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� Fe-doping birnessites enhanced
removal efficiency for both Sb(III)
and Sb(V).

� The Fe-doping birnessites trans-
formed into vernadite after Sb(III)
removed.

� The rate of phase transition increased
with the increase of iron content.

� The transformation of acid birnessite
enhanced antimony removal.
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In the environment, antimony as a priority control pollutant is mainly associated with Fe- or Mn- related
minerals. In this work, acid birnessite (AB) doped with iron was synthesized as the artificial mineral to
study the adsorption and oxidation of antimony. As compared to the pristine birnessite, Fe-doping bir-
nessites show a markedly enhanced removal efficiency for both Sb(III) and Sb(V), where 10% Fe exhibited
an excellent adsorption capacity of 759mg/g Sb(III). The removal of Sb(III) clearly underwent a novel
kinetic process of adsorption-desorption- (re-adsorption). By monitoring the kinetics with XRD, XPS, and
IR, it is demonstrated that the three-stage kinetics were attributed to the strong interaction between
Sb(III) and birnessite, including Sb(III) oxidation, followed by destruction of birnessite and then phase
transformation into vernadite. Furthermore, the increase of iron content doped into birnessite enhanced
the rate of its phase transition, which led to an increased adsorption of the oxidized antimony on the
surface of vernadite by substituting iron and manganese associated with hydroxyl group. This work
suggested that the strong interactions between heavy metal ions and mineral particles, more than
adsorption, are critical to the transformation, mobility and biotoxicity of antimony in nature.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Antimony is a priority control pollutant that more complex to
control than arsenic. Excessive exposure to antimony through
tal Nano-materials, Research
cademy of Sciences, Beijing
digestive and respiratory activities can lead to deleterious health
concerns, and the toxicity of Sb(III) is 10 times than that of the Sb(V)
(Shtangeeva et al., 2011; He and Wan, 2004; Nakamaru and
Altansuvd, 2014). In most cases, the concentration of antimony is
less than 1mg/L in natural water (Filella et al., 2002a, b), but due to
human activities, the antimony concentrations in some contami-
nated water are 100e7000mg/kg (Guo et al., 2009; Hammel et al.,
2000).

Manganese oxide, which shows strong oxidation reactivity, can
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effectively oxidize Sb(III) into less toxic and mobile Sb(V) (Liu et al.,
2015). But it is poor to adsorb anions such as arsenate (Gude et al.,
2017), chromate (Gheju et al., 2016), and antimonite (Luo et al.,
2017b) due to a large amount of negative charges exists on the
surface of manganese oxide. In order to improve the adsorption of
anionic heavy metals, iron-manganese composite was developed
(Zhu et al., 2015; Zhang et al., 2007, 2009). This composite consists
of amorphous iron hydroxide and manganese hydroxide, the latter
of which is used for oxidation while the former is used for
adsorption. However, due to the amorphous structure of the iron-
manganese composite, its structure and the influence of material
phase transition during the adsorption process are difficult to
study, to say nothing of control, which poses difficulties for further
material modification to improve the oxidation and adsorption
capabilities.

AB is widely present in nature. It is a kind of layered manganese
oxide minerals, whose layer is connected by [Mn(IV)O6] or [Mn(III)
O6] octahedrons. The presence of [Mn(III)O6] octahedron or octa-
hedral vacancies caused by octahedral center Mn defects creates a
large amount of negative charges (Silvester et al., 1997). During
recent years, the researches on the adsorption coordination
mechanisms of metal ions by AB have made great progress, such as
Cu2þ (Kwon et al., 2013; Pe~na et al., 2015), Zn2þ (Kwon et al., 2013),
Cd2þ (Van Genuchten and Pena, 2016), Cr(III) (Landrot et al., 2012a).
As for arsenic, among all kinds of manganese oxide, AB has the
highest adsorption capacity (Feng et al., 2006). In general, the
adsorption of heavy metals by birnessite is always related to the
structure, octahedral vacancy, manganese oxidation degree,
morphology and surface area, as well as the distribution of various
cations.

