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Nanostructured Co-doped birnessites were successfully synthesized, and their application for the removal
of Pb2+ and As(III) from aquatic systems was investigated. Powder X-ray diffraction, chemical analysis,
nitrogen physical adsorption, field emission scanning electron microscopy (FE-SEM) and X-ray pho-
toelectron spectroscopy (XPS) were used to characterize the crystal structure, chemical composition,
micromorphologies and surface properties of the birnessites. Doping cobalt into the layer of birnessite
had little effect on its crystal structure and micromorphology. Both chemical and XPS analyses showed
that the manganese average oxidation state (Mn AOS) decreased after cobalt doping. The Co dopant
existed mainly in the form of Co(III)OOH in the birnessite structure. Part of the doped Co3+ substituted
anganese dioxide

irnessite
obalt doping
ead adsorption
rsenite removal

for Mn4+, resulting in the gain of negative charge of the layer and an increase in the content of the
hydroxyl group, which accounted for the improved Pb2+ adsorption capacity. The maximum capacity of
Pb2+ adsorption on HB, CoB5, CoB10 and CoB20 was 2538 mmol kg−1, 2798 mmol kg−1, 2932 mmol kg−1

and 3146 mmol kg−1, respectively. The total As(III) removal from solution was 94.30% for CoB5 and 100%
for both CoB10 and CoB20, compared to 92.03% for undoped HB, by oxidation, adsorption and fixation,

simultaneously.

. Introduction

Manganese oxide octahedral molecular sieves (OMS) have been
idely used in oxidation catalysts, absorbents, semiconductor and

lectrochemical materials due to their special layered or porous
tructure, mixed valence of manganese and specific physicochem-
cal properties, among others [1–6].

Incorporation of various transition metal ions into the frame-
ork of manganese oxides by doping with cations is an effective

oute to enhance the properties of these materials. Zhou et al.
uccessfully doped first row transition metal ions into the frame-
ork of todorokite (OMS-1) and cryptomelane (OMS-2). Both the

onversion and selectivity of the oxidative dehydrogenation of
thanol over each individual OMS material are highly dependent
n the nature of the dopants. The [Co]-OMS-1 materials possess
he highest conversion and selectivity in the catalysis of acetalde-
yde oxidation among all the materials [7]. The OMS-2 doped with

arious ions has a higher surface area and pore volume and lower
hermal stability compared to undoped analogies [8]. The resistiv-
ty, thermal stability and crystallinity of Tungsten-doped OMS-2 are
losely related with the amount of exotic ions [9]. The Co substi-

∗ Corresponding author. Tel.: +86 27 87280271; fax: +86 27 87280271.
E-mail address: liufan@mail.hzau.edu.cn (F. Liu).
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© 2011 Elsevier B.V. All rights reserved.

tution for Mn in nanostructured birnessite and cryptomelane leads
to the improvement of their catalytic activity with respect to olefin
oxidation and significantly impacts their electrode performances
[10]. Doping with Co in K-birnessite prepared by calcination and
aqueous treatment improves the discharge–recharge capacity and
capacity retention in an aprotic Li cell [11]. Bi3+ and Pb2+ mod-
ification facilitates a significantly longer cycle life for birnessite
operating in alkaline cells [12,13]. However, these literatures are
mainly focused on the fabrication and characterization of doped
materials and their application to catalysts for organic oxidation,
sensors and cathode fields. Few reports are on the application of
modified manganese oxides in the adsorption and oxidation of toxic
metal ions from polluted aquatic systems.

Birnessite possesses a layered structure of edge-sharing [MnO6]
octahedra alternating with water layers with either Na+ or K+

in the interlayer. Some of the octahedra are vacant, and H+ and
Mn3+/Mn2+ are localized above and/or below these sites [14]. Here,
birnessite was synthesized by the reaction of mixed, concentrated
hydrochloride and cobalt chloride with potassium permanganate
solutions at 100 ◦C at atmospheric pressure for no more than 1.5 h.

