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Priority pollutants arsenic (As) and antimony (Sb) were removed from aqueous solution by potassium
ferrate. As(IIl) and Sb(IIl) were oxidized, then separated from solution by the adsorption of Fe(VI) decay
product (DP/Ferrate). XRD and FTIR results revealed the “amorphous” characteristics of DP/Ferrate.
Adsorption studies in single-solute and bi-solute systems were conducted. The maximum adsorption
capacity (Qmax) Of single As was 162.02 mg (g K,FeO4)™! at pHp 6.5 and of single Sb was 129.93 mg
(g KoFeO4) ! at pHy 4.0. Regarding bi-solute adsorption, a synergistic effect between As and Sb was
demonstrated. Compared to single-solute adsorption, the adsorption rates of both elements were
enhanced significantly. The adsorption isotherm of Sb in the presence of As was reproduced well by
the Brunauer-Emmett-Teller (BET) model, indicating heterogeneous multilayer adsorption. The FTIR
spectra featured the appearances of new peaks compared to the blank spectrum of DP/Ferrate, indicating
that the surface speciation contained Fe-O-As and Fe-O-Sb bonds in the corresponding single-solute
system; As-O-Sb binding was found in the bi-solute system. Furthermore, high-resolution XPS analysis
pointed to the formation of arsenato antimonates of a polymer-like configuration, which was believed to
account for the synergistic effect on simultaneous adsorption of As and Sb by DP/Ferrate. This paper
demonstrated that using potassium ferrate is a viable water treatment technology to remediate arsenic
and antimony combined pollution.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic and antimony are metalloids but are usually classified
as heavy metals. According to a recent research survey [1], 26 mil-
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lion people throughout West Bengal and 80 million people in Ban-
gladesh have been exposed to toxic levels of As-contaminated
groundwater. More than 1.0 x 10° tons of antimony is reported
to be consumed worldwide each year [2]. As a result, anthro-
pogenic emission causes the Sb concentration in soil and natural
waters to greatly exceed its baseline concentration [3]. Due to sev-
ere environmental contamination and its consequences to human
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health, arsenic and antimony are both considered pollutants of pri-
ority interest by the European Union [4]| and by the Environmental
Protection Agency of the United States [5].

Arsenic and antimony belong to the same group in the periodic
chart and share similar chemical properties. They commonly pre-
sent together (e.g., in Sb-ores [6] and copper electrorefining solu-
tion [7]). In natural soils and the aqueous environment, both
occur as oxyanions either in the pentavalent (V) state in oxic envi-
ronments or the trivalent (III) state in anoxic environments. Their
speciations are strongly controlled by redox potential and pH
[8,9]. In the pH range 4-9, As(V) most exists as H,AsO; and HAsOZ7~
whereas As(III) usually occurs as uncharged H3AsOs. For pH > 2.7
H,SbOy and Sb(OH)g are predominant under oxidizing conditions
while in the pH range 2.7-10.4 uncharged Sb(OH); dominates
under reducing conditions. The US EPA has lowered the maximum
contaminant level (MCL) of As and Sb in drinking water to 10 pg/L
and 5 pg/L, respectively [9]. The more stringent MCL along with the
severe contamination crisis occurring worldwide have driven
researchers and authorities to upgrade treatment technologies to
remove arsenic and antimony from waste streams.

One promising method is to use the iron coprecipitation/
adsorption process. As(Ill) and As(V) sorption onto ferrihydrite,
goethite, lepidocrocite, akaganeite, schwertmannite and hematite
have been well documented [10-17]. Prior studies have demon-
strated As(III) and As(V) adsorption on iron oxides through the for-
mation of inner-sphere surface complexes via ligand exchange
with OH, and/or OH™ groups on the iron oxide surface [18]. Zhang
et al. [19] confirmed that As(IIl) species formed bidentate and
monodentate corner-sharing complexes with Fe(Ill) octahedra.
The interaction mode of the As(V) species on iron oxide surfaces
was studied by various spectroscopic techniques [20-22], provid-
ing strong evidence that adsorption occurs by the formation of
bidentate edge or corner sharing between arsenate tetrahedra
and FeOg octahedra. Compared to adsorption studies of arsenic,
however, reports on antimony removal from water are limited.
Scheiost et al. [23] carried out EXAFS analysis and demonstrated
that Sb(IIl) and Sb(V) formed a bidentate mononuclear, corner-
sharing inner-sphere complex at the goethite surface. Guo et al.
[2] observed an analogous Sb-0O coordination environment of Sb
(V) sorbed on ferrihydrite. However, Mitsunobu et al. [24] detected
the formation of a bidentate binuclear complex between Sb(V) and
ferrihydrite, which Guo et al. [2] failed to obtain. Hence, the bind-
ing mechanism is still controversial.

