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Abstract—The As sorption capacity of a natural Mn and Fe mineral-containing sample from the Iron
Quadrangle province, Brazil, was investigated. A detailed mineralogical identification was obtained by
combining X-ray diffraction analyses (with Rietveld refinement), X-ray fluorescence spectroscopy, optical
microscopy, and scanning electron microscopy coupled with X-ray energy dispersive spectrometry-EDS.
The oxidation state of the adsorbed As species was determined by X-ray absorption near edge structure
spectroscopy. The results demonstrate that the presence of naturally occurring Mn oxides promotes the
effective oxidation of As (III) to As(V). Also, the Mn minerals show a significant uptake of both the
trivalent and pentavalent As species. This study demonstrates that the combined influences of As(III)
depletion by oxidation and adsorption on a natural oxide sample consisting of Mn minerals and Fe oxides
may effectively contribute to the reduction the As concentration in waters.
Key Words—Adsorption, Arsenate, Arsenic, Arsenite, Fe Oxides, Mn Oxides, XANES.

INTRODUCTION

Arsenic has been prominent in discussions about
drinking water quality over the last decade. The drinking
water limits for As decreased worldwide, following
World Health Organisation (WHO) recommendations.
One of the main factors controlling As concentration in
natural aquatic systems is its adsorption onto the
sediments, which promotes the immobilization of this
metalloid. The processes that influence As adsorption at
the water/mineral interfaces play an important role in the
environmental biogeochemistry of As.

Recently, the potential health risk to local popula-
tions from As exposure has been established in gold-
mining areas in the Iron Quadrangle mineral province,
MG, Brazil (Matschullat et al., 2000). In 1998, 126
schoolchildren aged 10 had their urine sampled. Twenty
per cent of the total sample population showed As
concentrations at a level (>40 mg –1) for which adverse
health effects cannot be excluded on a long-term basis.
The hydrothermal gold deposits occurring in these areas
contain varying proportions of Au-bearing sulfides, such
as pyrite (FeS2), pyrrhotite (Fe1 –xS) and arsenopyrite
(FeAsS). Particularly high As concentrations in water
(0 . 4 –350 mg L –1 , med i an 55 mg L –1) , i n so i l
(200–860 mg kg–1, median 113 mg kg –1), sediments
(22 –3200 mg kg–1, median 350 mg kg–1) and tailings
(300 –21000 mg kg–1, median 10500 mg kg –1) indi-
cated possible pathways for As dispersion in the
investigated area. As suggested by Matschullat et al.

(2000), these concentrations are, in principle, explain-
able via weathering of mine waste and tailings and via
smelting activities.

Arsenic toxicity, mobility and bioavailability in soil-
water systems are highly dependent on its oxidation state
and chemical speciation. Two inorganic forms of As,
arsenite As(III) and arsenate As(V), are the main species
in soils and sediments. The reduced state, As(III), is
much more toxic (Ferguson and Davis, 1972), soluble
and mobile than the oxidized form, As(V). This fact is
related to the different adsorption behavior of these two
species on soils. It is known that the mineral surface may
either catalyze the redox reaction or act as a direct
oxidant for As. The surface of Fe and Mn oxihydroxides
are the major sources and sinks of As and other trace
elements (Sung and Morgan, 1981).

