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bstract

Arsenic (As) contamination presents a hazard in many countries. Natural attenuation (NA) of As-contaminated soils and groundwater may be
cost-effective in situ remedial option. It relies on the site intrinsic assimilative capacity and allows in-place cleanup. Sorption to solid phases is

he principal mechanism immobilizing As in soils and removing it from groundwater. Hydroxides of iron, aluminum and manganese, clay and
ulfide minerals, and natural organic matter are commonly associated with soils and aquifer sediments, and have been shown to be significant
s adsorbents. The extent of sorption is influenced by As speciation and the site geochemical conditions such as pH, redox potential, and the

o-occurring ions. Microbial activity may catalyze the transformation of As species, or mediate redox reactions thus influencing As mobility. Plants
hat are capable of hyperaccumulating As may translocate As from contaminated soils and groundwater to their tissues, providing the basis for

hytoremediation. However, NA is subject to hydrological changes and may take substantial periods of time, thus requiring long-term monitoring.
he current understanding of As NA processes remains limited. Sufficient site characterization is critical to the success of NA. Further research is

equired to develop conceptual and mathematical models to predict the fate and transport of As and to evaluate the site NA capacity. Engineering
nhanced NA using environmentally benign products may be an effective alternative.

2006 Elsevier B.V. All rights reserved.
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mineral solids, and are potentially the most important As adsor-
bents. Spectroscopic studies have confirmed that both As(III)
and As(V) may form inner-sphere complexes on the surfaces of
the (hydro)oxides and clay minerals through ligand exchange

Fig. 1. Eh–pH diagram for As at 25 ◦C and 101.3 kPa with total concentration
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1. Introduction

Arsenic (As) occurs naturally and is widely distributed in nat-
ural systems. Release from As-enriched minerals is the primary
source of As in the environment [1,2]. The main anthropogenic
sources include mining and smelting, industrial processes, and
agricultural practices [1,2]. The World Health Organization
(WHO) guideline value for As in drinking water is 10 �g/L [3].
Elevated As concentrations in soils and groundwater have been
reported worldwide. There has been increasing concern on the
toxicity of As to humans and other living organisms. It is a proven
carcinogen causing skin cancer and other internal cancers [3]. It
is also phytotoxic and may accumulate in plants [2,11].

Due to the high toxicity of As, remediation of As-
contaminated soils and groundwater, therefore, is necessary to
protect the environment and the public health. Natural attenua-
tion (NA) is an environmentally compatible and cost-effective
in situ remedial method that relies on the site intrinsic assimila-
tive capacity. Regulatory definitions of NA generally include all
types of processes that can reduce the concentration or minimize
the toxicity of a contaminant [4]. The naturally occurring physic-
ochemical and biological processes give light to the use of NA
processes to remediate As-contaminated soils and groundwater.
The NA of As mainly involves processes such as immobiliza-
tion by sorption to solid phases such as (hydro)oxides of iron
(Fe), aluminum (Al) and manganese (Mn), organic matter, and
clay minerals, the intra-conversion between As(III) and As(V)
induced by the Fe and Mn (hydro)oxides and clay phases or
natural organic matter (NOM), biotransformation, and hyperac-
cumulation of As in plants.

The chemical forms and oxidation states in which As exists
may play an important role in the NA processes, since they
are closely correlated to the physiological and toxicological
effects of As, and also have effects on its sorption behav-
ior and consequentially its mobility and bioavailability [2]. As
exists essentially in four oxidation states (i.e., −III, 0, +III, and
+V). Depending on pH and redox conditions (Eh), As(V) and
As(III) are widely present in soils and groundwater (Fig. 1)
[4]. Methylated As compounds, such as monomethylarson-
ous acid [MMAA(III)], monomethylarsonic acid [MMAA(V)],
dimethylarsinous acid [DMAA(III)], and dimethylarsinic acid
[DMAA(V)], can be formed through biomethylation under

favorable conditions [1,6]. Arsenobetaine (AsB) is a common
organoarsenic species in marine mammals, while arsenosugars
are the major As species found in plants like algae. In sulfide-
concentrated solutions, the dissolved thioarsenic species such
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s H2AsOS2
− and H2AsS3

− can be formed under near-neutral
o alkaline conditions [7]. Generally, inorganic As species are
ore toxic and mobile than organoarsenic species, and As(III)

s more toxic and mobile than As(V).
The objective of this paper therefore is to analyze and evaluate

he geophysical, chemical and biological processes that govern
he mobility, transformation, and toxicity behavior of As in soils
nd groundwater, and exploit their implications on NA for reme-
iating As-contaminated soils and groundwater.

. As immobilization by sorption

Sorption of As to solid phases has been proposed as a princi-
al control on its mobility (Table 1), which can transfer soluble
r mobile As to particulate phases, thus immobilizing it. The
nowledge of As sorption behavior therefore is helpful to under-
tanding As NA through the immobilization mechanism. Espe-
ially, (hydro)oxides of Fe, Al and Mn are ubiquitous in soils
nd sediments, either as discrete particles or as coatings on other
460 S. Wang, C.N. Mulligan / Journal of Hazardous Materials B138 (2006) 459–470
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nd Gavis [5]).
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Table 1
Effects of the main adsorbents on As immobilization and transformation

Adsorbents Main affecting mechanism References

Fe hydroxides As(V), CH3AsO2(OH)− and (CH3)2AsOOH adsorption at pH 4–7, maximized around pH 4 [8,19–21,23,24,27,28]
As(III) adsorption at pH 7–10, maximized around pH 7
Desorption when pH increases
Amorphous phases of a higher adsorption capacity than crystalline phases
Releasing sorbed As during chemical and microbial reductive dissolution
As(III) oxidization, catalyzed by light or H2O2 in alkaline pH

Al hydroxides As(V), CH3AsO(OH)2, and (CH3)2AsOOH adsorption up to pH 7 and decreases significantly at
higher pH

[24,30]

As(III) adsorption at pH 6–9.5 and decreases at higher pH
Amorphous phases of a higher adsorption capacity than crystalline phases

Mn hydroxides Negligible As(V) adsorption, but increased in the presence of other divalent cations [17,31,32]
Slightly greater As(III) oxidation at low pH (pH 4)
Poorly crystalline phases with high surface areas are more efficient

Clay As(V) adsorption up to pH 7 and decreases with pH increases [34,35]
Low As(III) adsorption at low pH and increases with pH
Clays with high surface areas showing a higher adsorption capacity
As(III) oxidation in the presence of trace amounts of impurities such as Fe or Mn oxides, iodide,
or TiO2

Sulfides As substitution for S in sulfides, forming of As sulfide precipitates in the reduced environment [7,36,37]
Releasing As during chemical and microbial oxidation of As-bearing sulfides

NOM Enhancing As release mainly through competition for active adsorption sites, forming aqueous
complexes, and changing the redox chemistry of site surfaces and As species

[2]

Inhibiting As mobility by serving as a binding agent and/or by forming insoluble complexes,
especially when saturated with metal cations

Anions Competition for active adsorption sites, influenced by pH and concentration ratios between anion
and As

[29,39,41]
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ations Enhancing As sorption by increasing the amount
forming a positively charged surface

ith OH and OH2
+ surface functional groups. As(III) may also

orm outer-sphere complexes by simple coulombic (electro-
tatic) interactions on the surface of amorphous Al hydroxides
nd sulfide minerals [9]. Inner-sphere complex bonds are much
tronger than outer-sphere complex bonds, resulting in a stronger
dsorption, which makes the immobilization more permanent.

