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a b s t r a c t
Sb, a toxic metal, exists widely in water and thus poses a serious environmental problem. This study 
presented the development of a novel and efficient iron-functionalized attapulgite (Fe-ATP) adsorbent, 
on which the adsorption behavior of antimony (Sb) from aqueous solutions was investigated. A variety 
of techniques, such as scanning electron microscopy, transmission electron microscopy, energy-dis-
persive X-ray spectroscopy, and Fourier-transform infrared spectroscopy, were used to characterize 
Fe-ATP. The influence of pH, temperature, and coexisting ions on adsorption was discussed. The 
results showed that the adsorption process reached equilibrium within 180 min at an initial Sb(III) 
concentration of 10 mg/L. The pH critically affected adsorption; the removal percentages were 92% and 
62% at pH 4 and 13, respectively. The adsorption principles fitted the Freundlich model (R2 > 0.990) 
and the pseudo-second-order model (R2 > 0.999) well, indicating that the process was predominantly 
controlled by chemical processes. The enthalpy change of 6.5 kJ/mol and negative Gibbs free energy 
change indicated that adsorption was endothermic and spontaneous. It was also proven that the 
Fe-ATP was a recyclable adsorbent based on desorption experiments using ethylenediaminetetraacetic 
acid and NaOH solutions. The findings of the present work highlight the potential applicability of 
Fe-ATP as an effective sorbent for the selective removal of Sb(III) in water treatment processes.
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1. Introduction

Anthropogenic activities and industrial development
have introduced many heavy metals to the lithosphere and 
biosphere, thus greatly pressuring the environment [1]. Sb 
is one of the most toxic and potentially carcinogenic heavy 
metals [2]. It occurs naturally in sulfide stibnite (Sb2S3), 
which is associated with As deposits [3]. Sb compounds have 
been extensively used in ammunition, battery grids, fire 
retardants, cable coverings, and pigments in paint and glass 
because of its specific properties [4]. It has been reported that 
1.4 × 105 tons of Sb were utilized worldwide annually [5]. 

However, Sb released into the environment can destroy intra-
cellular ion balances, causing damage to the nervous system 
and other organs [6]. Therefore, it is considered a priority 
controlled pollutant by the United States Environmental 
Protection Agency (USEPA), the Council of the European 
Communities (ECs), and the World Health Organization 
(WHO), which have defined maximum contamination levels 
in drinking water as 6, 10, and 5 μg/L, respectively [7].

As element in the same subgroup, the existence and 
chemical properties of Sb are similar to those of As [8]. It 
mainly exists in the Sb(V) and Sb(III) states in oxidizing and 
anoxic conditions, respectively. Sb(V) pollution of surface 
water and soil is usually caused by the oxidation of Sb(III) 
in Sb2S3 to Sb(V). However, Sb(III) is the favored form in 
anoxic environments, including groundwater and sediments, 
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because of its slow oxidation rate [9]. Furthermore, Sb(III) 
is 10 times as toxic as Sb(V) [10]. Therefore, Sb(III) is the 
research objective of this work.

Regarding public health and environmental protection, it 
is highly urgent to develop advanced technology to address 
Sb as a pollutant. Many techniques for the removal of Sb from 
contaminated water have been investigated, such as coagula-
tion [11], reverse osmosis [12], electrolytic reduction [13], ion 
exchange [14], membrane filtration [15], solvent extraction 
[16], and adsorption [17]. Thus far, adsorption is considered 
a good potential method to remove heavy metals because of 
its rapidness, effectiveness, and possibility for regeneration 
[18]. Previous works have demonstrated that the adsorption 
capacities of Sb on graphene [19] and polyamide-graphene 
[20] were 7.5 and 158.2 mg/g, respectively. Rakshit et al. [21] 
found that its adsorption on gibbsite was closely related to the 
pH. The adsorption of Sb(III) on carbon steel was significantly 
influenced by MoO4

2− or SeO3
2− [22]. Xi et al. [23] investigated 

the adsorption of Sb on goethite, reporting the equilibrium 
reaction time of 24 h. Although these adsorbents were suc-
cessful in removing Sb in laboratory experiments, some 
problems remain in practical treatments. These adsorbents 
require exacting experimental conditions, such as limited pH 
variations or long equilibrium times. The natural reserves of 
materials for these adsorbents are relatively low and the costs 
are therefore high. The high cost of graphene in particular 
has limited its potential for large-scale removal of Sb.