A number of investigations have focused on As
immobilization by natural and synthetic Fe oxides and
Fe hydroxides (Isaacson et al., 1994; Pierce and Moore,
1982; Davis and Leckie, 1980; Fuller et al., 1993;
Fendorf et al., 1997; Ladeira and Ciminelli, 1998, 2000;
Ladeira et al., 2001). Fewer investigations have focused
on As immobilization by Mn oxides (Nishimura and
Umetsu, 1994; Driehaus et al., 1995; Scott and Morgan,
1995). Investigations on samples containing both Mn
and Fe minerals are reported even less frequently (Sun
and Doner, 1998; Sun et al., 1999) and in both cases
have been carried out with synthetic materials. Recent
studies (Waychunas et al., 1993, 1995; Manceau, 1995;
Sun and Doner, 1996; Fendorf et al., 1997) indicate that
Fe oxides may strongly adsorb As(V) by forming
binuclear complexes. On the other hand, Mn oxides are
effective oxidants for the transformation of As(III) into
As(V) (Oscarson et al., 1981; Moore, 1990; Scott and
Morgan, 1995).
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X-ray adsorption near edge structure spectroscopy
(XANES) is a direct method of determining the
oxidation states of elements such as As and Mn.
Different oxidation states of an element present different
electron bonding energies. The energies of the edge peak
increase with increasing oxidation state (Sun et al.,
1999). The edge shift between As(III) and As(V) in
XANES spectra is large enough to determine As(III) and
As(V) in a soil sample with unknown As oxidation states
(Foster et al., 1998).

This study investigates the As immobilization capa-
city of natural Mn and Fe minerals from the Iron
Quadrangle, historically the most important Au- and
Fe-producing province in Brazil. The results obtained
through physicochemical and mineralogical character-
ization of a naturally occurring Fe and Mn oxide sample
were supported by the results obtained with relatively
pure natural samples consisting of Fe and Mn oxide
phases. The XANES spectroscopy was applied to
determine the oxidation state of As on these mineral
soil samples and to investigate the ability of Mn
minerals to promote the oxidation of As(III) to As(V).
In a world of diminishing soil and water resources, the
identification of sorbents that can be used in the
remediation of contaminated sites assumes a greater
importance than ever before.

MATERIALS AND METHODS

Investigations were performed on a complex sample
consisting of Fe/Mn oxides (cFeMn) collected at the Iron
Quadrangle. Additionally, relatively ‘pure’ samples of Fe
and Mn minerals were selected in the same region and
studied in order to establish a correlation between the
behavior of the complex Fe/Mn oxide sample and that of
its more abundant constituents. The cFeMn sample was
supplied by Extramil S/A (Santa Barbara, Brazil) and was
used in this study without pretreatment (100% <45 mm).
Fine-grained samples of goethite (Gt) and hematite (Hm)
were supplied by Minerações Brasileiras Reunidas (Nova
Lima, Brazil). After dry sieving (nylon mesh 45 mm), the
fine fraction was used for subsequent analyses. Coarser
material, if present, was discarded. The enriched Mn
oxide samples, todorokite/pyrolusite (Td/Py) and todor-
okite/birnessite (Td/Bn) were supplied by Mineração
Conselheiro da Mata Ltda (Conselheiro da Mata,
Brazil). The samples were ground and sieved at 45 mm,
the coarse fraction being discarded.

The chemical composition of the samples was
determined by wet chemistry methods. Silica was
determined via weight loss after treatment with hydro-
fluoric acid. Manganese was determined by means of
potentiometry using K permanganate and Na pyro-
phosphate. Iron was determined by titration with K
permanganate. Sodium, Al, Ti and Mg were determined
by atomic absorption spectometry (AAS) (Perkin Elmer
model Analyst 300) after digestion in HNO3/HCL

solution (Young, 1971). The mineralogical composition
of the samples was identified by combining optical
microscopy (Leitz model Labor Lux 12 Pols) with X-ray
fluorescence analysis (XRF) (Philips model PW2510),
scanning electron microscopy (SEM) (Jeol model
JSM35C) coupled with X-ray energy dispersive spectro-
meter-EDS (Voyager model 1050), and X-ray powder
diffraction (XRD, Siemens model D5000).