.1. As sorption to Fe, Al and Mn (hydro)oxides

Fe hydroxides, such as goethite (�-FeOOH), ferrihydrite (�-
eOOH), and lepidocrocite (�-FeOOH), have high isoelectric
oints of about 8.6 and possess net positive charges in most
eological environments, showing high affinities for As species.
xcavation and sorption studies have revealed that As in soils

s associated primarily with Fe hydroxides [9]. Both As(III) and
s(V) are strongly chemisorbed. Adsorption affinity is higher

or As(V) at lower pH values and for As(III) at higher pH values.
ierce and Moore [8] reported that As(V) is preferentially sorbed

o Fe hydroxides between pH 4 and 7 with an optimal adsorp-
ion pH of about 4, whereas As(III) is preferentially sorbed onto
e hydroxides between pH 7 and 10 with an optimal adsorp-
ion pH of about 7. Methylated As(V) species, CH3AsO2(OH)−
nd (CH3)2AsO(OH), behave similarly to As(V) on adsorption
o ferrihydrite [24]. Spectroscopic studies generally agreed that
oth As(III) and As(V) are specifically sorbed, forming inner-
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itive charge on the oxide surfaces and/or [30,38,39]

phere complexes [9]. The sorption of As(III) and As(V) to Fe
hydro)oxides contributes to As immobilization in soils. Under
eutral or mildly acidic conditions, As sorption to Fe hydroxides
nd the formation of ferric arsenate precipitates may effec-
ively decrease As concentrations in mining affected waters [26],
hich is a principal NA process to remove As from contaminated
roundwater.

Al (hydro)oxides are ubiquitous in acidic soils and aquatic
nvironments. Amorphous Al(OH)3 has an isoelectric point of
.5, and thus is an extremely efficient adsorbent to immobilize
s. Previous studies indicated that As(III) and As(V) adsorption
n an Al oxide (�-Al2O3) and gibbsite (Al2O3·3H2O) formed
nner-sphere complexes [9]. Outer-spherical As(III) complexes
ave also been observed. It has been reported that the adsorption
f As(V), CH3AsO(OH)2, and (CH3)2AsOOH increases up to
H 7 by amorphous Al(OH)3, crystalline Al(OH)3 (gibbsite), �-
l2O3, and �-Al2O3, and decreases significantly at higher pH
alues [24,30]. Although As(III) can be strongly adsorbed from
H 6 to 9.5, this decreases at higher pH values [30].

Mn (hydro)oxides in soils are often of poor crystallinity
nd mixed oxidation states. Mn hydroxides have an isoelectric

oint about 2.3, and therefore carry a net negative charge at
he common natural pH range of 3–9, which suggests that they
ould not adsorb As anions. It was observed that the negatively-

harged As(V) species, H2AsO4
−, was adsorbed negligibly
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nto the negatively-charged birnessite surface at a pH range of
–7 [31]. However, Mn hydroxides have the capacity to oxi-
ize As(III) into As(V) [16–18], which may cause a surface
lternation, creating fresh adsorption sites for As(V) on the
xide surface. Moreover, adsorption of other divalent cations
ay change the surface charge, resulting in a decrease in the

egative surface charge followed by a positive surface charge,
nabling the hydroxides to adsorb As(V) and As(III). EXAFS
nalyses showed that As(V) formed inner-sphere complexes on
ynthetic birnessite (MnO2), synthetic vernadite (�-MnO2), and
-birnessite (K4Mn14O27·9H2O) [9]. As(III) sorption by bir-
essite at pH 7 was observed [16,31]. As(III) adsorption by
anganite (�-MnOOH) decreased by 30% from pH 4.0 to 6.3

32].
The degree of crystallinity and surface area of the

hydro)oxides have demonstrated significant effects on their
orption capacity. Generally, poorly crystalline hydroxides with
higher surface area show a higher As sorption capacity by

roviding more active sorption sites. For example, the adsorp-
ion of As(III) and As(V) was two or three times greater (on

surface area basis) on ferrihydrite than on goethite [23].
dsorption of As(III), As(V), MMA, and DMA by hematite
as about half as much as goethite which has a larger surface

rea [22]. Under comparable experimental conditions, amor-
hous Al(OH)3 adsorbed more As(V) per gram than crystalline
-Al2O3 and gibbsite [30]. As adsorbed by cryptomelane (�-
nO2, 34.6 hm2/kg) was almost 20 times that adsorbed by

yrolusite (�-MnO2, 0.8 hm2/kg) [16].
However, desorption and remobilization of the sorbed As

rom the (hydro)oxides may occur when the site biogeochemical
onditions change with time. Significant As(V) remobilization
rom Fe hydroxides can occur at pH values of approximately
H 8 and higher, due to the increase of electrostatic repul-
ion on the negatively charged oxide surface, and the rate of
s(V) desorption can be quite high [21]. Moreover, in reduc-

ng soils, As sorbed on Fe(III) hydroxides can be remobilized
nd released into groundwater as a result of the reduction of
e(III) to Fe(II) and the reduction of As(V) to As(III) [27].
herefore, engineering strategies may be required to control the
ite geophysicochemical conditions such as pH and Eh during
he application of NA to prevent remobilization.

.2. As sorption to clay minerals

Ubiquitous in the terrestrial environment, clay minerals
argely consist of aluminosilicates with alternating layers of
ilica oxide and Al oxide. FTIR analyses indicated that the reten-
ion of As(V) by halloysite was likely due to the formation
f hydroxy-As(V) interlayers in crystals. It was also reported
hat nearly all As(III) and As(V) were physiosorbed to smectite,
nd only a portion of them was chemisorbed on kaolinite form-
ng inner-sphere complexes [9]. As(V) adsorption to kaolinite,

ontmorillonite, illite, halloysite, and chlorite occurs up to pH

, then decreases with a pH increase [34]. As(III) adsorption
y the same clay minerals is minimal at low pH and increases
ith increasing pH. As(V) is adsorbed to a greater extent than
s(III) on all clay minerals at a pH below 7. At higher pH val-
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es, adsorption of As(V) and As(III) are more comparable [34].
oreover, the poorly crystallized clay minerals of larger sur-

ace area are of higher As sorption capacity, and the presence of
ineral impurities such as Fe species may further enhance the

orption capacity [34].

.3. Enhanced sorption by cations

Cations, such as Ca2+ and Fe2+, may increase As adsorption
y increasing the amount of positive charge on the oxide surface
nd/or forming a positively charged surface [30,38,39]. Ghosh
nd Teoh [30] observed that the adsorption of As(V) onto Al
xides was enhanced in the presence of Ca2+ at a pH above
. Addition of Ca2+ also increased the As(V) adsorption onto
errihydrite at pH 9 [38]. Meng et al. [39] reported that the addi-
ion of Ca2+ and Mg2+ to the suspension of ferrihydrite negated
art of the competitive effect of silicate on As adsorption. The
ormation of CaCO3 minerals can restrict the development of
igh pH, thus inhibiting the As(V) release from the oxides and
lays. Moreover, the formation of Ca3(AsO4)2 and CaHAsO3
recipitates has been observed in contaminated soils [40], which
ontributes to As immobilization.

.4. Competing sorption by anions

It has been demonstrated that phosphate can suppress the
dsorption of both As(V) and As(III), while As(V) is much more
trongly affected than As(III) [41]. Sulfate has essentially no
ffect on As(V) adsorption but may compete with As(III) adsorp-
ion when the pH is below 7 [38,39,41]. Generally, carbonate
xhibits little effect on As(III) and As(V) adsorption [21,39], but
he presence of bicarbonate (HCO3

−) can facilitate As mobi-
ization from As-containing sulfides such as orpiment in both
xic and anoxic environments [42]. As mobilization increases
ith increasing HCO3

− concentrations and pH. Silicate reduces
he adsorption of As(III) and As(V) on ferrihydrite at pH 6.8
39]. Competitive adsorption between As(V) and molybdate was
lso observed [29]. The competing sorption between As and the
nions can inhibit As sorption and then increase As mobility,
hich hinders As immobilization.

.5. Effect of NOM on As sorption

NOM (e.g., humic and fulvic acids) is an inherently com-
lex mixture of polyfunctional organic acids derived from the
ecomposition of terrestrial and aquatic animals and plants.
revalent in subsurface, NOM is highly reactive toward both
etals and surfaces, and therefore may play an important role in

overning the mobility and bioavailability of As [2]. The forma-
ion of NOM–metal complexes may strongly bind As(III) and
s(V) anions through metal-bridging mechanism [44], which

ontributes to As immobilization. As(V) adsorption on humic
ubstances is maximal at pH 5.5 and at a much higher pH of 8.5

or As(III) [43]. However, both As(III) and As(V) can form aque-
us complexes with humic and fulvic acids, but As(III) prefers
queous complexation when compared to As(V) [2]. Complexes
ith fulvic acids generally are more soluble than those of humic
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cids because of their lower molecular weights, higher oxygen
ontents, higher contents of acidic functional groups and higher
cidity [2]. The formation of aqueous complexes may desorb As
rom solid phases, thus increasing its mobility and hindering the
mmobilization.