Attapulgite (ATP) is an ideal candidate adsorbent mate-
rial from environmental and economic perspectives [24]. 
ATP, which has the theoretical formula of (Mg,Al)4(Si)8 
(O,OH,H2O)26·nH2O, is a natural hydrated Mg–Al silicate 
with a rod-like morphology formed in a specific geological 
environment [25,26]. Due to the rod-like crystal morphology, 
rich pores, large specific surface area, and negative surface 
charge, ATP has been widely used as a high-efficient adsor-
bent for the removal of various pollutants, such as metal ions 
[27,28], dyes [29], antibiotics [30], color matters [31], P [32], 
and humic acid [33]. However, natural ATP does not meet 
the requirements of current applications because of its lim-
ited adsorption capacity. Thus far, different modification 
technologies have been used to improve the adsorption 
capacity in recent years [34–38]. Fe oxides are widely consid-
ered as effective adsorbents for the removal of heavy metals 
by scientific researchers [39–43]. It is expected that nanoscale 
composites of iron oxides with ATP could improve the abil-
ity to remove Sb from the environment. However, literature 
regarding the modification of ATP with Fe is quite limited.

The objectives of this study are to synthesize and char-
acterize iron-functionalized attapulgite (Fe-ATP), to investi-
gate the ability of Fe-ATP to immobilize Sb(III) in aqueous 
solution, and to discuss the influences of pH and coexisting 
ions on the removal of Sb(III). According to the calculated 
isothermal, kinetic, and thermodynamic parameters of the 
adsorption process, the adsorption behavior of Sb(III) onto 
Fe-ATP is analyzed.

2. Materials and methods

2.1. Materials 

The natural ATP used in this study was extracted from 
the Huangnishan Mine located in Xuyi County in Jiangsu 

Province, China. The chemical composition of ATP was deter-
mined by X-ray fluorescence spectroscopy (XRF), and the 
main oxides are shown in Table 1. In addition, the cation-ex-
change capacity of ATP was approximately 25–40 cmol/kg 
and the zeta-potential was −25.8 mV. The main associated 
minerals are quartz, mica, and montmorillonite. The col-
lected ATP was air-dried and ground into powder. A stock 
solution of 100 mg/L Sb(III) was prepared from SbCl3 (Merck, 
Darmstadt, Germany) and then diluted to the required con-
centrations. All reagents were purchased at analytical purity 
and employed without further purification. Double-distilled 
water (Beijing Jiulu Water Station, Beijing, China) was used 
throughout.

2.2. Preparation of Fe-ATP

The novel composite material of Fe-loaded ATP was 
prepared. Approximately 15 g of natural ATP powder and 
0.45 g (NaPO3)6 as a dispersant were added to 200 mL deion-
ized water in a 400-mL beaker under vigorous stirring for 
30 min. The mixture was then sonicated for 1 h. The disper-
sion was centrifuged at 4,200 rpm and the remaining solid 
was vacuum-dried overnight at 60°C. Consequently, the puri-
fied solid was obtained by milling using a 100-mesh screen, 
yielding particles of approximately 0.15 mm in diameter.

According to the ratio (w/w) of 3% (Fe/ATP), approxi-
mately 5 g of purified ATP was dissolved in 250 mL deion-
ized water; 0.724 g FeCl3 (0.15 g Fe equivalent) was then 
dispersed in the mixed solution. The pH value of the mix-
ture was adjusted to 9 by adding 0.1 mol/L NaOH solution. 
Then, the mixture was stirred at 30°C for 2 h. The aqueous 
suspension was centrifuged six times at 4,200 rpm for 10 min. 
The obtained solid was washed with deionized water until it 
was free of Cl− in testing with AgNO3 solution and then dried 
at 50°C until a constant weight was maintained. Finally, the 
Fe-ATP composite was sifted through a 100-mesh screen into 
a mortar and stored.

2.3. Adsorbent characterization

Morphological analyses were performed by scanning 
electron microscopy–energy-dispersive X-ray spectros-
copy (SEM-EDS, Hitachi S-4800/EX-350, Suzhou, China). 

Table 1
Chemical composition of ATP

Composition Weight content (%)

SiO2 52.29
Al2O3 8.86
Fe2O3 3.29
Na2O 0.09
K2O 0.78
CaO 2.67
MgO 17.70
MnO 0.13
TiO 0.33
LOI 13.86

LOI – loss on ignition.
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A Tecnai G2 20 transmission electron microscope (TEM, 
FEI Company, USA) was employed to obtain TEM images. 
The specific surface area was determined by the Brunauer–
Emmett–Teller (BET) method. The Fourier-transform infra-
red (FTIR) spectrum of each sample was recorded with a 
Nicolet Nexus 670 FTIR spectrometer (Nexus670, Nicolet, 
USA) to determine changes in the functional groups of the 
materials.

2.4. Batch adsorption experiments

The adsorption of Sb(III) on Fe-ATP was investigated 
by batch experiments. Approximately 50 mg Fe-ATP was 
dissolved in 25 mL of freshly prepared Sb(III) solution at 
a specified concentration. Then the mixture was shaken in 
a thermostatic reciprocating shaker at 150 rpm and 30°C. 
The pH of the solution was adjusted by adding negligible 
amounts of 0.1 mol/L HCl and/or NaOH solutions. After the 
suspension was shaken for 3 h, the liquid and solid phases 
were separated by centrifugation at 4,200 rpm for 10 min 
at 30°C. After the removal of Fe-ATP by filtration through 
0.45-μm filter membranes, the concentration of Sb(III) in the 
supernatant was determined using an inductively coupled 
plasma atomic emission spectrometer (SPECTRO ARCOS 
EOP, SPECTRO Analytical Instruments GmbH, USA) under 
nebulizer flow conditions at 0.8 L/min. The limit of detection 
for Sb was 4 μg/L. In order to improve the accuracy, triplicate 
experiments were performed for each sample, and the final 
average values were used in calculation.