Owing to their similar sizes and charges, cobalt can substitute for
manganese in the layers. However, the electronegativity of cobalt
in various crystallographic situations is different from those of
manganese, and the Co3+/Co2+ redox conjugate pair has a greater
standard redox potential than those of MnO2/Mn3+/Mn2+. Thus, the

dx.doi.org/10.1016/j.jhazmat.2011.01.129
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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urpose of this paper is to investigate the effects of cobalt doping
n the crystal structure, morphology, Mn AOS, layer charge and
he abundance of hydroxyl groups in the birnessite, the resulting
emoval of Pb2+ and As(III) from aquatic systems, and to discuss
he underlying mechanisms. It is helpful to further understand the
nteraction of manganese oxides with cobalt, the effects of cobalt on
he reactivity of manganese oxides, and to synthesize novel envi-
onmentally friendly nanoscale manganese oxide materials doped
ith other transition metal ions in practice.

. Materials and methods

.1. Sample preparation

Nanocrystalline Co-doped birnessite was prepared according to
cKenzie’s method [15]. Mixtures of 45 mL of 6 mol L−1 HCl and

oCl2 were added dropwise at a constant velocity of 0.7 mL min−1

nto a boiling solution of 300 mL of 0.667 mol L−1 KMnO4 with vig-
rous stirring. After boiling for a further 30 min, the suspension
as cooled naturally and then aged at 60 ◦C overnight. The obtained
owder was washed thoroughly with DDW and then dried at 40 ◦C.

Based on the initial molar ratios of Co/Mn, the products were
amed HB, CoB5, CoB10 and CoB20.

.2. Lead adsorption experiments

The Pb2+ adsorption experiments were conducted at a constant
upporting electrolyte concentration (NaNO3, Ic = 0.1 mol L−1). An
liquot of 0–10 mL of 15 mmol L−1 Pb(NO3)2 (pH = 5 ± 0.05) was
ipetted into a series of 50-mL polyethylene tubes; then the NaNO3
olution was added to fill the volume up to 10 mL. An aliquot of
mL of 5 g L−1 Co-doped birnessite suspension, which was pre-
quilibrated to a pH level of 5, was added into each tube, followed
y shaking at 250 r/min for 24 h at 25 ◦C. The pH of the reaction
ystem was maintained at 5.00 ± 0.05 using a pH-stat technique.
t the end of the reaction, the mixtures were centrifuged, and the
upernatants were collected for Pb2+, Mn2+, Co2+ and K+ analyses
y atomic absorption spectrometry (AAS, Varian AAS 240FS) and
ame spectrometry (Sherwood Model 410) [16].

.3. As(III) transformation

The As(III) transformation was carried out at 25 ◦C while stir-
ing. A quantity of 0.1250 g of birnessite was suspended in 150 mL
f 0.1 mol L−1 NaNO3 for 12 h to eliminate the effect of stirring
nd surface aquotization, and the pH was adjusted to 7. A volume
f 100 mL of a 0.2 mmol L−1 NaAsO2 solution (pH = 7, containing
.1 mol L−1 NaNO3) was quickly poured into the suspension to initi-
te the reaction. An aliquot of 10 mL of the mixtures was withdrawn
nd immediately filtered through a 0.45-�m membrane at inter-
als to investigate the kinetics of the oxidation. After reacting for
h, the spent mineral was immediately collected by centrifuga-

ion, washed with DDW and then dried at 60 ◦C overnight. One
ortion of the spent mineral was analyzed by X-ray diffraction and
PS. The other portion was extracted by 0.1 mol L−1 NaOH for 24 h

17]. The total As in solution was detected by hydride generation-
tomic absorption spectrometry [18]. As(V) was measured using
he colorimetric method described by Oscarson et al. [19].

.4. Characterization
.4.1. Powder X-ray diffraction
The crystal structures of the Co-doped manganese oxides

ere characterized by powder XRD measurements carried out
n a Bruker D8 Advance diffractometer equipped with a LynxEye
etector using Ni-filtered Cu K� radiation (� = 0.15406 nm). The
aterials 188 (2011) 341–349

diffractometer was operated at a tube voltage of 40 kV and a current
of 40 mA with a scanning rate of 1◦/min at a step size of 0.02◦.

2.4.2. Elemental analysis and Mn AOS
The chemical composition of the samples was determined as

follows: 0.1000 g of sample was dissolved in 25 mL of 0.25 mol L−1

NH2OH·HCl and 1 mol L−1 H2SO4. The content of the metal ions was
measured using AAS and flame spectrophotometry.