On the other hand, the structure transformation during the
treatment of heavy metals has an adverse effect on the removal
capability of heavy metals. It was found that hexagonal layer bir-
nessite (HexLayBir) transformed to orthogonal layer birnessite
(OrthLayBir) at aqueous low Mn(II)/Mn (in HexLayBir) molar ratios
and pH� 8 (Zhao et al., 2016). HexLayBir commonly shows a
stronger adsorption and oxidation reactivity than OrthLayBir (Tang
et al., 2014; Zhao et al., 2009). At addition, the hexagonal layer
birnessite could converted to triclinic birnessite (b-MnIIIOOH and g-
MnIIIOOH), which reduced the adsorption capacity of heavy metals
(Landrot et al., 2012a).

The modification of birnessite by doping heavy metal ions such
as Co2þ (Yin et al., 2011), nickel (Yin et al., 2014), Fe3þ (Yin et al.,
2013) and Cu2þ (Eren and Gumus, 2014) to improve adsorption
capacities for heavy metals had been researched, but these studies
did not consider the structure changes and its effects on the
adsorption performance.

In this work, iron ions are incorporated into the crystal AB, to
combine the oxidation reactivity of manganese oxide with the
adsorption capacity of iron for antimony removal. Subsequently, by
studying on the dynamics and thermodynamics of Sb(V) and Sb(III),
as well as the solid phase transformation, the mechanisms of
adsorption and oxidation of Sb(III) by Fe-doped acid birnessites and
the effect of the solid phase transformation on the removal of heavy
metals are revealed.

2. Materials and methods

All chemicals used in this study were analytic grade purchased
from Sinopharm Chemical Reagent Shanghai Co. Ltd.

2.1. Mineral synthesis

The synthesis of AB was prepared by the reduction of potassium
permanganate with concentrated hydrochloric acid (McKenzie,
1971). Samples with different iron contents were prepared via
mixing Fe2(SO4)3 with hydrochloric acid solution added to the
boiling potassium permanganate solution in Fe/KMnO4 molar ra-
tios of 0.05, 0.10, and 0.20. The other steps were same as above
steps. Eventually, the samples were denoted as 5% Fe, 10% Fe, and
20% Fe, respectively.

2.2. Adsorption isotherm experiment

The storage solutions of Sb(V) and Sb(III) were prepared by
Leantimony potassium tartrate (C4H4KO7Sb$0.5H2O) and potas-
sium pyroantimonate (K2H2Sb2O7$4H2O). Batch experiments were
conducted by mixing 0.0225 g (±0.0003 g) of the adsorbent (AB, 5%
Fe, and 10% Fe) with 45mL different concentration of Sb(V) or
Sb(III) solution (20, 50, 80, 100, 200, 500, 800mg/L) to the 50mL
centrifuge tube with the initial pH level 6± 0.2. Ionic strength was
maintained with 0.01M KNO3. The mixtures were shaken on an
oscillator (ZD-85A) at 140 rpm for 24 h at 25± 1 �C, and then
filtered by 0.45 mm membrane filters. The total antimony concen-
tration in the solution before and after the reaction was measured
by ICP-OES (OPTIMA 8300, USA).

2.3. Adsorption kinetic experiment

The 225mL of a 800mg/L Sb(III) solutionwas added to a 250mL
Erlenmeyer flask inwhich 0.0225 g of adsorbent (AB, 5% Fe, and 10%
Fe) had been added and the solution was controlled to a pH of
6± 0.2. The mixtures were shaken in a mechanical shaker at room
temperature and a 1mL suspension was withdrawn at each reac-
tion time from 10min to 24 h. The solution and solid were sepa-
rated by passing through 0.45 mm filter. Sb and Mn(II)
concentration in solutionwas measured by ICP-OES. Meantime, the
sediment were dried at 60 �C and then measured by XRD.

