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a b s t r a c t

The equilibrium, thermodynamics and kinetics of antimony(III) adsorption from aqueous solution using
low-cost natural diatomite were investigated using batch adsorption parameters such as pH and ionic
strength. Langmuir, Freundlich and Dubinin–Radushkevich (D–R) isotherm models were applied to
describe the isotherm models. The maximum adsorption capacity of diatomite for Sb(III) was found
to be 35.2 mg/g at pH 6. The percent Sb(III) adsorbed in the presence of 0.001 M NaNO3 at pH 6 was
68%, compared to 56 and 48% and at the same pH but in the presence of 0.01 and 0.1 M NaNO3, respec-
ntimony
dsorption
quilibrium
hermodynamics
inetics

tively. From the D–R model, the mean adsorption energy was calculated as 7.32 kJ/mol, indicating that the
adsorption of Sb(III) onto diatomite was physically carried out. The high stability of diatomite permitted
a slightly decrease as about 10% in desorption yield and about 3% in adsorption yield after ten times of
adsorption/desorption cycles. The calculated thermodynamic parameters (�G◦, �H◦ and �S◦) showed
that the adsorption of Sb(III) onto diatomite was feasible, spontaneous and exothermic. Evaluation of the
experimental data in terms of adsorption kinetics revealed that the adsorption of Sb(III) onto diatomite

-seco
followed well the pseudo

. Introduction

Heavy metal ions as inorganic pollutants, form a major class of
nvironment contaminants [1,2]. Most heavy metals are known to
e toxic and carcinogenic agents and, when discharged in wastew-
ter, represent a serious threat to the human population. Many
ndustries regarding with raw materials discharge of such metals
nto aquatic bodies and sources of drinking water has begun to be
trictly controlled [3].

Antimony is one of the toxic metals and has much concern
n terms of toxicological and environmental. Antimony has been
xtensively used in lead alloys, battery grids, bearing metal, cable
heathing, plumber’s solder, pewter, ammunition, sheet and pipe.
mong the most important uses of antimony in nonmetal prod-
cts are textiles, paints and lacquers, rubber compounds, ceramic
namels, glass and pottery abrasives phosphorus (a beryllium
eplacement), and certain types of matches [SbCl3] [4]. Because of
he implication of antimony in cancer development [5], its com-

ounds are considered to be pollutants of priority interest by the
nited States Environmental Protection Agency (USEPA) [6] and the
uropean Union (EU) [7]. The World Health Organization (WHO)
uidelines the antimony concentration as 0.005 mg/L in drinking
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waters [8]. The toxicological effects of antimony depend on its
chemical form and oxidation state. The most favored form of anti-
mony in water is the pentavalent antimonate oxoanion [Sb(OH)6

−],
while its other common inorganic form is antimonite [Sb(OH)3] [9].
The Sb(III) form is ten times more toxic than Sb(V) form [10].

The monitoring and subsequent removal of antimony from
aqueous solution has been compulsory due to its toxicological
effects [11]. A number of methods have been used for the removal of
antimony. These include reduction and precipitation [12], solvent
extraction [13], ion exchange [14], reverse osmosis [15], membrane
filtration [16], sorption in fixed-bed column [17] and biosorption
[18,19].

On the other hand, adsorption method is more effective in
reducing toxic metal concentration [20–24]. The adsorption sys-
tems have many advantages of simplicity, fastness and suitability
for water and wastewater containing moderate and low concen-
trations of metals. Moreover, adsorbents must have a large surface
area; a chemical nature and polarity of the adsorbent surface influ-
ence the attractive forces between the adsorbent and adsorbate
[25]. A few studies on the use of adsorption method in the antimony
removal process have been carried out [26–29].

Diatomite (SiO ·nH O) or diatomaceous earth is a siliceous rock
2 2
made up largely from the skeletons of aquatic plants called diatoms
[30]. Diatomite is a pale-colored, soft, light-weight sedimentary
rock composed principally of silica microfossils of aquatic unicel-
lular algae. It has a unique combination of physical and chemical
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roperties such as high porosity, high permeability, small particle
ize, large surface area, and low thermal conductivity, which makes
iatomite suitable for a wide range of industrial applications such
s a filter aid or a filter [31]. Therefore, diatomite has been success-
ully used as adsorbent for different heavy metals removal from
astewaters [32–34].