Under acidic and slightly acidic conditions, NOM sorbs to
etal hydroxides mainly through ligand exchange surface com-

lexation. Therefore, it tends to compete with As(III) and As(V)
nions for active adsorption sites [2,23,43,44]. The formation
f predominantly negatively charged surfaces due to the NOM
dsorption can further inhibit the adsorption of As anions. Grafe
t al. [23] observed that the inhibitory effect of a peat humic acid
n As(V) adsorption onto goethite started at pH 9 and reached a
aximum at pH 6.5. The inhibitory effect on As(III) adsorption

tarted at pH 7 and increased when pH decreased. The inhibitory
ffects on As sorption may increase As mobility, thus interfering
ith As immobilization.

. Chemical oxidation and reduction processes

Redox-sensitive surfaces, such as those of Fe and Mn
hydro)oxides, clay minerals, and NOM have demonstrated an
bility to oxidize As(III) to As(V) [16–19]. Since As(III) is more
oxic and mobile than As(V), the oxidation of As(III) to As(V) is
elpful to NA by alleviating the toxicity of As(III). The result-
ng As(V) is more strongly adsorbed and becomes relatively
mmobilized. In turn, the reduction of As(V) may occur under
naerobic reducing conditions in flooded soils or deep sediments
r in aerobic environments, thus may remobilize the sorbed As
nd jeopardize the NA processes.

.1. Oxidation of As(III) by Fe (hydro)oxides

The oxidation of As(III) by Fe hydroxides has been observed,
nd the reduction of As(V) to As(III) can be retarded in the
resence of Fe(III) hydroxide (e.g., ferrihydrite) [19]. Lin and
uls [19] reported that 65–80% of the As(III) adsorbed on Fe
ydroxides was oxidized. There is evidence showing that the
xidation reaction can be catalyzed by the presence of light [28]
r hydrogen peroxide (H2O2) in alkaline environments [20].
eVitre et al. [28] found that 83% of the added As(III) to Fe
ydroxide was oxidized within 10 days in the presence of light,
ut only 9% was oxidized in the absence of light. Voegelin and
ug [20] reported that in natural environments with high H2O2

oncentration (1–10 �M) and alkaline pH, the As(III) oxidation
y Fe (hydro)oxides can be accelerated.

.2. Oxidation of As(III) by Mn (hydro)oxides

Both Mn(IV) and Mn(III) are able to oxidize As(III). Solid
nO2, notably birnessite, assists in the oxidation of As(III) to
s(V) while itself being partially reduced to Mn(II) [31]. The

ate of oxidation depends on the surface area and surface charge

f the MnO2 and is slightly greater at low pH. Highly ordered,
ow surface area pyrolusite oxidized As(III) at a much lower rate
han the poorly crystalline, high surface area birnessite and cryp-
omelane [16]. Chiu and Hering [32] measured three times more

v
a

ous Materials B138 (2006) 459–470 463

s(III) oxidation by manganite at pH 4.0 than at pH 6.3, possi-
ly due to the greater As(III) adsorption at the lower pH [17].
oreover, reactions with birnessite at very high initial As(III)

oncentrations may lead to the formation of an insoluble min-
ral, krautite (MnHAsO4·H2O) on the birnessite surface [33],
hus enhancing As immobilization.

.3. Oxidation of As(III) by clay minerals

Oxidation of As(III) adsorbed by halloysite, kaolinite, illite,
llite/montmorillonite and chlorite has been observed [34,35]. It
as reported that the As(III) oxidation by clays ranged from 50

o 85% and increased with the reaction time and reached 100%
fter 75 days [19,34]. It is postulated that the oxidation was
ncurred by the presence of Fe and Mn oxides or trace amounts of
mpurities such as iodide in the clay minerals [19,34]. Titanium-
ontaining clays have also been observed to be able to oxidize
s(III) in the presence of light and oxygen [35].

.4. Sulfide-related As redox reactions

Under very reducing conditions where SO4
2− reduction to

2S, As(V) can be rapidly reduced by H2S and the reduction
ate increases with deceasing pH [36]. It precipitates As in the
orm of secondary sulfides like orpiment, As2S3, and/or As rich
yrite [7,36], which have low solubilities and are predicted to
e stable. However, once they are exposed to oxidizing condi-
ions, the sulfides become unstable, and the As will be released
nd become mobile again [9]. The minerals can be oxidized
y O2 and Fe3+, causing As contamination in groundwaters in
egions of active and historic mining as well as in non-mined
reas [1,37].

.5. NOM-induced As redox reactions

NOM is able to incur the reduction of Fe(III) and Mn(III
r IV) hydroxides, leading to the release of sorbed As [2]. It
ay also catalyze the oxidation and reduction reaction between
s(III) and As(V), in part by the quinone-mediated formation
f free radicals [44]. They may serve as an electron shuttle
etween kinetically inert redox species or between microorgan-
sms and As species. Metal (hydro)oxides may act as a surface
atalyst or as an electron-transfer intermediate. As immobiliza-
ion may be enhanced by the redox reactions between NOM, As
nd substrates resulting in the oxidation of As(III) to the less
obile As(V) form [2,44]. Additionally, the reduction of As(V)

o As(III) by an Inangahua River NOM was also observed in
erobic environments [44]. Similarly, soil organic matter was
eported to be able to mediate the reduction of As(V) in As(III) in
erobic CCA-contaminated soils [45], thus increasing As mobil-
ty.

. As biotransformation
Although As is highly toxic, microorganisms have evolved
arious strategies for dealing with it. As(V) can be used
s an electron acceptor for anaerobic respiration, or As(III)
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Table 2
Main microorganisms and their role in influencing As transformation and mobility

Mechanisms Microorganisms References

As methylation and demethylation under favorable conditions Methanobacterium bryantii [49]
Achromobacter sp., Enterobacter sp., Aeromonas sp.,
Nocardia sp.

[6]

Methanobacterium formicicum, Clostridium
collagenovorans, Desulfovibrio vulgaris,
Desulfovibrio gigas

[50]

As(V) reduction under anaerobic conditions Escherichia coli, Staphylococcus aureus,
Staphylococcus xylosis

[77]

Anabaena oscillaroides [55]
Sulforospirillum barnesii [47]

As(V) reduction under aerobic conditions Sphingomonas, Caulobacter, Rhizobium,
Pseudomonas

[58]

Both As(III) oxidation under aerobic conditions and As(V) reduction
under anaerobic conditions

Thermus HR13 [80]

As(III) oxidization of As(III) under oxic conditions Pseudomonas arsenitoxidans NT-26 [46]
Thermus aquaticus, Thermus thermophilus [60]

Fe oxidization and thus As precipitation Sphaerotilus, Leptothrix ochracea, Gallionella
ferruginea

[62]

As precipitation as ferric arsenate and arsenate-sulfate Thiobacillus acidophilus [26]

Reduction of Fe(III) to Fe(II) thus releasing As(V) Shewanella alga (strain BrY) [64]

As precipitation as ferric arsenate and arsenate-sulfate under acidic and
high SO4

2− conditions
Acidithiobacillus ferrooxidans [26,63]
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xidation of sulfides under oxic conditions thus releasing As

an be used as an electron donor to support chemoau-
otrophic fixation of carbon dioxide into cell carbon under
erobic conditions (Table 2) [46,47]. Microbially mediated
ethylation–demethylation and oxidation–reduction reactions

roduce a significant effect on As mobility and toxicity, pro-
iding a basis for the NA of As-contaminated soils and
roundwater.
.1. Methylation and demethylation

The methylation of As occurs via alternating reduction of
entavalent As to trivalent As and addition of a methyl group

t
s
l
[

Fig. 2. Challenger mechanism for As methylat
Acidithiobacillus ferrooxidans, Leptospirillum
ferrooxidans

[37]

Fig. 2) [48]. The conversion of As(V) to small amounts of
olatile methylarsines was first described in a pure culture
f a methanogen, Methanobacterium bryantii [49]. Recently,
everal pure cultures of anaerobes, including a methanogen
Methanobacterium formicicum), a fermentative bacterium
Clostridium collagenovorans) and sulfate-reducing bacteria
Desulfovibrio vulgaris and D. gigas), were also implicated in
he formation of methylarsines [50]. As(V) can be converted

o monomethylarsine and dimmethylarsine by Achromobacter
p. and Enterobacter sp., and to monomethylarsine, dimethy-
arsine and trimethylarsine by Aeromonas sp. and Nocardia sp.
6]. Anaerobic microcosms established from the sediments of

ion pathway (based on Challenger [48]).
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gold mine impacted lake were found to be able to methylate
s(V) forming MMAA(V) and DMAA(V) [51]. On the other
and, the trivalent methylated intermediates such as MMAA(III)
nd DMAA(III) are found to be readily oxidized chemically
nd biologically [52,53]. Shariatpanahi et al. [53] reported that
he rates of methylation and demethylation of monosodium

ethylarsonate at 10 and 100 mg/L of normal culture media by
eromonas, Nocardia, Enterobacter, Flavobacterium, Achro-
obacter, Pseudomonas, and Alcaligenes species followed first
rder composite kinetics.