Ferrate, being the highest valence state of iron, is regarded as a
powerful and environmentally innocuous reagent for water/
wastewater treatment [25]. It has a redox potential of 2.2V at
acidic pH, which is higher than other commonly used oxidants
(e.g., ozone and permanganate) in water/wastewater treatment
[26]. The resulting decomposition product is iron (IlI) oxyhydrox-
ide, an excellent adsorbent/coagulant [27]. Beneficial as a result
of its dual function, ferrate is effective in arsenic (IIl) oxidation
and subsequent coagulation by its decomposition product [28].
Prucek et al. [29] further investigated the arsenic removal mecha-
nism by potassium ferrate in water. They reported that the decom-
position of potassium ferrate yielded vy-Fe,0s(core)/y-FeOOH
(shell) nanoparticles and that the adsorbed arsenic was embedded
into the tetrahedral sites of y-Fe,05. To our knowledge, there has
been only one study on the reaction of antimony with ferrate
(VI) in water. Johnson and Lorenz [30] demonstrated the successful
removal of Sb(III) to below MCL using a mixture of Fe(Il) and Fe(VI).

The simultaneous removal of arsenic and antimony has been
reported in studies [7,31] addressing the efficient removal of both
elements. The mechanism behind the efficiency is of interest but
still unknown. In the present study, potassium ferrate was used
to remove arsenic and antimony from aqueous solution, strictly
speaking, through oxidizing As(Ill) and Sb(III) to less-toxic As(V)

and Sb(V), respectively, followed by adsorptive removal via the
in-situ-formed ferrate decomposition product (referred as DP/
Ferrate). Attention was paid to the differences of adsorption
behavior of single As and Sb onto DP/Ferrate. In comparison to
adsorption in the single-solute system, the simultaneous adsorp-
tion process of antimony and arsenic onto DP/Ferrate was investi-
gated. To elucidate the bonding nature of adsorbed metals on the
surface of DP/Ferrate in both single and bi-solute systems, Fourier
transform infrared spectrometry (FTIR) and X-ray photoelectron
spectroscopy (XPS) were used.

2. Materials and methods
2.1. Materials

The potassium ferrate (K,FeO4) used was synthesized in the lab-
oratory according to the method of Delaude and Laszlo [32]. The
purity was checked spectrophotometrically at 505 nm [28]. A
molar absorption coefficient &sgsnm=1150M~!cm™! was used
for the calculation of Fe(VI) concentration and a purity of 95% or
above was confirmed for each experiment. Details of other chemi-
cals and materials are provided in the Supplementary Material.

2.2. Experimental procedure

Batch experiments were carried out in a series of 250 mL stop-
pered Erlenmeyer flask. The general experimental procedure is
described in the Supplementary Material. Adsorption studies in
single-solute and bi-solute systems were conducted under care-
fully controlled conditions as described below.

2.2.1. Adsorption edge and effect of ionic strength

The effect of pH and ionic strength of the solution on the
adsorption of single arsenic and antimony were studied in a
single-solute system. The initial concentration of single As(IIl) or
Sb(Ill) was fixed at 2 mgL~!. The initial pH was varied between
3.5 and 6.5, and the ionic strength of the solution was varied
between 0.001 M and 0.1 M. The dose of K,FeO, used was
50 mg L™, equivalent to 14 mg L~! Fe.

2.2.2. Adsorption kinetics

In the single-solute system, 100 mL As(III) solution which con-
taining 0.01 M NaNOs background electrolyte, or 100 mL Sb(III)
solution containing 0.001 and 0.01 M NaNOs, was added to a series
of flasks. The initial concentration of single As(IIl) or Sb(IIl) was
2mgL~". A pH, of 6.5 was used for the arsenic kinetic study, and
a pHg of 4.0 and 6.5 was used for the antimony kinetic study.
The amount of K,FeO4 used was 50 mg L. At desired time inter-
vals, 5 mL aliquots were taken from the suspension. In bi-solute
system, As(III) solution and Sb(III) solution was mixed to obtained
a 100 mL reaction volume. The concentration of each element in
the final solution was 1 mg L™?, thus the total toxic ion concentra-
tion was 2 mgL~'. The pH, was set to 4.0 and 6.5, and the ionic
strength was set to 0.01 M and 0.001 M NaNOs. The applied dose
of K;FeO4 and the sampling manner were the same as those used
in the single-solute system.