Diatomite is abundantly available in Turkey markets and this
ould make it a strong candidate as an economical adsorbent for
emoving heavy metals from aqueous solutions. According to the
uthors’ survey, there is no study regarding the adsorption of Sb(III)
sing diatomite in the literature. In this regard, the present work
ocused on the investigation of potential of diatomite for removal
f Sb(III) from aqueous solution and optimization of conditions for
ts maximum adsorption. The equilibrium adsorption data were
pplied to the Langmuir, Freundlich and Dubinin–Radushkevich
D–R) isotherm models. The adsorption mechanism was also inves-
igated in terms of thermodynamics and kinetics.

. Experimental procedures

.1. Adsorbent and reagents

The diatomaceous earth was obtained from BEG-TUG Industrial
inerals & Mines Company (İstanbul, Turkey). The mineralogical

omposition of the dried sample supplied by the company is 92.8%
iO2, 4.2% Al2O3, 0.3% MgO, 1.5% Fe2O3, 0.6% CaO, and 0.5% other
xides. In addition, all chemicals in this work were of analytical
eagent grade and used without further purification. The structure
f the sample is quite similar to that is analyzed by XRD analysis and
eported by Sheng et al. [35]. The average pore size for the diatomite
ample is with a wide distribution of pore size and micropore is
ominant of the total pore volume of the diatomite [35].

.2. Batch adsorption procedure

Sb(III) standard solution (1000 mg/L) was prepared from
bCl3 (E. Merck, Darmstadt, Germany). Sodium phosphate buffer
0.1 mol/L) was prepared by adding an appropriate amount of phos-
horic acid to sodium dihydrogen phosphate solution to result in
solution of pH 2–4. Ammonium acetate buffers (0.1 mol/L) were
repared by adding an appropriate amount of acetic acid to ammo-
ium acetate solutions to result in solutions of pH 4–6. Ammonium
hloride buffer solutions (0.1 mol/L) were prepared by adding an
ppropriate amount of ammonia to ammonium chloride solutions
o result in solutions of pH 6–8. The adsorbent was then added and
ontent in the flask was shaken for desired contact time on an elec-
rically thermostatic reciprocating shaker (Selecta multimatic-55,
pain) at 120 rpm. The time required for reaching the adsorption
quilibrium condition was estimated by drawing samples at regular
ntervals of time until equilibrium was reached. The contents of the
ask were filtered through filter paper and the filtrate was analyzed

or antimony concentration using AAS system (Perkin Elmer Ana-
yst 700 model Norwalk, CT, USA) equipped with MHS 15 HGAAS
ystem. A hallow cathode lamp operating at 15 mA was used and a
pectral bandwidth of 0.7 nm was selected to isolate the 231.2 nm
ntimony line. NaBH4 (1.5%) (w/v) in NaOH (0.5%) (w/v) was used
s reducing agent. The analytical measurement was based on peak
eight. Reading time and argon flow rate was selected as 20 s and
0 mL min−1.

The batch adsorption procedure mentioned above were

epeated at different experimental parameters: the contact time
–90 min, pH 2–10, initial metal concentration 10–400 mg/L, the
dsorbent concentration 1–20 g/L and the temperature 20–50 ◦C. In
ddition, in order to investigate the effect of ionic strength on the
dsorption of Sb(III) ions onto diatomite the electrolyte solutions at
Fig. 1. FT-IR spectrum of adsorbent before and after adsorption.

three different concentrations, 0.001 M NaNO3, 0.01 M NaNO3 and
0.1 M NaNO3 were prepared.

All batch experiments were carried out in duplicated to ensure
the accuracy, reliability and reproducibility of the collected data.
The error bars and were also shown in the presentation of the
results. The percent adsorption of Sb(III) was calculated as follows:

Adsorption (%) = (Ci − Cf )
Ci

× 100 (1)

where Ci (mg/L) and Cf (mg/L) are the initial and final Sb(III) con-
centrations, respectively.

2.3. Reusability test procedure

In order to the repeated availability of diatomite for Sb(III)
adsorption, a reusability test consist of ten cycles of adsorp-
tion/desorption were carried out using 10 mL of 0.5 M HCl. After
each adsorption/desorption cycle, antimony content of the solution
was determined by HGAAS. In order to use the adsorbent for the
next experiment, it was washed with excess of 0.5 M HCI solution
and distilled water, sequentially.

