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ABSTRACT 
 

Antimony pollution has attracted increasing attention for its toxicity. In this study, iron oxide, copper 
oxide and Fe-Cu binary oxide were synthesized by chemical precipitation/co-precipitation method 
and investigated using XRD, SEM and FTIR characterizations. Then Sb(V) removal from water by 
different adsorbents was evaluated. Moreover, the effect of solution pH and initial adsorbents dose 
was systematically investigated. It was found that removal capacity of kaolinite, aluminum oxide 
and MWCNTs was poor. However, Sb(V) adsorption on iron oxide and copper oxide was rapid and 
followed a pseudo-second-order rate law. The equilibrium adsorption capacity increased with the 
increasing of adsorbent dosage. Especially, when pH <5.0, the removal percentage of Sb(V) by 
iron oxide sharply increased. Sb(V) uptake by Fe-Cu binary oxide was better than both iron oxide 
and copper oxide. FTIR analysis confirmed the presence of active -OH and dynamic analysis 
indicated that chemical adsorption was dominant mechanism for Sb(V) adsorption. Above all, the 
production process of iron-based adsorbents was simple and they possessed high adsorption 
ability for Sb(V), Therefore, iron oxide and Fe-Cu binary oxide were promising adsorbents for 
antimony removal from contaminated water. 
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1. INTRODUCTION 
 
Antimony (Sb) is metalloid, and belongs to group 
VA of the periodic table. It is extensively used in 
alloys, batteries, flame retardants and power 
transmission equipment [1]. The environmental 
behavior of antimony is often similar to that of 
arsenic [2]. Antimony and its compounds are 
considered to be hazardous to human health or 
even carcinogenic [3]. Generally, the trivalent 
and pentavalent inorganic forms of antimony are 
the most common species in water solution, and 
Sb(III) species are known to be 10 times more 
toxic than Sb(V) species [4]. According to 
thermodynamic predictions, Sb(V) present in 
aerobic condition and Sb(III) persisted in anoxic 
media. However, because of biological activity 
and kinetic effects, Sb(III) and Sb(V) species 
frequently coexists in natural waters [5]. 
Antimony is classified as priority pollutant by the 
Environmental Protection Agency of the United 
States [6] and by the European Union [7]. Also, 
China established 5 μg·L-1 for antimony as 
quality standards for surface water in 2002 [8]. 
 
Most of the world's environmentally significant 
antimony pollution is largely due to mining 
industry which produces a great quantity of 
antimony mine drainage and antimony waste 
residue [9]. In China, the antimony mine drainage 
contains high concentrations of suspended solids, 
dissolved antimony, arsenic, lead and sulfates 
etc. Even after precipitation treatment in factories, 
the typical concentrations of dissolved antimony 
still ranged from a few μg·L-1 to a few mg·L-1              
[10,11]. Now, waters and soils around the mine 
area were seriously contaminated in China, and 
the health of plants, aquatic species and humans 
was endangered [12].  
 

Precipitation [13], coagulation/flocculation [14], 
electrochemical [15] and adsorption [16] methods 
have been used for the removal of antimony from 
aqueous solution. Among these methods, 
adsorption method is one of the most effective 
choices for the removal of heavy metal ions from 
aqueous solutions because of its low cost, 
simplicity, rapidness and high efficiency. 
Considering large amounts of antimony mine 
drainage produced with high level of antimony 
and sulfate, the context of application is 
especially important. Significant research has 
been conducted on antimony adsorption by 
different kind of materials, such as granular 

activated carbon, bentonite, multiwall carbon 
nanotubes, and natural biomaterials [17-20]. 
Experiments showed Sb(III) removal ability of 
FeCl3-modified granular-activated carbon was 
2.7 mg/g [17]. Sb(III) and Sb(V) removal ability of 
bentonite was 0.56 and 0.50 mg/g, respectively 
[18]. The MWCNTs had an adsorption capacity of 
0.325 mg Sb(III)/g MWCNTs at pH 7.0 and 298 K 
[19]. The maximum Sb(III) sorption capacity of 
Physcia tribacia was 81.1 mg/g [20]. Recently, 
iron and iron oxide were widely used to remove 
antimony from water. For example, Sb(III) and 
Sb(V) removal from water by nanoscale zero-
valent iron stabilized with polyvinyl alcohol was 
evaluated. Its maximum adsorption capacity for 
Sb(III) and Sb(V) was 6.99 and 1.65 mg·g-1, 
respectively [21]. Hematite coated magnetic 
nanoparticle was fabricated through 
heterogeneous nucleation technique and used to 
remove trace Sb(III) from water [22]. Fe-Zr binary 
oxide adsorbent had a removal capacity of 51 
mg·g