The Mn AOS was obtained by a titration method [20]. A mass
of 0.2000 g birnessite was completely reduced to Mn2+ in 5 mL
of 0.5000 mol L−1 H2C2O4 and 10 mL of 1 mol L−1 H2SO4. Excess
C2O4

2− was determined by back-titration using a KMnO4 standard
solution at 75 ◦C.

2.4.3. Specific surface area
The specific surface area (SSA) was examined by nitrogen

adsorption at liquid nitrogen temperature using an Autosorb-1
standard physical adsorption analyzer (Quantachrome Autosorb-1,
JEDL-6390/LV). The samples were degassed at 110 ◦C for 3 h under
vacuum prior to the adsorption measurement.

2.4.4. Field emission scanning electron microscopy
The crystallite morphologies of samples were probed by field

emission scanning electron microscopy with a Jeol JSM-6700F
microscope after being coated with a gold evaporated film.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectra were collected using a VG Multi-
lab2000 X-ray photoelectron spectrometer with an Al K� X-ray
source (1486 eV) and a base pressure of 3 × 10−9 Torr in the analyt-
ical chamber. The scans were recorded using the large area mode.
The survey scans were collected using a fixed pass energy of 100 eV
and an energy step size of 1.0 eV, whereas the narrow scans has a
pass energy of 25 eV and an energy step size of 0.1 eV. The charge
effect was corrected by adjusting the binding energy (BE) of C (1s) to
284.62 eV. The spectra were analyzed using the Avantage software.
The Shirley-type background was subtracted before deconvolution
and fitting. The parameters used by Nesbitt et al. [21] for the mul-
tiplet peaks of Mn (2p3/2) for spectra fitting were adopted. A 20:80
ratio of the Lorentzian:Gaussian mix-sum function was used for all
the fittings.

3. Results and discussion

3.1. Crystal structure of the Co-doped birnessites

Fig. 1 shows the powder XRD patterns of the obtained sam-
ples. The results agree well with JCPDS 86-0666 (hexagonal, R−3m).
Birnessite is characterized by four detectable peaks: 0.723 nm,
0.361 nm, 0.244 nm and 0.142 nm. Both peaks at 0.723 nm and
0.361 nm are symmetrical, while the other two at the higher angles
are greatly widened. The d value ratio of the 0.244-nm peak to the
0.142 nm-peak is close to 1.732, indicating a hexagonal symmetry.

Co-doped birnessites have the same XRD profile as the undoped
sample. There are four peaks with similar symmetry and relative
intensity. As the initial molar ratios of Co/Mn increase, no extra
peaks are detected, which proves that the incorporation of cobalt
into the lamellar birnessite did not change the crystal structure,
and no second phase was introduced. After Co2+ was added, it
was immediately oxidized to Co3+ by MnO4

−. Besides similar sizes

and charges, both cobalt and manganese are generally stabilized
in layered structures composed of edge-sharing octahedra of Mn3+

and/or Mn4+ to be replaced by newly formed Co3+. However, there
was some tiny change in the profiles, especially in the strongest
reflection. As the content of cobalt increases, the intensity of the
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Fig. 1. Powder XRD patterns of birnessite and Co-doped birnessites.

.723-nm reflection becomes weaker, and its FWHM increases. This
esult indicates a smaller particle size and weaker crystallinity.

.2. Elemental analyses and Mn AOS

The results of the elemental analyses are listed in Table 1. There
s good agreement between the experimental cobalt percentage
etermined by AAS and the initial cobalt content. As the initial
o/Mn molar ratios are 0.05, 0.1 and 0.2, the final values of the
btained products are 0.06, 0.12 and 0.22, respectively. The content
f potassium remains almost constant in both undoped and doped
irnessites, except for the slight decrease in CoB20, which indicates
hat some cobalt may exist in the interlayer by replacing K+. Sample
B has 52.74% Mn in weight. The Mn content of Co-doped birnes-

ites decreases. The percentages of Mn in CoB5, CoB10 and CoB20
re 51.26%, 48.85% and 45.68%, respectively. Table 1 also shows that
he increasing cobalt content correlates well with the decrease in
he Mn percentage and a relatively constant K concentration, indi-
ating that cobalt is isomorphously substituting for Mn in the layer
ather than replacing K+ in the interlayer.

