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• Sb(III) had a stronger inhibitory influ-

ence on As(III) adsorption than Sb(V)
did.
• Sb(V) adsorption was more negatively affected by As(V) than As(III).
• The affinity order of As(III), As(V),
Sb(III) and Sb(V) in quaternary systems was dependent on pH.
• Competitive adsorption mainly occur
between As(III) and Sb(III), or take
place between As(V) and Sb(V).
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a b s t r a c t
The simultaneous adsorption behavior and competitive interactions between As(III), As(V), Sb(III) and
Sb(V) by ferrihydrite were evaluated in multi-component (binary, ternary, quaternary) systems. In binary
systems, Sb(III) had a stronger inhibitory influence on As(III) adsorption than Sb(V) did, and As(V) had a
stronger inhibitory effect on Sb(V) adsorption than As(III) did. In ternary systems, NO3 − , PO4 3− and SO4 2−
did not compete with the adsorption of As(III) and Sb(III). NO3 − and SO4 2− also had no distinct effect
on the adsorption of As(V) and Sb(V), while PO4 3− competed with As(V) and Sb(V) for surface sites. In
quaternary systems, the simultaneous adsorption behavior of the four redox species was pH dependent.
Sb(III) always showed the strongest adsorption affinity regardless of pH. At pH 3.5 As(III) showed the
lowest affinity could be due to the presence and negative effect of Sb(III) and As(V). The Freundlich
model provided a good fit for the simultaneous adsorption data under quaternary conditions. The study
of competitive/simultaneous adsorption of the four possible redox species onto ferrihydrite contributed
to a better understanding of their distribution, mobility and fate in the environment.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Environmental contamination by coexisting toxic elements,
such as arsenic (As) and antimony (Sb), has received substantial
attention because of a higher risk to human health and ecological safety. High levels of co-occurring As and Sb in waters and
soils around old mining and smelting areas have been reported in
many areas [1–4]. Arsenic and Sb are metalloids of the fifth main
group of the periodic table sharing the same electron configuration
in their outer shell (s2 p3 ). They both occur in the same range of
oxidation states (−3 to +5), which are mostly found in inorganic
forms either as trivalent (As(III)) and (Sb(III)) species under anoxic
conditions or as pentavalent (As(V) and Sb(V)) species under oxic
conditions in aquatic environment. Since As and Sb are expected
to share numerous similarities in chemical properties and toxicity,
it is more difficult to assess and remediate the contamination of
coexisting As and Sb species.
Both As and Sb can be adsorbed strongly onto hydrous ferric
oxide (HFO), such as goethite, ferrihydrite and akaganeite [5–8].
They appear to exhibit a similar adsorption behavior. For example,
both the adsorption of As(V) and Sb(V) was found to be dependent on pH with increased adsorption under acidic pH conditions
[9,10], while the adsorption of As(III) and Sb(III) was reported as
being less pH dependent [11,12]. The coexistence of other potential
adsorbates could have similar influences on adsorption behavior of
As and Sb. For example, sulfate (SO4 2− ), carbonate (HCO3 − ) and
nitrate (NO3 − ) have minor influence on the individual adsorption
of As and Sb, while phosphate (PO4 − ) is a well-known competitor
for the adsorption of both As(V) and Sb(V) [13–16]. Moreover, As
and Sb could share a similar adsorption mechanism through the
formation of inner-sphere complexes [17–19]. Thus it is crucial to
evaluate the simultaneous adsorption behavior of As and Sb, particularly when both compete for the surface sites. So far, few studies
have been reported concerning the simultaneous removal of As and
Sb. It was observed that Sb(V) adsorption was disturbed by As(V)
onto akaganeite, while conversely, the addition of Sb(V) did not
have any influence on the adsorption of As(V) [7]. Xu et al. [20]
reported that the presence of As(III) affected Sb(V) adsorption on
activated alumina slightly, while the coexistence of As(V) substantially suppressed Sb(V) adsorption. Unfortunately there has been
no study focusing on the competitive adsorption of As(III,V) and
Sb(III,V) in quaternary aqueous solutions, i.e., when all four possible species are present at the same time. However, around Sb
mining areas the four possible redox species could occur together
in waters and soils. Among the different types of hydrous ferric
oxides (HFO), ferrihydrite is one of the predominant adsorbents
for potentially toxic contaminants because of its large surface area
and reactivity. It can be a low-cost adsorbent material for water
treatment [21] and is commonly found in aquatic systems, soils