-1
 for Sb(V) at pH 7.0 [23]. At pH 5.0, the 

maximum removal capacity of Sb(V) by Fe-Mn 
binary oxide, ferric hydroxide and manganese 
dioxide was 1.05, 0.82 and 0.43 mmol·g-1, 
respectively [24]. Chemical methods are well 
known and widely accepted methods for bulk 
production of iron oxide. And chemical co-
precipitation method is a widely applicable 
method for synthesis of binary oxide [25]. There 
have been relatively investigations addressing 
the property and mechanism of arsenic binding 
to different metal oxide adsorbents, and the 
result was well [26]. However, studies about 
Sb(V) adsorption capability exerted by different 
adsorbents were limited, especially metal oxide 
and bimetal composites. Recently, it was 
reported that cupric oxide was an effective 
sorbent for both As(V) and As(III) removal. 
Although antimony has some similar chemical 
properties with arsenic, it has seldom been 
studied for antimony removal.  
 
The objectives of this study were to (1) prepare 
iron oxide, copper oxide and Fe-Cu binary oxide; 
(2) compare the relative affinity of Sb(V) for 
different kinds of adsorbents, including iron 
powder, nanoscale zero-valent iron, iron oxide 
and copper oxide; (3) study the effect of 
adsorbent dose and solution pH on Sb(V) 
removal. Meanwhile, scanning electron 
microscopy, Fourier transform infrared spectra, 
X-ray diffraction and dynamic analysis were used 
to illustrate the adsorption mechanism. 
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2. EXPERIMENTAL SECTION 
 

2.1 Chemical Reagents 
 
Deionized water was produced from a Dilli-Q 
water purification system. It was used to prepare 
stock solutions and synthetic water. Prior to use, 
all polyethylene bottles, glassware and sample 
vessels were immersed in 15% HNO3 solution, 
and rinsed with deionized water. 
 
Iron powder was purchased from Tianjin Kemiou 
Chemical Reagent Co. Ltd., China. Kaolinite and 
aluminium chloride anhydrous (AlCl3) was 
obtained from Tianjin Damao Chemical Reagent 
Factory, China. Iron chloride hexahydrate 
(FeCl3·6H2O) was purchased from Xilong 
Chemical Co. Ltd., Guangzhou, China. Cupric 
sulfate (CuSO4) and sodium hydroxide (NaOH) 
were purchased from Tianjin Yongda Chemical 
Reagent Co. Ltd, China. Multiwall carbon 
nanotubes (MWCNTs) and nanoscale zero-valent 
iron (NZVI) were purchased from Beijing 
Boyugaoke New Material Technology Co. Ltd., 
China, and they were used as received. 
Potassium pyroantimonate (KSb(OH)6) was from 
Aladdin Industrial Corporation, Shanghai, China. 
All the chemicals and reagents used were 
analytical grade or higher. The Sb(V)-stock 
solution with an antimony concentration of               
100 mg·L-1 was prepared by dissolving KSb(OH)6 
into 2 mol·L

-1
 HCl solution.  

 

2.2 Preparation and Characterization of 
Adsorption Materials  

 
Fe-Cu binary oxide with a Fe/Cu molar ratio of 
2/1 was prepared by chemical co-precipitation 
method then treated by drying treatment. The 
schematic flowchart for the preparation steps of 
the Fe-Cu binary oxide is illustrated in Fig. 1. Iron 
oxide was prepared at room temperature (23°C) 
according to the following procedure: 0.617 
mol·L

-1
 FeCl3 was dissolved in 20 mL of 

deionized water. Then 1.25 mol·L-1 NaOH was 
slowly added into the FeCl3 solution with 
continuously magnetic stirring until the solution 
pH was kept in the range of 9–10. After addition, 
the formed suspension was continuously stirred 
for 2 h, and then the suspension from centrifuge 
was washed with deionized water three times. 
The supernatant was discarded each time after 
the centrifugal separation. The final product was 
dried at 80°C for 24 h. The copper oxide and 
aluminum oxide were synthesized using similar 
methods. The final dry materials appeared in the 
form of fine powder. 