The XRD measurements were performed on a
Siemens diffractometer equipped with a rotating anode
(MoK1, l = 0.70926 nm) in Bragg-Brentano geometry.
The powder sample was pressed gently into the
indentation of a holder to prevent orientation of the
particles. Five per cent by weight of LaB6 was added as
an internal standard. The diffraction patterns were
recorded over an angular range of 2 –35º2y and counting
time varied for the different samples from 5 –20 s per
0.01º2y step. To determine the mineral composition of
the multimineral cFeMn-sample, a sequential dissolution
procedure with boiling HCl and HCl at room tempera-
ture was applied. After each dissolution step the sample
was X-rayed. The Rietveld method was applied to
estimate the mineral content (Young, 1993; Weidler et
al., 1998). Full refinement could not be successfully
applied to the untreated sample due to the massive peak
overlap and thus difficulties in applying the correct
profile function. In addition, an elemental composition
of the Mn-bearing phases was assumed as found in Burns
(1979). The mineral content determined by XRD was
compared to that indicated by chemical analysis, thus
yielding the most probable mineral composition for the
Mn oxides and of the entire sample. The XRD data of the
partially dissolved cFeMn sample was considered for the
determination of Al substitution of the Fe phases
following the approach of Schwertmann and Carlson
(1994) for goethite and of Stanjek and Schwertmann
(1992) for hematite.

Physical properties like particle-size distribution
were measured by wet sieving combined with a
sedimentat ion technique (Micromeri tics, model
Sedigraf 5000ET); the specific surface areas were
calculated by the BET equation using a multiple point
technique (Quantachrome model NOVA1000). The
sample was degassed at 70ºC for 2 h with a continual
stream of N2 prior to the surface area determination.

Total As in solution and soil samples was determined
after digestion by ICP-AES (Spectro, model Modula).
Prior to digestion 500 mg of dry material was mixed
with 15 mL of deionized water, 3 mL of HCl and 1 mL
of HNO3. The samples were digested in a microwave
oven (Maasen, model MWS) in 80 mL PTFE vessels.
The temperature was maintained for 20 min at 175ºC.
The resulting pressure was ~2.56106 Pa. After cooling,
the digested samples were transferred to 25 or 50 mL
flasks, and these were filled with deionized water. The
samples were stored in 50 mL polypropylene (PP)
bottles the until ICP measurements.
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Sorption isotherms

The trivalent and pentavalent As solutions were
prepared by dissolving reagent-grade sodium (meta)
arsenite (AsNaO2 PA; >99.0%; Fluka) and di-sodium
hydrogen arsenate heptahydrate (Na2HAsO4.7H2O PA;
>98.5%, Fluka), respectively, in deionized Milli-Q
water. To obtain the sorption isotherms, experiments
were performed with the cFeMn sample and with the Gt,
Hm, Td/Py and Td/Bn samples at selected pH values
adjusted with NaOH or HCl. The solid sample (10 g) and
100 mL of As solution (concentrations of 100 to
2000 mg/L) were shaken for 24 h, at a constant
temperature (25±0.5ºC) and pH. The pH was checked
each hour and corrected whenever necessary. After 24 h
the pH was measured and samples were filtered for the
determination of As. Replicates were prepared for
randomly chosen tests.

XANES measurements

The As(III)- and As(V)-treated samples were
mounted in Teflon cells and sealed with thin Kapton
polyamide film to minimize X-ray absorption. The X-ray
absorption measurements were performed at the XAS
beam line of the Laboratório Nacional de Luz Sṍncrotron
(LNLS, Campinas, Brazil) (Tolentino et al., 2001). The
LNLS storage ring is a third-generation machine
operating at 1.37 GeV with nominal ring current of
130 mA. X-absorption data were collected at the As
K-edge (11870 eV) in the fluorescence mode. The
incident beam was monitored by an air-filled ion
chamber. The fluorescence beam was detected using a
NaI scintillator with Ge filter to limit the contribution of
the scattering beam. An air-filled ion chamber monitored
the incident beam monochromatized with a ‘channel-cut’
Si (111) monochromator. The overall resolution was
3.4 eV, including core hole level (2.1 eV) and instru-
mental resolution (2.7 eV). The energy was calibrated at
the inflection point of edge jump in the XANES
spectrum of As(0) (11867 eV). All XANES spectra
were collected in the range 11820 to 12020 eV with an
energy step of 0.8 eV from 11850 to 11929 eV and 2 eV
beyond this interval. The collecting time was from 6 to
12 s per point, depending on the As ratio in the sample.
The energy stability was checked to be better than
0.1 eV during all measurements. The experimental
XANES spectra were background-corrected using a
polynomial fit in the region before the pre-edge and
normalized in the range 11950 –12030 eV. After these
operations the edge features are directly comparable in
position and intensity.