and sediments. Due to its known affinity to both As and Sb, ferrihydrite should play an important role for the immobilization if
both elements are present at the same time, thus it is worthy to
explore the competitive/simultaneous adsorption behavior of As
and Sb species.
The main objectives of this study were to compare the competitive interactions and simultaneous adsorption behavior of As(III, V)
and Sb(III, V) onto ferrihydrite (1) in binary systems by varying the
solution pH, (2) in ternary systems under the presence of interfering ions of NO3 − , PO4 3− and SO4 2− and (3) in quaternary systems
at varying pH.
2. Experimental section
2.1. Materials
All reagents used were of analytical grade. Stock Sb(III, V)
and As(V) solutions were prepared by dissolving potassium anti-
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monyl tartrate trihydrate (C8 H4 K2 O12 Sb2 ·3H2 O, Sigma-Aldrich),
potassium hexahydroxoantimonate (H6 KO6 Sb, Fluka) and sodium
arsenate Na2 HAsO4 ·7H2 O (Sigma-Aldrich) in deionized distilled
(DDI) water, respectively. Another stock solution of As(III) was prepared by dissolving As2 O3 (Sigma-Aldrich) in a 4% NaOH solution.
All working As and Sb solutions were freshly prepared each time,
and the ionic strength was maintained at 0.01 M NaCl.
Ferrihydrite was prepared following an established method
[12] by drop wise adding a 1 molar solution of KOH (SigmaAldrich, Germany) to 500 mL of a 0.2 molar Fe(NO3 )3 ·9H2 O (Alfa
Aesar, Germany). The suspension was kept under constant stirring until the pH increased to 7.4 ± 0.1. The precipitated material
was washed with DDI water, freeze-dried, ground and stored in
polyethylene bags in the refrigerator. X-ray diffraction analysis of
the material confirmed two-line ferrihydrite [12]. The surface area
of freeze-dried ferrihydrite was determined by the method of BET
(Brunauer-Emmett-Teller) and found to be 120 m2 /g.
2.2. Competitive adsorption experiment setup
Adsorption experiments were conducted to study competitive
interactions of either As and either Sb species in various binary
systems over a wide range of pH, where 25 mg ferrihydrite was
suspended in 40 mL of a solution containing one As and one Sb
species. The concentration of each species in the binary experiments was 40 mg/L. The pHs of the suspensions were adjusted to
3.5, 4.5, 5.5, 6.5, 7.5 and 8.5 using 0.1 M HCl or NaOH. The tubes were
capped tightly and shaken in a Rotoshake (RS12/RS18) at 20 rpm.
Kinetics experiments were carried out and 24 h reaction time was
adequate to reach equilibrium. After a reaction period of 24 h, the
solution was filtered through a 0.45 !m membrane, and the total
concentrations of As and Sb in the binary system were determined
respectively.
The simultaneous adsorption experiments of As(III, V) and Sb(III,
V) onto ferrihydrite were performed to study the affinity order
over a wide range of pH in quaternary systems. Triplicate 40 mL
solutions containing equal concentrations of the four species were
prepared in 50 mL plastic tubes with an adsorbent concentration
of 0.3125 g/L. The pH range in this experiment was identical as
in the binary systems. Simultaneous adsorption isotherms experiments were conducted at pH 5 at room temperature around 20 ◦ C
under quaternary conditions. The experiments were initiated by
suspending a fixed amount of ferrihydrite (12.5 mg) in 40 mL mixture solutions having different initial concentrations (4–25 mg/L
for each species). The simultaneous speciation of As and Sb redox
couples in the supernatant was determined after 24 h.
To study the influence of common interfering ions such as
phosphate (PO4 3− ), sulfate (SO4 2− ) and nitrate (NO3 − ) on the
simultaneous adsorption of (As(III) and Sb(III)) or (As(V) and Sb(V)),
solutions containing equal concentrations of either As and Sb
species with increasing concentration of one oxyanion were prepared at the adsorbent dosage of 0.625 g/L and at pH 6. The
concentration ratios of the interfering ions to objective ions were
0, 0.5, 1, 2 and 2.5, where the concentrations of objective ions were
kept constant. The total concentrations of As and Sb in the supernatant were determined after 24 h.
2.3. Analytical methods
The total concentrations of As and Sb were determined by
inductively coupled plasma optical emission spectrometry (ICPOES) using an Optima 7300 instrument (Perkin Elmer). The
speciation analysis of As(III, V) and Sb(III, V) was conducted
using double-focusing sector field-inductively coupled plasmamass spectrometry (SF-ICP-MS) coupled to high performance liquid
chromatography (HPLC) (Thermo Scientific Element 2 and Thermo
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Fig. 1. Adsorption envelopes of As and Sb as a function of pH in the binary systems of As(III)/Sb(III) and As(V)/Sb(III) (initial concentration: 40 mg/L; pH: 3.5–8.5;
adsorbent dosage: 0.625 g/L).