2.2.3. Adsorption isotherm

In the single-solute system, a series of As(IIl) or Sb(III) solutions
ranging from 1 to 10 mg L~! were prepared to study the adsorption
isotherm. The pHg was set to be 6.5 for arsenic adsorption and 4.0
for antimony adsorption. In the bi-solute system, the initial con-
centration of As(Ill) was fixed at 1 mg L' whereas the initial con-
centration of Sb(Ill) varied from 0.1 to 3 mg L~'. The pHy was 4.0. In
both systems, the applied dose of K,FeO, was fixed to 50 mg L',
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the ionic strength was maintained at 0.01 M and an equilibrium
time of 24 h was used.

2.3. Analysis and characterization

2.3.1. Spectroscopic characterization

Powder X-ray diffraction (XRD) was used to characterize the
DP/Ferrate sample. FTIR was used to investigate the bonding struc-
ture of adsorbed As and Sb species on DP/Ferrate. XPS was per-
formed to verify the oxidation state and speciation on the surface
of DP/Ferrate. The sample preparation, detailed equipment types
and measurement procedure are described in the Supplementary
Material.

2.3.2. Analysis

The concentration of Asgoa and Sbyoear in the collected samples
was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (iCAP 6500 Duo, Thermo Scientific). Solu-
tion pH measurements were conducted using a pH meter (PHS-
3C, Shanghai INESA Scientific Instrument Co. Ltd.) and a combined
pH electrode (E-201-C) that provided a precision of +0.01 pH.

2.4. Theory

2.4.1. Kinetic models

The evolution of the adsorption capacity with time was mod-
eled by pseudo-second-order and intra-particle diffusion rate
equations.

2.4.2. Adsorption isotherms

In the single-solute system, sorption isotherms were modeled
using two-parameter isotherm models (the Langmuir model and
Freundlich models) and a three-parameter adsorption isotherm
model (the Langmuir-Freundlich model). In the bi-solute system,
the Brunauer-Emmett-Teller (BET) isotherm model was adopted.
Non-linear regression analysis was employed to fit the isotherm
models to sorption data.

Expressions corresponding to these kinetic and isotherm mod-
els are listed in the Supplementary Material.

3. Results and discussions
3.1. Characterization of decomposition product of KoFeOy

The XRD pattern of DP/Ferrate is shown in Fig. 1. Two very
broad peaks at 20 values of approximately 35 and 62 degrees were
found. Through comparison with standard diffractograms, these
can be assigned to 2-line ferrihydrite, which is the least crystalline
form of iron (hydr)oxide [33].

For detecting functional groups of DP/Ferrate, infrared spec-
troscopy was used. Infrared transmittance spectra are shown in
Fig. 2(a). An intense and broad band centered at 3400 cm™' is
attributed to the stretching vibrations of OH groups associated
with Fe atoms in DP/Ferrate [34]. A solitary band of H,O-bending
located at 1630 cm™~! was observed and was considerably weaker
than OH-stretching bands [34]. IR bands at 1479 and 1364 cm™!
revealed the presence of NO3 and CO%~ in the DP/Ferrate sample
[35,36]. The bands occurring near 460-600cm! indicated
Fe3*-0%~ vibrational transitions, which was typical for low-
crystalline ferrihydrite [36].

The XRD patterns and IR spectra of the DP/Ferrate sample
matched the characteristics of “amorphous” ferrihydrite. Ferrihy-
drite is the initial product of Fe>* hydrolysis in water and exhibits
an extra-fine grain size of approximately 1.5-3.0 nm [37] and large
specific surface area of 250-600 m?/g [38]. In the structure of
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Fig. 1. XRD diffractogram of DP/Ferrate sample isolated from freeze-dried.
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Fig. 2. FTIR spectra of As@DP/Ferrate, Sb@DP/Ferrate and (As + Sb)@DP/Ferrate
samples in comparison with blank DP/Ferrate sample. Spectrum (a): blank DP/
Ferrate sample; spectrum (b): As@DP/Ferrate at pHo 6.5; spectrum (c): Sb@DP/
Ferrate at pHy 4.0; spectrum (d): Sb@DP/Ferrate at pHy 6.5; spectrum (e): (As + Sb)
@DP/Ferrate at pHyp 4.0.

ferrihydrite, both octahedrally and tetrahedrally coordinated
Fe atoms were found [39], resulting in the occurrence of
“coordination-unsaturated” surface sites. These active surface
sites, when combined with large surface area, make DP/Ferrate
highly suitable for adsorption.