RESULTS AND DISCUSSION

Characterization of the FeMn sample

The chemical composition of the cFeMn sample is
shown in Table 1. The Fe and Mn appear as the main
constituents followed by silica and aluminum. Traces of
K, Ca, Mg, Na and Ba have also been identified by XRF
analyses. The particle-size analyses indicated a very fine
sample, with 95% of the particle sizes <15 mm and 50%
<2 mm.

Observation of the sample under an optical micro-
scope indicated the presence of goethite, hematite,
magnetite (as Fe sources) and quartz. The most abundant
constituents of the sample (Figure 1) were round
aggregates probably originating from the alteration of
FeMg silicates. The characteristic variety of Mn
oxyhydroxides, textural peculiarities of the sample,
such as intergrowth structures and fine grain size made
particularly difficult the complete identification of the
sample constituents under the microscope. The diagnosis
was completed by XRD analysis. The elemental
composition of a typical aggregate, presented in
Figure 1, indicates the predominance of Fe and Mn,
with traces of Al, Si, K, Ba and Ca.

Figure 2 shows the XRD patterns of the untreated and
the acid-treated cFeMn sample. The vertical bars
represent the peak positions of the noted minerals.
Figure 2 indicates the presence of nine different miner-
als (LaB6 was used as internal standard): hematite
(ICCD 33-0664), goethite (ICCD 29-0713), todorokite
(ICDD 21-0553), birnessite (ICDD 890-1098), crypto-
melane (ICCD 44-1386), lithiophorite (ICCD 41-1378),
quartz (ICCD 46-1045), kaolinite (ICCD 80-0886), and
muscovite (ICCD 76-0929).

Other mineral phases were detected after a magnetic
separation. The XRD pattern of the concentrate revealed
the presence of magnetite and maghemite in close
relation to hematite. The magnetite and maghemite

Table 1. Chemical composition of the cFeMn sample.

Oxides Fe2O3 MnO2 SiO2 Al2O3 K2O CaO MgO Ti LOI

Wt.% 36.2 32.6 8.7 6.8 0.7 0.2 0.7 0.3 13.4

LOI = loss on ignition at 900ºC

Table 2. Mineralogical composition of the cFeMn sample by
Rietveld refinement and chemical analysis.

Mineral Wt.%

Goethite ((FeO(OH)) 30
Hematite (aFe2O3) 19
Todorokite (Ca,Na,K)(Mg,Mn2+)Mn5O12.xH2O) 6
Cryptomelane (K2–xMn8O16) 15
Birnessite (Na,Ca,K)(Mg,Mn)Mn6O14.5H2O 13
Lithiophorite (AlLiMnO2(OH)2) 2
Quartz (SiO2) 7
Muscovite ((K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2) 8
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amounted to only traces as estimated by comparison with
the results of the untreated cFeMn sample.

