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ABSTRACT

Fe-Cu binary oxides with different Fe/Cu molar ratio were synthesized via a facile
co-precipitation process and their performance on Sb(V) removal was systematically evalu-
ated. It demonstrated that as-prepared binary oxides possessed better Sb(V) adsorption
capacity than both iron oxide and copper oxide. Moreover, the optimum Fe/Cu molar ratio
for binary oxides was about 3/1. Sb(V) adsorption on the Fe-Cu binary oxide did follow a
pseudo-second-order kinetic model, indicating that chemical sorption played a major role.
The adsorption isotherm data gave better fit to the Freundlich model. Furthermore, the
Fe-Cu binary oxide showed an adsorption capacity of 191.9 mg g™ at pH 6.0, which was
higher than that of many other adsorbents. Coexisting anion SO3~ and PO;~ obviously
inhibited the Sb(V) removal. In addition, Sb(V) adsorption on the Fe-Cu binary oxide was
favorable under acidic condition. Little of Fe and Cu ions were released to water in pH
range of 6.0-9.0. After reaction, the morphology of Fe-Cu binary oxide did change
significantly and the surface complex was produced.
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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 transmis-
sion equipment [1]. Antimony and its compounds are
considered to be hazardous to human health or even
carcinogenic. Thus, they are considered pollutant of
priority interest by the USEPA [2]. Recently, as a
result of mining processes, industrial accidents, and
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shooting activities, large quantities of antimony have
been released in waters [3,4]. For example, the concen-
tration of dissolved Sb in surface water around the
mining areas of China ranged from 4.58 to 29.4 mg L™"
[5]. The concentration of Sb in domestic wells in the
Dtbrava abandoned mine site reached 126 pug L™" [6],
which was far exceeds the drinking water limit
Gug L.

Trivalent and pentavalent inorganic forms of anti-
mony are the most common species in water solution.
According to thermodynamic predictions, Sb(V) pre-
sents in aerobic condition and Sb(IIl) persists in anoxic
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media regularly. The Sb(V) species exists dominantly
as Sb(OH), when the pH is higher than 3.0. While the
Sb(III) mainly exists as Sb(OH); in pH range of 2.0-
10.0 [1]. Moreover, Sb(IlI) species are known to be 10
times more toxic than Sb(V) species [7]. However, the
solubility of Sb(OH); is low and it can bind more
strongly than the Sb(OH), to hydroxides of Fe, Mn,
and humic acids in soils and sediment [8-10]. So, Sb
(V) has a greater effect on human than Sb(Il), and it
was chosen as the target contaminant in this study.

Precipitation [11], coagulation/flocculation [12],
electrochemical [13], and adsorption [14] methods
have been used for the removal of antimony from
aqueous solution. Among these methods, adsorption
method is one of the most effective choices because of
its low cost, simplicity, rapidness, and high efficiency
[15]. Significant research has been conducted on anti-
mony adsorption by different kinds of materials.
However, the removal ability of antimony using ben-
tonite [16], carbon nanotubes [17], activated carbon
[18], and nanoscale zero-valent iron [19] was not good,
and the modification of these materials was generally
needed. Most recently, iron based oxide was success-
fully developed as a novel adsorbent with the signifi-
cance removal of Sb(Il) and Sb(V). For example,
akaganeite was synthesized by slow hydrolysis of a
FeCl; solution and used to remove antimonate from
water [20]. The removal capacity of Sb(V) by Fe-Mn
binary oxide was higher than both ferric hydroxide
and manganese dioxide [21]. Moreover, the systemati-
cal study of Sb(V) adsorption capability exerted by Fe-
Zr [22] and Fe-Zn [23] bimetal composites was also
conducted.

As a cheap metal oxide, copper oxide provided
wide prospects in gas sensors, solar cells, and catalyst
[24,25]. Recently, it was reported that cupric oxide
was an effective sorbent for both As(V) and As(III)
removal over a wide pH range [26]. Also, Fe-Cu bin-
ary oxides were synthesized and tested for arsenic
[27] and phosphate [28] removal. Although antimony
has chemical similarities to arsenic, copper oxide has
seldom been studied for antimony removal from
water. It was expected that incorporation of copper
into iron oxides would benefit from both the iron oxi-
des and copper oxides.