3.2. Adsorption behavior of arsenic and antimony in the single-solute
system

3.2.1. pH edge and effect of ionic strength study in the single-solute
system

It was found that in alkaline conditions As(III) was oxidized to As
(V) by Fe(VI) with a stoichiometry of 3:2 ([As(III)]:[Fe(VI)]) [28] and
Sb(III) to Sb(V) with a stoichiometry of 2:1 ([Sb(III)]:[Fe(VI)]) [30].
The oxidation reaction was completed within seconds. Therefore,
the use of 1 min pre-oxidation time was adequate for all cases in this
study. The effects of pH and IS on the removal of single As and Sb by
potassium ferrate are illustrated in Fig. 3(a) and (b), respectively.
Increasing the IS from 0.001 M to 0.1 M did not significantly vary
the As sorption%, indicating the formation of inner-sphere
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Fig. 3. Effect of pH and ionic strength on single (a) arsenic and (b) antimony
sorption onto DP/Ferrate. [As]o or [Sb]o =2 mg L~ !; K,FeO4 dose =50 mg L~ !; 25 °C.

complexes on the surface of DP/Ferrate. Arsenic adsorption behav-
ior under varied pH and IS were consistent with the reported pat-
terns of other iron oxides [12,14,40]. Compared to arsenic, the pH
dependence of antimony sorption on DP/Ferrate was more pro-
nounced. Maximum sorption (above 96%) was found at the lowest
studied pHg of 3.5 and decreased to 27% at pHyp 7.0. Over the tested
pH range (3.5-7.0), the dominant form of Sb(V) in solution was Sb
(OH)g, and the sorption% of Sb(V) gradually dropped while moving
toward the point of zero charge as the positive charge of DP/Ferrate
surface decreased. As shown in Fig. 3(b), the IS dependency of Sb(V)
adsorption on DP/Ferrate exhibited two opposite behaviors. In the
pH range of 3.5-5.5, higher IS favored Sb(V) adsorption, whereas
decreased Sb(V) adsorption with increasing IS was found in the
pH range of 5.5-7.0. This behavior suggested the existence of two
forms of surface complexes: an inner-sphere and an outer-sphere
surface complex. A similar trend of pH and IS dependence on Sb
(V) was obtained for various sorbents such as iron-oxide-rich red
earth soils [41], goethite [42], and kaolinite [43]. McComb et al.
[44] suggested that under acidic conditions Sb(V) was adsorbed
onto the iron oxides through the formation of Fe-O-Sb bonds; in
addition, across-surface antimonite oligomerization, such as
Sb12(OH)&z, likely occurred to further stabilize the adsorbed Sb(V).
At increased pH, the adsorbed Sb(V) oxyanion oligomers tended to
be hydrolyzed to more readily desorbed monomers. In the present
work, to elucidate the tendency of antimonite desorption at higher
pH, Sb sorption% vs time was studied at pHg = 6.5; the results are
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Fig. 4. Antimony removal% vs time in single and bi-solute system and under
various IS. [K,FeO4] =50mgL~'; pHo=6.5; 25°C; (m): [Sblp=2mgL;
IS=0.001 M; (@): [Aslo=1mgL™'; [Sblo=1mgL"; IS=0.001 M; (A): [As]p=1-
mgL~'; [Sblo=1mgL'; IS=0.01 M.

shown in Fig. 4. It can be observed that 60% of Sb was adsorbed
rapidly in the first 15 min, followed by approximately 20% desorp-
tion, which is consistent with the results of McComb et al. [44].

3.2.2. Adsorption kinetics study in the single-solute system

The adsorption kinetics of arsenic was studied at pHg 6.5. Addi-
tionally, the adsorption kinetics of antimony was conducted at pHg
4.0 as a considerable desorption% was recorded at pHo 6.5. A
pseudo-second-order kinetic model was used to investigate the
sorption mechanism of single arsenic and antimony onto DP/Fer-
rate particles (Fig. S1(a) and (b)). Fitted kinetic parameters are pre-
sented in Table 1. The values of correlation coefficient for both
metals were extremely high (R?>=0.999), indicating that the
pseudo-second-order model could describe the sorption process
very well. The adsorption rate (k) of arsenic was 0.15 g mg™!
min~!, which is 10 times higher than that of antimony
(0.01 g mg~'min~'), indicating that arsenic had a higher binding
affinity to the DP/Ferrate surface than antimony.

The strongly favored iron polymerization in amorphous DP/
Ferrate [27] may lead to a complex porous configuration, which
would provide both external and interior surface sites for adsorp-
tion. The possibility of intra-particle diffusion was elucidated using
the intra-particle diffusion model.