Scientific Accela 1250 Pump and an Hamilton PRP-X100) following Wu et al. [22]. The detection limits for As(III, V) and Sb(III,
V) were 0.02 !g/L, 0.06 !g/L, 0.2 !g/L and 0.02 !g/L, respectively.
After determination of the speciation by SF-ICP-MS, the samples
were checked by hydride generation atomic fluorescence spectroscopy (HG-AFS) on a PSA 10.055 Millennium Excalibur system
for speciation analysis and by ICP-OES for total concentrations. To
assure precision and accuracy during all analytical procedure replicates, a certified reference material (NIST 1643e) was used and the
analytical uncertainty was less than 4%. The deviation between the
sum of As and Sb species, determined by SF-ICP-MS, and the total
As and Sb concentrations, determined by ICP-OES or AFS was less
than 10%.
3. Results

Fig. 2. Adsorption envelopes of As and Sb as a function of pH in the binary systems of
As(III)/Sb(V) and As(V)/Sb(V) (initial concentration: 40 mg/L; pH: 3.5–8.5; adsorbent
dosage: 0.625 g/L).

cating that the two As species had a different effect on Sb(V)
adsorption. At low pH As(III) had an insignificant effect on Sb(V)
adsorption (Fig. 2a), while in the presence of As(V) approximately
25% less Sb(V) were adsorbed across the pH range than in the presence of As(III) (Fig. 2b). This suggests that the presence of As(V)
could decrease Sb(V) adsorption to a greater extent than As(III)
does. The adsorption of As(III) was less efficient in the presence
of Sb(III) than that in the presence of Sb(V) (Figs. 1a and 2a). For
example, at pH 3.5 and 8.5, 66% and 82.5% of As(III) were adsorbed
in the presence of Sb(V), respectively, but only 48% and 75% of As(III)
were adsorbed in the presence of Sb(III). In contrast to As(III), As(V)
adsorption in the As(V)/Sb(III) system did not change considerably
compared to that in the As(V)/Sb(V) system (Figs. 1b and 2b), indicating that the effect of the two Sb species on the adsorption of
As(V) was almost similar.