The removal percentage (%) and adsorption capacity 
(qe, mg/g) were calculated with the following equations:

% %=
−

×
C C
C

t0

0

100  (1)

q
C C V
mt

t=
−( )0  (2)

where C0 and Ct represent the initial and final concentrations 
of Sb(III) in the solution (mg/L), respectively; V is the volume 
of the solution (mL); and m is the sorbent mass (mg).

3. Results and discussion

3.1. Material characterization

The SEM images were collected to confirm the morphol-
ogy of Fe-ATP. No obvious changes on the surface between 
ATP (not shown) and Fe-ATP were observed from SEM 
images. As depicted in Fig. 1, the surface of Fe-ATP is uneven 
and shows rich pores, conducive to the adsorption of metal 
ions. The TEM images were collected to confirm the mor-
phology of ATP and the prepared Fe-ATP. The circle in red 
indicates that the natural ATP has an intricate network-like 
structure with massive, regular rods (Fig. 2(a)). The networks 
of the purified ATP are more regular (Fig. 2(b)). It is reported 
that iron oxyhydroxide (FeOOH) is easily formed by mix-
ing Fe3+ and NaOH solution with abundant Cl– in the alka-
line environment [44,45]. In this study, iron oxyhydroxide 
(FeOOH) composites (purple circle) are observed in Fe-ATP, 
suggesting that the modification process is successful 
(Fig. 2(c)). The Fe loading does not affect the overall rod-like 
structure of natural ATP, although the networks do become 
more compressed. Additionally, the BET specific surface area 
of ATP is 143 m2/g, while that of Fe-ATP reaches 174 m2/g. 
The pore structure of Fe-ATP is dredged, thereby improving 
the BET specific surface area.

EDS was used to reflect the distribution of elemental Fe. 
As shown in Fig. 3(a), Si, O, Ca, and Al are the major ele-
ments in Fe-ATP, and signals from Fe are observed in the EDS 
spectrum of Fe-ATP. The mapping of Fe in Fig. 3(b) indicates 
that Fe is evenly dispersed on Fe-ATP. Combined with the 
results of TEM analysis, we confirm that Fe is loaded on the 
surface of Fe-ATP. In order to determine the actual content of 
Fe loading on Fe-ATP, the elemental composition was deter-
mined by XRF. The weight content of Fe was calculated as 
2.30% in natural ATP; this value increased to 3.76% after Fe 
modification.

The FTIR spectra obtained from ATP and the Fe-ATP 
composite are shown in Fig. 4. The bands at 3,615, 3,553, and 
3,109 cm−1 in the spectrum of ATP correspond to the stretching 
vibrations of Mg–OH units, Fe–OH units, and the bending 
vibration of water confined in zeolite, respectively. ATP exhib-
its a peak at 1,658 cm−1 attributed to the bending vibration of 

Fig. 1. SEM of Fe-ATP.
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(a) (b) (c)

Fig. 2. TEM of (a) ATP, (b) purified ATP, (c) Fe-ATP.

(a)

(b)

Fig. 3. (a) EDS spectra of Fe-ATP and (b) the elemental mapping of Fe.
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absorbed and coordinated molecular water [46]. The adsorp-
tion band ranging from 1,200 to 800 cm−1 is the strongest 
band observed from ATP. The bands at 1,031 and 981 cm−1 are 
attributed to the two different stretching vibrations of Si–O–
Si. The appearance of these two peaks verifies that ATP is a 
silicate mineral. The bending vibrations of Si–O–Si for ATP 
are observed at 510 cm−1 and 476 cm−1; in Fe-ATP, these are 
merged into one peak at 480 cm−1 because Si4+ is substituted by 
Fe3+. The disappearance of the band at 1,430 cm−1 in the Fe-ATP 
spectrum reflects the decrease of CO3

2− because of the reaction 
between Fe3+ and CO3

2−. No obvious peaks are observed in the 
2,000–3,000 cm−1 range in the spectrum. These results confirm 
again that Fe is successfully absorbed on the surface of ATP.

3.2. Sb adsorption experiments

3.2.1. Effect of pH on the adsorption 

The pH of the solution is one of the most important 
factors controlling the adsorption process. It determines 
not only the surface functional groups on the adsorbent, 
but also the speciation of the metal ions in the solution [47]. 

The relationship between the speciation of Sb(III) and pH is 
shown in Fig. 5(a) [48].