Methylation and demethylation may play a significant role
n influencing the toxicity and mobility of As in soils and
roundwater. As(III) and As(V) methylation may form volatile
pecies leading to the escape of As from water and soil sur-
aces by volatilization. However, the contribution of volatiliza-
ion to As NA is almost negligible. Though the methylated As
pecies are generally considered less toxic than the inorganic
pecies, the methylation processes do not necessarily contribute
o the detoxification mechanism. Recent research has demon-
trated that trivalent methylated As species are more effective in
estroying DNA. The potency of the DNA damage decreases
n the order DMAA(III) > MMAA(III) > [As(III), As(V)] >

MAA(V) > DMAA(V) > trimethylarsine oxide [TMAO(V)]
54]. Therefore, biomethylation is not beneficial for As NA due
o the formation of more toxic products.

.2. Microbially mediated As(V) reduction

Anaerobic microorganisms can potentially use As(V) as an
lectron acceptor for the oxidation of organic matter or H2 gas,
ielding energy to support their growth [55,56]. Microorganisms
rom 16 species of diverse taxonomy, referred to collectively as
issimilatory As(V) reducing prokaryotes (DARPs), have been
solated [56]. Additionally, many microorganisms, including
acteria, archaea and fungi, display resistance to As(V) toxicity.

common mechanism of resistance involves the reduction of
ntracellular As(V) to As(III) by As(V) reductases, since As(III)
s the substrate of efflux pumps [56].

The reduction of As(V) to As(III) under anaerobic condi-
ions has been reported to be mediated by a diverse population
f anaerobic microorganisms, including methanogens, fermen-
ative bacteria, and sulfate- and iron-reducers [57]. The electron
onors can be organic matter such as buried peat in sediments,
nthropogenic input organic contaminants such as the benzene,
oluene, ethylbenzene, xylene (BTEX) group, or organic acids
rom landfill sites [2]. Microbially mediated reduction of As(V)
an occur even when As is bound to Fe hydroxides [27]. Zobrist
t al. [47] showed that the As(V) reduction can lead to As
obilization without dissolving the sorbent phase by anaero-

ically incubating As(V) co-precipitated with Al hydroxide in
he presence Sulforospirillum barnesii. Moreover, the micro-
ial reduction of As(V) to As(III) under aerobic conditions in
s-contaminated soils may occur relatively fast, resulting in
nhanced As mobilization and transport from contaminated soils
o groundwater [58]. The biologically catalyzed reduction of
s(V) to As(III), therefore, may hinder As NA by increasing its
obility.
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.3. Microbially mediated As(III) oxidation

Certain chemoautotrophs, such as Pseudomonas arsenitoxi-
ans NT-26, can oxidize As(III) by using O2, NO3

−, or Fe(III)
s a terminal electron acceptor and CO2 or HCO3

− as the car-
on source [46]. The As(III) oxidation process provides energy
or the microbial growth. However, Gihring et al. [60] found that
he ecological role of the As(III) oxidation to As(V) by Thermus
quaticus and Thermus thermophilus might be the detoxifi-
ation of As. The oxidation of As(III) to As(V) by bacterial
olonies attached to macrophytes occurs immediately when the
eothermal fluid is exposed to oxygenated conditions. An esti-
ated half-life was around 20 min for the oxidation of As(III)

o As(V) in Hot Creek, Sierra Nevada Mountains of California
59]. Microbial As(III) oxidation was observed in the acid mine
aters of the Matsuo sulfur-pyrite mine in Japan [61]. Since
s(V) is less mobile and toxic than As(III), the bio-oxidation
ill contribute to As NA by enhancing As immobilization and

lleviating As toxicity, especially when the water becomes much
ess acidic as a result of dilution from inflowing water and neu-
ralization by the alkalinity of the environment.

.4. Microbially mediated As mobility

Fe and Mn oxidizing bacteria, including sheaths (e.g.,
phaerotilus), Leptothrix group (e.g., Leptothrix ochracea), or
pirally twisted stalks (e.g., Gallionella ferruginea), are able
o accelerate Fe(II) oxidation, resulting in As precipitation with
espective Fe oxides [10,28,62]. As can be immobilized through
orption due to the presence of a mixture of Fe oxides, organic
aterial and microbial biomass following the biological oxi-

ation of Fe. Katsoyiannis and Zouboulis [10] found that the
iotic oxidation of Fe by microorganisms G. ferruginea and Lep-
othrix ochracea was effective in removing As from groundwa-
er. As(III) was partially oxidized to As(V), which enabled high
s immobilization as the oxidized form was much more strongly

orbed on the biogenic Fe oxides. Similarly, Acidithiobacillus
errooxidans was found to be able to catalyze the oxidation from
e(II) to Fe(III) and facilitate the formation of schwertmannite
nder acidic and high SO4

2− conditions, which enhances As NA
y immobilizing it through sorption [63].

However, other microbially induced redox reactions may
emobilize sorbed As, thus jeopardizing the NA processes. Cum-
ings et al. [64] reported that the dissimilatory Fe reducing

acterium Shewanella alga (strain BrY) enhanced As mobi-
ization from a crystalline ferric arsenate (FeAsO4·2H2O) as
ell as from sorption sites within whole sediments. This oxida-

ion of sulfide minerals catalyzed by microorganisms, such as
cidithiobacillus ferrooxidans and Leptospirillum ferrooxidans,
ill release As into surface and groundwaters [37].

. As hyperaccumulation in plants
There is evidence that high concentrations of As can accumu-
ate in microbes and plants [11–13,65,66]. It has been reported
hat the marine polychaeta accumulated As concentrations up
o 2739 mg/kg (dry mass) [66]. However, As accumulation in
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Table 3
Reported As-hyperaccumulating plants and their performance

Plants Performance References

Jasione Montana, Calluna vulgaris Accumulated As up to 6640 and 4130 mg/kg (DW) on mine waste in UK [68]

Agrostis tenuis, Agrostis stolonifera Accumulated As up to 1% (DW) on smelter waste in southwest England [67]

Agrostis castellana Accumulated As up to 1900 mg/kg from gold mines in Portugal [78]

Paspalum racemosum Accumulated As up to 5280 mg As/kg in leaves from a copper mine in northern Peru [79]

Pteris vittata Rapidly accumulated As from contaminated soils into its fronds up to 22,000 mg/kg (DW) [11]

Pityrogramma calomelanos, Mimosa pudica,
Melastoma malabrathricum

Accumulated As up to 8350 mg/kg (DW) from soils contaminated by mine tailings [12]

Pteris cretica, Pteris longifolia, Pteris umbrosa Accumulated up to 7600 mg As/mg (DW) in the fronds from contaminated soils [13]
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emna gibba L. (duckweed) Accumulated As from t

icrobes might not assist As NA since usually it is not easy
o separate the microbes from soils. Conversely, As hyperac-
umulation in plants may be an important NA mechanism to
educe As concentrations at the contaminated sites by translo-
ating the As into plant tissues. As hyperaccumulators are those
lants that have the ability to uptake As from soils and waters
xtraordinarily and transport and accumulate it in their shoots.
he ratio of shoot As concentration to soil/water As concentra-

ion, defined as bioconcentration factor, should be greater than
0 [11,13,65,67]. A few plants have been reported to be able to
yperaccumulate As (Table 3).