3.1. Competitive adsorption in binary systems
3.2. Simultaneous adsorption in quaternary systems
In Fig. 1 the simultaneous adsorption behavior of As and Sb as a
function of pH is shown in the binary systems of As(III)/Sb(III) and
As(V)/Sb(III). The adsorption envelopes of Sb(III) in the presence of
As(III) and As(V) were similar indicating that the two As species had
the same (little) effect on Sb(III) adsorption, although it seemed that
at low pH, As(V) somewhat interfered with the adsorption of Sb(III).
At a pH of 3.5 approximately 5% more Sb(III) were adsorbed in the
presence of As(III) than in the presence of As(V), while starting at a
pH of 4.5 the effect of both As species on Sb(III) adsorption was more
or less identical. The adsorption percentage of As(III) increased with
increasing pH from approximately 50% to 75% (Fig. 1a), while at the
same time the adsorption percentage of As(V) decreased from 75%
to less than 50% (Fig. 1b). The adsorption of Sb(III) was more complete than that of either As species and the percentage of adsorbed
Sb(III) was close to 100% starting at pH 6.
Fig. 2 shows the adsorption behavior of As and Sb in the binary
systems of As(III)/Sb(V) and As(V)/Sb(V). The adsorption envelopes
of Sb(V) in the presence of As(III) and As(V) were different indi-

The simultaneous adsorption behavior of As(III), As(V), Sb(III)
and Sb(V) onto ferrihydrite under quaternary conditions (i.e., all
four species were present at the same time) is shown in Fig. 3.
Regardless of pH Sb(III) was always adsorbed stronger than the
other three species. More than 90% of Sb(III) were removed starting
at a pH of more than 6. In general the adsorption behavior seemed
identical to that in the binary systems, where the adsorption of
Sb(III) and As(III) increased with increasing pH, while the adsorption of As(V) and Sb(V) decreased with increasing pH. At a pH less
than 4, As(III) showed the lowest affinity compared to the other
three species. However, the adsorption percentages of As(III), As(V)
and Sb(V) were more or less identical at a pH of 4.5. The adsorption
of As(III) exceeded both As(V) and Sb(V) adsorption at a pH above
5, while As(V) showed slightly stronger adsorption than Sb(V) at
a pH above 5. The affinity for adsorption onto ferrihydrite was in
the order of Sb(III) > As(V) ≈ Sb(V) > As(III) at a pH of below 4 and
in the order of Sb(III) > As(III) > As(V) > Sb(V) at a pH of above 5. The
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Fig. 3. Simultaneous adsorption envelopes of As(III), As(V), Sb(III) and Sb(V) as
a function of pH in the quaternary systems (initial concentration: 20 mg/L; pH:
3.5–8.5; adsorbent dosage: 0.3125 g/L).

adsorption efficiency under quaternary conditions was less for all
species compared to that under binary conditions (Fig. 3). At low
pH As(III) was affected the most, while at higher pH As(V) and Sb(V)
adsorption diminished more. The adsorption of Sb(III) was affected
the least and the strongest affected was Sb(V).
3.3. Simultaneous adsorption isotherm studies
Fig. 4 shows the simultaneous adsorption experimental results
in quaternary system and the non-linear adsorption isotherm
fittings for the experimental data. Sb(III) showed the strongest
adsorption ability independent of initial concentrations. As(III) displayed a slightly stronger adsorption affinity than As(V) and Sb(V)
with increasing initial concentrations. Although Sb(III) showed the
strongest adsorption affinity but did not reach saturation since
there was no development of a plateau in its adsorption envelope. This was in contrast to As(III), As(V) and Sb(V), which almost
reached an adsorption maximum. Thus only As(III), As(V) and Sb(V)
were fitted with the adsorption isotherm models. Two widely used
isotherms are the Langmuir and Freundlich isotherms [23]. The
Langmuir isotherm theory assumes that the adsorption takes place
on the specific homogeneous sites of the adsorbent [24]:
C∗ =

˛ˇC
1 ∗ ˛C

(2)

where ˛ is an adsorption constant related to binding energy (L/mg)
and ˇ is the maximum adsorption capacity (mg/kg) and C is the
concentration of solute in equilibrium with the mass of solute
adsorbed onto the solid phase. The Freundlich model on the other
hand assumes heterogeneous adsorption on the surface sites with
different energies [25]. The equation is:
C ∗ = KC n

Fig. 4. Adsorption isotherms for simultaneous adsorption of As(III), As(V), Sb(III)
and Sb(V) onto ferrihydrite under quaternary conditions at pH 5. The symbols show
the experimental results and the solid lines represent the non-linear fitting for: (a)
Langmuir adsorption and (b) Freundlich adsorption models.