3. Results and discussion

3.1. FT-IR analysis

The FT-IR spectra of diatomite were taken before and after
adsorption by JASCO-430 model spectrophotometer in order to
obtain information on the nature of probable interactions between
the functional groups on the surface diatomite and antimony ions.
The results are shown in Fig. 1. The broad bands observed at
3295, 3436, 3511, and 3577 cm−1 are due to the stretching vibra-
tion of the Si–OH and Al–OH groups. The spectral bands at 1600
and 1641 cm−1 reflect the bending vibration of water molecules
retained in the silica or alumina matrix of diatomite. The peaks at
1041, 1105 and 470 cm−1 may be defined as asymmetric stretching
modes of Si–O–Si bond. The peaks at 875 cm−1 may be attributed
to the stretching vibration of Al–O–Si.

After adsorption of Sb(III) onto diatomite, the O–H stretch-
ing vibration of the Si–OH and Al–OH groups were observed at
3286, 3440, 3523, and 3592 cm−1. The bending vibration of water
molecules was observed at 1604 and 1647 cm−1. The asymmet-

ric stretching modes of Si–O–Si bond were shifted to 1051, 1105
and 474 cm−1 and the stretching vibration of Al–O–Si was shifted
to 877 cm−1. These small shifts in the wave number of specific
bands indicated that the Si–OH and Al–OH groups on the surface
of diatomite mainly involved in the adsorption of Sb(III). However,



A. Sarı et al. / Chemical Engineering Journal 162 (2010) 521–527 523

F
t

t
e
A

3

i
o
t
T
a
[
a
w
a
6
t
n
c
t
D
t
p
r
w
i
y
a
i
r
(

3

d
e
0
e
a
r
e
t
g
o

ig. 2. Effect of pH on the adsorption of Sb(III) using diatomite (antimony concen-
ration: 10 mg/L; temperature: 20 ◦C).

he adsorption may be carried out by weak physical attraction as
lectrostatic repulsion between the negative charges (Si–O− and
l–O−) onto diatomite and antimony ions with positive charge.

.2. Effect of pH

The pH parameter is one of the more important factors affect-
ng adsorption process [36,37]. The effect of pH on the adsorption
f Sb(III) onto diatomite was studied at pH 2–8, metal concentra-
ion 10 mg/L, adsorbent concentration 4 g/L, and temperature 20 ◦C.
he results are presented in Fig. 2. In aqueous solution Sb(III) is
vailable as [SbO]+ and [Sb(OH)2]+ species at pH < 3. [HSbO2] and
Sb(OH)3] species are predominant at pH 3–10 and [SbO2]− species
re existing in aqueous solution at pH > 10 [11,38]. In the present
ork, the highest sorption (70%) was achieved at pH 6 while the

dsorption yield was 24% at pH 2 and 40% after pH 8. Therefore, pH
was selected as optimum pH for further experiments. At pH < 2–4,

he lower adsorption yield can be due to the fact that the hydro-
ium ions with positive charge is abundantly available and thus the
ompetition for the binding to the surface of the sorbent between
he hydronium ions and antimony species, [SbO]+ and [Sb(OH)2]+.
ecrease in adsorption at higher pH (pH > 6) can be attributed to

he competition for the sorption sites between hydroxyl ions and
redominant the anionic antimony species, [SbO2]−. The similar
esults were reported based on the Zeta potential measurements
ith increasing pH [35]. Moreover, at higher pH values decrease

n adsorption efficiency is due to the formation of soluble hydrox-
lated complexes of the antimony and their competition with the
ctive sites, and as a consequence, adsorption would decrease. Sim-
lar results have also been reported for the sorption of antimony on
ice husks [4], metal-loaded saponified orange waste [11], goethite
�-FeOOH) [37] and activated alumina [39].