In this study, a facile co-precipitation method was
established to prepare an innovative Fe-Cu binary
oxide. The main objectives of this research were to (i)
characterize the prepared Fe-Cu binary oxide with a
variety of techniques, (ii) optimize the Fe/Cu molar
ratio of binary oxides for the Sb(V) adsorption, (iii)
investigate Sb(V) removal performance as well as the
effect of solution pH and coexisting anions, and (iv)
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evaluate the potential use of the Fe-Cu binary oxide to
treat antimony residue leach liquor.

2. Experimental section
2.1. Chemicals

Iron chloride hexahydrate was purchased from
Xilong Chemical Co., Ltd, Guangzhou, China. Cupric
sulfate and sodium hydroxide were purchased from
Tianjin Yongda Chemical Reagent Co., Ltd, China.
Potassium pyroantimonate (KSb(OH)s) was from
Aladdin Industrial Corporation, Shanghai, China.
Sodium carbonate anhydrous was from Tianjin Chem-
ical Reagent Research Institute Co., Ltd, China.
Sodium sulfate anhydrous was purchased from Tian-
jin Kemiou Chemical Reagent Co., Ltd, China. Sodium
phosphate tribasic was from Tianjin Fengchuan Chem-
ical Reagent Science And Technology Co., Ltd, China.
All the chemicals and reagents used were analytical
grade. Deionized (DI) water was used to prepare stock
solutions and synthetic water. Prior to use, all poly-
ethylene bottles, glassware, and sample vessels were
immersed in 15% HNOj; solution, and rinsed with DI
water three times.

2.2. Preparation of Fe-Cu binary oxide

Preparation steps of the Fe-Cu binary oxide with a
Fe/Cu molar ratio of 2/1 was as follows. First,
125mL of 0.617molL™" FeCl; and 75mL of
0.5mol L™ CuSO, solutions were mixed. Then,
1.25 mol L™! NaOH was slowly added into the mixed
solution with continuously magnetic stirring. And the
solution pH was kept in the range of 9.0-9.5. After
addition, the formed suspension was continuously
stirred for 2 h, then the suspension was centrifuged at
7,000 r min~! for 10 min, and the deposit was washed
with DI water. Fe-Cu binary oxides with a Fe/Cu
molar ratio of 1/2, 1/1, and 3/1 were also prepared
by altering quantity of FeCl; and CuSO,. Copper
oxide and iron oxide were synthesized using similar
methods without adding FeCl; or CuSO,. The final
product was dried at 80°C for 24 h, and ground for
0.5 h with a mortar and pestle. The final dry materials
appeared in the form of fine powder and was used for
material characterization and Sb(V) removal.

2.3. Characterization of Fe-Cu binary oxide

Particle size and morphology were characterized
using  scanning  electron  microscopy  (SEM,
JSM-6380LV, JEOL, Japan). Chemical composition and
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crystal structure were examined by energy-dispersive
X-ray spectroscopy (EDX, JSM-6490, JEOL, Japan) and
X-ray diffraction (XRD, D8 Advance, Bruker,
Germany). Specific surface area was measured by the
Brunauer-Emmett-Teller (BET) isotherm using a
NOVA2200e surface area and pore size analyzer
(Quantachrome Instruments, USA) after degassing the
samples at 150°C for 12 h. Functional groups on the
surface of prepared sample was measured by Fourier
transform infrared (FTIR, Nicolet 6700, USA) spectra
with the standard KBr disk method. Zeta potential of
sample at different pH was determined using a JS94H
micro-electrophoresis apparatus, which was manufac-
tured by the digital technology equipment of
Zhongchen Co., Ltd, Shanghai, China.