The effect of pH on the removal percentage is presented in 
Fig. 5(b). In this study, for both ATP and Fe-ATP, the removal 
percentage is more than 60% throughout the tested pH 
range. The adsorption percentage gradually decreases with 
the increasing pH values at pH ranging from 5 to 13. High 
adsorptions of 82.63% and 92.46% for ATP and Fe-ATP are 
achieved at pH = 5, respectively. At acidic and neutral pHs, the 
removal percentages are relatively high. At pH < 3, Sb(OH)2

+, 
SbO+, and Sb(OH)3 are the main species. The Fe3+ is released 
from Fe-ATP into the solution, which may cause coprecipita-
tion with Sb(OH)2

+ [11,49,50]. In addition, the cation exchange 
reaction between the silicate structure and H+ induces a neg-
ative surface charge for Fe-ATP. The electrostatic attraction 
between Sb(OH)2

+
 and Fe-ATP thus promotes adsorption. At 

pH from 3 to 11, neutral Sb(OH)3 and HSbO2 are the princi-
pal species, accounting for more than 99% of the total Sb(III) 
in solution. The adsorption decreases slowly and reaches a 
plateau. For pH > 11.8, Sb(III) is present as SbO2

−. At pH > 11, 
the removal percentage is decreased sharply; only 62% Sb(III) 
is adsorbed on Fe-ATP at pH = 13 because the surface charge 
of Fe-ATP becomes negative. Then the electrostatic repulsion 
between SbO2

− and Fe-ATP impedes adsorption. Furthermore, 
hydroxylated complexes of Sb are formed and compete with 
the active surface bonds, inhibiting the adsorption percent-
age at higher pH [51]. Compared with natural ATP, Fe-ATP is 
more efficient for the removal of Sb(III). It is obvious that the 
Fe plays an important role for adsorption of Sb(III) on Fe-ATP.

The effect of pH on Sb(III) removal has been reported 
in other studies. The adsorption percentage of Sb(III) on 
Mn-modified perlite was 85% at pH = 4, while the adsorp-
tion yield was 40% at pH = 8 [51]. The removal percentage 
of Sb(III) on a magnetite surface in an aqueous organic acid 
environment was decreased with increasing the pH from 3 
to 5.5 [49]. However, the results of Leng et al. [19] showed 
the increased removal percentage of Sb(III) by graphene as 
pH increased for pH > 4. The different pH effects observed 
for Fe-ATP and graphene are attributed to the domain func-
tion. Electrostatic factors mainly control the adsorption pro-
cess in high-pH solutions for Fe-ATP, but not for graphene.

Fig. 4. FTIR spectra of (a) ATP and (b) Fe-ATP.

Fig. 5. (a) Sb species distribution at different pH ranges, (b) Effect of pH on the adsorption of Sb(III) on Fe-ATP (C0 = 10 mg/L, T = 303 K, 
m = 50 mg, V = 25 mL, t = 180 min).
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3.2.2. Effect of coexisting ions on adsorption

Because of the changes of the mobility and bioavail-
ability of Sb(III), the adsorption process can be influenced 
by other ions present in Sb-contaminated water. For both 
natural surface water and groundwater, the concentrations 
of ions including K+, Ca2+, Mg

2+, SO4
2−, CO3

2−, and HCO3
− are 

relatively high compared with others. For example, the 
total concentration of CO3

2− and HCO3
− is between 0.5 and 

8 × 10−3 mol/L, and HCO3
− is the main species at neutral pH 

[52]. Therefore, these above ions were chosen as represen-
tative competing ions and used in a series of adsorption 
experiments. The required ions were obtained from analyt-
ical reagent-grade salts (NaCl, KCl, CaCl2, MgCl2, Na2SO4, 
Na2CO3, and NaHCO3). 

The results of the adsorption experiments are illus-
trated in Fig. 6. It is clear that the cations K+, Ca2+, and Mg2+ 
have modest effects on the adsorption behavior. The effects 
of these cations for Sb(III) adsorption have not yet been 
reported, so their effects on the adsorption of Hg, another 
heavy metal, by ATP were used for comparison. Cui et al. [53] 
showed that the adsorption of Hg on a polyaniline/ATP com-
posite was slightly influenced by K+, Ca2+, or Mg2+. SO4

2− has 
no discernable effect on removal. This is similar to the results 
for the adsorption of Sb(III) on hematite-modified magnetic 
nanoparticles, in which the removal was decreased by only 
1% when the concentration of SO4

2− was greatly increased to 
10 mM [7]. Xi et al. [54] also reported that no noticeable effects 
of SO4

2− were found on the adsorption of Sb(III) by benton-
ite. The removal percentage value in the presence of CO3

2− or 
HCO3

− is decreased by 5%. The competition of CO3
2− or HCO3

− 

at specific active adsorption sites may cause this decrease in 
removal percentage. A similar phenomenon was observed 
in the adsorption of phosphate on magnetic Zr–Fe oxide 
nanoparticles. The coexisting SO4

2− showed a slight effect, 
while HCO3

− impeded the phosphate adsorption process [55].