2.4. Mineral characterization

The samples before and after reaction were subjected to a series
of characterizations. The XRD analysis was carried out on a PAN-
alytical B.V.X'Pert 3 Powder X-ray diffractometer, featuring a Cu�K
(alpha) source, from 5 to 90� two-theta, with 0.013� steps. The
potential of zero charge (PZC) was obtained by obtaining the
different zeta potentials at different pH values on a nano particle
size and zeta potential analyzer (Nano ZS, Malvern). The
morphology was also analyzed on a transmission electron micro-
scope (H-800), with a 200 KV accelerating voltage. The specific
surface area was measured via a fully automated surface area and
pore size distribution analyzer (Micromeritics APAP 2020 HD88)
and calculated according to the multipoint Brunauer-Emmett-
Teller (BET). The infrared absorption spectra were performed at
room temperature using a Tensor 27 infrared spectrometer. X-ray
photoelectron spectroscopic (XPS) measurement was performed
on an ESCALAB 250Xi instrument at 5 kV.

3. Results and discussions

3.1. Mineral properties

3.1.1. Powder XRD
The crystal structures of doped samples were measured by XRD.

As shown in Fig. 1a four broad peaks at 12.16�, 24.71�, 36.81� and
66.12� 2q Cu-K(alpha) are corresponding to the (001), (002), (�111),
and (114) planes ascribed to that of AB (JCPDS No.00-013-0105)
with poor crystallinity. The broadening of diffraction peaks at
2.42 Å and 1.41 Å are due to the overlapping of the polycrystalline
diffraction peaks. The XRD patterns of Fe-doped samples also



Fig. 1. (a) XRD patterns of AB, 5% Fe, 10% Fe, and 20% Fe. (b) SEM image of AB, TEM images of (c) AB, (d) 5% Fe (5 atom % relative to Mn), (e) 10% Fe (10 atom % relative to Mn), (bee)
with a structure of flower shape aggregated by a large number of layer crystals, (f) 20% Fe (20 atom % relative to Mn) with a layer structure.

H. Lu et al. / Chemosphere 226 (2019) 834e840836
remained the characteristic peaks of AB at 12.16�, 24.71�, 36.81� and
66.12� 2q Cu-K(alpha), which indicated that the doping of Fe did not
change the basic structure of AB to some extent. However, with the
increase of Fe content, the two peaks at 12.16� and 24.71� 2q Cu-
K(alpha) changed systematically, whose FWHMs greatly increased
while their intensity decreased, indicating the crystallinities were
reduced. Average crystallite sizes along the c* axis of acid birnessite,
5% Fe, 10% Fe, and 20% Fe calculated by the Scherrer formula,
decreased with the increase of the Fe content, by 7.57 nm, 7.11 nm,
5.59 nm, and 5.58 nm, respectively.
3.1.2. Morphology, BET, and PZC
The morphologies of the synthesized samples were observed by

SEM and TEM. Fig. 1b and c, the images of AB, shows that the
undoped simple was aggregated into flower shape by a large
number of layer crystals and with a diameter of about 200 nm and a
clear flower pattern. Fig .1c-fwere the TEM images of 5% Fe, 10% Fe,
and 20% Fe. 5% Fe and 10% Fe caused no damage to the morphology
of birnessite, still with the clear flake profile. However, with the
increase of Fe content, the structure of 20% Fe transformed from
flower-like to sheet-like shape. It indicated that doping iron in a
ratio of 20% changed its morphologies obviously.