2.4. Batch adsorption experiment

A Sb(V)-stock solution with an antimony concen-
tration of 100 mg L™ was prepared by dissolving KSb
(OH); into 2 mol L' HCI solution. Experimental solu-
tions of Sb(V) were obtained by dilution from the
stock solution into DI water. Batch experiments were
carried out in 125-mL polypropylene bottles at room
temperature (23 + 1°C). To find out the optimum Fe/
Cu molar ratio for binary oxide, 0.03 g of binary oxide
with different Fe/Cu molar ratio, pure iron oxide, and
copper oxide was added to 100 mL of 20 mg L™ Sb(V)
solution with initial pH of 6.0 and then placed on a
rotary shaker at 100 r min~', respectively. At timed
intervals, 3 mL aliquots were taken from the suspen-
sion, then filtered through 0.45-um membrane filters
and analyzed for total antimony remaining in the
aqueous phase. Removal percentage was calculated
from Eq. (1):

Co — Ct
Co

x 100% M

Removal percentage =

where ¢y and ¢, are the initial and residual Sb concen-
trations in the solution (mg L™").

For kinetics studies, experiments were carried out
to view the influence of reaction time on the Sb(V)
removal. The Fe-Cu binary oxide (0.01-0.04 g) was
added to 100 mL of 40 mg L™ Sb(V) solution at the
pH of 6.0. Samples were taken at the following inter-
vals: 0.5, 1, 2, 4, 6, 10, 12, and 24 h of the reaction, and
then filtered to determine the residual Sb concentra-
tions in water.

For isothermal adsorption experiments, 0.03 g of
Fe-Cu binary oxides was added to 100 mL of solution
with initial Sb(V) concentration ranged from 10 to
90mgL™". After 48h of reaction, the residual Sb
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concentration in solution determined as
mentioned above.

To test the effect of solution pH on Sb(V) adsorp-
tion and chemical stability of Fe-Cu binary oxide, the
initial pH of Sb(V) solution was pre-adjusted to a
desired level from 4.0 to 10.0 with 1.0 mol L™' HCI or
1.25mol L' NaOH. After reaction the residual
concentration of Sb, Fe, and Cu in solution was
determined. The individual effect of coexisting
SO;~ (100-500 mg L"), PO;~ (10-100 mg L"), and
CO3™ (200 mg L™") on Sb(V) removal was investigated
by spiking with a certain amount of sulfate, phos-
phate, and carbonate separately. To assure data qual-

ity, all experiments were performed in duplicate.

was

2.5. Residue leach liquor collection

The Sb removal efficiency of Fe-Cu binary oxide
from a real environmental sample was evaluated. Stib-
nite (Sb,S;) smelting residue was collected from
Xikuangshan mine area in Hunan province of China.
One hundred and fifty grams of mineral slags after
milling were added to 1 L of DI water and the mixture
was shaken at 100 r min~" for 20 d. Then the solution
were filtered through 0.45-um membrane filters and
used as leaching liquor.

2.6. Analytical methods

Total Sb, Cd, Pb, and Cu were analyzed by flame
atomic absorption spectrophotometer (AA-7001, East
& West Analytical Instruments, Inc., Beijing). Total Fe
was determined wusing the 1, 10 phenanthroline
spectrometric method [29].

3. Results and discussion
3.1. Particle characterization

Fig. 1 shows the SEM images of iron oxide, copper
oxide, and Fe-Cu binary oxide with the Fe/Cu molar
ratio of 3/1. It was found that block iron oxide and
Fe-Cu binary oxide were not of uniform size, certain
particles reached the nanometer grade, and some were
greater than 10 um. However, the structure of copper
oxide was relatively flocculent loose.

As presented in Fig. 2(a), XRD patterns of iron
oxide exhibited diffraction peaks approximately at 35°,
55°, and 62.5°, which were feature of poorly ordered
ferrihydrite [30]. The characteristic peaks in copper
oxide which appeared at 36.5°, 39°, 49.5°, and 62° were
in good agreement with those of the standard patterns
of CuO [31]. The Fe-Cu binary oxide was complex,
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Fig. 1. SEM images of prepared (a) iron oxide, (b) copper oxide, and (c) Fe-Cu binary oxide with the Fe/Cu molar ratio

of 3/1.
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Fig. 2. (a) XRD spectra of prepared iron oxide, copper oxide, and binary oxide with Fe/Cu molar ratio of 3/1 and (b)
EDX spectra of prepared Fe-Cu binary oxide with the Fe/Cu molar ratio of 3/1.

and most of the characteristic peaks coincided with
that of ferrihydrite. Besides, diffraction peaks of CuO
were also found. EDX analysis (Fig. 2(b)) confirmed
that Fe, Cu, O, and S were the main elemental compo-
sition of Fe-Cu binary oxide. Moreover, the results
revealed that the atomic ratio of element Fe/Cu for
the prepared binary oxide was 3.07-1.0. And it agreed
well with the theoretical value (3.0-1.0), indicating that
the preparation method for the binary oxides had a
good reliability.

