Journal of Hazardous Materials 196 (2011) 318-326

Contents lists available at SciVerse ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Co?*-exchange mechanism of birnessite and its application
for the removal of Pb?* and As(III)

Hui Yin, Fan Liu, Xionghan Feng, Mingming Liu, Wenfeng Tan, Guohong Qiu*

Key Laboratory of Subtropical Agricultural Resources and Environment, Ministry of Agriculture, College of Resources and Environment,
Huazhong Agricultural University, Wuhan 430070, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 28 May 2011

Received in revised form 30 August 2011
Accepted 8 September 2011

Available online 14 September 2011

Co-containing birnessites were obtained by ion exchange at different initial concentrations of Co2*. Ion
exchange of Co?* had little effect on birnessite crystal structure and micromorphology, but resulted in
an increase in specific surface areas from 19.26 to 33.35m2 g, and a decrease in both crystallinity
and manganese average oxidation state. It was due to that Mn(IV) in the layer structure was reduced to
Mn(IIT) during the oxidation process of Co?* to Co(Ill). The hydroxyl groups on the surface of Co-containing
birnessites gradually decreased with an increase of Co/Mn molar ratio owing to the occupance of Co(III)
into vacancies and the location of large amounts of Co2*3* and Mn?*/3* above/below the vacant sites.
This greatly accounted for the monotonous reduction in Pb%* adsorption capacity, from 2538 mmol kg~!
for the unmodified birnessite to 1500 mmolkg~! for the Co?* ion-exchanged birnessite with a Co/Mn
molar ratio of 0.16. The amount of As(Ill) oxidized by birnessite was enhanced after ion exchange, but
the apparent initial reaction rate was greatly decreased. The present work demonstrates that Co?* ion
exchange has great influence on the adsorption and oxidation behavior of inorganic toxic metal ions by
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birnessite in water envrionments.
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1. Introduction

Birnessite is a kind of ubiquitous hydrous-layered manganese
oxide (phyllomanganate) in geological environments [1]. Usually
occurring as fine-grained particles, it exhibits high reactivity and is
widely involved in a series of geochemical processes, particularly
plays a pivotal role in the fate of heavy metal(loids) (Pb%*, Cd?*,
As(III), Cr(IlI) and so on) and other pollutants in contaminated soil
and water systems, due to mixed valences, large surface area and
low point of zero charge [2-9].

Cobalt is one of the trace elements enriched in deep-sea man-
ganese nodules and crusts [10]. It is also found that manganese
minerals present in soils contain relatively large amount of Co [11].
Manganese oxides remarkably affect the geochemistry behavior
of Co likely due to the electron transfer between adsorbed Co2*
and high-valence Mn [12-17]. A direct evidence for the oxida-
tion of Co%* to Co®* on the surface of manganese oxides was first
reported by Murray and Dillard [18] using XPS. Previous literatures
have suggested that surface-adsorbed Co%* on birnessite could be
oxidized by certain Mn(IV) in the vicinity of vacancies [18,19].
During the reactive transport of Co(I[)EDTA%~ by pyrolusite (-
MnO, ), Mn(IV) was reduced to Mn(III) rather than Mn(II) to form a
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stable trivalent manganese solid (a-Mn,03 ), which passivated the
surface after an initial reaction period and ultimately limited the
yield of Co(III)EDTA~ [20]. However, X-ray powder diffraction and
polarized EXAFS spectroscopy were combined to determine the
Co-sorbed birnessite and indicated that Mn3* is the more likely
electron sink for the oxidation of Co2* [21]. These results indicated
that, during the adsorption and oxidation of Co?* by manganese
oxides, the electron sink, whether the Mn(IV) or the Mn(Ill), is
mostly likely dependent on the manganese oxide structures, sur-
face chemical characteristics and reaction conditions. However, the
mechanism of Co%* oxidation by acid birnessite is not clear yet.
Furthermore, as for the first transition-metal series, Co(lII),
Mn(IIl), and Mn(IV) have similar ionic radius and charges, and all
can stably exist in layered structures composed of edge-sharing
octahedra [22]. However, the electronegativity of cobalt is differ-
ent from that of manganese in similar crystallographic structures,
and the Co3*/Co?* redox conjugate pair has a higher standard
reduction potential than those of MnO,/Mn3*/Mn2* [23]. Thus,
incorporation of cobalt may have some influence on the crystal
structure, morphology, manganese average oxidation state (Mn
AOS), and hydroxyl content of birnessite, subsequently on the
removal of toxic metal(loids) from wastewater. The adsorption, oxi-
dation, and ion exchange are common characteristics of elemental
geochemistry. Our previous work demonstrated that the adsorp-
tion performance and removal capacity for Pb2* and As(IIl) from
aquatic systems by acid birnessite could be improved remarkably
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after doping with cobalt during the synthesis process [24]. In this
paper, Co-containing birnessites obtained by ion exchange with
Co?* at different concentrations were synthesized, characterized,
and their adsorption and oxidation performance towards Pb%* and
As(IlI) were investigated, respectively. The ion-exchange process
and underlying mechanism was further studied.