Particle size and morphology were characterized 
using scanning electron microscopy (SEM, JSM-
6380LV, JEOL, Japan). Chemical composition 
and crystal structure were examined by and X-
ray diffraction (XRD, D8 Advance, Bruker, 
Germany). For characterization of the functional 
groups on the surface of prepared adsorbents, 
Fourier transform infrared (FTIR, Nicolet 6700, 
USA) spectra of samples were measured by the 
standard KBr disk method. 
 

2.3 Removal Experiment 
 

Stock solution of 250 mL 100 mg·L
-1

 Sb(V) 
solution was prepared first. Sb(V) adsorption 
batch experiment were run in a 125 mL 
polypropylene bottles containing 100 mL of 20 
mg·L-1 Sb(V) solution. And the initial solution pH 
was adjusted to 5.0±0.1 by adding 3 mol·L

-1
 HCl 

or NaOH. In each test, 0.03 g different adsorbent 
samples (iron powder, kaolinite, NZVI, iron oxide, 
aluminum oxide, copper oxide, Fe-Cu binary 
oxide, MWCNTs) were added to the bottles, 
respectively. Then, the bottles were shaken on 
an end-over-end tumbler at 100 rpm for 24 h at 
23°C. At timed intervals, samples were taken by 
a 5 mL-syringe, filtered through 0.45 μm 
membrane and analyzed for Sb(V) 
concentrations. Duplicate tests were conducted 
for all the experiments.  
 

To study the effect of solution pH on Sb(V) 
adsorption, the initial pH of Sb(V) solution was 
adjusted to 3.0, 5.0, 7.0 and 9.0 respectively with 
adding 1.0 mol·L

-1
 HCl or 1.25 mol·L

-1
 NaOH. 

Then the experiments were carried out by adding 
0.03 g NZVI, iron oxide and copper oxide into 
100 mL Sb(V) solution respectively. Other 
conditions were the same as above. 
 

Effect of adsorbents dose on Sb(V) adsorption 
was investigated at pH 5.0. 0.015, 0.03, and 
0.045 g of iron oxide was added to 100 mL 20 
mg·L-1 Sb(V) solutions, respectively. 0.03, 0.05, 
and 0.08 g copper oxide was added to 100 mL 
20 mg·L-1 Sb(V) solutions, respectively. Other 
conditions were the same as above. 
 

2.4 Analytical Methods 
 

Samples for Sb(V) were analyzed as total 
antimony by flame atomic absorption 
spectrophotometer (AA-7001, East & West 
Analytical Instruments, Inc., Beijing). The 
detection limit of this method was 0.2 mg·L

−1
, 

and the analytical regression coefficient R
2
 was 

greater than 0.997. The pH of solution after 
reaction was measured by a pH meter (PB-10 
Sartorius Scientific Instruments Co., Beijing). 
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Fig. 1. Flow chart for preparation of Fe-Cu binary oxide using co-precipitation method 

 

3. RESULTS AND DISCUSSION 
 
3.1 Difference in the Fabrication Process 

of Iron Oxide and Fe-Cu Binary Oxide 
 
Formation of copper oxide and iron oxide was 
easily discernible due to changes in the color of 
the solution. Red-brown precipitates were formed 
by adding NaOH to FeCl3 solution with 
magnetically stirring. Blue solids were also 
synthesized by titrating CuSO4 solution to pH 10 
with NaOH. Compared with copper oxide, 
appearance of iron oxide precipitates was more 
obvious. During the preparation process of Fe-
Cu binary oxide with a Fe/Cu molar ratio of 2/1, it 
was found that the product colour was darker 
than red-brown, and the blue solid did not occur. 
Moreover, the prepared Fe-Cu binary oxide 
settled better than iron oxide in water, which can 

reduce the loss of Fe
3+

 ion that cannot precipitate 
completely. As seen in Fig. 2, when Fe-Cu binary 
oxide settled down, lamination did not appear 
which indicated that prepared Fe-Cu oxide was 
not just simple physical mixture of iron oxide and 
copper oxide.  