The first reported As hyperaccumulator is the Chinese brake
ern Pteris vittata [11]. It can accumulate 12–64 mg As/kg in its
ronds from uncontaminated soils containing 0.5–7.5 mg As/kg,
nd up to 22,630 mg As/kg from a soil amended with
500 mg As/kg [11]. Several other fern species, including Pity-
ogramma calomelanos, Pteris cretica, Pteris longifolia and
teris umbrosa, have also been reported to be able to hyperac-
umulate As [12,13]. Other plants, such as Agrostis tenuis and
. stolonifera, grew on smelter waste in southwest England and
ccumulated As up to 1% dry weight [67]. A. tenuis accumu-
ated foliage As concentrations between 2080 and 3470 mg/kg
68]. These plants are tolerant of high concentrations of As(V)
ut not As(III). An accumulation of As up to 2000 mg/kg (dry
ass) in Lemna gibba (duckweed) was observed in the tailings
ater of abandoned uranium mine sites in Saxony, Germany

65]. The authors suggested that L. gibba might be used as an
ndicator for As and for As transfer from contaminated waters to
lants.

The uptake and accumulation of As in plants, however, are
nfluenced by the soil properties and the presence of other ions.
hosphates have long been reported to suppress plant uptake of
s(V) because As(V) uptake through phosphate uptake path-
ay. Significant reduction in As accumulation in L. gibba and

ndian mustard (Brassica juncea) were observed with the addi-
ion of phosphate [65,69]. Warren and Alloway [70] found

hat the application of FeSO4 together with ground agricul-
ural lime lowered the lettuce As concentration by 84% due
o the formation of precipitated Fe oxides, which decreased As
ioavailability.

i
m
a
O

water up to 2000 mg/kg (DW) [65]

. Engineering strategies to enhance NA

The biogeochemistry of As suggests that NA may provide a
otential remedial option for As-contaminated sites. However,
A generally is subject to hydrological changes and may take

ubstantial periods of time. It alone may not be sufficient for the
emediation of contaminated sites in a reasonable time frame
14]. Engineering enhancement strategies may be incorporated
o reduce risk and enhance attenuation rates [1].

.1. Additives to enhance immobilization

As may be immobilized in soils or removed from groundwa-
ers by sorption to solid phases under favorable pH and redox
onditions (Table 1). The retention of As in soils within a desired
ime scale therefore can be achieved by the addition of sorbing
hases and complexing agents, inhibition of competing effects,
nd manipulation of pH and redox conditions. The sustainability
f reducing and maintaining the reduced solubility conditions is
he key to the long-term success of the treatment. The sorption
r assimilative capacity of soil can be improved by increas-
ng the fraction proportions of amorphous metal oxides and
dding organic amendments in the form of compost or peat
oss. Addition of adsorbents such as amorphous Fe hydrox-

des or Fe hydroxides coated sands may adsorb and copre-
ipitate dissolved As and thus reduce As concentrations in
roundwater.

Adjustment of pH can be accomplished by adding pH
uffers [4,15]. To increase and stabilize pH, calcium or
alcium/magnesium-containing compounds such as calcium
xide (lime), calcium hydroxide, calcium carbonate, magnesium
arbonate, and calcium silicate slags can be added. Acidification
r the reduction of pH can be achieved through adding elemen-
al S or S-containing compounds such as sulfuric acid, liquid
mmonium polysulfide, and Al and Fe sulfates.

Oxidation of As(III) to As(V) may enhance the sorption and

mmobilization of As since the oxidized form As(V) adsorbs

ore strongly to solid phases than As(III). Addition of oxygen
nd other oxidants can be used to ensure the oxidation of As(III).
xygen addition can be achieved by biosparging and the addition
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f oxygen releasing compounds such as CaO2 [15]. Chemical
xidants such as potassium permanganate, ozone, manganese
xides, and hydrogen peroxide can be added. Advanced oxida-
ion methods using ultraviolet (UV) light and a photoabsorber
e.g., Fe salts and sulfite) can also be used.

Under comparable conditions, Fe (hydro)oxides demon-
trated a higher sorption capacity than the Al and Mn
hydro)oxides and clay phases [28,29]. Manning and Goldberg
29] reported that gibbsite (45 m2/g) adsorbed about 17% less
s(V) than goethite (44 m2/g) between pH 5 and 9 under iden-

ical conditions. Lin and Puls [19] reported that Fe hydroxides
ould adsorb two or more orders of magnitude of As than clays,
nd the As(V) adsorbed by clay minerals could be easily des-
rbed compared to that adsorbed by Fe hydroxides. Moreover, as
iscussed in Section 2.1, amorphous Fe (hydro)oxides demon-
trate a higher sorption capacity to As than the crystalline Fe
hydro)oxides.

Therefore, the addition of amorphous Fe hydroxides or other
e-rich materials to create amorphous Fe hydroxides in situ

ends to be a promising method to enhance As NA. The presence
f abundant Fe hydroxides may enhance the immobilization of
s through sorption, coprecipitation and oxidation of As(III)

o the less mobile As(V). As(V) can be immobilized by copre-
ipitation with Fe hydroxides, with the ultimate formation of
corodite (FeAsO4·2H2O) [25]. It was estimated that a Fe/As
atio of 3–4 is sufficient to efficiently retain As in polluted
oils [9]. The mobility of As decreases when the Fe/As ratio
ncreases. A higher Fe/As ratio may be necessary to eliminate
he competition effects by other anions. The maintenance of
n acidic and oxidizing environment is necessary to ensure the
ong-term immobilization of As. Addition of H2O2 and Fe salts
e.g., FeCl2 and FeSO4) together can be used to precipitate As
rom groundwaters. Addition of H2O2 can create Fe hydroxides
n situ, catalyze the oxidation of As(III) to As(V), and provide an
xidizing environment to favor As(V) sorption. The optimal pH
hould be controlled in the range of 4–7 to enhance As sorption
nd prevent As remobilization. Moreover, zero-valent iron also
as been demonstrated as an inexpensive, nontoxic and efficient
dsorbent that can be used to remove arsenic from groundwater
81].

Various field trials have been performed to evaluate the feasi-
ility of using steel shots and beringite to immobilize As [71,72].
he corrosion of the steel shots enhances the formation of Fe/Mn
xides while beringite affects the soil pH. Boisson et al. [71]
eported that the amendment of soil with 1% steel shot and
% beringite was very effective in reducing As mobility due to
dsorption and precipitation with Fe oxides. But hydroxyapetite
ddition could enhance As mobility due to competition with
hosphate. Mench et al. [72] evaluated the long-term sustainabil-
ty of various amendments at a former gold mine including 5%
ompost with steel shot (CSS), 5% compost with 5% beringite
nd 1% steel shot (CBSS), 5% compost and others. The CBSS
nd CSS treatments were very successful in terms of revegetation

nd decreased leaching, compared to compost only. Addition of
mmobilizing agents that are insoluble such as hydroxyapetite,
eolites or illitic clays can be problematic, particularly to depths
elow 50 cm.
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.2. Bioaugmentation and biostimulation

Natural biological processes usually occur at a low rate.
ubstrates can become less bioavailable via interaction with
egatively charged clay particles and organic matter. Bioavail-
bility of electron acceptors can influence microbial activity.
olid Fe(III) must be available and in direct contact for the
icroorganisms. Bioaugmentation and biostimulation can be

sed to promote local microbial activity. Biostimulation is the
rocess by which a stimulus to the microorganisms that already
xist in the site is provided by adding nutrients and other
rowth substrates, together with electron donors and acceptors,
hile bioaugmentation is the process of introducing exogenous
icroorganisms into the site.
Biosurfactant foam technology can be used to deliver nutri-

nts or microbial populations into the subsurface [73,74]. As
y-products from bacteria and yeast, biosurfactants (e.g., rham-
olipid, surfactin, and sophorolipid) generally are environmen-
ally benign due to their low toxicity and high biodegradability.
he use of biosurfactants may increase the availability of Fe(III)
nd As to the microorganisms due to the decrease in interfacial
ension and formation of micelles. An aerobic or anaerobic envi-
onment can be created by changing the foaming gas. Aerobic
onditions can be created by using air or oxygen as foaming gas.
naerobic biological processes can proceed with the addition of
itrates, Fe(III) oxides, Mn(IV) oxides, sulfate and CO2. Addi-
ion of natural organic matter such as humic acids can provide
lectron acceptors since humic acids can chelate Fe. The pres-
nce of humic acids can significantly increase Fe bioavailability
4]. A preferred pH range can also be achieved with addition of
ifferent pH buffers.