The N2 adsorption isotherms and pore size distribution curves of
samples were displayed in Fig. S1. As the content of Fe increased,
the specific surface area of the doped samples gradually increased,
from 34.3 to 36.5m2 g�1, while the size of the doped samples
Table 1
Surface elemental composition (by XPS), BET size (size, nm), surface area (SBET, m2/g), an

XPS

Mn/(Fe þ Mn) (at. %) Fe/(Fe þ Mn) (at. %)

AB 100 0
5%Fe 94.53 5.47
10%Fe 93.95 6.05
gradually decreased, from 15.4 to 14.5 nm (Table 1)
By measured the zeta potential at different pHs, the potential of

zero charge (PZC) was obtained (Fig. S2). The PZC of 10% Fe was 1.8,
slightly higher than that of the pure AB(1.6), which indicated that
there were a lot of negative charges on the surface of the samples
regardless of whether or not there was an iron doped.

3.1.3. XPS spectra
The valences of elements and composition of the surface atoms

were characterized by XPS, and the near surface atoms composition
was displayed in Table 1. According to the relative peak area ratio,
the Fe/(Fe þ Mn) ratios of 5% Fe and 10% Fe were 5.47% and 6.07%,
respectively. It implied that with the Fe content increased, iron ions
were failed to been completely doped. As shown in Fig. S3, the two
main peaks occurred at binding energies of 711.9 eV and 724.8 eV
are assigned to Fe3þ binding with the hydroxyl groups in Fe(OH)x
(Pirlot et al., 2001), which may play an important role on the
adsorption capacity.

3.2. Adsorption isotherm

The adsorption isotherms of Sb(III) by AB, 5% Fe, and 10% Fewere
shown in Fig. 2a. The experimental values fittedwell with Langmuir
isotherm model, and the theoretical maximum adsorption capac-
ities of Sb(III) by AB, 5% Fe, and 10% Fe were 524, 674, and 759mg/g
respectively, which were similar to the experimental data of
d potential of zero charge (PZC) of AB, 5% Fe and 10% Fe.

BET PZC

Size (nm) SBET (m2/g)

15.4513 34.3776 1.6
15.3114 36.5124 1.65
14.5063 36.5447 1.8



Table 2
Comparison of maximum adsorption capacities of various adsorbents for Sb(III).

sample pH QMAX(mg/g) ref

Amorphous MnO2 3.0 96.8 Xu et al. (2011)
Fe-Mn Binary Oxide 3.0 212.9 Xu et al. (2011)
a-MnO2 nanofibers 6.0 117.0 Luo et al. (2017a)
RGO/Mn3O4 2.5e11 110 Zou et al. (2016)
Cu-Fe3O4 7.0 43.55 Qi et al. (2016)
Triclinic birnessite 5.5e7.5 60 Sun et al., (2019)
MnOOH 6e7 160 Thanabalasingam and Pickering (1990)
acid birnessite 6.0 524 this study
5% Fe 6.0 674 this study
10% Fe 6.0 759 this study

Fig. 2. Adsorption isotherms for (a) Sb(III) and (b) Sb(V) by AB, 5% Fe, and 10% Fe in a 500mg/L suspension at pH 6 for 24 h. (b) Kinetics of Sb(III) removal by AB, 5% Fe, and 10% Fe in
a 500mg/L suspension at pH 6 at 800 ppm initial Sb(III) concentration from 0 to 24 h. (d) Extended kinetic curves of AB, 5% Fe, and 10% Fe from 0 to 2 h.
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460mg/g, 611mg/g, and 745mg/g, respectively. It indicated that
with the increase of iron doped, the adsorption capacities of Sb(III)
enhanced, 10% Fe> 5% Fe> AB. It might be due to the strong
adsorption capacity from iron that binding with hydroxyl groups
(Allandin et al., 2014). The pH had little effect on the removal of
Sb(III) (Fig. S4), which can be attributed to the fact that Sb (III)
existed in the form of neutral molecule (Sb(OH)3) at pH 2e10
(Filella et al., 2002a, b He et al., 2019). Furthermore, comparingwith
other adsorbents on maximum adsorption capacities for the Sb(III)
removal, the Fe-doped birnessites exhibited the highest adsorption
capacity.