The relative proportions of the crystalline phases,
which constitute the cFeMn sample, were determined by
Rietveld refinement of the powder XRD patterns. In fact,
variations in the chemical composition are the norm with
complex Mn oxides and can be explained easily by the
manifold substitution of the cations. The deviations from
stoichiometry are based on the easy substitutability of
the cations and the water in the interlayers (Varentsov,

1964). Table 2 shows the mineralogical composition of
the sample. Cryptomelane is the most common Mn oxide
and accommodates K in the tunnels which are formed by
corner-sharing double chains of octahedra. The compo-
sition is not constant and for the present sample
corresponds to the formula K2 –xMn8O16. For todorokite,
the suggested formula based on the chemical composi-
tion and on the XRD patterns, shown in Figure 2, is
(Ca,Na,K)(Mg,Mn2+)Mn5O12.xH2O, for lithiophorite is
A l L i M n O 2 ( O H ) 2 a n d f o r b i r n e s s i t e i s

Figure 1. SEM micrographs and elemental composition (EDS) of typical rounded aggregates in the cFeMn sample.

Figure 2. XRD pattern of the untreated and acid-treated cFeMn sample. The vertical bars indicate the peak positions of the minerals
denoted on the right.
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(Na,Ca,K)(Mg,Mn)Mn6O14.5H2O. The dissolution in
boiling HCl dissolved the Fe- and Mn-bearing mineral
phases, leaving quartz (~45 wt.%), kaolinite (~40 wt.%)
and muscovite (~15 wt.%) in the sample. Treatment with
HCl at room temperature dissolved all Mn-bearing
mineral phases. The quartz content was ~3 wt.%,
kaolinite 13 wt.%, muscovite 6 wt.%, hemati te
35 wt.% and goethite 43 wt.%. The Rietveld refinement
yielded precise unit-cell parameters for goethite and
hematite which allowed the determination of Al
substitution. The difference between these refined unit-
cell parameters and those of unsubstituted hematite
yields an Al substitution of ~0.5 mol.%, i.e. an almost
Al-free hematite in the sample. For goethite the
substitution was ~15 mol.%, thus indicating that
goethite was formed in an Al-rich environment as
found in weathering zones. That is in agreement with
the study by Schulze (1984) of the influence of Al on Fe
oxides. The author determined the Al substitution on
goethite, with a maximum observed in synthetic and
natural samples as high as 33%.

Based on the mineralogical composition of the
cFeMn sample, relatively ‘pure’ minerals were selected
from the same mineral province and investigated using
XRF followed by XRD. In the case of Mn minerals, the
results (XRD patterns not shown here) indicated that the
samples contained two main Mn phases, todorokite with
minor birnessite (Td/Bn) in one and todorokite and
minor pyrolusite (Td/Py) in the other. Goethite (Gt) and
hematite (Hm) represented the Fe oxide phases.
Considering all selected samples, the relatively ‘pure’
mineral samples investigated in the present study were
identified (on a weight basis) as: Gt (Fe2O3 69.1%, SiO2

14.4%, Al2O3 3.3%), Hm (Fe2O3 97.3%), Td/Bn (MnO2

71.0%, Al2O3 3.4%, Fe2O3 7.6%, SiO2 2.6%), Td/Py
(MnO2 59.5%, Fe2O3 7.0%, SiO2 7.7%, Al2O3 13.3%).

Loading

To determine the maximum As uptake (Qmax),
sorption isotherms were constructed for the pentavalent
and the trivalent As species. The experimental data from
the sorption isotherms, well adjusted by the Langmuir
equation (correlation coefficients of 0.98 for As(III) and
0.99 for As(V)) were used to calculate the Qmax values
using the following equation:

Q = Qmax · K · C/(1+K · C) (1)

where Q is the uptake of As adsorbed by the sorbent
(mg/g); Qmax, the maximum As uptake (mg/g); C, the
equilibrium concentration of the As ion in the aqueous
phase (mg/L) and K a constant.