(3)

where K and n are constants.
The Freundlich model was preferred for adsorption of As(III)
and As(V) in the quaternary systems, as indicated by the correlation coefficient. However the Langmuir model better described the
adsorption of Sb(V). Since Sb(V) adsorption was negatively affected
by the presence of As(V), this suggests that the adsorption sites
were not specific for Sb(V). The Freundlich model assumes that
the surface sites are heterogeneous and multilayered. Conversely
speaking, this is in agreement with the observed competition
between As and Sb on the surface sites.

Fig. 5. The simultaneous adsorption behavior of As(III) and Sb(III) under the presence of increasing amounts of oxyanions (SO4 2− , PO4 3− , NO3 − ) in the ternary systems
(initial concentration: 40 mg/L; pH: 6; concentration ratios of competing ions with
objective ions R = 0, 1 and 2.5).

3.4. Effect of interferences in ternary systems
The influences of the oxyanions NO3 − , PO4 3− and SO4 2− on the
simultaneous adsorption of As(III) and Sb(III) are presented in Fig. 5,
showing that none of the three oxyanions had a distinct influence on the simultaneous adsorption behavior of the two trivalent
species. At pH 6 both As(III) and Sb(III) were adsorbed in the same
proportions as in the binary systems without interfering oxyanions
(Fig. 1), moreover, their adsorption envelopes remained more or
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Fig. 6. The simultaneous adsorption behavior of As(V) and Sb(V) under the presence
of increasing amounts of oxyanions (SO4 2− , PO4 3− , NO3 − ) in the ternary systems
(initial concentration: 40 mg/L; pH: 6; concentration ratios of competing ions with
objective ions R = 0, 1 and 2.5).

less constant across the range of NO3 − , PO4 3− and SO4 2− concentrations studied. The adsorption of Sb(III) was always more complete
than that of As(III), indicating that the three oxyanions are no competition for the surface sites under ternary conditions nor do they
affect the order of adsorption affinity of As(III) and Sb(III).
Fig. 6 showed the simultaneous adsorption behavior of As(V)
and Sb(V) in the presence of coexisting ions of NO3 − , PO4 3− and
SO4 2− . The adsorption envelopes of As(V) and Sb(V) in the presence of NO3 − were similar to that in the presence of SO4 2− , but a
difference was discovered in the presence of PO4 3− . The adsorption
of As(V) decreased noticeably with increasing of PO4 3− concentration, while the adsorption of Sb(V) also decreased, but to a lesser
extent (Fig. 6).
4. Discussion
4.1. Competitive interactions between As and Sb
In the binary and ternary systems Sb(III) was more strongly
adsorbed by ferrihydrite than As(III) (Fig. 1a and Fig. 5), as well
as in the quaternary systems (Fig. 3). The removal of Sb(III) being
preferred to As(III) was reported previously [26,27]. The relatively stronger adsorption of Sb(III) compared to As(III) could be
attributed that Sb(III) is a stronger Lewis base than As(III) [28], having a higher pKa value (pKa1 (H3 AsO3 ) = 9.22; pKa (Sb(OH)3 ) = 11.9).
The iron hydroxides are frequently amphoteric, and if considering the surface sites of ferrihydrite as Lewis acids, the interaction
between Sb(III) and the surface sites would be stronger than for
As(III). Moreover, the adsorption of As(III) was weaker in the presence of Sb(III) compared to its adsorption in the presence of Sb(V)
(Figs. 1a and 2a), suggesting that Sb(III) is a stronger competitor
for As(III) adsorption by ferrihydrite than Sb(V). It is ascribed that
As(III) and Sb(III) have similar atomic structures and species distribution [29].
As(V) was adsorbed more effectively than Sb(V) onto ferrihydrite in the binary systems except at the low pH of 3.5 (Fig. 2b).
This was also confirmed under ternary conditions in the presence of interfering oxyanions (Fig. 6). Under quaternary conditions,
As(V) showed slightly higher adhesion ability than Sb(V) from pH
more than 5 (Fig. 3). Firstly, as reviewed by Wilson et al. [29],
the observed successive deprotonation of arsenic acid (H3 AsO4 )
(pK1 = 2.2; pK2 = 6.97) caused the As(V) complex to reach a higher
negative charge, in contrast to the single deprotonation of antimonic acid (H3 SbO4 ) (pKa = 2.72), i.e., HAsO4 2− vs. H2 SbO4 − . A more
positive charge could be required from the surface adsorption sites
to offset and balance the more negatively charged As(V). Secondly,
the coordination of Sb(V) with oxygen is octahedral and has a
larger spatial structure (radius ratio: Sb(V)/O = 0.51) than that of
As(V) species (radius ratio: As(V)/O = 0.4) [30], which could lead