N, adsorption-desorption isotherms and pore size
distribution of the prepared samples are shown in
Fig. 3. The BET surface area of Fe-Cu binary oxide
with the Fe/Cu molar ratio of 3/1, iron oxide, and
copper oxide were calculated to be 238.79, 82.39, and
28.13 m* g, respectively. Obviously, compared to the
iron oxide and copper oxide, the surface area of Fe-Cu
binary oxide showed an increase.

Fig. 4 illustrates the FTIR spectra of prepared bin-
ary oxide with the Fe/Cu molar ratio of 3/1. The peak
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Fig. 3. N, adsorption-desorption isotherm and pore size distribution curve of (a) iron oxide, (b) copper oxide, and (c) Fe-

Cu binary oxide with the Fe/Cu molar ratio of 3/1.

at 3,450 cm™! would be assigned to the stretching
vibration of -OH band [32]. The band near to
1,630 cm™! was ascribed to the deformation of water
molecules. The band at 1,210 and 1,070 cm ! referred
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Fig. 4. FTIR spectra of the binary oxide with Fe/Cu molar
ratio of 3/1.

to -5=0 stretching vibrations in sulfate [33]. The peaks
between 1,070 and 980 cm™' corresponded to the
bending vibration of the hydroxyl group associated
with Fe and Cu. And two bands at about
490-620 cm ™' referred to Cu-O and 2 characteristic
absorption peaks [24,32].

Additionally, the analysis of zeta potential (Fig. 5)
indicated that the point of zero charge of Fe-Cu binary
oxide in presence of 0.01 M NaCl was about pH 7.7. It
was consistent with the results reported previously for
similarly prepared Fe-Cu binary oxide [27].

3.2. Fe/Cu molar ratio affecting Sb(V) removal by Fe-Cu
binary oxides

A serial of Fe-Cu binary oxides with Fe/Cu molar
ratios at 1/2, 1/1, 2/1, and 3/1 were synthesized.
Then 0.03 g of binary oxides with different Fe/Cu
molar ratio were used to remove 100 mL of 20 mg L™"
Sb(V) from water. Control tests in the presence of iron
oxide and copper oxide were also carried out. As
shown in Fig. 6, 65.6% of Sb(V) was removed by pure
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Fig. 5. Zeta potential of the binary oxide with Fe/Cu molar
ratio of 3/1 over a wide pH range.

iron oxide after 24 h reaction, and only 27.7% of Sb(V)
was removed by pure copper oxide. However, the Sb
(V) removal rate of Fe-Cu binary oxide was higher
that of both iron oxide and copper oxide at the same
reaction condition. And the Sb(V) removal rate of bin-
ary oxide with Fe/Cu molar ratio of 3/1 suddenly
reached to 97%. Whereas, with continue increasing
copper oxide percentage, the Sb(V) removal rate of
binary oxide with Fe/Cu molar ratio of 2/1, 1/1, and
1/2 decreased to 87.6, 80.6, and 79.6% correspond-
ingly. The greater surface area of Fe-Cu binary oxide
was the main reason for the high adsorption capacity
of Sb(V). However, an excessive CuO content in the
binary oxide was not beneficial to Sb(V) uptake,
mainly because the adsorption ability of pure copper
oxide was low and the iron oxide dominated in
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Fig. 6. Effect of Fe/Cu molar ratio on Sb(V) sorption by
Fe-Cu binary oxide. Initial Sb(V) concentration was
20 mg L7}, sorbent dose was 0.3 g L7, and the pH was 6.0
+=0.1.
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adsorption of Sb(V). In brief, the Fe/Cu molar ratio
had a great influence on the adsorption capacity of Fe-
Cu binary oxide. The optimum Fe/Cu molar ratio for
binary oxide was 3/1 and it was used in the following
experiments.