2. Materials and methods
2.1. Sample preparation

Acid birnessite was prepared according to McKenzie’s method
[25]. Co?* adsorption was conducted by adding Co(NOs), solution
to a birnessite suspension (1.67 gL~1) with pH 5 at 25°C. The pH
of the mixtures was maintained by adding 0.1 molL~! HNO3 and
NaOH solution. The Co concentration in solution was adjusted to
obtain Co/Mn molar ratios, such as 0,0.02,0.05,0.10, and 0.20. After
allowing 24 h for equilibration, the samples were filtered, rinsed,
and dried at 40°C for several days, and then ground and sieved
(100 mesh). The prepared Co-containing birnessite samples were
designated as HB, HC2, HC5, HC10, and HC20 according to the initial
Co coverages, respectively.

2.2. Sample characterization

All samples were characterized by powder XRD, FTIR, SEM, N,
adsorption, and chemical analysis. XRD analyses were carried out
on a Bruker D8 Advance diffractometer equipped with a Lynx-
Eye detector using Ni-filtered Cu Ko radiation (A =0.15418 nm).
The diffractometer was operated at a tube voltage of 40kV and
a tube current of 40mA with 1.2s counting time per 0.02° 260
step. FTIR analyses were conducted on a Bruker Equinox 55 model
spectrophotometer using KBr pellets with a spectral range of
4000-400 cm~!. The final spectrum was the average of 64 scans
at a nominal resolution of 4cm~1. The crystallite morphologies of
the samples were probed by scanning electron microscopy using a
JSM-6390LV microscope after being coated with a gold evaporated
film. The specific surface area was obtained by nitrogen adsorption
using an Autosorb-1 standard physical adsorption analyzer (Quan-
tachrome Autosorb-1). The samples were degassed at 110°C for 3 h
under vacuum prior to adsorption measurement.

The chemical compositions of the samples were determined
using atomic absorption spectrometry (AAS, Varian AAS 240FS)
and flame spectrometry (Sherwood Model 410). 0.1000 g of sam-
ple was dissolved in 25 mL solution of 0.25 mol L~! NH,OH-HCl and
1 molL~1 HSO4. The Mn AOS was obtained by a titration method:
amass of 0.2000 g sample was completely reduced to Mn2* in 5mL
of 0.5000molL~! H,C,04 and 10mL of 1molL~! H,S04. Excess
C,04%~ was determined by back-titration using a KMnO,4 standard
solution at 75°C [26].

2.3. XPS analysis

X-ray photoelectron spectra were collected using a VG Multi-
1ab2000 X-ray photoelectron spectrometer with an Al Ko X-ray
source (1486 eV) and a base pressure of 3 x 10~2 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 had a
pass energy of 25 eV and an energy step size of 0.1 eV. The spectra
were analyzed using the Avantage software. The Shirley-type back-
ground was subtracted before deconvolution and fitting. A ratio of
30:70 of the Lorentzian: Gaussian mix-sum function was used for
all the fittings.

A broad asymmetric peak was observed for C (1s) (Fig. S1).
Three peaks were used to fit C (1s) spectra (Table S1 and Fig. S1)

corresponding to alkyl type carbon (C-C, C-H), alcohol (C-OH)
and/or ester (C-0O-C) functionalities, and C=0/ O-C=O0, respec-
tively. All samples have been charge corrected to give the
adventitious C(1s) spectral component (C-C,C-H) abinding energy
of 284.80eV. This process has an associated error of +£0.1-0.2 eV
[27,28].

2.4. Pb%* adsorption experiments

Pb2* adsorption experiments were performed and details on the
experimental procedure are reported in our previous work [24]. A
solid/solution ratio of 1.67 gL, initial Pb%* concentration ranges
from 0 to10 mmol L1, and a constant supporting electrolyte con-
centration (NaNO3, I =0.1 mol L-1) were used. The mixtures were
shaken at a rate of 250 rmin~"! for 24 h at 25°C, and the pH of the
reaction system was maintained at 5.00 using a pH-stat technique
in the process. The metal ions (Pb2*, Mn2*, Co%*, and K*) in solution
were analyzed by AAS and flame spectrometry.

2.5. As(lIll) oxidation experiments

The procedure of As(Ill) oxidation was also the same as that
documented in reference [24]. A solid/solution ratio of 0.5gL"1,
0.08 mmol L~ of initial As(Ill) concentration, and a constant sup-
porting electrolyte concentration (NaNOs, Ic=0.1molL-!) were
used. The reaction was carried out at pH 7 with stirring at 25°C.
As(V) was measured using the colorimetric method [29]. Release
amount of Co?*, Mn?* and K* was monitored by AAS and flame
spectrometry.