Particularly, Fe-oxidizing bacteria, such as G. ferruginea
nd Leoptothrix ochracea, are indigenous in most groundwaters
10]. These bacteria, in case of their absence, may be introduced
nto the groundwater. Nutrients can be added to stimulate the
rowth of the bacteria. These bacteria can catalyze the oxida-
ion and subsequent precipitation of respective Fe oxides under
pecific pH (slightly over 7), dissolved oxygen (2–4 mg/L), and
edox conditions (Eh = 100–600 mV) [10,28,62]. Soluble As
hen can be removed from groundwater by sorption to the pro-
uced biogenic Fe oxides. The oxidation of As(III) catalyzed by
he bacteria can further enhance the NA efficiency [10].

.3. Hyperaccumulation in combination with
hytoremediation

Hyperaccumulation transfers dissolved As from soils or
aters into plant tissues. A combination of hyperaccumulation
ith phytoremediation can remove or contain As, offering an

ffective, environmentally nondestructive and cheap remedia-
ion method. It is critical to select proper hyperaccumulating
lants. Plants that are suited for As hyperacumulation should
ave wide distribution, high above-ground biomass, high bio-

oncentration factors, a short life cycle and high propagation
ates. In the case of groundwater remediation, plants with deep
oots are preferred. Site conditions must be analyzed and then
ecessary nutrients can be added to ensure the vigorous growth
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f the plants. The availability of As to plants can be increased by
sing electrokinetic methods [75]. Genetic engineering strate-
ies may be used to modify plants for As uptake, transport
nd sequestration, thus to increase the As hyperaccumulating
apacity of plants. It has been demonstrated that the overex-
ression of proteins involved in intracellular As sequestration
an increase the As-hyperaccumulating capacity significantly.
hankher et al. [76] reported that the engineering tolerance and
yperaccumulating capacity of As in Arabidpsis thaliana plants
as enhanced by combining As(V) reductase (ArsC) and �-
lutamylcysteine synthetase (ECS) expression. When grown on
s, the transgenic plants accumulated 4- to 17-fold greater fresh

hoot weight and accumulated 2- to 3-fold more As per gram of
issue than wild type or plants expressing �-ECS or ArsC alone.

In general, planting of plants that are capable of hyperac-
umulating high concentrations of As from soils and shallow
roundwater within a short time period at the contaminated sites
hould be considered as a main engineering strategy for enhance-
ent. Those plants (e.g., P. vittata, Table 3) that are capable of

ccumulating As concentrations more than 1000 mg/kg in tis-
ues with a bioconcentration factor above 10 and able to uptake
s from relatively unavailable pools should be considered as
romising candidates. Addition of organic materials such as cow
anure can be used to support the plant growth and may increase
s mobility and availability to the plants. Plant harvest is abso-

utely required. After harvesting, the hyperaccumulating plants
an be either disposed of as hazardous wastes or subjected to
xtracting processes to remove As for industrial use [1].

. Conclusions and recommendations
NA of As occurs mainly through immobilization, biotrans-
ormation and hyperaccumulation. As can be retained in soils
r removed from groundwater by sorption to Fe, Al and Mn

p
t
c
N

Fig. 3. Main As NA processes and eng
ous Materials B138 (2006) 459–470

hydro)oxides, clay mineral phases and NOM, forming insol-
ble solids. Chemical and microbially mediated oxidation and
eduction reactions may produce less mobile As species and
ixed solid phases capable of sorbing As, thus enhancing the

mmobilization processes. However, the immobilization pro-
esses by sorption is reversible and the remobilization of sorbed
s may occur when the site biogeochemical conditions change
ith time. Biotransformation may contribute to As detoxifica-

ion by forming less toxic species and volatilization occasionally
y forming volatile species. Hyperaccumulation in plants can
ranslocate As from soils and waters into plant tissues, reducing
he in site As concentrations. Engineering strategies using envi-
onmentally benign products may be considered to enhance the
emediation rates and efficiency.

NA of As contamination in soils and groundwater is a com-
licated function of the co-occurring physicochemical and bio-
ogical processes (Fig. 3). As immobilization through sorption
o solid phases currently is the best NA mechanism to retain As
n soils and remove it from groundwater, and this process can be
nhanced by microbial activities. Hyperaccumulation is another
pplicable choice to remove As from soils and shallow ground-
ater. However, NA is site specific and cannot be assumed to be
perational at a given site. It will be effective only at sites with
pecial environmental conditions conductive to the attenuation
f As. Sufficient characterization of the site geology, hydrology,
nd microbiology is required to model the fate and transport of
s in the contaminated soils or groundwater. Conceptual and
athematical models developed then will be useful to predict
hether the desired reactions can take place to obtain effec-

ive and optimal immobilization of the contaminant with solid

hases and transformations that will enhance the immobiliza-
ion or reduce the toxicity. Detailed investigation and long-term
ontinued monitoring are absolutely necessary to ensure that the
A processes really occur at an acceptable rate, to ensure that

ineering enhancement strategies.
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onditions that do not favor NA occur, and to calibrate the mod-
ls. Although various technical protocols have been established
or NA, they are mainly adapted for organic contaminants in
roundwater [14]. Further efforts are needed to verify whether
hey are applicable to As-contaminated soils and groundwater,
r to develop applicable alternatives.

eferences

[1] S. Wang, C.N. Mulligan, Occurrence of arsenic contamination in Canada:
sources, behavior, and distribution, Sci. Total Environ. 366 (2006) 701–721.

[2] S. Wang, C.N. Mulligan, Effect of natural organic matter on arsenic release
from soil and sediments into groundwater, Environ. Geochem. Health 28
(2006) 197–214.

[3] WHO, Guidelines for Drinking Water Quality: Recommendations, vol. 1,
2nd Ed., World Health Organization, 1993.

[4] R.N. Yong, C.N. Mulligan, Natural Attenuation of Contaminants in Soils,
CRC Press, Boca Raton, 2004.

[5] J.F. Ferguson, J. Gavis, A review of the arsenic cycle in natural waters,
Water Res. 6 (1972) 1259–1274.

[6] W.R. Cullen, K.J. Reimer, Arsenic speciation in the environment, Chem.
Rev. 89 (1989) 713–764.

[7] N. Belzile, A. Tessier, Interactions between arsenic and iron oxyhydroxides
in lacustrine sediments, Geochim. Cosmochim. Acta 54 (1990) 103–109.

[8] M.L. Pierce, C.M. Moore, Adsorption of arsenite and arsenate on amor-
phous iron hydroxide, Water Res. 16 (1982) 1247–1253.

[9] S. Wang, C.N. Mulligan, Analytical methods for arsenic speciation in solid
phases and surface complexation modeling, Chemosphere, in preparation.

10] I.A. Katsoyiannis, A.I. Zouboulis, Application of biological processes
for the removal of arsenic from groundwaters, Water Res. 38 (2004)
17–26.

11] L.Q. Ma, K.M. Komar, C. Tu, W. Zhang, Y. Cai, E.D. Kennelley, A fern
that hyperaccumulates arsenic, Nature 409 (2001) 579.

12] P. Visoottiviseth, K. Francesconi, W. Sridokchan, The potential of Thai
indigenous plant species for the phytoremediation of arsenic contaminated
land, Environ. Pollut. 118 (2002) 453–461.

13] F.J. Zhao, S.J. Dunham, S.P. McGrath, Arsenic hyperaccumulation by dif-
ferent fern species, New Phytol. 156 (2002) 27–31.