3.3. Kinetics of Sb(V) adsorption on Fe-Cu binary oxide

Sb(V) removal data by the binary oxide with Fe/
Cu molar ratio of 3/1 at different adsorbent dose is
shown in Fig. 7(a). It was found that at the Fe-Cu bin-
ary oxide dose of 0.1, 0.2, 0.3, and 0.4 g/L, about
36.17, 55.71, 82.92, and 88.85% of 40 mg/L Sb(V) were
removed within 24 h, respectively. It was clear that
the Sb(V) removal efficiency increased with the
increase of Fe-Cu binary oxide dose. Furthermore, the
removal percentage of Sb(V) increased rapid before
4 h reaction, and then slowed down as equilibrium
was approached. The initial high removal rate may be
attributed to the existence of large number of adsorp-
tion sites on the surface of Fe-Cu binary oxide. As the
sites filled up gradually, the adsorption became slow
[34].

Sb(V) removal by the Fe-Cu binary oxide was
described by pseudo-second-order kinetic according to
Eq. (2) [35]:

t 1 t
TR @

where t (h) is the reaction time, g. (mgg ') and g
(mg g~') are the amount of adsorbed Sb(V) at equilib-
rium and at any time f, k (g mg ' h™") is the equilib-
rium rate constant. The linear plots of t/g; vs. t for the
pseudo-second-order model at different experimental
conditions are shown in Fig. 7(b). And the fitted
kinetic parameters are shown in Table 1. It was found
that values of the determination coefficient (R were
in range of 0.9942-0.9992 and the theoretical g . val-
ues were closer to the experimental geexp values. It
can be concluded that Sb(V) adsorption with Fe-Cu
binary oxide did follow a pseudo-second-order kinetic,
and chemical sorption played a major role in Sb(V)
removal. Furthermore, the FTIR analysis which indi-
cated the appearance of massive active hydroxyl
group can support for this view.

3.4. Adsorption isotherms

Both the Langmuir and Freundlich models were
used to describe the equilibrium adsorption behavior
of Sb(V). The Langmuir model assumed that there
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Fig. 7. (a) Trends of Sb(V) removal by the Fe-Cu binary oxide as a function of reaction time and (b) pseudo-second-order
kinetic plots for Sb(V) adsorption. Initial Sb(V) concentration was 40 mg L7, the adsorbent dose was 0.1-0.4 g LY, and

the solution pH was 6.0 + 0.1.

Table 1

Kinetic constants obtained from pseudo-second-order model at different reaction condition

Pseudo-second-order

Dose (g L) Co (mg L™ feexp (Mg g ) k(gm™"h™) fe,cat (Mg g™ R?

0.1 40 144.67 0.008 149.25 0.9978
0.2 40 11147 0.007 114.94 0.9942
0.3 40 110.56 0.009 113.64 0.9977
0.4 40 88.85 0.017 90.91 0.9992

was no interaction between the adsorbate molecules
and the adsorption was localized in a monolayer [36].
The Freundlich model assumed that different sites
with several adsorption energies were involved [37].
The Langmuir and Freundlich equations are repre-
sented as Eqgs. (3) and (4), respectively:

1 1
g +— 3
e KLCeqm Im
1
Inge = anH—ElnCe 4)

where g, is the adsorption capacity at equilibrium
(mg g "), C. is the equilibrium concentration of Sb(V)
in the aqueous solution (mg L™"), g, is the maximum
sorption capacity (mg g™ '), K is the Langmuir sorp-
tion constant. K¢ and n are the Freundlich constants
which are indicators of adsorption capacity and
adsorption intensity, respectively.

The linear equations of Langmuir and Freundlich
models are tested against experimental data and pre-
sented in Fig. 8. The adsorption constants obtained
are presented in Table 2. It was shown that the Fre-
undlich model fitted the data much better than the
Langmuir model in this experiment. And it is possi-
ble that the simultaneous presence of iron oxide and
copper oxide in the binary oxide led to a heteroge-
neous surface of the Fe-Cu binary oxide. Therefore,
the sorption sites on the surface of Fe-Cu binary
oxide had different sorption energies. However, the
Langmuir isotherm model was used satisfactorily to
well describe Sb adsorption on bentonite [16], Fe-Zr
bimetal oxide [22] and iron oxyhydroxides [38]
elsewhere.