It can be concluded that if Mn3+ is substituted by Co3+, then
here is no charge gain. Conversely, the increase in the negative
ayer charge of birnessite will be caused by the substitution of Co3+

or Mn4+.
The Mn AOS of samples are also calculated (Table 1). Co-free bir-

essite has an AOS of 3.78, confirming that both Mn3+ and Mn4+ are
resent in the structure with Mn4+ being the predominant species.
ith increasing cobalt content, the Mn AOS of Co-doped birnes-

ites gradually decreases and reaches the lowest value of 3.71 for
oB20.

There are two reasons for this result. First, the coordination
adius, crystal field stabilization energy (CFSE) and oxidation state
re the crucial factors for substitution. Manganese exists mainly in

high-spin (HS) state in its oxides and hydroxides. Conversely, all
ctahedral complexes of Co3+, with the exception of the fluoride,
re low spin [22]. The coordination radius of low-spin Co3+ (0.685 Å)
s closer to that of Mn4+ (0.67 Å) than Mn3+ (0.785 Å) [23], and the
FSE of low-spin Co3+ is higher than that of Mn4+ [24]. The substi-

able 1
lemental analysis, SSA and Mn AOS of Co-doped birnessites.

Sample Element content (%)

Mn Co K

HB 52.74 0 8.36
CoB5 51.26 3.46 8.25
CoB10 48.85 6.23 8.20
CoB20 45.68 10.72 7.98
aterials 188 (2011) 341–349 343

tution of some Mn4+ by Co3+ is favorable in the preparation process,
resulting in more Mn3+ relative to Mn4+ in the Co-doped birnessites.
Second, although the amount of MnO4

− was equal and relatively
sufficient in the reactants with the increase of the Co/Mn molar
ratio, the moles of reductant (Co2+, Cl−) gradually increased, such
that it would not rule out that some low valence cations remain
unoxidized, resulting in the increase in the percentage of Mn3+.
Some Co2+ existing in the CoB20, as illustrated in Fig. 5, is more
evidence of this possibility.

3.3. Specific surface area analyses

The SSAs of the samples are listed in Table 1. HB has a specific
surface area of 19.26 m2 g−1. Those of the Co-doped samples first
increased and then decreased. The surface areas of CoB5, CoB10, and
CoB20 are 27.43 m2 g−1, 17.16 m2 g−1 and 10.28 m2 g−1, respec-
tively. As indicated by XRD analysis, the crystallinity of Co-doped
samples gradually decreased. The weaker the crystallinity of the
sample, the more serious is the aggregation that occurs [10]. The
aggregation of fine crystals may be one reason for the decrease in
SSA. Otherwise, with the increase in hydroxyl groups, the polarity
of the mineral surface increased, and the adsorption of nonpolar
molecular N2 would be possibly hindered and decreased during
SSA measurements by the BET method.

3.4. Micromorphology

As illustrated in Fig. 2, the FE-SEM analysis clearly demonstrates
the formation of three-dimensional (3D) hierarchical microspheres
consisting of two-dimensional (2D) nanoplates. The thickness of
the 2D nanoplates is approximately 10 nm or even thinner, and the
radius of the 3D microspheres is approximately 200–300 nm.

Cobalt doping has no apparent effect on the micromorphologies
of the products. In the whole range of the Co/Mn ratios, all the
samples have the same morphology. Both the 2D nanoplates and
3D microspheres are uniform, indicative of the presence of only one
phase [21], which is clearly proved by powder XRD.

3.5. Surface characterization using XPS

X-ray photoelectron spectroscopy is now a widely used analyt-
ical technique for investigating the abundance and chemical state
of elements in the uppermost few atomic layers of solid surfaces.
Fig. S1 shows the broad scans of the samples. The peak at a BE of
780 eV in the scans is the photoelectron line of cobalt, and its inten-
sity gradually increases with increasing Co. The photoelectron line
of K (2p) is at the left of C (1s). Its relative intensity is unchanged
in HB, CoB5 and CoB10, but weaker in CoB20, suggesting a lower
abundance of potassium in CoB20. This coincides with the results
of the chemical analysis.