The adsorption isotherms of Sb(V) by AB, 5% Fe and 10% Fewere
shown in Fig. 2b, the experimental values fitted better with
Langmuir isotherm model, and the maximum adsorption capac-
ities of Sb(V) by 5% Fe and 10% Fe were 47.2mg/g and 52.3mg/g,
respectively. The order of maximum adsorption capacity of Sb(V)
was 10% Fe > 5% Fe > AB (hardly absorbed). On the other hand,
compared with that of Sb(III), the adsorption capacity of Sb(V) was
very low, compared with that of Sb(III), less than 1/10. The main
reason for the huge gap in the adsorption capacity could be the
difference of existing species of Sb(III) and Sb(V) in near-neutral
pH environment. Sb(V) ions, in the form of negative ions
(Sb(OH)6�) (Filella et al., 2002a, b; He et al., 2019), repelled the
birnessite that with a lot of negative charges on the surface, while
Sb(III) existed in the form of neutral molecule (Sb(OH)3) (Filella
et al., 2002a, b; He et al., 2019), so that adsorption capacity of
Sb(V) was lower than that of Sb(III). From another perspective, in
the reaction systems of Sb(III), Sb(III) was oxidized to Sb(V) at the
beginning of reaction (discussed in 3.4). The subsequent adsorp-
tion reactions also took place between Sb(V) and birnessite sam-
ples, same as the reaction systems of Sb(V), but the adsorption
results were different. By contrast, the adsorption capacities of
Sb(V) on the birnessite that reacted with Sb(III) had been greatly
improved, which provided a new way to remove Sb(V) in surface
water treatment.
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3.3. Adsorption kinetics

The adsorption kinetics of Sb(III) by AB, 5% Fe and 10% Fe were
described in Fig. 2ced. The 10% Fe reached adsorption equilibrium
faster than AB and 5% Fe, 3 h compared to 5 h. It shows that the
more iron doped, the faster the adsorption rate was. It was worth
noting that an obvious “turning point” occurred in the processes of
removing Sb(III) via the 5% Fe and 10% Fe at 40min and 30min,
respectively, while a very slight “turning point” at 2.4 h by AB,
where adsorption capacities declined at first, and then rose. It
indicated that with the amount of iron doped increasing, the
“turning point” appeared earlier and more obviously. This phe-
nomenon was not reported in the previous studies.
3.4. IR spectra analysis after Sb(V) or Sb(III) reacted

The infrared spectra of 5% Fe before and after Sb(III) or Sb(V)
removed were illustrated in Fig. 3a and b. Two peaks at 1047 cm�1

and 1083 cm�1, ascribe to the vibrations of hydroxyl groups asso-
ciated to Fe and Mn on the surface of birnessite (Zhang et al., 2005),
appeared in the infrared spectra of both unreacted and Sb(V)
adsorbed samples. It was reasonable that the intensities of these
peaks (at 1047 cm�1 and 1083 cm�1) in the infrared spectrum of
unreacted sample were stronger than that of Sb(V) adsorbed
sample. However, after Sb(III) removed, these two peaks were
offset to 1070 cm�1 and 1124 cm�1, respectively, which was
possible due to the substitution of iron and manganese by Sb(V)
associating with hydroxyl group. In addition, the peak at 920 cm�1

in the unreacted 5% Fe represented the vibration of the hydroxyl
group in the vacancy sites (Zhao et al., 2012). This peak disappeared
after removing Sb(III) or Sb(V), indicating that the hydroxyl group
in the vacant sites might been one of the main functional groups
during the removal of antimony.