3. Results and discussion
3.1. Characterization

3.1.1. Crystal structure of the Co-containing birnessites

Fig. 1 shows the powder XRD patterns of the obtained samples.
The patterns could be indexed corresponding to Hexagonal, R-3m
(JCPDS 86-0666). Birnessite was characterized by four detectable
peaks: 0.723, 0.361, 0.244, and 0.142 nm. Peaks at 0.723 nm and
0.361 nm were both symmetrical, belonging to (001!) reflections,
whereas the other two at higher angles were broad. The 0.244 nm
peak is convoluted by (101)and (0 1 2) reflections while the 0.142-
nm one is convoluted by (110), (113) and (10, 13) reflections
(JCPDS 86-0666). The intensity of the 0.361-nm peak was higher
than that of the 0.244-nm peak, which suggested that the diffract-
ing crystallites contained more layers stacked coherently along the
¢ axis than that of “acid birnessite” reported by Villalobos et al.
[30,31].
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Fig. 1. Powder XRD patterns of birnessite and Co-containing birnessites.
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Table 1
Physicochemical properties of Co-containing birnessites.
Sample  Element content (%) Co/Mnratio MnAOS  SSA(m?g!)
Mn Co K
HB 52.74 0 8.36 0 3.78 19.26
HC2 50.43 1.16 6.65 0.02 3.68 19.14
HC5 49.57 2.77 5.61 0.05 3.65 18.43
HC10 48.25 5.90 4.39 0.11 3.59 28.70
HC20 46.96 7.88 3.00 0.16 3.56 33.35

Co-containing birnessites exhibited the same XRD character-
istics as the original sample. There were four peaks with similar
symmetry and relative intensity. As the initial molar ratios of Co/Mn
increased, no extra peak was detected, suggesting that the import
of cobalt ions into the lamellar birnessite did not affect the crys-
tal structure, and no second phase was introduced. However, the
peak intensity of Co-containing birnessites slightly decreased, and
their FWHM slightly increased, indicating a decrease in particle size
and crystallinity. This was further confirmed by the monotonous
decrease in the relative intensity of the 0.361-nm peak to the 0.244-
nm peak.

3.1.2. Elemental analyses and Mn AOS

Table 1 shows the content of Co, Mn, and K in birnessite before
and after adsorption reaction. The initial Co/Mn molar ratio was
controlled as 0.02, 0.05, 0.10, and 0.20 in the adsorption exper-
iment, and it was changed to be 0.02, 0.05, 0.11, and 0.16 in
birnessite, respectively. When the initial concentration was low,
all Co?* ions were adsorbed. However, when the initial molar ratio
of Co/Mn increased to 0.20, only 80% Co2* ions could be retained.
The final molar ratio of Co/Mn was lower than that obtained by
ion exchange of HBir with Co?* by Manceau et al. [21]. This was
ascribed to that vacant sites (16.7%) in HBir were higher than those
in acid birnessite (12%) [31]. The content of potassium was reduced
by 20.5%,32.9%,47.5%,and 64.1%, respectively, compared to HB, due
to the replacement of quite a relatively large amount of K* by Co?*.

The Mn AOS of Co-free birnessite was 3.78, confirming the mixed
valence states of Mn in the form of Mn3* and Mn#** with Mn** being
the predominant species. The Mn AOS gradually decreased with an
increase in cobalt content (Table 1).

3.1.3. FTIR analysis

Fig. 2 presents the FTIR spectra of Co-containing birnessites.
Five well-resolved peaks were observed at 3412, 1619, 920, 506
and 436cm™!. The first two bands were ascribed to the stretch-
ing and bending vibrations of molecular H,O [32]. Vibrations of
Mn-0 bond in the structure of birnessite were reflected at 506
and 436 cm~!, which resembled the natural analogs [33,34]. Due to
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Fig. 2. FTIR spectra of Co-containing birnessites: (a) HB, (b) HC2, (¢) HC5, (d) HC10,
and (e) HC20.

that the absorption band at 423 cm~! could indicate the crystalline
order [34], the decrease of the adsorption band intensity suggested
the lower degree of crystallinity for Co-containing composites.

It was noteworthy that the intensity of the adsorption peak at
920cm~! gradually decreased with an increase in Co content. As
[MnOg] octahedral layer in birnessite containing vacancies was
similar to that of [AlOg] layer in the structure of dioctahedral
clay minerals. As for the latter, 2/3 octahedra were occupied by
cations. These cations were coordinated to OH groups, which were
parallel to the (001) planes and pointing to vacant sites. If two
AI3* cations were located there, vibration frequencies of Al-Al-OH
were 911-917 cm~! [35]. For the similar electronegativity of Mn3*
(HS, x=1.675), Mn*" (HS, x=1.923) in the [MnOg] octahedron of
birnessite with AI3* (x=1.515), and coordination radius of Mn3*
(r=0.785A), Mn** (r=0.670A) with AI** (r=0.675A), it could be
inferred that the vibration of Mn-Mn-OH in the vicinity of vacancy
was close to 911-917 cm~! [36-38]. Therefore, the decrease in the
peak intensity at 920 cm~! was possibly due to that the content of
hydroxyl groups around vacancies gradually decreased after Co2*
ion exchange reaction.