3.3. Adsorption thermodynamics

The adjacent molecular interaction and solubility can 
be affected by the temperature. Therefore, the adsorption 

process is closely related to the temperature. Adsorption 
thermodynamics parameters are important because they 
can provide critical information regarding the spontaneity 
and thermal nature of the adsorption process. Three funda-
mental thermodynamic parameters, including the standard 
Gibbs free energy ∆G° (kJ/mol), standard enthalpy change 
∆H° (kJ/mol), and standard entropy change ∆S° (J/mol K), 
were determined for the adsorption of Sb(III) by Fe-ATP. 
These basic parameters were calculated by employing the 
following equations:

∆G RT KD° = − ln  (3)

∆ ∆ ∆G H T S° = ° − °  (4)

lnK S
R

H
RTD =

°
−

°∆ ∆
 (5)

K
q
CD
e

e

=  (6)

where R is the gas constant (8.314 J/mol K) and T is the 
temperature (K). 

The effect of temperature on the adsorption of Sb(III) 
ions onto the Fe-ATP is shown in Fig. 7. The calculated val-
ues of ∆G° are −21.9, −22.9, and −23.8 kJ/mol at 303, 313, and 
323 K, respectively. According to the negative ∆G° values, the 
adsorption process is spontaneous. It is clear that the pro-
cess is mainly controlled by chemical processes based on the 
∆G° values more negative than −20 kJ/mol [56]. Furthermore, 
the decrease of the negative ∆G° values with increasing tem-
perature shows that the adsorption process becomes more 
favorable at higher temperatures. The values of ∆H° and 
∆S° are 6.5 kJ/mol and 93.9 J/mol K based on the slope and 
intercept of the plot of ln KD versus 1/T, respectively. The 
positive value of ∆H° further demonstrates that the adsorp-
tion process is endothermic, which is confirmed by the 
increase of the KD value with increasing temperature [57]. 

Fig. 6. Effect of coexisting ions on the adsorption of Sb(III) on 
Fe-ATP (C0 = 10 mg/L, T = 303 K, m = 50 mg, V = 25 mL, t = 180 min).

Fig. 7. ln KD versus 1/T plot, used in the determination of 
thermodynamic parameters for the adsorption of Sb(III) on Fe-ATP.
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Moreover, the positive value of ∆S° indicates the increase in 
the degrees of freedom of the adsorbed species.

Other studies on the adsorption thermodynamics of 
Sb(III) are found in the literature. The similar value of ∆G° 
(−16.5 kJ/mol) for the adsorption of Sb(III) by Mn-modified 
perlite was reported [51], and the process of Sb(III) on goethite 
was also spontaneous based on the negative value of ∆G° [48]. 
In this work, the adsorption process is endothermic according 
to the positive ∆H° value. However, Xi et al. [54] stated that 
the adsorption of Sb(III) on bentonite was exothermic, with 
the ∆H° value of −2.4 kJ/mol. It can be concluded that the 
adsorption process of Sb(III) on Fe-ATP absorbed energy, but 
that on bentonite releases energy. The differences between 
adsorption on Fe-ATP and bentonite are caused by the dif-
ferent adsorption mechanisms. The adsorption is influenced 
by the strength and energy of interactions between Sb(III) 
and the adsorbents. The former reaction is mainly controlled 
by chemical processes, while the latter proceeds physically.

3.4. Adsorption isotherm models

In order to investigate the surface properties and affin-
ity of the proposed adsorbent, the obtained data were fit-
ted with three important adsorption isotherm models of 
the Langmuir, Freundlich, and D–R isotherms. The relative 
viabilities of these models for the data were determined by 
the correlation coefficients (R2) from fitting the data points 
using the least-squares method.

The Langmuir model depicts monolayer adsorption over 
a surface. It assumes that all adsorption sites have equal 
solute affinities and that no transmigrating sorbate exists 
in the surface plane. The model can be described using the 
following expression:

1 1 1
q q k C qe m l e m

= +  (7)

where qe is the amount of Sb(III) absorbed on Fe-ATP (mg/g), 
Ce is the equilibrium concentration of Sb(III) in solution 
(mg/L), qm is the maximum amount of Sb(III) absorbed on 
Fe-ATP (mg/g), and kl is the Langmuir constant. The max-
imum amount of adsorbed Sb(III) is 9.54 mg/g and R2 is 
0.77596 (Fig. 8(a)). This relatively low R2 value suggests 
that the relationship between qe and Ce is not satisfactorily 
described by the model.

The Freundlich isotherm describes heterogeneous 
adsorption and the exponential distribution of active sites 
with different energies. This model can be expressed using 
the equation:

ln ln lnq K
n

Ce F e= +
1  (8)

where the constant KF, is related to the adsorption capacity 
and 1/n is an indicator of the adsorption intensity. While 
adsorption is prone to occur for 0.1 ≤ 1/n ≤ 0.5, it is unlikely 
for 1/n > 2.0. The Freundlich isotherm is suitable in describing 
the intermediate concentration range and unsatisfactory for 
high coverage.