 
3.2 SEM Image of Prepared Different 

Adsorbents 
 
Fig. 3 shows the SEM image of the iron oxide 
and copper oxide which was synthesized by 
precipitation method and then dried at 80 °C for 
24 h. As shown in Fig. 3a, most of iron oxide 
particles were massive and compact. They were 
not of uniform size, certain particles reached the 
nanometer grade, and some were greater than 
10 μm. As can be seen from Fig. 3b, the copper 
oxide was present as small, acicular particle. 

 

Solution of FeCl3 (12.5 

mL, 0.617 mol/L) @ 23°C 

Solution of CuSO4 (7.5 mL, 

0.5 mol/L) @ 23°C 

Vigorous stirring 

Kept at pH of 10 for 2 h 
While stirring magnetically 

Adding NaOH (1.25 mol/L) 

Centrifugal separation 

Re-suspending in distilled 

water 

Three  
times 

Centrifugal separation 

Drying at 80°C overnight 
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Fig. 2. Tubes containing iron oxide (left) and Fe-Cu binary oxide (right) at various time.                  
(a): after 1 min; (b): after 10 min; (c): after 30 min; (d): after 60 min; (e): after 120 min 

 

  
 

Fig. 3. SEM images of (a) iron oxide and (b) copper oxide 
 

3.3 XRD Pattern of the Adsorbents 
 

Using different preparation methods, the phase 
composition of iron oxide was also different.  Fig. 
4 shows phase composition of reaction products 
that was determined by XRD. Four diffraction 
peaks observed at 22.3°, 35.34°, 54.2° and 
62.52° in Fig. 4a were features of FeOOH                    
[27,28], which was the main iron oxide products. 
In addition, the presence of broad peaks in X-ray 
diffraction spectra showed that prepared iron 
oxide was poorly ordered and amorphous.                
Fig. 4b shows the XRD patterns of the copper 
oxide which was effectively prepared via 
precipitation method using CuSO4. The patterns 
showed that prepared copper oxide had good 
crystallinity. The characteristic peaks at 36.2°, 
39°, 49.3°and 61.8° were in agreement with 
those of the standard patterns of CuO [29]. 
 

3.4 FTIR Analysis 
 

The FTIR spectra record was carried out in the 
range of 400-4000 cm

-1
. Fig. 5 illustrates the 

FTIR spectra of iron oxide, copper oxide and Fe-
Cu binary oxide. The occurrence of band near to 
1640 cm-1 in all samples was ascribed to the 
hydroxyl groups of physisorbed water molecules 
[30]. The peak at 3410 cm-1 can be assigned to 
the stretching vibration of -OH band, which 
indicated the presence of hydroxyl on these 
adsorbents [31].  
 
For the iron oxide, the peaks between 1300 cm-1 

and 1550 cm
-1

 corresponded to the bending 
vibration of the hydroxyl group associated with 
Fe. The band at about 500-800 cm

-1
 referred to 

Fe-O characteristic absorption peaks [32]. 
However the characteristic peak intensity was 
not high, and the XRD spectrum also proved that 
the product was relatively low in crystallinity. 
 
For the copper oxide, the existence of band at 
490 cm

-1
 recognized to the vibrations of Cu-O, 

confirming the formation of copper oxide [33]. 
Moreover, bands observed at 1005-1170 cm

−1
 

were relevant to the asymmetric and symmetric 

(a) (b) 

(a) (b) (c) (d) (e) 
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S-O stretches, which indicated that copper oxide 
adsorbed some SO4

2-
 ion. In addition, an 

approval of cuprous oxide (Cu2O) peaks at                
615 cm

-1
 was detected [34].  

 
For the Fe-Cu binary oxide, two peaks at 1450 
and 1350 cm

-1
 were due to the bending vibration 

of the hydroxyl group associated with Fe and Cu 
[32]. A new peak at 480 cm

-1
 was different from 

that of copper oxide and iron oxide, and it may 
indicate the formation of Fe-Cu binary oxide. 
 