to a weaker adsorption of Sb(V) than As(V). Thirdly, in the presence of ferrihydrite Sb(III) is easier oxidized to Sb(V) than As(III)
to As(V). The stronger Sb(III) oxidation might be prone to lead to
more formed Sb(V) retaining in the aqueous phase if there are insufficient adsorption sites. Due to the stronger competition between
As(V) and Sb(V), Sb(V) adsorption in the presence of As(V) was less
effective than that in the presence of As(III) (Fig. 2).
The coexisting ion of PO4 3− appeared to have no influence on the
adsorption of Sb(III) and As(III). However, the adsorption of As(V)
and Sb(V) was impeded, and PO4 3− had a stronger negative influence on As(V) adsorption than on Sb(V) adsorption under ternary
conditions (Fig. 6). Similar results were reported that the adsorption
of Sb(V) was disturbed to a higher extent by As(V) than by PO4 3−
onto akaganeite, and As(V) adsorption was only disturbed by PO4 3−
[7]. The stronger competition between As(V) and PO4 3− could be
ascribed to the fact that the structures of As(V) and PO4 3− are analogous with tetrahedral linkages and similar pKa values, while Sb(V)
is octahedral coordinated to 6 oxygen atoms [7,31].
Looking at the adsorption envelopes in the binary systems it
becomes clear that the presence of Sb(III) had a more inhibitory
effect on As(III) adsorption, and the presence of As(V) had a stronger
negative influence on Sb(V) adsorption. It suggests that the competition mainly occurs between Sb(III) and As(III) or between Sb(V)
and As(V) under binary conditions. Similarly, As(III) adsorption on
activated alumina decreased with increasing Sb(III) at both low and
high initial concentrations [32]. Another study also concluded that
the coexisting As(V) substantially suppressed Sb(V) adsorption on
activated alumina [20]. But taken together our previous and current results, as shown in Fig. 6, not merely Sb(III) but also As(V)
had a significant negative influence on As(III) adsorption particularly at low pH, which could cause the lowest adsorption efficiency
for As(III) at a pH of 3.5 in the quaternary system. In addtiion, both
the presence of Sb(III) and As(V) significantly reduced the adsorption efficiency of Sb(V) under binary conditions (Fig. 7). Under
quaternary conditions Sb(III) showed a distinctly stronger affinity onto ferrihydrite than any of the other three species (Fig. 3).
However, only Sb(III) envelopes under quaternary conditions (less
adsorption sites available) was more or less identical to those in
the binary systems (Fig. 7), clearly demonstrating that Sb(III) easily outcompetes the other species. Thus, based on observations
of the competitive interaction between As and Sb made in our
present and previous studies, it is indicated that Sb(III) and As(V)
are strongly adsorbed on ferrihydrite through specific interaction.
Since both species can strongly bind with the hydroxyl functional
groups on the ferrihydrite surface via specific interaction, they
have the competitive edge compared to other species. Whereas a
combination of outer- and inner-sphere complexes seemed to be
the case for As(III) and Sb(V) adsorption, indicating that at least
a fraction of the adsorbates are non-specifically and thus weakly
bonded to the surface of ferrihydrite by simple electrostatics interaction. This would be in agreement with our results that both
the presence of As(V) and Sb(III) have significant adverse effects
on the adsorption of As(III) and Sb(V). Evidence of a combination
of outer- and inner-sphere complexes had also been reported for
Sb(V) adsorption on iron modified aerobic granules [33] and for
As(III) adsorption on iron oxides [34]. An inner-sphere formation
of bidentate mononuclear edge-sharing between Sb(III) and HFO
was reported by using extended X-ray absorption fine structure
(EXAFS) [11]. More spectroscopy evidence are requisite to explore
the competitive adsorption mechanism of As(III,V) and Sb(III,V) on
mineral phase.
4.2. Implications of competition
Knowledge about the competitive/simultaneous removal of
individual adsorbates in a multi-component system where sev-
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Fig. 7. Overview of the adsorption envelopes for each species of As(III) (a), As(V) (b), Sb(III) (c) and Sb(V) (d) in single, various binary and quaternary systems.