Narrow scans of Mn, Co and O in the layered materials were also
taken. The BEs of Mn (2p), Co (2p) and O (1s) are listed in Table 2.
The BEs of Mn (2p1/2) and Mn (2p3/2) of HB are 653.93 eV and
642.32 eV, respectively. These values for Co-doped materials shift
to the low BE side, indicating a decrease in the Mn AOS. Since Mn2+,
Mn3+ and Mn4+ have essentially the closest and overlapped BEs, it is
difficult to directly identify the oxidation state of manganese only

Co/Mn molar ratio Mn AOS SSA (m2 g−1)

0 3.78 19.26
0.06 3.75 27.43
0.12 3.74 17.16
0.22 3.71 10.28
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Fig. 2. FE-SEM images of Co-doped bir

y the BEs of Mn (2p) [25]. Therefore, fitting of Mn (2p3/2) was
arried out.

The fitting results are listed in Fig. 3 and Table 3. The percentages
f Mn2+, Mn3+ and Mn4+ in HB are 1.20%, 16.07% and 82.74%, respec-
ively. The content of Mn3+ in doped samples increases, whereas
hat of Mn4+ decreases. According to the fitting results, the calcu-
ated Mn AOS are 3.82, 3.75, 3.71 and 3.58 for HB, CoB5, CoB10 and
oB20, respectively. These values are negatively correlated with
he content of cobalt. Although XPS detects only the information of
he surface, the consistence of its results with the titration results
ndicates the uniform bulk composition of all the samples.

Narrow scans of Co (2p) were plotted in Fig. 4. The measured
Es for Co (2p1/2) and Co (2p3/2) are 795 eV (±0.05 eV) and 780 eV
±0.15 eV), respectively, equal to those of Co(III)OOH reported by
rowther et al. [26]. The Co (2p1/2)–Co (2p3/2) splittings are also

dentical at 15.0 eV (±0.20 eV). It is suggested that Co(III) exclu-
ively exists in the samples. However, when the initial Co/Mn molar
atio was high, the BE of the two split peaks shifted to the low BE
ide, and shake-up satellite peaks appeared on the high BE sides of

ach. This result means that CoB20 may contain a small amount of
o(II) [27,28]. Additionally, the Co (2p1/2)–Co (2p3/2) splittings of
oB20 are 15.4 eV between the values of Co(III) (15 ± 0.1 eV) and
o(II) (15.9 ± 0.1 eV) [26]. This is only more proof of the presence
f Co(II) in CoB20.

able 2
E values for Mn (2p), Co (2p) and O (1s) (eV).

Sample Mn (2p1/2) Mn (2p3/2)

HB 653.93 642.32
CoB5 653.66 641.68
CoB10 653.55 641.77
CoB20 653.49 641.59
CoOOHa

Co(OH)2
a

a Values from Crowther et al. [26].
es. a: HB; b: CoB5; c: CoB10; d: CoB20.

Therefore, the Mn (2P) and Co (2P) spectra indicate the presence
of Mn2+ and Co2+ on the surface of Co-doped birnessites although
the molar ratio of Mn(VII) to Co(II) is much higher than that of
the equivalent molar ratio. The formation of Co-doped birnessites
occurred in multiple, compositional, heterogeneous systems, and
the mechanisms are very complicated.

Permanganate in solution is intrinsically unstable, decomposes
slowly, but is observable in acidic solution [29].

4MnO4
− + 4H+→ 3O2(g) + 2H2O + 4MnO2(s)

Manganese dioxide is inert to most acids except when heated.
Under the conditions here, both KMnO4 and MnO2 can react with
HCl as follows [29]:

KMnO4 + HCl → MnCl2 + Cl2(g) + H2O

MnO2 + HCl → MnCl2 + Cl2(g) + H2O
Newly formed Mn2+ in the above reaction and the yet unoxi-
dized Co2+, especially in CoB20 for the highest content in the initial
mixtures, can be captured into birnessite during its formation. Once
these ions are incorporated into the layer, further oxidation will be
hindered, thus retaining the structure.

Co (2p3/2) �BE Co (2p1/2)–Co (2p3/2) O 1s

529.76
780.09 14.92 529.34
779.86 15.14 529.29
779.58 15.38 529.21
780.20 15.10
781.0 15.90
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Fig. 3. Mn (2p3/2) spectra of Co-doped birnessites. a: HB; b: CoB5; c: CoB10; d: CoB20 (The upper circles represent the observed data, and the thick, solid curve is the best fit
of the data. The dash-dot curves represent Mn(IV) multiplet peaks, while the thin, solid curves are Mn(III) and the dotted lines are Mn(II)).