Figure 3 shows the maximum As uptake by the
cFeMn sample treated with As(V) or As(III), at selected
pH values. The dependence of As removal on the
solution pH was studied extensively and reported in the
literature (Gupta and Chen, 1978; Pierce and Moore,
1982; Gosh and Yan, 1987; Zouboulis and Kydros, 1993;

Mortazavi et al., 1993). Changes in the solution pH
greatly affect the sorption process. For As(V) the
maximum uptake of 7.7 mg/g and 6.8 mg/g, as indicated
by Figure 3, occurred in acid conditions (pH 3.0 –5.5),
and decreased to 4.0 mg/g with increasing pH values
(pH 8.0). According to thermodynamics, the anionic
monovalent species (H2AsO4

–) predominates at pH 2.3 to
7.0 (pKa1 = 2.3) and the anionic divalent species,
(HAsO4

2 –), at pH >7 (pKa2 = 7.0).
The same trend was observed with the trivalent

species. As indicated by Figure 3, an increasing pH
decreases As uptake, which reached 9.2 mg/g, at pH 3.0,
9.1 mg/g at pH 5.5 and 6.3 mg/g at pH 8.5. Under mildly
reducing conditions, the predominant As(III) species for
pH 3.0 to 5.5 are the neutral (H3AsO3) molecule and at
pH 8.0 the anionic monovalent species, (H2AsO3

–).
Summarizing, Figure 3 shows a similar trend for both
the trivalent and pentavalent species, which means that
the sorption process is favored by the decrease in pH.

The adsorption of As(III) and As(V) on goethite as a
function of pH has been studied by many authors (Sun
and Doner, 1998; Pierce and Moore, 1980, 1982;
Ferguson and Anderson, 1974). In all these studies,
maximum As(V) uptake occurred under acid conditions
and decreased with increasing pH. In agreement with
these findings, the results shown in Figure 3 indicated
the greatest uptake at pH 3.

The adsorption of As(III), on the other hand, is not
consistent with previous findings which indicated an
increase in As uptake with pH. The results depicted in
Figure 3, showing the same trend for both the pentava-
lent and trivalent species, suggested that the presence of
Mn minerals in the sample promoted the oxidation of
As(III) to As(V). As a result, the adsorption envelopes of
As(III) and As(V) became quite similar. This is in
agreement with the work by Sun and Doner (1998),
showing that the addition of 0.5% of birnessite (w/w of
goethite) to the As(III)-goethite system completely
depleted As(III) in solution within 50 min at both pH
5.0 and pH 8.0. The addition of birnessite perturbs the
equilibrium ratio of As(III) to As(V) in solution.

Figure 3. Maximum As uptake for the cFeMn sample treated
with As(III) or As(V) at selected pH values.
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Consequently, more As(III) will be desorbed from the
goethite surface, oxidized by birnessite in the solution
and then readsorbed as As(V). The greater uptake shown
by the As(III)-treated samples in Figure 3 is not fully
understood at this point. Current investigations using
extended X-ray absorption fine structure (EXAFS)
suggest that different sites may be involved in the
uptake of As(III) and As(V).

Table 3 lists the As uptake by the cFeMn sample and
by the relatively ‘pure’ sample treated with As(III) and
As(V), respectively, and their specific surface areas. The
smallest surface areas are shown by hematite and
goethite followed by todorokite/pyrolusite, whereas the
cFe/Mn sample presented the largest surface area
(40.8 m2/g) of all the studied samples. Conversely, the
greatest loading is shown by goethite and by hematite,
whereas the cFeMn sample displayed the lowest (As(V))
or the second lowest (As(III)) loading. These results
suggest a relatively larger affinity for As(III) by the Fe
oxides.

XANES analyses

The energy at which an absorption edge occurs is
characteristic of the absorbing element, but the exact
position of the edge varies as a function of the oxidation
state of the element. The loss of an electron by oxidation
causes the remaining electrons to be bound more tightly
by the nucleus. Thus, greater X-ray energy is required to
remove the remaining electrons and the X-ray absorption
edges shift to higher energies by ~2 or 3 eV for each
electron lost. In principle, the oxidation state of an
element can be deduced from the energies of the XANES
spectral features (Waychunas et al., 1993).