In addition, the adsorption capacity of Fe-Cu bin-
ary oxide at equilibrium can reach 191.9 mg g™ with
the initial Sb(V) concentration of 90 mg L™". And this
material exhibited higher adsorption capacity than
many other adsorbents that had been reported before.
Such as the maximal removal capability of Sb(V) by
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and (b) Freundlich isotherm plots for Sb(V) adsorption. Initial Sb(V) concentration was

10-90 mg L™, adsorbent dose was 0.3 g L™', and solution pH was 6.0 + 0.1.

Ezlrollge;uir and Freundlich isotherm parameters of Sb(V) adsorption to Fe-Cu binary oxide

Langmuir Freundlich

max (Mg g™ Ky (Lmg™ R? 1/n K¢ (gmg 'L R
128.04 3.2 0.9161 0.277 65.75 0.98

nanoscale zero-valent iron stabilized by polyvinyl
alcohol was 1.65 mg g~* at pH 7.0 [19], the maximum
adsorption capacity of Sb(V) by Fe-Mn binary oxide
was 127.89mgg ' at pH 5.0 [21], the maximal
removal capability of Sb(V) by Fe-Zr bimetal oxide
was 51mgg ' at pH 7.0 [22], and the maximal
removal capability of Sb(V) by hydrous ferric oxide
was 113.95 mg ¢~ " at pH 4.0 [38].

3.5. Effect of solution pH on Sb(V) adsorption and metal
leaching of Fe-Cu binary oxide

Sb(V) removal by Fe-Cu binary oxide at four pHs
(4.0+0.1, 6.0+0.1, 8.0=0.1, and 10.0 £ 0.1) was con-
ducted. Fig. 9(a) demonstrats that when the initial pH
increased from 4.0 to 10.0, the Sb(V) removal rate
decreased from 92.82 to 67.88%. After reaction solution
pH raised a bit which had little effect on Sb(V)
removal. It was known that, negatively charged
Sb(OH), and SbO; were the dominated species of Sb
(V) when the pH was more than 3.0 [1]. Whereas, as
the pH increased, the negatively charged sites on the
binary oxide surface increased (Fig. 4), which
increased the repulsive force between the negatively
charged Sb(V) species and the binary oxide surface.
Therefore, the adsorption capacity of binary oxide
decreased with the increasing of solution pH.

Fig. 9(b) demonstrates the concentrations of
dissolved Fe and Cu in water after reaction under

different pHs. It was shown that the leaching of Fe
and Cu was serious under acid condition. However,
when the pH was more than 4.0, the Fe concentra-
tions were all below the limit (0.3 mgL™") of drink-
ing water standard of China [39]. When the pH was
more than 6.0, the Cu concentrations were all below
the limit of drinking water of 1mgL™". Obviously,
the prepared sorbent release was very small in pH
range of 6.0-9.0, and it can be safely used in the
majority of waters.

3.6. Effect of coexisting anions on Sb(V) adsorption

The individual effect of coexisting SO;~, PO}, and
CO3™ on Sb(V) removal is shown in Fig. 10. It was
found that CO3™ had little effect on Sb(V) sorption on
Fe-Cu binary oxide. Compared with DI water, the Sb
(V) removal rate decreased by 9.13, 14.35, and 18.62%
in the presence of 100, 300, and 500 mg L™ SO,
respectively. And the Sb(V) removal rate decreased by
12.46, 24.54, and 33.28% in the presence of 10, 50, and
100 mg L' PO;, respectively. It was shown that the
sorption ability of Fe-Cu binary oxide decreased in the
presence of high concentration of sulfate which might
occur in Sb,S; mine drainage. However, the present
PO,  hindered Sb(V) sorption significantly, even at
low concentration levels. It was because there was
strong competition for the binding sites of the sorbent
between PO;~ and Sb(OH), [20].
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3.7. Mechanism of Sb(V) removal by Fe-Cu binary oxide