Fig. S2(a) and (b) show the performance of the intra-particle dif-
fusion kinetic model in describing the experimental data for both
metals, in which data points are related by two straight lines.
The first straight portion indicates that single arsenic and anti-
mony overcame the external resistance and diffused onto the
external surface of DP/Ferrate and the second represents intra-
particle diffusion [45]. The values of rate parameters (kiq; and
kia2) as well as the correlation coefficients are given in Table 1.
The kinetic model indicates that in the first step arsenic much
more rapidly equilibrates with the external sites than antimony,
whereas in the second step antimony exhibited better mobility
along the internal macropore walls.

3.2.3. Adsorption isotherm study in the single-solute system

Experimental equilibrium data and the goodness-of-fit of
selected isotherm models are graphically shown in Fig. 5
(a) and (b) for single arsenic and antimony, respectively. Table 2
shows the isotherm parameters obtained using non-linear fitting
analysis.
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Table 1
Kinetic parameters for As and Sb adsorption onto DP/Ferrate, in both single solute and
bi-solute system.

Metal  System pHo Kk qe ?

Pseudo-second-order model L = kl? + (ql)t

As Single 6.5 0.15 40.00 0.99

Sb 4.0 0.01 39.68 0.99

As Bi-solute 6.5 0.60 19.92 1

Sb 4.0 0.07 19.31 1

Metal ~ System PHo  kiax  Kiaz Kia.3 5 3 3
Intra-particle diffusion model q, = k;gt®3 +1

As Single 6.5 0.39 0.004 - 0.97 0.93 -

Sb 4.0 0.27 0.027 - 0.92 0.77 -

As Bi-solute 6.5 0.40 0.004 - 0.88 0.95 -

Sb 4.0 264 0.150 3E-05 0.90 0.96 0.83

Arsenic sorption isotherms were obtained at pHg 6.5. In terms of
the two-parameter isotherm, the Freundlich model exhibited bet-
ter representation (R? = 0.9805) of the experimental results than
the Langmuir model (R? = 0.9269). The constant Kr value was found
to be 82.32, indicating the high affinity of As to the DP/Ferrate sur-
face. The Kr values of the three alternative adsorbents mesoporous
iron manganese bimetal oxide [46], schwertmannite [47] and fer-
rihydrite [47] have been reported to be 15.659, 60.79 and 40.11,
respectively. It is noted that the ferrihydrite synthesized by rapid
titration of ferric nitrate had a Ky value (obtained at pH =5.0)
two times less than that of DP/Ferrate, suggesting that the DP/Fer-
rate underwent a higher degree of iron polymerization [27] that in
turn increased specific surface area and porosity. The n value
obtained from the Freundlich isotherm model was greater than 1,
indicating the heterogeneity of binding sites of DP/Ferrate. Because
the Freundlich isotherm could not model the saturation behavior,
the Langmuir-Freundlich model was applied. According to the cor-
relation coefficients in Table 2, the Langmuir-Freundlich isotherm
was best able to describe our data. The calculated maximum
adsorption capacity Quax Vvalue of Langmuir-Freundlich model
was 162.02 mg (g K;Fe0,)~!, which was higher than the value pre-
dicted from the Langmuir isotherm, implying that As(V) was
adsorbed onto more than a monolayer of binding sites.

The single antimony adsorption isotherm was characterized at
pHo 4.0. The experimental data were found to follow the Fre-
undlich and Langmuir-Freundlich isotherms with better accuracy
than the Langmuir isotherm model (Table 2). The K value obtained
in this work was 41.83 and n was found to be greater than 1, con-
firming that Sb(V) was adsorbed onto DP/Ferrate as a result of mul-
tilayer surface binding sites with heterogeneous affinity toward Sb
(V). The value of Quma.x obtained from the Langmuir-Freundlich
model was 129.93 mg (g K,FeO,)~!. Table 3 compares the Qu.x of
DP/Ferrate with other adsorbents, indicating the superior perfor-
mance of DP/Ferrate in antimony adsorption.

3.3. Adsorption behavior of arsenic and antimony in the bi-solute (As
+Sb) system

Phosphate, arsenic and antimony are in the same group 15 of the
periodic table. Given the structural similarities among them, the
presence of one could influence the adsorption of the other. Compe-
tition between arsenic and phosphorus on various adsorbents has
been widely studied [17,52,53], but less attention has been paid to
the coexistence of As and Sb in the adsorption reaction. Hence, the
main purpose of this section is to discuss the adsorptive behavior
of antimony in the presence of arsenic on DP/Ferrate.