3.1.4. Micromorphology

Fig. 3 shows the SEM images of birnessite formed by
three-dimensional (3D) hierarchical microspheres consisting of
two-dimensional (2D) nanoplates. The radius of the 3D micro-
spheres was approximately 200 nm in diameter. Cobalt induction
had no obvious effect on the micromorphologies of the products
but slightly reduced the particle dimensions.

3.1.5. Specific surface area

The surface areas of the samples are listed in Table 1. The spe-
cific surface area of HB was 19.26 m2 g~!, which was similar to that
reported by Mckenzie [13]. After ion-exchange reaction, the sur-
face area values of HC2, HC5, HC10, and HC20 were determined
to be 19.14, 18.43, 28.70, and 33.35m? g~ !, respectively. As indi-
cated by XRD patterns, FTIR, and SEM images, the crystallinity of
Co-containing samples gradually decreased. The specific surface
area increased with a decrease in crystallinity of birnessite.

3.2. Surface analysis using XPS

X-ray photoelectron spectroscopy is recently being used to
investigate the abundance and chemical state of elements in the
uppermost few atomic layers of solid surfaces. Fig. S2 shows the
broad scans for all samples. The peak at a BE of 780eV was the
photoelectron line of cobalt, and its intensity gradually increased
with an increase in Co content. The photoelectron line of K (2p)
was at the left of C (1s). Its relative intensity greatly decreased
for Co-containing birnessites compared to HB, suggesting a lower
abundance of potassium in samples after Co2* ion exchange, which
coincided with the results of the chemical analysis.

In order to determine the chemical states of Mn, Co and O on
the surface of Co-containing samples, narrow scans were also per-
formed. To obtain the relative quantity of Mn2*, Mn3*, and Mn**
on birnessite surface, the Mn (2p3;) spectrum was fitted [28,39].
Table S2, Fig. 4 and Table 2 show the parameters used and the fit-
ting results, respectively. The content of Mn** gradually decreased
from 79.83% in HB to 66.90% in HC20 while Mn3* increased from
13.72% to 23.70%, and Mn2* content slightly increased. According
to the fitting results, the calculated Mn AOS were 3.73, 3.71, 3.68,
3.62,and 3.58 for HB, HC2, HC5, HC10 and HC20, respectively. These
results agreed well with the titration data (Table 1).

Narrow scans for Co (2p) are plotted in Fig. 5. The measured BE
values for Co (2py;) and Co (2p3p,) were 795 and 780eV, respec-
tively, similar to those of Co(Il[)OOH reported by Crowther et al.
[19]. Furthermore, the Co(2p,)-Co(2p3),) splittings were identical
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Fig. 3. SEM of birnessites before and after ion exchange with Co?* at different concentrations: (a) HB, (b) HC2, (c) HC5, and (d) HC20.

at 15.0eV(£0.20 eV) which was a characteristic of the spectrum of
Co(IIl) compounds [19]. These results suggested that Co(Ill) mainly
existed in the samples.

After being adsorbed on the surface of birnessite, Co%* was oxi-
dized to Co(III) by high valence Mn in the structure. As illustrated by
elemental analysis and multi-component fitting of Mn (2p3,, ) spec-
tra of Co%* ion-exchanging hexagonal birnessites, the Mn AOS are
generally lower than +4, indicating the coexistence of Mn#*, Mn3*,
and Mn?* in the structure. Both Mn** and Mn3* can accept elec-
tron from Co2*, but acid birnessite with hexagonal layer symmetry
has the most intricate and polytropic structure characteristics. It
consists of edge-sharing [Mn(IV)Og] octahedra, [Mn(Il1)Og] octahe-
dra, and vacancies. Large quantities of cations, such as H*, K*, and
Mn2*/3*, exist in the interlayer space of adjacent layers to balance
the high negative permanent structural charge originated from the
substitution of Mn(IV) by Mn(IIl) and vacancies within the octa-
hedral sheet [31,40-42]. It is difficult to investigate the oxidation
mechanism of Co?* due to the complex structure of birnessite.

The element composition in HB changed after ion exchange with
Co?*. Variations (A) in the quantity of Mn(IV), Mn(IIl), MnZ*, and
Co(IIl) were calculated and summarized in Table 3 based on the
results of chemical composition (Table 1) and XPS (Table 2). As
for HC20, the content of Mn(IV) was reduced by 2353 mmol kg~!