14] C.N. Mulligan, R.N. Yong, Natural attenuation of contaminated soils, Env-
iron. Intern. 30 (2004) 587–601.

15] C.N. Mulligan, Environmental Biotreatment, Government Institutes, MD,
2002.

16] D.W. Oscarson, P.M. Huang, W.K. Liaw, U.T. Hammer, Kinetics of oxida-
tion of arsenite by various manganese dioxides, Soil Sci. Soc. Am. J. 47
(1983) 644–648.

17] B.A. Manning, S.E. Fendorf, B. Bostick, D.L. Suarez, Arsenic(III) oxida-
tion and arsenic(V) adsorption reactions on synthetic birnessite, Environ.
Sci. Technol. 36 (2002) 976–981.

18] A.L. Foster, G.E. Brown Jr., G.A. Parks, X-ray absorption fine structure
study of As(V) and Se(IV) sorption complexes on hydrous Mn oxides,
Geochim. Cosmochim. Acta 67 (2003) 1937–1953.

19] Z. Lin, R.W. Puls, Potential indicators for the assessment of arsenic atten-
uation in the subsurface, Adv. Environ. Res. 7 (2003) 825–834.

20] A. Voegelin, S. Hug, Catalyzed oxidation of arsenic(III) by hydrogen per-
oxide on the surface of ferrihydrite: An in situ ATR-FITR study, Environ.
Sci. Technol. 37 (2003) 972–978.

21] C.C. Fuller, J.A. Davis, G.A. Waychunas, Surface-chemistry of ferrihy-
drite. 2. Kinetics of arsenate adsorption and coprecipitation, Geochim.
Cosmochim. Acta 57 (1993) 2271–2282.

22] R.J. Bowell, Sorption of arsenic by iron oxides and oxyhydroxides in soils,
Appl. Geochem. 9 (1994) 279–286.
23] M. Grafe, M.J. Eick, P.R. Grossl, Adsorption of arsenate (V) and arsenite
(III) on goethite in the presence and absence of dissolved organic carbon,
Soil Sci. Soc. Am. J. 65 (2001) 1680–1687.

24] C.D. Cox, M.M. Ghosh, Surface complexation of methylated arsenates by
hydrous oxides, Water Res. 28 (1994) 1181–1188.

[
[

[

ous Materials B138 (2006) 459–470 469

25] M. Dove, J.D. Rimstidt, The solubility of scorodite, FeAsO4·2H2O, Am.
Mineral. 70 (1985) 838–844.

26] M. Leblanc, B. Achard, D.B. Othman, J.M. Luck, J. Bertrand-Sarfati,
J.C. Personne, Accumulation of arsenic from acidic mine waters by fer-
ruginous bacterial accretions (stromatolites), Appl. Geochem. 11 (1996)
541–554.

27] H.W. Langner, W.P. Inskeep, Microbial reduction of arsenate in the pres-
ence of ferrihydrite, Environ. Sci. Technol. 34 (2000) 3131–3136.

28] R. DeVitre, N. Belzile, A. Tessier, Speciation and adsorption of arsenic on
diagenetic iron oxyhrdroxides, Limnol. Oceanog. 36 (1991) 1480–1485.

29] B.A. Manning, S. Goldberg, Modeling competitive adsorption of arsenate
with phosphate and molybdate on oxide minerals, Soil Sci. Soc. Am. J. 60
(1996) 121–131.

30] M.M. Ghosh, R.S. Teoh, Adsorption of arsenic on hydrous aluminum oxide,
in: Proceedings of Seventh Mid-Atlantic Industrial Waste Conference, Lan-
caster, PA, 1985, pp. 139–155.

31] M.J. Scott, J.J. Morgan, Reactions at oxides surfaces. 1. Oxidation of As(III)
by synthetic birnessite, Environ. Sci. Technol. 29 (1995) 1898–1905.

32] V.Q. Chiu, J.G. Hering, Arsenic adsorption and oxidation at manganite sur-
faces. 1. Method for simultaneous determination of adsorbed and dissolved
arsenic species, Environ. Sci. Technol. 34 (2000) 2029–2034.

33] C. Tournassat, L. Charlet, D. Bosbach, A. Manceau, Arsenic(III) oxidation
by birnessite and precipitation of manganese(II) arsenate, Environ. Sci.
Technol. 36 (2002) 493–500.

34] Z. Lin, R.W. Puls, Adsorption, desorption, oxidation of arsenic affected by
clay minerals and aging process, Environ. Geol. 39 (2000) 753–759.

35] A.L. Foster, G.E. Brown, G.A. Parks, X-ray adsorption fine-structure
spectroscopy study of photocatalyzed, heterogeneous As(III) oxidation on
kaolin and anatase, Environ. Sci. Technol. 32 (1998) 1444–1452.

36] E.A. Rochette, G.C. Li, S.E. Fendorf, Stability of arsenate minerals in soil
under biotically generated reducing conditions, Soil Sci. Soc. Am. J. 62
(2000) 1530–1537.

37] T. Rohwerder, T. Gehrke, K. Kinzler, W. Sand, Bioleaching review part A:
progress in bioleaching: fundamental and mechanisms of bacterial metal
sulfide oxidation, Appl. Microbiol. Biotechnol. 63 (2003) 239–248.

38] J.A. Wilkie, J.G. Hering, Adsorption of arsenic onto hydrous ferric oxide:
effects of adsorbate/adsorbent ratios and co-occurring solutes, Colloid Surf.
A 107 (1996) 97–110.

39] X. Meng, S. Bang, G.P. Korfiatis, Effects of silicate, sulfate, and carbonate
on arsenic removal by ferric chlorite, Water Res. 34 (2000) 1255–1261.

40] V. Dutre, C. Vandecasteele, Solidification/stabilization of arsenic-
containing waste: leach tests and behavior of arsenic in the leachate, Waste
Manage. 15 (1995) 55–62.

41] A. Jain, R.H. Loeppert, Effect of competing anions on the adsorption
of arsenate and arsenite by ferrihydrite, J. Environ. Qual. 29 (2000)
1422–1430.

42] M.J. Kim, J. Nriagu, S. Haack, Carbonate ions and arsenic dissolution by
groundwater, Environ. Sci. Technol. 34 (2000) 3094–3100.

43] P. Thanabalasingam, W.F. Pickering, Arsenic sorption by humic acids, Env-
iron. Pollut. 12 (1986) 223–246.

44] A.D. Redman, D. Macalady, D. Ahmann, Natural organic matter affects
arsenic speciation and sorption onto hematite, Environ. Sci. Technol. 36
(2002) 2889–2896.

45] S. Dobran, G.J. Zagury, Arsenic speciation and mobilization in CCA-
contamination soils: influence of organic matter content, Sci. Total. Envi-
ron. 364 (2006) 239–250.

46] J.M. Santini, L.I. Sly, R.D. Schnagl, J.M. Macy, A new chemolithoau-
totrophic arsenite-oxidizing bacterium isolated from a gold mine: phylo-
genetic, physiological, and preliminary biochemical studies, Appl. Environ.
Microbiol. 66 (2000) 92–97.

47] J. Zobrist, P.R. Dowdle, J.A. Davis, R.S. Oremland, Mobilization of arsenite
by dissimilatory reduction of arsenate, Environ. Sci. Technol. 34 (2000)
4747–4753.
48] F. Challenger, Biological methylation, Chem. Rev. 36 (1945) 315–362.
49] McBride, R.S. Wolfe, Biosynthesis of dimethylasrine by a methanobac-

terium, Biochemistry 10 (1971) 4312–4317.
50] K. Michalke, E.B. Wickenheiser, M. Mehring, A.V. Hirner, R. Hensel,

Production of volatile derivatives of metal(loid)s by microflora involved in



4 azard

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

70 S. Wang, C.N. Mulligan / Journal of H

anaerobic digestion of sewage sludge, Appl. Environ. Microbiol. 66 (2000)
2791–2796.

51] D.A. Bright, S. Brock, W.R. Cullen, G.M. Hewitt, J. Jafaar, K.J. Reimer,
Methylation of arsenic by anaerobic microbial consortia isolated from lake
sediment, Appl. Organomet. Chem. 8 (1994) 415–422.