.3. Effect of ionic strength

The effect of ionic strength on the adsorption of Sb(III) onto
iatomite was conducted at different pH values using three NaNO3
lectrolyte solutions with the concentration of 0.001, 0.01 and
.1 M. As seen from Fig. 3, the percent Sb(III) adsorbed in the pres-
nce of 0.001 M NaNO3 at pH 6 is 68%, compared to 56% and 48%
nd at the same pH but in the presence of 0.01 and 0.1 M NaNO3,

espectively. This may be due to the following two reasons: (i) The
ffect of ionic strength on metal adsorption may be explained by
he formation of outer-sphere complexes since Na+ in the back-
round electrolyte could compete with the metal ions adsorbed
n the outer-sphere adsorption sites and reduced the adsorption,
Fig. 3. Effect of ionic strength on the adsorption of Sb(III) using diatomite (anti-
mony concentration: 10 mg/L; adsorbent concentration: 4 g/L; contact time: 30 min;
temperature: 20 ◦C).

whereas Na+ would not have competed for the inner-sphere sites
[40,41]. (ii) The electrostatic attraction seems to be a significant
mechanism, as indicated by the results where at high ionic strength,
the increased amount of NaNO3 can help to render the surface of
the diatomite easily accessible to Sb(III) ions and hence decreasing
the adsorption rate.

3.4. Adsorption isotherm models

Adsorption isotherms are used to express the surface proper-
ties and affinity of the adsorbent and can also be used to compare
the adsorption capacities of the sorbents for pollutants in aque-
ous solutions. In this study, the three adsorption isotherm models,
Langmuir, Freundlich and Dubinin–Radushkevich (D–R) isotherm
were selected to fit the equilibrium data.

A basic assumption of the Langmuir theory is that sorption takes
place at specific homogeneous sites within the sorbent. This model
can be written in non-linear form [42].

qe = qmKLCe

1 + KLCe
(2)

where qe is the equilibrium metal ion concentration on sorbent
(mg/g), Ce is the equilibrium metal ion concentration in the solu-
tion (mg/L), qm is the monolayer adsorption capacity of the sorbent
(mg/g), and KL is the Langmuir adsorption constant (L/mg) related
with the free energy of adsorption. Non-linear regression analysis
was carried out in SigmaPlot software (SigmaPlot 2001, SPSS Inc.,
USA) in order to determine KL and qm values.

Fig. 4 indicates the non-linear Langmuir isotherm plot and the
standard error in the determination of the parameters. As seen
from the figure, the coefficient of determination (R2) was found
to be 0.9913. This result indicates that the adsorption of the Sb(III)
onto diatomite fitted well the Langmuir model. In other words, the
sorption of antimony using diatomite was taken place at the func-
tional groups/binding sites on the surface of the adsorbent, which
is regarded as monolayer adsorption. The maximum adsorption
capacity (qm) of diatomite was found to be 35.2 mg/g. The KL value
was found as 9.52 × 10−3 L/mg. In addition, Table 1 presents the
comparison of adsorption capacity of diatomite for antimony with
that of various sorbents reported in the literature [11,26,38,43]. As

seen from this table, the diatomite has important potential for the
removal of Sb(III) from aqueous solution.

The Freundlich model assumes a heterogeneous adsorption sur-
face and active sites with different energy. The Freundlich model
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Fig. 4. Langmuir isotherm plots for the adsorption of Sb(III) onto diatomite (adsor-
bent concentration: 4 g/L; contact time: 30 min; pH 6; temperature: 20 ◦C).

Table 1
Comparison of Sb(III) sorption capacity of diatomite with that of different sorbents.

Sorbent Sorption capacity (mg/g) Reference

Zr(IV)-loaded SOW 114.49 [11]
Fe(III)-loaded SOW 136.42 [11]
Chemically bonded adsorbent 21.92 [26]

[

q

w
e
w

t
K
s
p
T
o

F
b

Goethite (�-FeOOH) 61.2 (average value) [38]
Hydrous oxide of Mn 17.05 [43]
Hydrous oxide of Fe 12.18 [43]
Diatomite 35.2 Present study

44] is

e = Kf C1/n
e (3)

here Kf is a constant relating the adsorption capacity and 1/n is an
mpirical parameter relating the adsorption intensity, which varies
ith the heterogeneity of the material.