Table 3
Near-surface compositions of Mn and O species derived from fittings of Mn (2p3/2) and O (1s).

Sample Mn (At.%) O (At.%)

Mn2+ Mn3+ Mn4+ O2− OH− H2O

82.74 73.22 12.79 13.98
76.73 67.59 13.05 19.36
69.73 68.52 17.69 13.79
61.37 62.39 17.79 19.82

p
b
t
s
t

o
i
a
c
n
M
[
o
�
i
e
a
d

HB 1.20 16.07
CoB5 1.52 21.75
CoB10 2.17 29.10
CoB20 2.92 35.71

The asymmetry of the profiles of O (1s) demonstrates the multi-
lex contributions to the spectrum. The O (1s) spectrum of undoped
irnessite has a main peak near 529.8 eV with a broad shoulder on
he high BE side and a pronounced tail. Co-doped samples have the
ame shape as HB, but their main peaks shift to 529.3 eV (±0.1 eV),
he broad shoulders and tails also exist.

There are mainly three species of oxygen existing in manganese
xides: lattice oxygen (O2−), hydroxide oxygen (OH−) and oxygen
n molecular water (physisorbed, chemisorbed, and structural H2O
nd water in poor electrical contact with the mineral surface) [30],
orresponding to the main peak, the broad shoulder and the pro-
ounced tail, respectively. As illustrated above, the percentage of
n3+ in Co-doped birnessites increases. According to Portier et al.

31], Mn3+ (HS, � = 1.675) and Co3+ (LS, � = 1.791) in the [Mn(Co)O6]
ctahedra of birnessites are less electronegative than Mn4+ (HS,

= 1.923). Therefore, more Mn3+ and Co3+ in the layer lead to the

ncrease in the ionic bond character of the Mn(Co)–O and thus the
lectron cloud density of cores of anions (O2−) and OH− increases,
nd their BEs shift to the lower. However, the BE of oxygen in H2O
id not change. The peak parameters used (Table S1) and the results

Fig. 4. Co (2p) spectra of Co-doped birnessites.
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ig. 5. O (1s) spectra of Co-doped birnessites. a: HB; b: CoB5; c: CoB10; d: CoB20
hotopeak contributions from O2− , OH− and H2O, respectively.).

f fitting the character outside of the O (1s) spectra are listed in Fig. 5
nd Table 3. Among the three species of oxygen, the abundance of
ydroxide oxygen increases with increasing cobalt. The content of
ydroxide oxygen in HB is 12.79%, and those of the doped ones are
3.05%, 17.69% and 17.79%, respectively.

.6. Adsorption of Pb2+ by Co-doped birnessites

Here, isothermal adsorption experiments of Pb2+ on birnessite
nd Co-doped analogs were conducted. The adsorption of lead on
B conforms to the H- or L-type isotherm [32]. The removal of Pb2+

ncreases sharply at the low Pb2+ initial concentration, then levels
ff, and last tends to keep stable and approaches a maximum as the
quilibrium Pb2+ concentration increases. The isothermal curves of
b2+ adsorbed by Co-doped samples are the same stream as HB,
ll showing high affinity, but the former have greater adsorption
apacity (Fig. 6 and Table 4).

The Langmuir equation is as follows:

= AmaxKC

1 + KC

here Y is the amount of lead adsorbed, Amax the maximum
apacity, C the equilibrium concentration of the adsorbate, and K
constant related to the adsorption energy as function of tem-

erature and adsorption enthalpy [33]. The adsorption capacities
re listed in Table 4. HB has a capacity of 2538 mmol lead per

ilogram mineral, which shows the high affinity of this material
or Pb2+ [16,34]. Co-doping enhanced the removal of lead from
olution. The maximum capacity of Pb2+ removal by doped sam-
les increases from 2798 mmol kg−1 to 3146 mmol kg−1. CoB20
ccommodates ∼24% more Pb2+ than HB. Furthermore, the as-
Fig. 6. Isothermal curves of Pb2+ uptake for Co-doped birnessites.

prepared materials adsorbed more Pb2+ than the other manganese
oxides, such as K-birnessite (1320–2457 mmol kg−1), Na-birnessite
(524–1814 mmol kg−1), todorokite (284.3 mmol kg−1), cryptome-
lane (292.8 mmol kg−1) and hausmannite (105.3 mmol kg−1)
[16,34].