3.5 Comparison of Sb(V) Adsorption on 
Different Adsorbents 

 
The goal of adsorption experiments at this stage 
was to provide a preliminary understanding of the 
adsorption capacity of different adsorbents for 
Sb(V) ion. Initial Sb(V) concentration of 20 mg·L-1 
was chosen at their typical concentrations in 
antimony mine drainage. Fig. 6 shows the 
reaction data of Sb(V) on different adsorbents as 
a function of contact time. [Sb(V)0] and [Sb(V)] 
denoted the initial and residual concentration 

after time t, respectively.  

was used to determine the removal percentage. 
It can be seen that, Sb(V) removal rate of 
kaolinite, aluminum oxide, and MWCNTs after 24 
h was 2%, 0.5%, and 1.8% respectively. At the 
same reaction condition, around 19.6%, 45.58%, 
66% and 27.7% of Sb(V) was removed by                 
0.3 g·L-1 iron powder, NZVI, iron oxide, copper 
oxide. It indicated that the removal ability of iron-
based adsorbents was optimal. Compared with 

iron powder, significant adsorption improvement 
was obtained by NZVI due to increasing specific 
surface area which provided a large number of 
adsorption sites. However, nanoscale particles 
do not show a higher adsorption rate over micro-
scale iron oxide and copper oxide. There may be 
some strong interaction between iron oxide 
particles and Sb(V), apart from van der Waals 
attraction. FTIR spectra indicated that iron oxide 
had large amount of Fe–OH functional groups, 
which may provide a large number of chemical 
adsorption sites. Moreover, Xu et al. [24] found 
Sb(OH)6

− may form inner-sphere surface 
complexes at the surface of the Fe-Mn binary 
oxide. Therefore, the chemical adsorption was 
the primary reason for the high adsorption ability 
of iron oxide and copper oxide. Overall, the 
results showed that iron oxide was significantly 
more effective at removing Sb(V) than the other 
adsorbents.  
 

3.6 Effect of pH on Sb(V) Adsorption  
 

Solution pH was one of the more important 
factors affecting adsorption process, and it was 
related to speciation of the metal ions in solution 
and the surface functional groups on the 
adsorbent. It was known that, positively charged 
antimony species only occurred in extreme acidic 
conditions (pH<2). Antimonate (Sb(OH)6

-) was 
the most common inorganic forms of Sb(V) 
species present in solution [35]. Furthermore, the 
pH value of antimony mine drainage was in the 
range of 3.48-9.88 in China [36]. Therefore, the 
study of pH effect on Sb(V) adsorption was 
necessary.  

 

  
  

Fig. 4. XRD pattern of prepared (a) iron oxide and (b) copper oxide 
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Fig. 5. FTIR spectra of the prepared iron oxide, 
copper oxide and Fe-Cu binary oxide 

 

 
 

Fig. 6. Removal of 20 mg·L
-1

 Sb(V) by 0.3 g·L
-1

 
different adsorbents at initial pH of 5.0 

 
Fig. 7 shows the effect of pH on Sb(V) adsorption 
on iron oxide, NZVI and copper oxide. It was 
clear to see that Sb(V) adsorption by iron oxide, 
NZVI and copper oxide was sensitive to pH 
variations. For the iron oxide, when the initial 
solution pH was 3.0, Sb(V) was quickly removed 
and removal rates reached to 100% after 6.5 h 
reaction. With the initial solution pH increased to 
5.0, 7.0 and 9.0, the removal rate of Sb(V) after 
24 h reaction decreased to 69%, 38.1% and 29.6% 
respectively. After reaction with iron oxide, the pH 
of Sb(V) solution was changed to 2.92, 6.16, 
6.42, 8.15 respectively. When the initial solution 
pH was 3.0, 5.0, 7.0, 9.0, the removal rate of 
Sb(V) with copper oxide were 41%, 27.7%, 
23.9%, 13.3%, respectively. It was shown that 
Sb(V) adsorption by copper oxide was not so 
sensitive as iron oxide to pH variations. Just as 
iron oxide, the adsorption ability of Sb(V) by 

NZVI increased with decreasing of initial solution 
pH. The reason was that in acidic and neutral pH, 
the surface charge of NZVI and iron oxide was 
positive because of the protonation reaction. 
With decreasing pH value, the surface charge 
was more positive and the electrostatic attraction 
between the negatively charged Sb(OH)6

-
 ion and 

the positively charged NZVI and iron oxide 
became stronger, and thereby resulted in the 
increase of Sb(V) adsorption. Especially, when 
pH <5.0, the removal percentage of Sb(V) 
sharply increased.  