The spectroscopic technique XANES was applied to
investigate the oxidation of As(III) to As(V) by goethite,
todorokite/birnessite, todorokite/pyrolusite and by the
cFeMn sample. Arsenic K XANES spectra of the
samples treated with As(III) and As(V) are shown in
Figure 4. As(III) has an edge peak at ~11,872 eV,
whereas As(V) has an edge peak at ~11876 eV, with a
shift of ~4 eV. Figure 4 shows that the As(III)-treated
goethite displays an edge-peak at 11873 eV. This
position corresponds to a three-fold formal valency for
the As (Foster et al., 1998), thus indicating that no
oxidation occurs with As(III) in contact with goethite
sample. Conversely, the positions of the absorption edge
are the same in the As(III)- and As(V)-treated todor-
okite/birnessite as well as todorokite/pyrolusite samples.
This finding indicates that the Mn minerals are strong
oxidants for As(III). These results are in agreement with
the investigations of Sun et al. (1999), and also with
Manning et al. (1998). Using XANES and solution
chemical methods, Sun et al. (1999) studied the

Table 3. As uptake by natural Fe and Mn mineral samples
treated with As(III) and As(V) and their specific surface
areas.

Mineral sample Specific surface As(III) As(V)
area (m2/g) (mmol/m2) (mmol/m2)

Hematite 2.2 4.9 5.3
Goethite 7.9 5.1 4.5
Todorokite/birnessite 13.8 3.3 5.0
Todorokite/pyrolusite 8.6 2.4 4.3
cFeMn sample 40.8 2.9 2.1

Loading conditions: pH = 5.5, Ionic strength = 0.15, initial
concentration = 1000 mg/L

Figure 4. Normalized As K XANES spectra of As(III) and As(V) adsorbed on the cFeMn sample, and on goethite, todorokite/
pyrolusite and todorokite/birnessite samples.
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interaction between As(III) and Mn-substituted goethite.
They found that the oxidation of As(III) increased with
increased Mn substitution in goethite. Manning et al.
(1998) studied the adsorption and stability of As(III) on
goethite using combinations of standard batch techni-
ques and X-ray absorption spectroscopy (XAS). They
found that all As(III)-treated a-FeOOH samples inves-
tigated showed energy positions indicative of As(III),
thus suggesting that oxidation to As(V) on the a-FeOOH
surface had not occurred.

In the present investigation, evidence from XANES
analyses indicated that all the naturally occurring Mn
minerals have a profound influence on the oxidation of
As(III) to As(V). These results suggest the important
role of the combined effect of Fe and Mn oxyhydroxides
on the availability and toxicity of As in the environment.

CONCLUSIONS

The mineralogical composition of the soil enriched
with Mn and Fe minerals indicated the presence of nine
different minerals: hematite, goethite, todorokite, bir-
nessite, cryptomelane, lithiophorite, quartz, kaolinite
and muscovite.

Sorption experiments showed maximum uptake at pH
5.5 of 6.8 and 9.1 mg As g–1 of the cFeMn sample for
As(V) and As(III), respectively, estimated by fitting
Langmuir equations. The sorption process was favored
by the decrease in pH for both the trivalent and the
pentavalent species. These results suggested that the
presence of Mn minerals in the sample promoted the
oxidation of As(III) to As(V).

XANES spectroscopy was used to investigate the
oxidation of As(III) to As(V) on the cFeMn sample
surface. The results indicated, for the first time, the
effective oxidation of As(III) to As(V), in contact with
naturally occurring todorokite, birnessite, cryptomelane
and pyrolusite minerals. Equally important is the fact
that, though not as high as those depicted by the Fe
minerals, significant adsorption of both the trivalent and
pentavalent As species is shown by the Mn minerals.
Finally, this study demonstrates that the oxidation-
adsorption system composed of Mn minerals (todorokite,
birnessite, cryptomelane and lithiophorite) and Fe oxides
(goethite, hematite and magnetite) may be an important
means of altering the As toxicity in terrestrial environ-
ments.
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