The vibration peaks from 900 cm�1 to 400 cm�1 reflect the lat-
tice vibrations (MneO) of the AB (Zhao et al., 2012), and the peak at
Fig. 3. The IR spectra of 5% Fe before and after Sb(III) or Sb(V) removed. (a) 1300 cm�1-
850 cm�1 (b) 850 cm�1-400 cm�1.
522 cm�1 represents the stretching vibration of MneO (Anirudhan
et al., 2012) (Fig. 3b). The peaks from 900 cm�1 to 400 cm�1 did not
change after Sb(V) adsorbed. On the contrary, after reacting with
Sb(III), a new peak at 602 cm�1 appeared. This peak was ascribed to
the bending vibration of Sb(V)eO. The peak occurred in the systems
of Sb(III) rather than Sb(V), which might related to the enough
Sb(V) absorbed to been detected.
3.5. The mechanism for the appearance of the “turning point”

In order to explore the mechanism for the appearance of the
“turning point”, the solid phases of 5% Fe sample after reacting with
Sb(III) for different time intervals were further investigated by XRD,
XPS and IR. The binding energy of Sb 3d3/2 for Sb(III) and Sb(V)
were usually 538.8e539.6 eV and 539.8e541.7 eV (Da Fonseca
et al., 2018). The XPS fitting result shows that the ratio of Sb(V)
was not less than 80%, which indicated that the main Sb species
adsorbed was Sb(III) from 10min (Fig. S5 and Table S2), which
indicated Sb(III) was oxidized quickly and adsorbed mainly in the
form of Sb(V). In addition, the ratios of Mn species (Mn(II), Mn(III)
and Mn(IV)) to total Mn over reaction time were summarized from
the XPS spectra of Mn, according to the relative proportions of peak
areas (Fig. S6 and Table S3). As shown in Fig. 4a, the ratio (Mn(IV)/
Total Mn) significantly decreased at first 10min from 70% to 40.2%,
Fig. 4. (a) The normalized amounts of different Mn states, and (b) XRD patterns of 5%
Fe after treatment with 800 ppm Sb(III) at pH 6 for different time intervals. (c) The zeta
potential variations of 5% Fe and its transformation product (after treatment with
800 ppm Sb(III) at pH 6 for 24 h) over a wide pH range.
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reaching the lowest level at 55min, and then raised up to 58.3%. On
the contrary, the ratio (Mn(II)/Total Mn) first increased and then
reduced synchronized with that of Mn(IV). The XPS results of Sb
and Mn all indicated that Sb(III) reacted quickly with lattice Mn(IV)
through electron transfer to produce Sb(V) and Mn(II) in the first
10min, and the Sb(V) absorbed on the surface of 5% Fe, whileMn(II)
partially dissolved in water (Fig. S7) and was partially adsorbed on
the sample (eq (1)).

MnIV ðlatticeÞ þ SbIIIðaqÞ/MnIIðabsorbedÞ þMnIIðaqÞ þ SbV ðabsorbedÞ
(1)

In this process, due to the dissolving of lattice Mn(IV), Sb(V)
desorbed in water.

In summary, the desorption was the main stages of the “turning
point”, and the desorption of antimonymight be due to the fact that
lattice Mn(IV), the adsorption sites of Sb(V), was reduced to Mn(II)
and dissolved in the solution. And The After 55min, the content of
Mn(II) in 5% Fe samples decreased, which might derive from the
fact that the re-adsorption of Sb(V) competed adsorption sites with
Mn(II) (The adsorption was the main process at that time). The
content of Mn(VI) increased, which might due to the dispropor-
tionation of Mn(III) to Mn(II) and Mn(VI) (Elzinga and Kustka,
2015), where the content data of Mn(III) was just reduced (Fig. 4a).

The changes of crystal structure over time could explain why 5%
Fe enhanced the adsorption of Sb(V). As shown in Fig. 4b, the low
angle diffraction peaks at 12.16� and 24.71� 2q Cu-K(alpha) slowly
disappeared as time went on, which indicated that the crystal
structure of 5% Fe slowly transformed. After 5 h, only two peaks at
36.81� and 66.12� 2q Cu-K(alpha) appeared in the XRD pattern of 5%
Fe, accordingwell with the diagram of vernadite (JCPDS No.00-002-
1070) (Landrot et al., 2012b; Villalobos et al., 2006; Zhang et al.,
2018; Drits et al., 2007). It implied that the crystal structure of AB
was almost transformed into vernadite at 5 h. As shown in Fig. S8,
the 10% Fe and 5% Fe transformed completely to the structure of
vernadite when the reaction reached equilibrium, but the XRD
pattern of undoped AB retained the structure of AB (Fig. S8), which
explained why the kinetic on undoped AB for Sb(III) did not show
an obvious “turning point”.