3.3.1. Bi-solute (As + Sb) adsorption kinetics
The metal uptake% as a function of time was fitted with the
pseudo-second-order kinetic model (Fig. S3) and the intra-
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Fig. 5. Adsorption isotherms of (a) arsenic and (b) antimony on DP/Ferrate. [As]o or
[Sb]o ranged from 1 to 10 mg L~'; [K,FeO,] =50 mg L~"; ionic strength = 0.01 M;
pH, = 6.5 for arsenic adsorption and pHy = 4.0 for antimony adsorption, 25 °C.

Table 2
Constant parameters and correlation coefficients of various adsorption isotherm
models for As and Sb adsorption onto DP/Ferrate in single and bi-solute system.

Langmuir Freundlich Langmuir and
Freundlich
Single As Qmax=10841mgg ' Kr=8232 Quax=162.02mgg™"
K. =9.78 n=>5 Kir=1.58
R*=0.93 R®=098 =038
R?=0.99
Single Sb Qmax=5538mgg™'  Kr=41.83 Quax=129.93mgg!
K. =6.82 n=>5.62 Kir=0.06
R?=0.72 R?>=0.98 =025
R?>=0.98

Brunauer-Emmett-Teller isotherm model

Sb in bi-solute  g;=7.99mgg™"
system Kger =42.36
C=0.07mgL!
R*=0.94

particle diffusion model (Fig. S4) in the binary system of arsenic
and antimony at two selected pHo values. The measure of
goodness-of-fit (r?) was extremely high (Table 1), confirming the
satisfactory representation of the adsorption process by a
pseudo-second-order kinetic expression. Comparing the single-
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Table 3
Maximum adsorption capacities Qmax reported in literature in comparison with the
one obtained in present work, for antimony removal from aqueous solutions.

Adsorbent pH Qumax (Mg g™) Refs.

Ferric hydroxide 7.0 18.5 [48]

Fe-Mn binary oxide 5.0 120.53 [48]

Fe-Zr binary oxide 7.0 60.4 [49]
Synthetic manganite 3.0 95 [50]
Akaganeite 7.0 60.8 [51]

HFO 4.0 113.96 2]
DP/Ferrate 4.0 129.93 Present work

solute (As or Sb) system to the bi-solute (As + Sb) system, the
adsorption rate (k) of As was increased from 0.15 to 0.60 g mg ™!
min~! and k of Sb was increased from 0.01 to 0.07 g mg~! min—.
The significant improvement of adsorption rate in the bi-solute
system demonstrated the occurrence of a synergistic promoting
effect between arsenic and antimony. The kinetic data of arsenic
were fitted with the intra-particle diffusion model, and two sepa-
rate linear plots of g, vs t°° are presented in Fig. S4(a). It can be
observed from Table 1 that the kig; and kiq» of As did not differ
considerably between the single-metal and bi-solute systems.
The plot for antimony (Fig. S4(b)) featured three linear portions
suggesting Sb diffused not only to macropores but also to meso-
pores and micropores of DP/Ferrate. The kiq; of Sb increased from
0.27 mg g ' min®® in the single-metal system to 2.64mgg !
min®® when it was co-existed with As. Likewise, the value of kiq,
increased from 0.03 to 0.15 mg g ' min®>. The diffusion of anti-
mony, both externally and internally, was significantly enhanced
by the coexistence of arsenic. A very different adsorption behavior
of antimony in the bi-solute system compared to the single-metal
system was observed.

The time dependence of Sb sorption% in the bi-solute system at
PHp = 6.5 is depicted in Fig. 4. Compared with the Sb uptake% in the
single-metal system, the fraction of the desorbed Sb(V) decreased
in the bi-solute system, indicating the formation of other type of
bonds than Fe-0-Sb bonds. In addition, Fig. 4 illustrates the effect
of ionic strength on the adsorption of Sb in the bi-solute system. An
obvious improvement of sorption% at higher ionic strength was
obtained, indicating the formation of inner-sphere surface
complexes.

3.3.2. Bi-solute (As + Sb) adsorption isotherm

The antimony adsorption isotherm in the bi-solute system
(Fig. 6) was analyzed at pHg = 4.0 and the initial arsenic concentra-
tion was fixed at 1 mg L~!. According to the isotherm classification
scheme suggested by Giles et al. [54], it can be classified within one
of the sigmoidal-shaped (S) classes. The Brunauer-Emmett-Teller
(BET) isotherm model was applied and developed to derive multi-
layer adsorption onto non-homogeneous surfaces. Its validity in
characterizing the equilibrium uptake for Sb in the bi-solute (As
+ Sb) system was demonstrated by the reasonably high correlation
coefficient (R?=0.94) estimated from non-linear fitting analysis
(Table 2). As shown in Fig. 6, the inflection point at
Ce=0.07 mg L' suggested that the adsorption sites on the first
layer of the DF/Ferrate surface were saturated by antimony.
Beyond the inflection point, multi-layer adsorption occurred.