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

Mn, whereas Mn(Ill) and Mn(Il) were increased by 1817 and
535 mmol kg1, respectively. The amount of Co(Ill) imported was
2847 mmol kg~!. Given that Mn2* was adsorbed almost totally on
the surface of birnessite as Mn2* was not detected during the ion
exchange process, A(Mn2*) should be equal to A(Co3*) if the layer
and/or interlayer Mn(IIl) was the oxidant as proposed by Manceau
et al. [21]. However, A(Mn%*) was only about 1/5 of A(Co3*). HC2,
HC5 and HC10 all generally abided to this rule. In the present work,
the Mn(IV) was most likely the electron acceptor.

Two possible pathways for the Co?* oxidation by Mn(IV) were
proposed in this study. In the first pathway, two moles of Co%*
reacted with one mole of Mn(IV), producing one mole of Mn%* and
two moles of Co(III) as Eq. (1):

Mn(IV) + 2Co%t — Mn2* + 2Co(IIl) (1)

As for the above equation, A(Mn%*)=—A(Mn*")= (1/2)A(Co3*),
and A(Mn3*) should be no more than zero (for disproportionation).
The other pathway involved one mole of Mn(IV) participating in the
oxidation of one mole of Co2* to Co(1Il), and Mn(IV) was reduced to
Mn(II):

Mn(IV) + Co?t — Mn(Ill) + Co(Ill) (2)

Table 3
Variances in the content of Mn(IV), Mn(Ill), Mn?* and Co(Ill) in Co-containing

Sample Mn (at.%) O (at.%) birnessites.

Mn#* Mn3* Mn?* 0% OH- H,0 Sample A(Mn#)2 A(Mn*) A(Mn?*) A(Co*)
HB 79.83 13.72 6.46 54.78 2245 22.77 HC2 —357 291 64 390
HC2 77.87 15.32 6.81 60.26 22.03 17.71 HC5 —-750 579 169 948
HC5 75.71 16.90 7.39 56.98 21.42 21.60 HC10 —1651 1281 368 2075
HC10 70.76 20.76 8.48 59.02 18.88 22.10 HC20 —2353 1817 535 2847
HC20 66.90 23.70 9.40 57.74 17.00 25.26

a “_» means that the content of Mn** decreased.
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Fig. 4. Mn (2ps);) spectra of Co-containing birnessites: (a) HB, (b) HC2, (c) HC5, (d) HC10, and (e) HC20 (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(Ill) and the dotted lines are Mn(II).).

If Eq. (2) occurred, A(Mn3*)=—A(Mn**)= A(Co3*) should be cor-
rect. However, Mn(IIl) are unstable and disproportionate as follows
[43]:

2Mn(Ill) — Mn(IV) + Mn?* (3)

Therefore, the change trend of various species should increase
in the order: A(Mn%*)< A(Mn3*)<—A(Mn*")< A(Co3*), in agree-
ment with the results as listed in Table 3. Consequently, Mn(III) was
the primary reduction product of Mn(IV).

The O (1s) spectra of as-prepared birnessites had main charac-
teristic peaks at 529.94, 529.93, 529.88, 529.61 and 529.75eV. The
electronegativity () values of Mn3* (HS, x=1.675) and Co3* (LS,
x=1.791) in the [Mn(Co)Og] octahedron of birnessites were lower
than that of Mn** (HS, x =1.923) [36,37]. Larger amounts of Mn3*
and Co?* in the layer led to an increase in the ionic bond charac-
ter of the Mn(Co)-0O bond. Therefore, the electron cloud density
of cores of 02~ and OH~ increased, and their BEs shifted to the
lower.
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Fig. 5. Co (2p) spectra of Co-containing samples.

Lattice oxygen (0%~), hydroxide oxygen (OH™), and oxygen in
molecular water (physisorbed, chemisorbed, and structural H,O
and water in poor electrical contact with the mineral surface) [44]
were the three oxygen species in birnessite materials correspond-
ing to the main peak, the broad shoulder, and the pronounced tail,
respectively. The peak parameters used in fitting O (1s) spectra are
listed in Table S3 and the corresponding results are presented in
Fig. S3 and Table 2, respectively. The content of hydroxide group
gradually decreased with an increase of cobalt content, which was
consistent with the FTIR results.

3.3. Adsorption of Pb?* by Co-containing birnessites

Lead is one of the widespread contaminant in water systems.
Its concentration in many industrial water bodies was reported to
be as high as 200-500 mg L. This concentration is very high in
relation to the current water quality standard of 0.05-0.1 mgL!
[45,46]. Consequently, it is essential to reduce the lead levels in
wastewater before it was discharged.

In order to investigate the effect of Co2* ion exchange on the Pb2*
adsorption behavior by birnessite, as-prepared composites were
used for removal of Pb2* in laboratory artificial waste water at the
concentration level of 0-10 mmol L~! at 25°C.