By measuring the zeta potentials of the samples over a wide pH
(Fig. 4c), it was found that the potential of zero charge of trans-
formation product, vernadite, was 3.0, which was higher than that
of 5% Fe (1.65), favorable for the adsorption of antimonate (Sb(V))
with negatively charged. According to previous studies, the in-
crease in the potential of zero charge might also be ascribed to the
dissolved Mn(II) with positive charge adsorbed on the surface of
birnessite (Xu et al., 2011). Vernadite had some characteristics, such
as large c-axis disorder, weak crystallinity and higher isoelectric
point, which led to adsorb heavy metal ions easier (Landrot et al.,
2012b).

3.6. XRD pattern analysis after Sb(V) absorbed

As shown in Fig. S8, the characteristic peaks of all three samples
at 12.16�, 24.71�, 36.81� and 66.12� 2q Cu-K(alpha) were reserved
after Sb(V) removed, which shows that adsorbing Sb(V) did not
change the basic structure of AB. The hump at ~50-55� 2q Cu-
K(alpha) was a contribution of metal ions adsorbed on birnessite
in double corner sharing (DCS) or TCS configuration at vacancy sites
(Villalobos et al., 2006; Grangeon et al., 2012; Drits et al., 2007;
Lanson et al., 2002; Lafferty et al., 2010). After Sb(V) removed, a
wide hump at ~50-55� 2q Cu-K(alpha) occurred at the XRD patterns
of Fe-doped samples, but not observed in the pattern of acid bir-
nessite that hardly absorbed Sb(V) (Fig. 2b). In the systems of Sb(V)
sorption, no redox reaction occurred and no new heavy metal ions
were introduced, such as Mn(II)/Mn(III). Therefore, Sb(V) can be
considered to absorb in double corner sharing (DCS) or TCS
configuration at vacancy sites of birnessite.

In addition, the diffraction peak at 12.16� 2q Cu-K(alpha) was
slightly sharpened. It indicated that crystal structure trended to
more regular, which was possible due to the capping of vacancy
sites by Sb(V) and alleviating the lattice disorder.

4. Conclusion

The adsorption capacities of Sb(III) by AB, 5% Fe, and 10% Fewere
524mg/g, 674mg/g, and 759mg/g, respectively, far higher than
amorphous iron and manganese oxide. The maximum adsorption
capacities of Sb(V) by 5% Fe and 10% Fewere determined to 47.2mg/
g and 52.3mg/g, respectively, while the undoped AB hardly
adsorbed Sb(V). It could draw a conclusion that doping iron could
greatly improve the adsorption capacities for both Sb(V) and Sb(III).

The kinetics of Sb(III) removal by Fe-doped birnessites were
characterized by adsorption - desorption - (re-adsorption), which
could be attributed to the mechanism of minerals: reduction -
destruction - transformation. After Sb(III) removed, Fe-doped bir-
nessite samples were transformed into Vernadite. Increasing iron
content could increase the rate of phase transition. Sb(V) sorbed on
birnessite in double corner sharing (DCS) or TCS configuration at
vacancy sites. The hydroxyl groups associated with iron and man-
ganese played an important role on the sorption of antimony. This
work suggested that the strong interactions between heavy metal
ions and mineral particles, more than adsorption, are critical to the
transformation, mobility and biotoxicity of antimony in nature.
What's more, we found the AB could improve the adsorption ca-
pacity of Sb(V) after being reduced by Sb (III), which provided a new
idea for the treatment of Sb(V) at the same time.
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