3.4. FTIR and XPS spectroscopic investigation

IR spectroscopy of DP/Ferrate samples before and after adsorp-
tion in both single and bi-solute systems, represented as As@DP/
Ferrate, Sb@DP/Ferrate and (As + Sb)@DP/Ferrate, were analyzed.
The results are illustrated in Fig. 2.

60
50
40+
g 30 1
E
[
T 204
104 ]
B Antimony in bi-slute system
od™ BET model
T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Ce(mglL)

Fig. 6. BET adsorption isotherm of antimony onto DP/Ferrate in bi-solute system.
[Sb]o ranged from 0.1 to 3mglL™'; [Aslo=1mgL™'; [K,FeO,;] =50mgL~';
IS=0.01 M; pHo =4.0; 25°C.

Compared to the spectrum of blank DP/Ferrate sample (Fig. 2
(a)), a broader but less intense band at ~3400 cm~' was observed
in the As@DP/Ferrate (obtained at pHg 6.5, Fig. 2(b)) sample owing
to the deprotonation of the hydroxyl groups associated with Fe on
the DP/Ferrate surface upon arsenic adsorption [44]. The bands at
1368 cm™! and 1483 cm™!, which were ascribed to the vibration
of NO3 and CO%~, were absent after arsenic adsorption, suggesting
that H,AsO3 " displaced the NO3 and CO3~ and promoted inner-
sphere complexation [35]. A new peak appeared at 825 cm™! that
was not observed in the original spectrum of DP/Ferrate, evidenc-
ing the formation of new surface species. Jia et al. [35] verified that
the band at ~825 cm™~' was attributed to the stretching vibration
of As-0 coordinating to iron atoms, i.e., As—-O-Fe, of ferric arsenate
precipitate on ferrihydrite. From the FTIR spectrum analysis, it can
be concluded that arsenic was adsorbed onto DP/Ferrate via two
steps: rapid ligand exchange between surface hydroxyl groups
and H,AsO3 " ions followed by a slow buildup of ferric arsenate
surface precipitate [55].

By studying the IS dependence of antimony adsorption onto DP/
Ferrate, it revealed that beyond pH 5.5, a combination of an outer-
sphere complex (FeOH3...Sb(OH)s) and an inner-sphere complex
(Fe-OSb(OH)s5) was promoted. To confirm the presence of these
putative surface complexes, IR spectra of adsorbed antimony on
the DP/Ferrate surface at pHg 4.0 (Fig. 2(c)) and pHp 6.5 (Fig. 2
(d)) were studied. As illustrated in Fig. 2, both samples exhibited
a loss of OH stretch vibrations of surface hydroxyl groups. The band
at 460 cm™! ascribed to Fe**-0% vibrational transition was
decreased after adsorption for both samples. A new peak appeared
at 598 cm~! for Sb@DP/Ferrate (pHy, 4.0) and at 589 cm™! for
Sb@DP/Ferrate (pHg 6.5), which was attributed to the Sb(V)-O
stretching vibration [41,48]. It can be concluded that Fe-O-Sb
bonding occurred in both samples. However, the differences in
Sb surface complexes on DP/Ferrate at different pH can be identi-
fied from the IR spectra. The bands at 1479 cm~' and 1364 cm ™,
which were assigned to NO3 and CO%-, respectively, were absent
in sample Sb@DP/Ferrate (pHg 4.0). This was due to the displace-
ment of NO3 and CO%~ by Sb(OH)s forming the inner-sphere com-
plexes. Nevertheless, in the sample Sb@DP/Ferrate (pHg 6.5), these
two peaks were not absent but exhibited a downshift in wave
number, suggesting the formation of outer-sphere surface com-
plexes (FeOH3-NOs3. . .Sb(OH)g).