The adsorption of Pb2* on birnessites conformed to the L-type
isotherm [47]. The removal efficiency of Pb%* increased sharply
when the equilibrium concentration of Pb2* was increased from
the lowest value, indicating a high affinity isotherm with strong
preference for solid phase partitioning in these systems. Then the
removal efficiency increased slightly, and last tended to remain
stable and approached a maximum as the equilibrium Pb%* con-
centration increased (Fig. 6).

The Langmuir equation was shown as Eq. (4):

AmaxKC
1+ KC
where Q is the amount of Pb2* adsorbed (mmol kg~! mineral), Amax

the maximum adsorption capacity (mmol kg='), C the equilibrium
concentration of the adsorbate (mmol L-1),and K a constant related

Q= (4)

Table 4
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Fig. 6. Isothermal curves of Pb2* uptake by Co-containing birnessites.

to the adsorption energy as function of temperature and adsorption
enthalpy [48]. The adsorption capacities are listed in Table 4. HB
had a capacity of 2538 mmol Pb%* per kilogram birnessite. Co%* ion
exchange lessened the removal of Pb%* from solution by birnessite.
The maximum capacity of Pb2* removed by HC2, HC5, HC10 and
HC20 were 2352, 2045, 1879 and 1500 mmol kg1, respectively.
These as-obtained birnessites exhibited more effective adsorbabil-
ity for Pb2* in aqueous solution than other reports, such as single
manganese oxides [5], and manganese oxide coated sand, zeolite
and bentonite [3,49,50].

Birnessite has the highest affinity for Pb%* among various heavy
metal ions [5]. Pb(II) forms strong inner-sphere surface complexes
mainly at two sites on hexagonal birnessite nanoparticles: triple
corner-sharing (TCS) surface complexes and triple edge-sharing
(TES) surface complexes on vacancies, and double corner-sharing
(DCS) and double edge-sharing (DES) complexes on lateral edge
surfaces [51]. Regardless of whatever Pb(II) complexes formed, the
content of vacancies in birnessite structure positively determined
the adsorption capacity for PbZ* [52]. But some other literatures
reported that, the external edge surface played a key role in
Pb2* adsorption. A positive linear relationship between BET sur-
face area and maximum Pb2* capacity had been established [53].
Nevertheless, the surface areas of birnessites treated with differ-
ent concentrations of Mn2* greatly increased from 9.84m2g-! to
67.0m2 g1, but their Pb2* adsorption capacity gradually decreased
[52]. Therefore, the total Pb%* adsorption capacity was determined
not only by the content of vacant sites and the surface areas, but
also by their relative abundance. In the Pb(Il) uptake experiments
of biogenic manganese oxides, the surface areas of the minerals
were much high for their finite crystal size, and the contribu-
tion for Pb uptake by external sites was higher than the internal
sites. However, as for the Co-containing birnessites here, although
the surface areas of Co-containing composites was increased from
19.26 to 33.35m? g~ ! with an increase in cobalt content (Table 1),
Pb2* adsorption capacity gradually decreased (Fig. 6; Table 4).
This decrease was probably attributed to the decrease of the con-
tent of vacant sites. As demonstrated by Manceau et al. [21],
when Co?* was adsorbed on vacancies and then oxidized to Co3*,
most of the Co3* directly incorporated into the vacant sites, and

Langmuir parameters for the adsorption of Pb2* and maximum concentrations of Mn2*, Co?*, H*, K* released.

Sample Parameters lons released (mmol kg~1)

Amax (mmolkg1) K R? Co?* Mn?Z* H* K*
HB 2538 17.7 0.998 0 0 2778 1283
HC2 2352 4484 0.999 189 0.5 2629 978
HC5 2045 1222 0.995 34.6 0.5 2297 730
HC10 1879 165.3 0.987 78.9 9.1 2304 546
HC20 1500 349.6 0.998 174.9 34.7 2199 372
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Fig. 7. Speciation of lead(ll) as a function of pH. [Pb]=10mmolL~! in 0.1 molL"!
NaNOs (calculated using ECOSATA4.9 [54]).

partial Co3*/2* was located above or below vacancies, resulting
in the decrease of the number of vacant sites and the content of
hydroxyl groups. The decrease of vacant sites loudly accounted for
the decrease of Pb%* adsorption capacity. Although the location of
Co3*/2* on the vacancies did not affect the amount of vacant sites,
but these cations would compete with Pb(II) species for binding
sites. Therefore, the maximum lead adsorption capacity of Co%*-
exchange birnessites was greatly reduced. This was different from
the case of Pb%* adsorption by Co-doped birnessites. The enhanced
Pb2* removal of Co-doped birnessites compared with the undoped
one was attributed to the gain of negative charge of the octahe-
dral layer by the substitution of layer Mn(IV) by Co(Ill) and the
induction of vacancies in the structure by the insertion of Co(III)
because of the heterogeneity between the exotic ion and Mn#*/3*
[24].