 

3.7 Effect of Adsorbent dose on Sb(V) 
Removal  

 
Unlike acid mine drainage, the acidity of actual 
antimony mine drainage was not very high, most 
of which was within a range of weak acids to 
weak bases [36]. Further the cost of practical 
application of these nanomaterials can be 
prohibitive. So, next research was focused on 
Sb(V) adsorption by iron oxide and copper oxide 
at initial pH of 5.0. 
 
The influence of adsorbent dose on the Sb(V) 
removal rates was investigated, and the results 
are shown in Fig. 8. It shows that increasing the 
amount of iron oxide and copper oxide resulted 
in a faster and more extended adsorption of the 
Sb(V) from water. At an initial iron oxide dose of 
0.15, 0.3 and 0.45 g·L-1, about 47.08%, 69% and 
89.03% of 20 mg·L

-1
 Sb(V) were removed within 

24 h, respectively. At an initial copper oxide dose 
of 0.3, 0.5 and 0.8 g·L

-1
, about 27.7%, 44.12% 

and 77.04% of 20 mg·L-1 Sb(V) were removed 
respectively. In addition, it was observed that the 
adsorption process of Sb(V) onto these 
adsorbents could be divided into two steps. In 
the first step, the adsorption rate was fast and 
almost 90% of the total adsorption of Sb(V) 
occurred within the initial 6 h of reaction. The 
adsorption rate then slowed down significantly.  

 
To elucidate the sorption mechanism, pseudo-
first-order and pseudo-second-order kinetics 
were used to evaluate the dominant mechanism 
involved in Sb(V) adsorption onto iron oxide and 
copper oxide. The low value of determination 
coefficient (R

2
) indicated that Sb(V) removal did 

not follow a pseudo-first-order kinetic. The 
reaction was described by pseudo-second-order 
kinetic according to Eq. (1) [37],  
 

2
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t 1 t
= +

q k q q
                                        (1) 

4000 3600 3200 2800 2400 2000 1600 1200 800 400

 

 

T
ra

ns
m

it
ta

nc
e 

(%
)

Wavenumbers (cm
-1
)

 Copper oxide
 Iron oxide
 Fe-Cu binary oxide

1640

1640

1640

3410

3410

3410

1300-1550

480
1350-1450

1005-1170

615

0 4 8 12 16 20 24
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 [
S

b
(V

)]
/[

S
b

(V
) 0

] 

Time (h)

 Iron powder
 NZVI
 Iron oxide
 Aluminium oxide
 Copper oxide
 Kaolinite
 MWCNTs



 
 
 
 

Li et al.; ACSJ, 14(2): 1-12, 2016; Article no.ACSJ.25366 
 
 

 
8 
 

where t (h) is the reaction time, qe (mg·g-1) is and 
qt (mg·g

-1
) is the amount of adsorbed Sb(V) at 

equilibrium and at any time t, k2 (g·mg-1·h-1) is 
the equilibrium rate constant for pseudo-second-
order sorption. The fitted kinetic parameters were 
shown in Table 1. Obviously, qe increased with 
increasing of adsorbent dosage. As being 

indicated from R2 values in Fig. 9, the pseudo-
second-order model was suitable to describe the 
adsorption of Sb(V) onto iron oxide and copper 
oxide. This just showed the dominant mechanism 
of chemisorptions involved. Again the 
appearance of massive active hydroxyl group 
supported for this view.  

 

  
 

 
 

Fig. 7. Effect of pH on Sb(V) removal for (a) iron oxide; (b) copper oxide; (c) NZVI. Initial 
adsorbent dose was 0.3 g·L

-1
 and Sb(V) concentration was 20 mg·L

-1
 in all cases 

 

  
 

Fig. 8. Effect of adsorbent dose on Sb(V) removal from solution for (a) iron oxide and (b) 
copper oxide. Initial Sb(V) concentrations was 20 mg·L-1 , and pH was 5.0 
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Fig. 9. Kinetics of Sb(V) removal by (a) iron oxide and (b) copper oxide with different dose. 