As depicted in Fig. 8(b), the Freundlich isotherm model 
fits the data well with an R2 value of 0.99045. The value 

(a)

(b)

(c)

Fig. 8. Isotherm models obtained for the adsorption of Sb(III) on 
Fe-ATP: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) D–R 
isotherm.
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(0.327) of 1/n, between 0.1 and 0.5, indicates that the adsorp-
tion of Sb(III) on Fe-ATP is favorable in the studied condi-
tions. It also indicates that Sb(III) is adsorbed on Fe-ATP 
by multilayered active sites with different affinities toward 
Sb(III). Similar results have been reported in previous work. 
Xi et al. [54] presented the 1/n value for Sb(III) adsorption on 
bentonite of 0.923 at 298 K, while that for Sb(III) adsorption 
on goethite was 0.728 [48]. Sb(III) is more easily adsorbed on 
Fe-ATP than on bentonite or goethite, according to the lower 
1/n value found in this work.

The D–R isotherm is more general than the Langmuir 
isotherm and is applied to analyze the nature of the Sb(III) 
adsorption process onto Fe-ATP as physical or chemical. The 
linear form of the D–R is written as follows:

ln lnq qe m= −βε2  (9)

where qe is the saturation capacity (mol/g); β is the activity 
coefficient (mol2/J2); and ε is the Polanyi potential, which can 
be calculated as follows:

ε = +








RT

Ce
ln 1 1  (10)

R is the universal gas constant (8.314 J/mol·K), T is 
the temperature (K), and Ce is the Sb(III) concentration in 
solution (g/L).

The qm and β values are 1.85 × 10−4 mol/g and 5 × 10−9 mol2/J2 
based on the intercept and slope, respectively (Fig. 8(c)). 

The mean free energy E (J/mol) is related to the constant 
β and can be obtained from the following equation:

Ε =
1
2β

 (11)

The adsorption mechanism can be categorized as chemical 
adsorption, ion exchange, or physical adsorption depending 
on the attraction between the adsorbent and adsorbate. The 
value of E provides information on the adsorption mecha-
nism. If E is smaller than 8 kJ/mol, the adsorption is physical in 
nature. For E of 8–16 kJ/mol, the adsorption occurs by chem-
ical ion exchange. The adsorption occurs chemically for E 
exceeding 16 kJ/mol. In this work, the value of E is 10 kJ/mol, 
indicating that the adsorption of Sb(III) onto Fe-ATP pro-
gresses primarily via chemical ion exchange.

The D–R model has also been discussed for adsorption in 
previous work. Fan et al. [58] found the adsorption of Sb(III) 
on mercapto-functionalized hybrid sorbent was a chemical 
process according to the value of E (18.9 kJ/mol); in addition, 
the value of E was calculated at 6.3 kJ/mol for the adsorption 
of Sb(III) on Mn-modified perlite [51]. 

As seen from Table 2, in conclusion, the R2 value 
(0.99045) of the Freundlich model is the highest among the 

values obtained relative to those from the Langmuir (0.77596) 
and D–R equations (0.96858). This demonstrates that the 
Freundlich isotherm fits the experimental data the best. 
Sb is easily adsorbed by Fe-ATP based on the value of 1/n 
(0.327). Adsorption capacity is a crucial factor to explore the 
adsorption ability of an adsorbent. The maximum capacity 
(qm) is usually obtained from the adsorption isotherm model. It 
is clear that Freundlich equation is the best model to describe 
the adsorption behavior in this study. However, this equation 
does not contain the parameter of “qm.” Then compared with 
Langmuir equation, the D–R equation could describe it better. 
For this reason, the values (22.52 mg/g) of qm from D–R model 
are considered as the maximum capacity for Fe-ATP. 

The comparison of adsorption capacity of Fe-ATP with 
other adsorbent reported in literature is illustrated in Table 3. 

Table 2
Isotherm parameters for the adsorption of Sb onto Fe-ATP

Langmuir model Freundlich model D-R model

qm (mg/g) KL (L/mg) R2 KF (mg/g) 1/n R2 qm (mg/g) β R2

9.54 3.06 0.77596 4.68 0.327 0.99045 22.52 5 × 10–9 0.96858

Table 3
Comparison of Sb(III) adsorption capacity on Fe-ATP with that 
of different adsorbents

No. Adsorbent Adsorption 
capacity (mg/g)

Reference

1 Diatomite 35.2 [59]
2 Chemically bonded 

adsorbent
21.92 [60]

3 Goethite 61.5 (average) [48]
4 Hydrous oxide of Mn 17.05 [62]
5 Hydrous oxide of Fe 12.18 [62]
6 MNP@hematite 36.7 [7]
7 Commercial Fe3O4 19.9 [7]
8 MWCNTs 0.33 [66]
9 Cyanobacteria Microcystis 

biomass
4.88 [68]