During Pb%* adsorption, Mn2*, Co?*, H*, and K* were simultane-
ously released into the solution in the order: H* >K* > Co%* > Mn2*
(Table 4). This implied that the negative charge of birnessite layer
was mainly balanced by H* and K*. Mn2* was not detected during
Pb2* adsorption by HB, indicating the presence of small amounts of
Mn?2*/3* in the interlayer, which was consistent with the XPS results.
The release amount of H* and K* was positively related to the Pb%*
adsorbing capacity, however, that of Co?* and Mn2* increased with
the increase of cobalt content. With an increase in cobalt content,
more Mn?2* jons were released into the solution. These low valence
Mn ions were formed from the reduction of Mn3*/4* by Co2*. About
9.6%, 7.4%, 7.9% and 13.1% of the total cobalt in HC2, HC5, HC10 and
HC20 was released, respectively. It indicated that there might be
some Co?*, existing in the interlayer or on the surface of birnessite
besides Co3* when the initial Co?* concentration was high [21]. The
Co2* can be replaced by Pb2* during the adsorption. Furthermore,
the Co3* in the interlayer might also be driven by Pb2* into the solu-
tion coupled with redox reactions, but the underlying mechanisms
are not clear yet.

The aqueous speciation of Pb%* is shown in Fig. 7 as a function of
pH in the range of 3-11 (calculated using ECOSAT4.9 [54]). When
pH was below 5.4, Pb?* and [Pb(NO3)]* were the main species.
As it increased to 5.4, the formation of Pb(OH),(s) began to limit
the concentrations of aqueous species. At ~pH 5.5, Pb(OH);,(s)
was the major form present in the system. When pH was above
~6.5, Pb(II) occurred predominantly as Pb(OH),(s). At pH 5.0, the
species of Pb(Il) in the adsorption systems existed as Pb2* (61.21%),
[Pb(NO3)]* (34.84%), and Pb(NO3), (3.95%).

According to the charge conservation law in the process of ion
exchange, two moles of H* and/or K* or a mole of divalent cation
(Me2*) would be released after the adsorption of one mole of Pb2*
whereas adsorption of [Pb(NOs3)]* would drive only one mole of
H* or K* or 1/2mol of MeZ* away from the surface of birnessite.
This was confirmed by the algebraic relationship of the amounts of
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Fig. 8. Kinetics curves of As(Ill) oxidation by Co-containing birnessites.

Pb(II) adsorbed and the release of ions as follows:
n(Pb(I)) x (0.6121 x 2 + 0.3484) ~ n(H*) + n(K*) + (n(Mn>*)
+1n(Co%*t)) x 2

where n denotes the amount of adsorbed/released ions, and was
listed in Table 4.

3.4. Effects of Co?*-exchange on the oxidation of As(III)

Arsenic contamination is an issue of great concern. Depending
on its source, arsenic concentrations in natural waters may range
up to several hundred milligrams per liter. Due to its acute toxicity
to humans, a maximum contaminant level (MCL) should be less
than 10 wg L1 for arsenic in drinking water [55].

Manganese oxides are reactive oxidants for the transformation
of As(Ill) to As(V) under natural conditions. As-prepared birnessites
were used to study the oxidative transformation of sodium arsen-
ite at the interface of minerals and water. Arsenite oxidation first
occurred quickly and the reaction rate then decreased to keep a
balance after 1-2 h. HC2 and HC5 had the same shape as that of HB.
However, in the case of HC10 and HC20, the oxidation amount of
As(II) gradually increased as the reaction progressed (Fig. 8).

An apparent oxidation capacity of As(Ill) to As(V) was calcu-
lated to evaluate the oxidation ability of birnessite, due to the fact
that adsorption and fixation of As(IIl) and As(V) occurred simulta-
neously during the oxidation process [8]. The calculated apparent
oxidation capacity of As(Ill) by HB is 77.3% at equilibrium. After
reaction for 7 h, the conversion of As(III) to As(V) by HC2, HC5, HC10
and HC20, were 91.0%, 93.2%, 88.4% and 60.2%, respectively. High
oxidation ability towards As(IIl) was ascribed to the participation
of Co(IIl) in the reaction, since the standard reduction potential for
Co3*/Co?* (E°=1.92V) is higher than the MnO,/Mn2* (E° =1.224V)
and Mn3*/Mn?2* (E° =1.5415 V) half reactions [23]. This was already
confirmed in our previous work using XPS analysis [24].