Cooperative adsorption between As and Sb onto DP/Ferrate par-
ticles occurred. The IR spectrum of (As + Sb)@DP/Ferrate (obtained
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Scheme I Scheme II

Scheme 111 Scheme IV

Fig. 7. Possible configurations of the surface structure of As and Sb on DP/Ferrate.

at pHg 4.0, Fig. 2(e)) was investigated to understand the mecha-
nism. It can be observed from Fig. 2 that the Sb(V)-O stretching
vibration (~589 cm~') was present in the spectrum, whereas the
As(V)-0 stretching vibration shifted from 825cm™' to 819 cm™!
and was assigned to As-O-Sb bonds [56]. Therefore, the simple
deduction that As(V) and Sb(V) were coordinated with the surface
hydroxyl group independently was not adequate to clarify the syn-
ergistic sorption of As and Sb. Wang et al. [57,58] discovered the
presence of arsenato antimonates precipitates during copper
electro-refining. On the basis of Wang’s work, we propose the fol-
lowing adsorption mechanism of As + Sb onto DP/Ferrate and illus-
trate in Fig. 7. In Scheme I and II, As(III) is oxidized to As(V) by Fe
(VI) and adsorbed onto DP/Ferrate via bidentate binuclear com-
plexation; i.e., two of the four As-O bonds are combined with iron
atoms. In Scheme I, un-oxidized As(Ill) and Sb(IlI), before encoun-
tering ferrate, occupy the remaining two un-complexed As-O and
form AsAsO,4| or SbAsO,|. In Scheme II, the un-complexed As-O
bonds with Sb(OH)g. In Scheme III and 1V, a Sb(V) octahedron com-
bines with an iron atom via monodentate interaction. Similarly,
un-oxidized As(Ill) and Sb(Ill), and AsO, tetrahedra have the
chance to share one edge with Sb(OH)s. The above four schemes
represent the possible existence of four units on the surface of
DP/Ferrate. Nevertheless, these units would interconnect and pro-
duce a huge chain and three-dimensional structure.

To examine the postulated mechanism, XPS analysis of (As + Sb)
@DP/Ferrate sample was conducted. Fig. 8(a) shows the As 3d core
level photoelectron spectrum. One band centered at approximately
45.03 eV indicates that As(V) species were adsorbed onto the DP/
Ferrate particle, whereas the other band centered at 43.87 eV sug-
gested As(IIl) species were present on the surface of DP/Ferrate
[29]. The results obtained from the XPS spectrum of As 3d were
in accordance with Scheme I and III (Fig. 7) proposed in this study.
The Sb 3d spectrum is illustrated in Fig. 8(b). The BE of Sb 3d5/, was
located at 541.8 eV. Using doublet separation, Sb 3ds,, was located
at 532.46 eV. It has been reported that the BE of Sb 3d3/, in Sb,0s
and Sb,05 was 540.8 eV and 539.6 eV, respectively [48]. Hence, the
Sb species adsorbed onto the DP/Ferrate surface should be the
other form of antimony compounds. According to XPS database
[59], the dominant Sb species can be assigned to K3Sb3As;014-5H5-
0. The FTIR and XPS results confirmed the formation of arsenato
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Fig. 8. High-resolution (a) As 3d and (b) Sb 3d core level photoelectron spectra of
the (As + Sb)@DP/Ferrate obtained at pHo = 4.0.
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antimonates on the DP/Ferrate surface, which was believed to be
account for the synergistic promoting effect on simultaneous
adsorption of As and Sb by DP/Ferrate.

4. Conclusion

This paper demonstrated that potassium ferrate is a viable
water treatment agent to remediate arsenic and antimony com-
bined pollution. Its decomposition product (DP/Ferrate) matched
the characteristics of amorphous ferrihydrite. For single-solute
sorption onto DP/Ferrate, the maximal adsorption capacity toward
arsenic was 162.02 mg g~ ! at pHy 6.5 and toward antimony was
129.93 mg g~ at pHy 4.0, which were higher than those of ferrihy-
drite synthesized by rapid titration of ferric nitrate. For bi-solute
sorption onto DP/Ferrate, the adsorption rates of As and Sb were
both improved significantly compared to the single-solute system,
demonstrating the occurrence of a synergistic effect between
them. Furthermore, the diffusion of Sb within the porous structure
of DP/Ferrate exhibited a marked enhancement in the presence of
As. IR and XPS analyses were used to confirm surface speciation,
and the key findings were: (1) for single-solute As adsorption, sur-
face precipitation of ferric arsenate was observed; (2) for single-
solute Sb adsorption, the spectral changes between pH 4.0 and
6.5 implied an inner-sphere complex as well as some outer-
sphere adsorption; (3) for bi-solute (As+Sb) adsorption, the IR
spectrum indicated the presence of As-0-Sb bonds and (in combi-
nation with the high-resolution XPS data) suggested the formation
of arsenato antimonates across the surface of DP/Ferrate. On the
basis of macroscopic experiments and the microscopic characteris-
tics, the mechanism of simultaneous adsorption of As and Sb was
postulated.
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