10 Fe2O3-modified CNTs 6.23 [70]
11 Graphene 8.056 [19]
12 Polyamide-graphene 158.2 [20]
13 Mn-modified perlite 76.5 [51]
14 Natural perlite 54.4 [51]
15 Imprinted polymer 6.7 [61]
16 Bonded silica gel 7.9 [63]
17 Sb(III)-imprinted sorbent 27.7 [64]
18 Nonimprinted sorbent 13.6 [64]
19 Green marine macroalgae 2.1 [65]
20 Brown seaweed 5.4 [67]
21 Sb(III)-imprinted silica gel 32.4 [69]
22 Nonimprinted sorbent 11.1 [69]
23 ATP 4.13 This study
24 Fe-ATP 22.52 This study
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Because of the different experimental conditions, the com-
parison results may be not extremely accurate. Though, it 
can be seen that the adsorption capacity of Sb(III) on Fe-ATP 
was better than some other adsorbents in some ways. In addi-
tion, compared with some other adsorbents, the adsorption 
reaction of Fe-ATP is very rapid and reaches equilibrium 
within 180 min. One of the great advantages for Fe-ATP is 
the rich reserve and low cost, making it more competitive in 
practical applications for wastewater treatment.

3.5. Adsorption kinetics

The effect of the contact time on the removal percentage 
of Sb(III) and capacity qt is shown in Fig. 9(a). It is clear that 
the removal percentage increases with time. The adsorption 
rapidly increases as a function of time up to 180 min and 
slowly increases thereafter. The removal percentage and 
capacity are approximately 88% and 4.28 mg/g at 180 min, 
respectively. Xi et al. [54] reported that adsorption equilib-
rium for Sb(III) on bentonite was reached within 24 h. The 
adsorption of Sb(III) onto graphene reached equilibrium after 
4 h [19]. Therefore, compared with other materials, Fe-ATP is 
more favorable for application in the removal of Sb(III) from 
large volumes of solution.

The adsorption kinetics can predict the rate of Sb(III) 
removal from aqueous solutions and provide valuable infor-
mation on the adsorption mechanism. In order to clarify the 
adsorption kinetics of Sb(III) on Fe-ATP, pseudo-first-order and 
pseudo-second-order kinetics were investigated in this study.

The linear form of the pseudo-first-order equation can be 
written as follows:

ln lnq q q k te t e−( ) = − 1  (12)

where qe and qt are the amount of Sb(III) adsorbed onto 
Fe-ATP at equilibrium and at time t (mg/g), respectively; and 
k1 is the rate constant, which is determined from the slope 
of the ln(qe–qt) versus t plot.

The pseudo-second-order model assumes that the rate 
is the limiting factor of the chemical adsorption mechanism. 
The equation is given as follows:

t
q k q

t
qt e e

= +
1

2
2  (13)

where qe and qt are the amount of Sb(III) adsorbed onto 
Fe-ATP at equilibrium and time t (mg/g), respectively; and k2 
is the rate constant. There is a negative correlation between 
the adsorption rate and the k2 value.

Fig. 9 and Table 4 show the kinetic parameters of the 
pseudo-first-order and pseudo-second-order models at dif-
ferent temperatures. For the pseudo-first-order model, the R2 
values are low and the obtained qe values (0.24–0.33 mg/g) 
differ greatly from the experimental data. It is clear that the 
pseudo-first-order model is inappropriate for modeling the 
adsorption process. However, the high R2 value (>0.999) indi-
cates that the pseudo-second-order equation satisfactorily 
describes the adsorption for each studied temperature. Many 
previous studies have reported that plots of the pseudo- 
second-order model converged better with experimental data. 

(a)

(b)

(c)

Fig. 9. Kinetic models for the adsorption of Sb(III) on Fe-ATP 
at different temperatures: (a) the effect of reaction time, 
(b) pseudo-first-order kinetics, and (c) pseudo-second-order 
kinetics.
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The R2 values of the pseudo-first-order and pseudo- second-
order models for Sb(III) adsorption by Mn-modified per-
lite were 0.935 and 0.999 at 303 K, respectively [51]. Zhao 
et al. [71] also found that the pseudo-second-order model 
described the adsorption of Sb acetate on sodium montmo-
rillonite well.

The calculated qe values (3.85–4.37 mg/g) according to the 
pseudo-second-order equation are close to 4.28 mg/g, indi-
cating that the adsorption process is controlled by chemical 
processes. The valence forces through the exchange of elec-
trons between Sb(III) and Fe-ATP are the main factor limiting 
the adsorption rate. This result further strengthens the con-
clusion that the adsorption of Sb(III) onto Fe-ATP progresses 
primarily via chemical ion exchange, according to the D–R 
isotherm, as shown in Section 3.4. The k2 value is increased 
with increasing temperature, which means that increases in 
the temperature correspond to decreases in adsorption rate. 
However, the adsorption capacity is significantly increased 
from 3.89 to 4.46 mg/g as the temperature is increased from 
30°C to 50°C. Therefore, the adsorption of Sb(III) onto Fe-ATP 
is endothermic, as can be concluded from Table 4. This result 
is consistent with that from the section on adsorption ther-
modynamics (Section 3.3).