After reaction the Fe-Cu binary oxide was recov-
ered and characterized by the SEM. As shown in
Fig. 11(a), the morphology of Fe-Cu binary oxide did
change significantly after Sb(V) adsorption compared
with the fresh prepared Fe-Cu binary oxide. And
some crystalline block substances occurred which
might be helpful for gaining a better removal capacity
of Sb(V). For further analysis of chemical composition,
the product was characterized with XRD (Fig. 11(b)).
It can be seen that the peaks of ferrihydrite and CuO
became weak after reaction. However, new peaks with
high intensity at 32.5°, 46.5°, and 57° were observed,
which were the characteristic peaks of Cu,SbsSi3
based tetrahedrite [40,41]. By collecting information

about the adsorbent’s structure and removal ability as
mentioned earlier, the removal mechanism of Sb(V) by
Fe-Cu binary oxide could be concluded as follows: (1)
during the first 4 h Sb(V) was adsorbed immediately
to Fe-Cu binary oxide and iron oxide acted as the
main adsorption site; (2) as the reaction continued, the
dissolution of Fe-Cu binary oxides happened and
some Fe®* and Cu?' ions were released to the water;
(3) then the Fe’* and Cu?*' were readsorbed to the
binary oxide, and the iron-substituted tetrahedrite
(Cuqp_«Fe,SbsSq3) was formed.

3.8. Treatment of antimony residue leach liquor

It was very important to use the Fe-Cu binary oxide
to remove Sb from a real environmental sample.
Therefore, the ore leaching liquor was collected as
mentioned above. The pH of leach liquor was 7.22, and
total Sb, Cd, and Pb concentration was 37.03, 0.29, and
0.34 mg L™, respectively. Coexisting SO concentra-
tion was 958.45 mg L™". Then 0.03 g Fe-Cu binary oxi-
des were added to the 100 mL wastewater. After 48 h
of reaction, the solution pH increased to 7.45-37.74%
of Sb was removed. Correspondingly, the Sb removal
capacity of Fe-Cu binary oxide from the residue leach
liquor was about 46.58 mg g”'. However, it was seri-
ously decreased compared with the Sb removal from
DI water. There were two reasons for this. First, the
coexisting SO~ in antimony mine drainage was as
high as hundreds of mg L™ [42,43] and significantly
reduced the Sb removal rate. Second, multiple heavy
metals were commonly associated in stibnite [42,44],
and therefore a certain amount of Cd and Pb presented
in the leaching liquor could compete with Sb(V) for the
same binding sites available on Fe-Cu binary oxides’
surfaces [45].
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Fig. 11. (a) SEM image and (b) XRD pattern of Fe-Cu binary oxide after Sb(V) adsorption reaction. Initial Sb(V) concentra-
tion was 40 mg L™, binary oxide dose was 0.3 g L™', and the pH was 6.0 + 0.1.

4. Conclusions

In this study, Fe-Cu binary oxides with different
Fe/Cu mole ratio were successfully prepared through
a simple co-precipitation method. And these adsor-
bents were characterized using SEM, EDX, and XRD,
N, adsorption-desorption as well as FTIR method.
The results indicated that the synthetic Fe-Cu binary
oxide was amorphous and consisted of ferrihydrite
and CuO. The adsorption performances of binary
oxides with different Fe/Cu mole ratio were investi-
gated carefully. It was found that the binary oxide
with Fe/Cu molar ratio of 3/1 had the highest
removal rate of Sb(V). Kinetic results revealed that Sb
(V) sorption onto Fe-Cu binary oxide followed a
pseudo-second-order kinetic model. Freundlich model
fitted the adsorption equilibrium data better than the
Langmuir model. The maximal adsorption capacity of
Fe-Cu binary oxides toward Sb(V) was 191.9 mg g~' at
pH 6.0, which was higher than many other reported
adsorbents. Moreover, the Sb(V) removal rate
decreased with increased pH value. Coexisting anions
SO~ and PO, had effect on the Sb(V) adsorption.
Although the Sb removal capacity of Fe-Cu binary
oxide from the residue leach liquor was lower than DI
water, it was certainly a promising adsorbent for anti-
mony removal from contaminated water.
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