The mechanisms of Pb2+ adsorbed by birnessites were doc-
umented in the literature. Pb2+ was mainly retained as an
inner-sphere surface complex on octahedral vacancy sites [35–37].
Villalobos et al. [38] suggested that Pb2+ adsorbed by birnessite

can form two different complexes, one residing in the interlay-
ers of a crystallite to form a triple-corner-sharing (TCS) complex
above/below vacant sites and the other residing on external sur-
faces to be a double-corner-sharing (DCS) complex at the particle
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Table 4
Langmuir parameters for the adsorption of Pb2+ and maximum concentrations of Mn2+, Co2+, H+ and K+ released.

Sample Parameters Ions released (mmol kg−1)

Amax (mmol kg−1) K R2 Co2+ Mn2+ H+ K+

98
99
99
99

e
t
v
o
a
s
i
l
m

C
d
t
o
g
f
t
t
T
l

HB 2538 17.7 0.9
CoB5 2798 1018.3 0.9
CoB10 2932 413.9 0.9
CoB20 3146 294.9 0.9

dges. Mn oxide crystallites are small enough in most cases that
he external edge surfaces play a more important role than the
acancies. However, in our experiments, the specific surface areas
f the tested materials are less than 30 m2 g−1. Compared to the
dsorption on external surfaces, the adsorption on the interlayer
ites may contribute to most of the Pb2+ retention. The increase
n the lead adsorption of doped materials over HB was probably
oaded above/below the vacancies, which induced the release of

ore protons (Table 4).
There were several reasons for the enhanced lead removal of

o-doped birnessites. Both the chemical analysis and XPS verify the
ecrease of the Mn AOS in Co-doped samples. This result indicates
hat some layer Mn4+ was substituted by Co3+, leading to the gain
f negative charge of the layer and the increase of the hydroxyl
roup, which contributed to the higher adsorption capacity of Pb2+
or doped samples than that for undoped birnessite. Also, because of
he heterogeneity of Co3+ and Mn3+/4+, the insertion of cobalt into
he lattice of birnessite may possibly induce new vacancies [39].
he more vacancies in the birnessite, the larger are the amounts of
ead that can be adsorbed [16].

Fig. 7. Curves of As(III) removal by Co-doped birn
0 0 2778 1283
14.6 0 3081 1396
17.0 0 3246 1545
24.5 0 3624 1710

During adsorption, Mn2+, Co2+, H+ and K+ are released into
the solution simultaneously. As the reaction continues, the release
of Co2+, H+ and K+ is linearly increased with Pb2+ adsorption,
while no Mn2+ is detected. The amount of H+ released varies from
2778 mmol kg−1 to 3624 mmol kg−1, and then K+ from 1283 to
1710 mmol kg−1. The Co2+ released is minimal (0–24.5 mmol kg−1).
It is suggested that almost all the cobalt exactly incorporated into
the layer of the birnessite, and the negative charge of layer is mainly
balanced by H+ and K+.

3.7. Effects of cobalt doping on the removal of As(III)

To investigate the effect of cobalt doping on the oxidation prop-
erties of birnessite, the as-prepared composites were used to study
the oxidative transformation of sodium arsenite at the interface of

minerals and water. Arsenite oxidation occurred quickly and was
accompanied by the adsorption and fixation of As(III) and As(V),
as illustrated in Fig. 7. It shows that the total arsenic and As(III) in
solution decreased sharply at early reaction stages, and then slowed
(Fig. 7a and b). The decrease in the total arsenic concentration in

essites. A: HB; B: CoB5; C: CoB10; D: CoB20.
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he solution was ascribed to the adsorption and fixation of As on
he birnessites. For As(III) in solution, both the adsorption and oxi-
ation by MnO2 compensated for the decrease. The yield of As(V) in
olution first increased rapidly; then, the rate gradually decreased,
nd equilibrated after 120–180 min (Fig. 7d).