Fig. 5 indicates the non-linear Freundlich isotherm plot and
he standard error in the determination of the parameters. The

f and 1/n values were found using non-linear regression analy-
is (SigmaPlot software, SigmaPlot 2001, SPSS Inc., USA). From the
lot, Kf and 1/n values were found to be 1.25 and 0.55, respectively.
he 1/n value were between 0 and 1 indicating that the adsorption
f Sb(III) using diatomite was favorable at studied conditions. The

ig. 5. Freundlich isotherm plots for the adsorption of Sb(III) onto diatomite (adsor-
ent concentration: 4 g/L; contact time: 30 min; pH 6; temperature: 20 ◦C).
Fig. 6. D–R isotherm plots the adsorption of Sb(III) onto diatomite (adsorbent con-
centration: 4 g/L; contact time: 30 min; pH 6; temperature: 20 ◦C).

R2 value was found to be 0.9483. This result means that that the
Freundlich model was not able to adequately to describe the rela-
tionship between the amount of sorbed Sb(III) and its equilibrium
concentration in the solution.

The equilibrium data were also applied to the D–R isotherm
model to decide the nature of adsorption process as physical or
chemical. The linear presentation of the D–R isotherm equation [45]
is expressed by

ln qe = ln qm − ˇε2 (4)

where qe is the amount of metal ions sorbed on per unit weight of
adsorbent (mol/L), qm is the maximum adsorption capacity (mol/g),
ˇ is the activity coefficient related to mean free energy of adsorption
(mol2/J2) and ε is the Polanyi potential (ε = RT ln(1 + 1/Ce)).

The D–R isotherm model well fitted the equilibrium data since
the R2 value was found to be 0.9921 (Fig. 6). The qm value was found
using the intercept of the plot to be 2.1 × 10−3 mol/g. The mean free
energy of adsorption (E, kJ/mol) is as follows:

E = 1√
−2ˇ

(5)

The E (kJ/mol) value gives information about sorption mechanism,
physical or chemical in nature. The E value between 8 and 16 kJ/mol
means that the sorption process takes place chemically when the
values below 8 kJ/mol indicates it proceeds physically [46,47]. The
mean free energy of adsorption was calculated to be 7.32 kJ/mol
showing that the adsorption of Sb(III) onto diatomite was physical
in nature.

3.5. Reusability

The repeated availability of diatomite for Sb(III) adsorption
through many cycles of adsorption/desorption is quite crucial for
the application of diatomite in the removal of Sb(III) from aqueous
solution. The recycling of diatomite in the removal of Sb(III) was
investigated. The high stability of diatomite permitted ten times
of adsorption/desorption process along the studies with a decrease

about 10% in desorption yield and about 3% in adsorption yield.
Based on these results, it can be concluded that the diatomite was
considered as good adsorbent with respect to the adsorption per-
formance after a large number of sorption/desorption cycling.
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Table 2
Kinetic parameters obtained from pseudo-first-order and pseudo-second-order at different temperatures.

Temperature (◦C) Pseudo-first-order Pseudo-second-order

qe,exp (mg/g) k1 (1 min−1) qe1,cal (mg/g) R2 k2 (g/mg min) qe2,cal (mg/g) R2

20 1.57 66.6 × 10−2 0.953 0.943 26.3 × 10−2 1.67 0.996
30 1.46 32.7 × 10−2 0.942 0.902 25.2 × 10−2 1.54 0.999
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tively. The negative �G values indicated the spontaneous nature
of the adsorption. These values (lower than −20.0 kJ mol−1) indi-
40 1.38 22.4 × 10−2 0.934
50 1.25 7.5 × 10−2 0.912

.6. Adsorption kinetics

The prediction of adsorption rate is important for designing
atch adsorption systems. In order to clarify the adsorption kinet-

cs of Sb(III) onto diatomite, the Lagergren’s pseudo-first-order and
seudo-second-order model were used to test the experimental
ata. The linear form of the pseudo-first-order rate equation by
agergren [48] is given as

n(qe − qt) = ln qe − k1t (6)

here qt and qe (mg/g) are the amounts of the metal ions biosorbed
t equilibrium (mg/g) and t (min), respectively, and k1 is the rate
onstant of the equation (min−1). The adsorption rate constants (k1)
an be determined experimentally by plotting of ln(qe − qt) vs t. The
2 and qe,exp values in Table 2 clearly indicated that the pseudo-
rst-order model is not suitable for modeling the adsorption of
b(III) onto diatomite.