eral adsorbates compete for the same adsorption sites is crucial to
understand their fate, mobility and transport in the environment.
For example, the competition for adsorption sites most likely contributed to the observed distribution of As and Sb species and the
evident discrepancies of their geochemical behavior in mine waters
[35]. The much stronger adsorption of As(III) than As(V) may also
explain the unusual species distribution in natural aqueous systems [36]. According to the results of our study, in the presence
of iron hydrous oxides and under redox conditions, which would
allow the presence of the four redox species, Sb(V) could be the
most dominant species in solution since it was outcompeted by
the other adsorbates and had the lowest adsorption capacity. The
presence or absence of Sb(III) would have a tremendous impact on
the mobility of As(III), As(V) and Sb(V) since Sb(III) is preferentially
adsorbed. The mobility of As(III) is particularly enhanced at low pH
(Fig. 3).
Under quaternary conditions, since As(III) adsorption was
affected strongest at low pH and both As(V) and Sb(V) adsorption
diminished at higher pH, ferrihydrite could have the highest efficiency for the simultaneous removal of As and Sb from aqueous
media around neutral pH values. With increasing pH As(III) was
adsorbed stronger than As(V) and Sb(V). Thus increasing pH in an
environmental system, such as mine water, has the advantage that
the trivalent species are preferentially removed from an aqueous
phase. Moreover, given that both Sb(III) and As(III) are approximately ten times more toxic than Sb(V) and As(V), this behavior
may reduce toxicological risks especially in areas contaminated by
co-existing As(III), As(V), Sb(III) and Sb(V).

5. Conclusions
Our study demonstrated that ferrihydrite is a potential effective
adsorbent for the simultaneous removal of As(III), As(V), Sb(III) and
Sb(V) in multi-component systems. The four possible redox species

did compete for the available surface sites. Both the adsorption of
As(III) and Sb(V) onto ferrihydrite was obviously reduced as a result
of the addition of Sb(III) and As(V), but on the other hand the presence of As(III) and Sb(V) did not play any significant role in the
adsorption of Sb(III) and As(V). The adsorption affinities of As and
Sb in the quaternary systems were related to pH, which was in
the order of Sb(III) > As(V) ≈ Sb(V) > As(III) at a pH of below 4 and
Sb(III) > As(III) > As(V) > Sb(V) at a pH of above 5. The simultaneous
isotherm adsorption in quaternary systems were well described
by the Freundlich model, suggesting the heterogeneous nature of
the surface sites for As and Sb adsorption onto ferrihydrite. An
improved understanding of the simultaneous/competitive adsorption of the four possible redox species also contribute to a better
understanding of their mobility and transport in the environment.
Sb(V) could be the dominant species in the presence of iron hydrous
oxides and redox conditions since Sb(V) was significantly affected
and had the lowest adsorption capacity.
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