52] J.G. Sanders, Microbial role in the demethylation and oxidation of methy-
lated arsenicals in sea water, Chemosphere 8 (1979) 135–137.

53] M. Shariatpanahi, A.C. Anderson, A.A. Abdelghani, A.J. Englande, Micro-
bial metabolism of an organic arsenical herbicide, in: T.A. Oxley, S. Barry
(Eds.), Biodeterioration, vol. 5, Wiley, New York, 1983, pp. 268–277.

54] E. Dopp, L.M. Hartmann, A.M. Florea, U. van Recklinghausen, R. Pieper,
B. Shokouhi, A.W. Rettenmeier, A.V. Hirner, G. Obe, Uptake of inorganic
and organic derivatives of arsenic associated with induced cytotoxic and
genotoxic effects in Chinese hamster ovary (CHO) cells, Toxicol. Appl.
Pharmacol. 201 (2004) 156–165.

55] M.A. McLaren, N.D. Kim, Evidence for a seasonal fluctuation of As in
New Zealand’s longest river and the effect of treatment on concentrations
in drinking water, Environ. Pollut. 90 (1995) 67–73.

56] R.S. Oremland, J.F. Stolz, The ecology of arsenic, Science 300 (2003)
939–944.

57] T.H. Christensen, P. Kjeldsen, P.L. Bjerg, D.L. Jensen, J.B. Christensen,
A. Baun, H.J. Albrechtsen, C. Heron, Biogeochemistry of landfill leachate
plumes, Appl. Geochem. 16 (2001) 659–718.

58] P.E. Macur, J.T. Wheeler, T.R. McDermott, W.P. Inskeep, Microbial popu-
lation associated with the reduction and enhanced mobilization of arsenic
in mine tailings, Environ. Sci. Technol. 35 (2001) 3676–3682.

59] J.A. Wilkie, J.G. Hering, Rapid oxidation of geothermal arsenic(III) in
streamwaters of the eastern Sierra Nevada, Environ. Sci. Technol. 32 (1998)
657–662.

60] T.M. Gihring, G.K. Druschel, R.B. McCleskey, R.J. Hamers, J.F. Ban-
field, Rapid arsenite oxidation by Thermus aquaticus and Thermus ther-
mophilus: field and laboratory investigations, Environ. Sci. Technol. 35
(2001) 3857–3862.

61] N. Wakao, H. Koyatsu, Y. Komai, H. Shimokawara, Y. Sakurai, H. Shiota,
Microbial oxidation of arsenite and occurrence of arsenite-oxidizing bacte-
ria in acid mine water from a sulfur-pyrite mine, Geomicrobial. J. 6 (1988)
11–24.

62] P. Mouchet, From conventional to biological removal of iron and man-
ganese in France, J. AWAA 84 (1992) 158–166.

63] K. Fukushi, M. Sasaki, T. Sato, N. Yanase, H. Amando, H. Ikeda, A natural
attenuation of arsenic in drainage from an abandoned arsenic dump, Appl.
Geochem. 18 (2003) 1267–1278.

64] D.E. Cummings, F. Caccavo, S. Fendorf, R.F. Rosenzweig, Arsenic mobi-

lization by the dissimilatory Fe(III)-reducing bacterium Shewanella alga
BrY, Environ. Sci. Technol. 33 (1999) 723–729.

65] M. Mkandawire, E.G. Dudel, Accumulation of arsenic in Lemna gibba L.
(duckweed) in tailing waters of two abandoned uranium mining sites in
Saxony, Germany, Sci. Total Environ. 336 (2005) 81–89.

[

[

ous Materials B138 (2006) 459–470

66] J. Waring, W. Maher, Arsenic bioaccumulation and species in marine Poly-
chaeta, Appl. Organometal. Chem. 19 (2005) 917–929.

67] L.M. Benson, E.K. Porter, P.J. Peterson, Arsenic accumulation, tolerance,
and genotypic variation in plants on arsenical mine wastes in South-West
England, J. Plant Nutr. 3 (1981) 655–666.

68] E.K. Porter, P.J. Peterson, Arsenic accumulation by plants on mine waste
(United Kingdom), Sci. Total Environ. 4 (1975) 365–371.

69] I.J. Pickering, R.C. Prince, M.J. George, R.D. Smith, G.N. George, D.E.
Salt, Reduction and coordination of arsenic in Indian mustard, Plant Phys-
iol. 122 (2000) 1171–1177.

70] G.P. Warren, B.J. Alloway, Reduction of arsenic uptake by lettuce
with ferrous applied to contaminated soil, J. Environ. Qual. 32 (2003)
767–772.

71] J. Boisson, M. Mench, J. Vanqronsveld, A. Ruttens, P. Kopponen, T. De
Koe, Immobilization of trace metals and arsenic by different soil additives:
evaluation by means of chemical extractions, Commun. Soil Sci. Plant
Anal. 30 (1999) 365–387.

72] M. Mench, S. Bussiere, J. Boisson, E. Castaing, J. Vangronsveld, A.
Ruttens, T. De Koe, P. Bleeker, A. Assuncao, A. Manceau, Progress in
remediation and revegetaion of the barren Jales gold mine spoil in situ
treatments, Plant Soil 249 (2003) 187–202.

73] S. Wang, C.N. Mulligan, Rhamnolipid foam enhanced remediation of cad-
mium and nickel contaminated soil, Water Air Soil Pollut. 157 (2004)
315–330.

74] S. Wang, C.N. Mulligan, An evaluation of surfactant foam technology in
remediation of contaminated soil, Chemosphere 57 (2004) 1079–1089.

75] C. Sidoli O’Connor, N.W. Lepp, R. Edwards, G. Sunderland, The com-
bination of electrokinetic remediation and phytoremediation to decontam-
ination metal-polluted soils: a laboratory-scale study, Environ. Monitor
Assess. 84 (2003) 141–185.

76] O.P. Dhankher, Y. Li, B.P. Rosen, J. Shi, D. Salt, J.F. Senecoff, N.A. Sashti,
R.B. Meagher, Engineering tolerance and hyperaccumulation of arsenic in
plants by combining arsenate reductase and �-glutamylcysteine synthetase
expression, Nat. Biotechnol. 20 (2002) 1140–1145.

77] S. Tamaki, W.T. Frankenberger Jr., Environmental biochemistry of arsenic,
Revs. Environ. Contam. Toxic. 124 (1992) 79–110.

78] T. De Koe, Agrostic castellana and Agrostis delicatula on heavy metal
and arsenic enriched sites in NE Portugal, Sci. Total Environ. 145 (1994)
103–109.

79] J. Bech, C. Poschenrieder, M. Llugany, J. Barcelo, P. Tume, F.J. Tobias,
J.L. Barranzuela, E.R. Vasquez, Arsenic and heavy metal contamination
of soil and vegetation around a copper mine in Northern Peru, Sci. Total
Environ. 203 (1997) 83–91.
80] T.M. Gihring, J.F. Banfield, Arsenite oxidation and arsenate respiration by
a new Thermus isolate, FEMS Microbiol. Lett. 204 (2001) 335–340.

81] N.P. Nikolaidis, G.M. Dobbs, J.A. Lackovic, Arsenic removal by zero-
valent iron: filed, laboratory and modeling studies, Water Res. 37 (2003)
1417–1425.


	Natural attenuation processes for remediation of arsenic contaminated soils and groundwater
	Introduction
	As immobilization by sorption
	As sorption to Fe, Al and Mn (hydro)oxides
	As sorption to clay minerals
	Enhanced sorption by cations
	Competing sorption by anions
	Effect of NOM on As sorption

	Chemical oxidation and reduction processes
	Oxidation of As(III) by Fe (hydro)oxides
	Oxidation of As(III) by Mn (hydro)oxides
	Oxidation of As(III) by clay minerals
	Sulfide-related As redox reactions
	NOM-induced As redox reactions

	As biotransformation
	Methylation and demethylation
	Microbially mediated As(V) reduction
	Microbially mediated As(III) oxidation
	Microbially mediated As mobility

	As hyperaccumulation in plants
	Engineering strategies to enhance NA
	Additives to enhance immobilization
	Bioaugmentation and biostimulation
	Hyperaccumulation in combination with phytoremediation

	Conclusions and recommendations
	References