Experimental data were also tested by the pseudo-second-order
inetic model which is given in the following form [49]:

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (7)

here k2 (g/mg min) is the rate constant of the second-order equa-
ion, qt (mg/g) is the amount of adsorption time t (min) and qe is
he amount of adsorption equilibrium (mg/g). This model is more
ikely to predict kinetic behavior of adsorption [50]. The linear plots
f t/qt vs t for the pseudo-second-order model for the adsorption of

◦
b(III) onto diatomite at 20–50 C are shown in Fig. 7. As seen from
able 2, the R2 values are in range of 0.9952–0.9994 and the theo-
etical qe2,cal values were closer to the experimental qe,exp values.
ased on these results, it can be concluded that the pseudo-second-
rder kinetic model provided a good correlation for the adsorption

ig. 7. Pseudo-second-order kinetic plots at different temperatures (metal concen-
ration: 10 mg/L; pH 6; adsorbent concentration: 4 g/L).
0.945 24.1 × 10−2 1.26 0.996
0.912 22.8 × 10−2 1.11 0.995

of Sb(III) onto diatomite in contrast to the pseudo-first-order
model.

3.7. Adsorption thermodynamics

Thermodynamic parameters including the change in free energy
(�G◦), enthalpy (�H◦) and entropy (�S◦) were calculated from the
following equations:

�G◦ = −RT ln KD (8)

where R is the universal gas constant (8.314 J/mol K), T is the tem-
perature (K) and KD (qe/Ce) is the distribution coefficient.

The enthalpy (�H◦) and entropy (�S◦) parameters were esti-
mated from the following equation:

ln KD = �S◦

R
− �H◦

RT
(9)

According to Eq. (9), the �H◦ and �S◦ parameters can be calcu-
lated from the slope and intercept of the plot of ln KD vs 1/T yields,
respectively (Fig. 8). The negative �H◦ (−18.53 kJ/mol) means that
the adsorption process was carried out as exothermic at 20–50 ◦C.
Furthermore, the negative �S◦ value (−9.65 kJ/mol K) indicates the
decreased randomness at the solid–solution interface during the
fixation of the antimony ion on the active sites of the adsorbent.
Gibbs free energy change (�G◦) was also calculated to be −15.67,
−15.62, −15.53, and −15.37 kJ/mol for 20, 30, 40, and 50 ◦C, respec-

◦

cate that electrostatic interaction may play a significant role in the
adsorption process. It may be suggested that a surface complex-
ation reaction is the major mechanism responsible for the Sb(III)

Fig. 8. Plot of ln KD vs 1/T for the estimation of thermodynamic parameters the
adsorption of Sb(III) onto diatomite (pH 6; adsorbent concentration: 4 g/L; contact
time: 30 min).
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dsorption process [51]. This conclusion was in good agreement
ith that obtained from the D–R isotherm model.

. Conclusions

In this study, the equilibrium, thermodynamics and kinetics
f the adsorption of Sb(III) from aqueous solution using low-
ost natural diatomite were investigated using a batch system.
he ionic strength and pH of solution were effective on the
dsorption of Sb(III) onto diatomite. The maximum adsorption
apacity of diatomite for Sb(III) was found to be 35.2 mg/g at
H 6. The percent Sb(III) adsorbed in the presence of 0.001 M
aNO3 at pH 6 was 68%, compared to 56 and 48% and at the

ame pH but in the presence of 0.01 and 0.1 M NaNO3, respec-
ively. The calculated mean free energy (7.32 kJ/mol) indicated
hat the adsorption of Sb(III) using diatomite was physical in
ature. The highest desorption yield (94%) was achieved using
.5 M HCI. The high stability of using diatomite permitted a
lightly decrease about 10% in desorption yield and about 3% in
dsorption yield after ten times of adsorption/desorption pro-
ess. The calculated thermodynamic parameters showed that the
dsorption of Sb(III) onto using diatomite was feasible, sponta-
eous and exothermic under studied experimental conditions.
he kinetic results revealed that the pseudo-second-order kinetic
odel provided the best description for the experimental data
ith coefficients of determination in range of 0.9952–0.9994. Fur-

hermore, based on all results, it can be also concluded that the
iatomite can be evaluated as an alternative adsorbent for the
reatment of wastewater containing Sb(III) ions, due to its being
ow-cost adsorbent and having a considerable high sorption capac-
ty.
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