Based on the earlier studies, the adsorption mechanism of 
Sb(III) on Fe-ATP was proposed as follows. Surface complex-
ation and ion exchange reactions were suggested as the dom-
inant mechanisms at lower pH, while electrostatic factors 
controlled the adsorption process under neutral or alkaline 
conditions. According to the Gibbs free energy, chemisorp-
tion was important in the adsorption process, consistent with 
the results from the kinetic models. The D–R model was also 
used to explore the adsorption mechanism. The mean free 
energy was 10 kJ/mol, implying that chemical ion exchange 
was the main factor affecting the adsorption process. The 
adsorption mechanism indicated that the Sb(III) was first 
adsorbed on the surface of Fe-ATP by electrostatic attraction, 
while further adsorption was attributed to chemisorption.

3.6. Desorption studies

The regeneration of the adsorbent is critical to render 
adsorption more economical and effective. Thus, it is nec-
essary to investigate the reuse potential of Fe-ATP. The 
capability for desorption was defined as the percentage of 
Sb(III) desorbed over the total amount of Sb(III) adsorbed 
by Fe-ATP. In recent years, ethylenediaminetetraacetic acid 
(EDTA) and NaOH have been used as desorbents with strong 
chelating functions on heavy metals [72]. In this work, the 
adsorbed Sb(III) was eluted by treatment with 0.1 mol/L 
EDTA or 0.1 mol/L NaOH. As shown in Fig. 10, the capacity of 

desorption is approximately 60% for both EDTA and NaOH 
at 180 min. A large amount of Fe3+ is also released in the 
solution with EDTA, but only slight amounts are found with 
NaOH. The surface of Fe-ATP is negatively recharged and 
therefore unfavorable for adsorption because of the reaction 
between NaOH and Fe-ATP. This supports the decrease in 
removal percentage with increasing pH. Therefore, it is better 
to use EDTA as the desorbent.

The results clearly indicate that Fe-ATP can be used 
repeatedly in the practical treatment of Sb-contaminated 
water. The positive entropy value (93.9 J/mol K) obtained in 
Section 3.3 also shows that Fe-ATP has a strong affinity for 
Sb(III) and can be reused. Other eluents for desorption have 
been reported in previous studies. Ten adsorption/desorption 
cycles of Sb(III) on diatomite were performed and showed a 
slight decrease of approximately 3% in the adsorption yield 
[59]. Leng et al. [19] used EDTA as an eluent to perform 
experiments and demonstrated that the removal percentage 
for graphene remained at 60% after five successive cycles. Fan 
et al. [58] tested EDTA, HCl, and HNO3 as eluents and found 
that the desorption efficiency with 3 mol/L HCl (96.7%) was 
much higher than that with 0.1 mol/L EDTA (2.8%).

4. Conclusions

In this study, a novel and efficient Fe-ATP adsorbent has 
been successfully synthesized and used for the removal of 

Table 4
Adsorption kinetic parameters for the adsorption of Sb(III)

Temperature (°C) qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

K1 (min–1) qe1,cal (mg/g) R2 K2 (g/mg/min) qe2,cal (mg/g) R2

30 3.89 0.0113 0.33 0.83118 0.1625 3.85 0.99996
40 4.11 0.0089 0.27 0.87087 0.2394 4.05 0.99997
50 4.46 0.0062 0.24 0.86175 0.3003 4.37 0.99996

Fig. 10. The desorption kinetic curves of Sb(III) from Fe-ATP 
(T = 303 K, m = 50 mg, V = 25 mL).
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Sb(III) from aqueous solutions. The effects of reaction time, 
pH, and coexisting ions on the adsorption process were 
investigated through batch adsorption experiments. It was 
clear that the adsorption was significantly influenced by pH 
and the capacity decreased with increasing pH. The adsorp-
tion isotherms were better described by the Freundlich 
model compared with the Langmuir and D–R models based 
on the R2 values of 0.99045, 0.77596, and 0.96858, respec-
tively. Adsorption thermodynamics were applied to study 
the thermal nature of the adsorption process. The adsorp-
tion of Sb(III) was higher at 323 K than at 303 K, according 
to the positive value of ∆H° (6.5 kJ/mol). The kinetics model 
demonstrated that the adsorption was relatively rapid, with 
the removal percentage exceeding 85% within 180 min. The 
pseudo-second-order model was more accurate in describ-
ing the adsorption process, implying the process was con-
trolled by chemical adsorption. Furthermore, 0.1 mol/L 
of EDTA or NaOH was used as a desorbent in desorption 
studies, and the desorption percentage with both agents was 
approximately 60% after 180 min. This work demonstrates 
the potential use of Fe-ATP as an effective recyclable adsor-
bent for the low-cost and fast-uptake elimination of Sb from 
wastewater.
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