Initial Sb(V) concentrations was 20 mg·L
-1

, and pH was 5.0 
 

3.8 A Preliminary Study of Sb(V) Removal 
with Fe-Cu Binary Oxide 

 
Fig. 10a highlights the variation of the adsorbed 
Sb on Fe-Cu binary oxide with a Fe/Cu molar 
ratio of 2/1. Fig. 10b shows that Sb(V) removal 
by Fe-Cu binary oxide followed a pseudo-
second-order kinetic. It was calculated that qe 
was approximately 58.89 mg·g-1 and k2 was 
0.03844 g·mg

-1
·h

-1
. However, at the same 

reaction condition, qe was 48.08 and 20.82 mg·g-

1
 and k2 was 0.017516 and 0.010578 g·mg

-1
·h

-1
 

for iron oxide and copper oxide, respectively. It 
was obvious that the adsorption rate and uptake 
of Sb(V) ions by obtained Fe-Cu binary oxide at 
equilibrium were higher than both iron oxide and 
copper oxide. Moreover, it can reduce the loss of 

Fe
3+

 ion with adding Cu
2+

 ion in water                         
solution during Fe-Cu binary oxide preparation. 
In brief, simple process of preparing and high 
removal capacity in this study revealed that                
Fe-Cu binary oxide could be a better adsorbent 
for the removal of Sb(V) from antimony mine 
drainage. In addition, this material outperformed 
many other reported adsorbents for Sb(V), such 
as nano-zero valent iron stabilized by polyvinyl 
alcohol [21], Fe-Zr bimetal oxide [23], goethite 
[38], and so on. Although the maximum 
adsorption capacity of Fe-Cu binary oxide was 
lower than that of Fe-Mn binary oxide (127.89 
mg·g

-1
, pH 5.0), the initial Sb(V) concentration 

was as high as 60 mg·L-1 in research of Xu et al. 

[24], that could put on the calculated removal 
ability. 
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Fig. 10. (a) Performance and (b) kinetic of Sb(V) removal by Fe-Cu binary oxide at pH of 5.0. 
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Table 1. Kinetics constants for Sb(V) adsorption on the iron oxide and copper oxide 
 

Pseudo-second-order model 
Iron oxide Copper oxide 

Dose  
(g·L

-1
) 

k2 (g·mg-1·h-1) qe (mg·g-1) R2 Dose (g·L-1) k2 (g·mg-1·h-1 ) qe (mg·g-1) R2 

0.15 0.023476 32.15 0.987 0.3 0.010578 20.82 0.894 
0.3 0.017516 48.08 0.990 0.5 0.032111 30.58 0.994 
0.45 0.025862 60.97 0.997 0.8 0.027348 52.63 0.997 

 
4. CONCLUSIONS 
 
Different kinds of adsorbents were used to 
remove Sb(V) from water solution. Kaolinite, 
aluminum oxide and MWCNTs almost had no 
removal ability for Sb(V). Around 19.6%, 45.58%, 
66% and 27.7% of 20 mg·L

-1
 of Sb(V) was 

removed by 0.3 g·L-1 iron powder, NZVI, iron 
oxide, copper oxide at the same reaction 
condition. NZVI and iron oxide performed well 
under acid conditions, especially at pH< 5.0. 
Kinetic results revealed that Sb(V) sorption onto 
iron oxide and copper oxide followed a pseudo-
second-order kinetic model. Compared with iron 
oxide and copper oxide, significant adsorption 
improvement was gained by Fe-Cu binary oxide 
with a Fe/Cu molar ratio of 2/1 which was 
successfully prepared through a co-precipitation 
method. Furthermore, it showed a capacity of 
58.89 mg·g

-1
 at pH 5.0 with an initial Sb(V) 

concentration of 20 mg·L-1. The high Sb(V) 
adsorption ability of the iron-based adsorbent 
was mainly due to the chemisorption process. 
However, intensive research was need for Sb(V) 
adsorption mechanism with iron oxide and Fe-Cu 
binary oxide. 
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