimony was eluted together with the loaded metal by wash-
ng with hydrochloric acid solution in the view of recovering
ntimony by selective precipitation, which will be described in
atter part (Section 3.7). From economic considerations, it was

ig. 6. % elution of Sb(III) and Sb(V) from the Zr(IV)-loaded SOW gel by using (a) different co
/L ratio = 1.67 mg/ml, shaking time = 24 h and temperature = 30 ◦C.
Fig. 5. Effect of coexisting anions on Sb(V) adsorption on (a) the Zr(IV)-loaded SOW
gel and (b) the Fe(III)-loaded SOW gel. Conditions: solid/liquid ratio = 1.67 mg/ml,
shaking time = 24 h and temperature = 30 ◦C.

decided to use Fe(III) as the loaded metal ion in the subsequent
experiments.
3.6. Continuous Sb(III) and Sb(V) adsorption–elution in a column
packed with the Fe(III)-loaded SOW gel

The performance of the gel in continuous operation was studied
by percolating antimony solutions through a column as described

ncentrations of NaOH and (b) a mixture of tartaric acid and 0.1 M NaOH. Conditions:
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ig. 7. (a) Breakthrough profile for Sb(III) adsorption on the Fe(III)-loaded SOW gel.
onditions: Cin = 5.5 mg-Sb(III)/l, pH = 5.4, gel volume = 0.4 cm3, feed rate = 4.7 ml/h,
nd (b) subsequent elution curve. Condition: eluent = 2 M HCl.

n Section 2.5. Fig. 7(a) shows the breakthrough profile of Sb(III)
rom the column packed with the Fe(III)-loaded SOW gel at pH
.4. From this figure, it is seen that Sb(III) breakthrough started
fter 1000 bed volumes (BV), which means that the bed can retain
ntimony very well up to the aforementioned BV. However, the col-
mn was almost saturated at 2000 BV. The dynamic adsorption
apacity of the Fe(III)-loaded SOW gel for Sb(III) adsorption was cal-
ulated from the area of the breakthrough profile as 0.26 mmol/g,
hich is only 23% of its equilibrium sorption capacity (1.12 mmol/g)

valuated from the batchwise adsorption tests. The low adsorption
apacity in the column operation compared to that in batch mode
ay be attributable to various phenomena such as slow adsorption

f Sb(III) on the gel. Similar results have also been reported by the
uthors [33] for arsenic adsorption on a Zr(IV)-loaded orange waste
el and by Lenoble et al. [34] for arsenic removal by a MnO2-loaded
esin. After the adsorption of antimony, an elution test was car-
ied out from the Fe(III)-loaded SOW gel using 2 M HCl as shown in
ig. 7(b), which demonstrates that 136-fold preconcentration was
chieved compared to the feed solution. Similar result for Sb(V)
dsorption on the Fe(III)-loaded SOW gel was observed where the
dsorption capacity was 0.30 mmol-Sb(V)/g.
.7. Selective precipitation of antimony

Precipitation is a useful technique for the recovery of ele-
ents from solution. Precipitating antimony as a sulfide provides a

ractical route to lower the antimony concentration in antimony-
Fig. 8. Selective precipitation of Sb(III) (a) (i) before adding Na2S, (ii) after adding
Na2S and (iii) after 24 h of settling, (b) graphical demonstration of the decrease in
the concentrations of Fe(III) and Sb(III) before and after the precipitation.

containing solutions. An attempt was made to selectively recover
antimony from the elute containing antimony together with a high
concentration of iron. For this purpose, 0.5 ml of 20 mM of Na2S
was added to 7 ml of the solution containing a high concentration
of antimony (810 mg/l) as well as iron (1845 mg/l). Fig. 8(a) shows
three test tubes showing the solution before and just after adding
Na2S as well as simultaneous shaking for about 5 min followed by
24 h of settling. The figure clearly shows that the antimony sul-
fide precipitate is sedimented in a small volume at the bottom of
the test tube. The supernatant at the top was collected to mea-
sure the concentrations of antimony and iron. It was found that the
iron concentration has hardly decreased while that of antimony has
significantly decreased as depicted in Fig. 8(b), which demonstrates
the successful selective separation of Sb(III) by means of sulfide pre-
cipitation. More than 98% of Sb(III) was found to be precipitated in
this test. A similar result was also found in the case of Sb(V) where
the concentration of Sb(V) was decreased by almost 99%, which
was a much better result than that reported by Gannon and Wil-
son [6] who achieved only 84% decrease in antimony concentration
after precipitation using a solution containing 25 mg/l of Sb(III) and
1000 mg/l of Fe(III). Such a high degree of precipitation suggests a
possible recovery route for antimony from the elute obtained in the
continuous elution system in the column operation.

4. Conclusions

The present study has demonstrated that a gel prepared from
orange waste, modified with Zr(IV) and Fe(III), is very effective

for the adsorptive removal of antimony from aqueous media. The
adsorption process can be satisfactorily explained by a ligand
exchange mechanism. Significantly high adsorption capacities of
the Zr(IV)- and Fe(III)-loaded SOW gels indicate promising and
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otentially attractive adsorbents for environmental remediation.
he adsorption was found to occur selectively even in the presence
f a variety of foreign anions. A study of column adsorption followed
y elution using a fixed bed suggested that the metal-loaded gel can
e used in a continuous mode to remove antimony from industrial
ffluents. The selective precipitation of antimony, performed by
dding Na2S into a solution containing iron and antimony, showed
high degree of antimony recovery from solutions containing other
etal ions. It therefore can be concluded that cheap and abundantly
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