As illustrated in Fig. 7, the initial rate for the yield of As(V) in
olution is slightly higher for HB than for Co-doped ones. This was
scribed to the effects of cobalt on the reactivity of birnessites. Due
o the high CFSE of the low-spin Co3+ ion, oxygen atoms bound to
o3+ will be more strongly held than those bound to Mn3+/4+. This
ould increase the activation energy at these sites, resulting in a

lower reaction rate [40,41]. However, the total oxidation capacity
as enhanced after doping. Some arsenite was unoxidized by HB

nd CoB5, whereas no residual arsenite in solution was observed
or CoB10 and CoB20. This positive effect was also observed in
he catalytic activity with respect to the olefin oxidation of Co-
oped manganese oxides [10]. The higher standard redox potential
f Co3+/Co2+ (E0 = 1.92 V) than those of MnO2/Mn2+ (E0 = 1.224 V)
nd Mn3+/Mn2+ (E0 = 1.542 V) may be an important reason for the
mproved oxidation ability [42]. The XPS investigation of the spent

aterials obviously shows the Co2+ signal (Fig. S2, a) [27].
From Fig. 7c, we can further see that the content of As adsorbed

nd fixed on the birnessites first increases to a maximum, then
ecreases slowly. Once the arsenite was mixed with the birnes-
ite, H3AsO3 (pK = 9.29) [42] quickly adsorbed on the surface of the
aterials. As the reactions went on, arsenite was oxidized to arsen-

te. At the circumneutral pH, electronic repulsion between species,
uch as H2AsO4

− and HAsO4
2− (H3AsO4, pK1 = 2.26, pK2 = 6.76,

K3 = 11.29) [42], and the negative charge surfaces of birnessites
rove them away. However, the As fixed by the minerals may
emain constant, as presented by Li et al. [17]. At the end of the
eaction, there were solely small amounts of exchangeable arse-
ate adsorbed on the surfaces. They were 0.068, 0.076, 0.085 and
.067 mg L−1 arsenate for HB, CoB5, CoB10 and CoB20, respectively.
mounts of As fixed by as-prepared birnessites were 2.130, 2.336,
.95 and 1.276 mg L−1, respectively. The total removal of As(III)
rom solution, including the oxidation, adsorption and fixation,
y Co-doped birnessites was 94.30%, 100% and 100%, respectively,
ompared to that of HB at 92.03%. As reported previously, ferrugi-
ous manganese ore can remove approximately 99% of arsenic from
eal groundwater samples [43]. Our as-prepared composites with
igher cobalt content are more efficient removal reagents than the

erruginous manganese ore.
During the arsenite oxidation, contents of Mn4+ on the surface of

he spent composites decreased, while those of Mn3+/2+ increased
nd both Co2+ and Co3+ coexisted on the surface (Fig. S2). We also
onitored the release of Mn2+, Co2+ and K+ into the solution. The K+

eleased by HB, CoB5, CoB10 and CoB20 during arsenite transforma-
ion was 1998, 1931, 1900, 1814 mmol kg−1, respectively. However,

n2+ and Co2+ were not detected. There were several reasons for
hese phenomena. First, the spent Co-doped birnessites remained
he basic layer structure (Fig. S3). As the high affinity for Pb2+ of the
s-synthesized materials discussed previously, Mn2+ and Co2+, the
eduction products of high valence manganese and cobalt, were
etained at the mineral surfaces by adsorption [17,44]. The pre-
ipitations of Co3(AsO4)2 (Ksp = 6.80 × 10−29) [42] and the possible
ormation of krautite [45] may be the other reasons.

. Conclusion
Nano-sized Co-doped birnessites were synthesized at atmo-
pheric pressure and characterized by powder XRD, chemical
nalysis, N2 adsorption, FE-SEM and XPS. Their behaviors of lead
dsorption and arsenite removal were also investigated. The fol-
owing results were obtained:

[

[

aterials 188 (2011) 341–349

• Co-doped birnessites have the same crystal structure and micro-
morphology with undoped ones, but slightly weaker crystallinity.

• The content of Mn in the Co-doped materials decreases, and K
remains unvaried as the initial molar ratios of Co/Mn increase.
Additionally, the Mn AOS gradually decreases.

• XPS analyses show that cobalt exists mainly as Co(III)OOH in
the structure, and Co-doped samples have a higher abundance
of hydroxyl groups than undoped materials.

• Co-doped birnessite is a good scavenger for Pb2+ and As(III). It is
promising that manganese oxides can be doped with other first
row transition metals (V, Cr, Fe, Co, Ni and others) to strengthen
their potential to be used in the remediation of water or soil
polluted by inorganic toxic ions.
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