The relationship of As(Ill) concentration with time was ana-
lyzed by fitting a first-order rate equation to the 0-0.33 h portions
of all the five systems (Fig. 9). The apparent reaction rate con-
stants (kyps) of HB, HC2, HC5, HC10, and HC20 were calculated to
be 0.0226, 0.0175, 0.0161, 0.0123, and 0.0035 min~!, respectively.
The higher initial reaction rate of As(IIl) oxidation for HB than for
Co-containing ones can be ascribed to several reasons. Firstly, in Co-
containing birnessites, oxygen atoms bound to Co3* will be more
strongly held than those bound to Mn3*/4* due to the high crys-
tal field stabilization energy (CFSE) of the low-spin Co3* ion [15].
This would increase the activation energy at these sites, result-
ing in a slower reaction rate [56]. Secondly, the As(Ill) oxidation
by birnessites is a complex process. Investigation on the arsenite
oxidation by a poorly crystalline manganese-oxide exhibited that
As(IlI) oxidation and As(V) sorption is greatly affected by Mn AOS in
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Fig. 9. Linear regression analysis of normalized As(IIl) uptake by as-obtained bir-
nessite.

the 8-MnO,, structure [57]. The Mn(III) reactive sites on Mn-oxide
surfaces were expected to be less reactive than Mn(IV) reactive sites
in terms of As(IIl) oxidation [39,58,59]. Moreover, analysis of XPS
and the release of ions during Pb%* adsorption revealed that cer-
tain amounts of Mn2*/3* and Co?*>* were adsorbed on the surface
of birnessites. These low valence ions also blocked reactive sites on
the mineral surface.

Release of Mn2*, Co2* and K* into the solution was also moni-
tored. The concentrations of K* released by HB, HC2, HC5, HC10 and
HC20 during the arsenite oxidation process were 1998, 1523, 1247,
1068 and 669 mmol kg1, respectively. However, Mn%* and Co%*
were not detected when HB, HC2, and HC5 were used as oxidants.
For HC10 and HC20, 13 and 0, 36 and 8 mmol kg~! of Mn2* and Co2*
were determined, respectively. There were two reasons for this low
MnZ*/Co?* release: (i) MnO, particle surface contained negatively
charged surface functional groups (=Mn-0-), thus soluble Mn2*/3*
and Co?*/3* formed by reductive dissolution of Co-containing bir-
nessites were adsorbed on the surface at pH 7.00 in the present
study, and (ii) the precipitate of Co3(AsOy4), (pKsp =28.17) [60] and
the possible Krautite was formed [61].

The oxidation of As(Ill) by manganese oxide was an impor-
tant reaction in both the natural cycling of As and in developing
remediation technology for lowering the As(Ill) concentration in
drinking water. In the presence of Co-containing birnessite, As(III)
in wastewater or underground water would be oxidized to As(V).
As(IIT) has higher mobility and weaker adsorption, and thereby is
more poisonous than As(V) [8]. Because As(V) exists as deproto-
nated oxyanions in broad pH ranges [23] and has high affinity of
mineral surfaces, oxidation of As(III) to As(V) not only reduces its
toxicity, but also facilitates the removal of As species. Metal com-
pounds (Fe/Al oxides, hydroxides, etc.) are the most widely used
adsorbents for As, for their higher removal efficiency at lower cost
versus many other adsorbents [4]. The maximum amount of As(V)
produced during the oxidation of As(Ill) by birnessite was greatly
enhanced in the presence of goethite. The combined effects of the
oxidation (by birnessite)-adsorption (by goethite) led to rapid oxi-
dation and immobilization of As and alleviation of the As toxicity in
the environments [62]. Hence, the powerful oxidation of arsenite
by manganese oxides, followed by adsorption of arsenate by Fe/Al
compounds as adsorbents, is an applicable approach for the treat-
ment of As(Ill) contaminated water systems, and is worth further
investigation.

4. Conclusions

Co?* ion exchange with birnessite was conducted at different
Co2* concentrations. Co?* ions were totally retained by birnessite
at low concentrations. However, when initial Co/Mn molar ratio
was increased to 0.2, only 80% of Co2?* could be located in the

structure. Induction of Co?* had no effect on the crystal
structure and morphology of birnessite. The crystallinity of Co-
containing birnessites gradually decreased and specific surface
areas increased. The valence of Co was exclusively +3 and Mn
AOS of Co-containing birnessites gradually decreased. The content
of hydroxyl groups in the structure of Co-containing birnessites
gradually decreased, which accounted for the reduced Pb2?* adsorp-
tion capacities. As(Ill) oxidation by Co-containing birnessite was
enhanced. Conversely, with an increase in cobalt concentration, the
initial reaction rate constant was greatly reduced. During the pro-
cess of Co%* oxidation, Mn(IV) was more likely the electron sink,
and subsequently reduced to Mn(III). The present work provides a
new insight into the environmental chemical behavior and inter-
action mechanism of cobalt and manganese oxides. Further, these
modified materials have higher adsorption capacity for Pb%* than
many other adsorbents. Simultaneously, their enhanced oxidation
ability for As(IIl) to As(V) can greatly reduce the toxicity of As(IIl) in
the environment. These as-obtained birnessites have great poten-
tial applications in the remediation of heavy metal-contaminated
soil and water.
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