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Abstract

The behaviour of trace amounts of arsenate coprecipitated with ferrihydrite, lepidocrocite and goethite was studied during reductive
dissolution and phase transformation of the iron oxides using [*Fe]- and [*As]-labelled iron oxides. The As/Fe molar ratio ranged from i
0to 0.005 for ferrihydrite and lepidocrocite and from O to 0.001 for goethite. For ferrihydrite and lepidocrocite, dl the arsenate remained =
associated with the surface, wheress for goethite only 30% of the arsenate was desorbable. The rate of reductive dissolution in 10 mM
ascorbic acid was unaffected by the presence of arsenate for any of the iron oxides and the arsenate was not reduced to arsenite by ascor- j
bic acid. During reductive dissolution of the iron oxides, arsenate was released incongruently with Fe®* for dl the iron oxides. For fer- |
rihydrite and goethite, the arsenate remained adsorbed to the surface and was not released until the surface area became too smal to |
adsorb al the arsenate. In contrast, arsenate preferentially desorbs from the surface of lepidocrocite. During Fe?* catalysed transforma-
tion of ferrihydrite and lepidocrocite, arsenate became bound more strongly to the product phases. X-ray diffractograms showed that
ferrihydrite was transformed into lepidocrocite, goethite and magnetite whereas lepidocrocite either remained untransformed or was;
transformed into magnetite. The rate of recrystalization of ferrihydrite was not afected by the presence of arsenate. The results present-,
ed here imply that during reductive dissolution of iron oxides in natural sediments there will be no smple correlation between the release
of arsenate and Fe**. Recrystallization of the more reactive iron oxides into more crystalline phases, induced by the appearance of Fe*:

in anoxic aquifers, may be an important trapping mechanism for arsenic.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Arsenic is a toxic metaloid and may occur either as
inorganic compounds or as organic arsenic. Organic arsen-
ic compounds are, however, rarely quantitatively impor-
tant, and in natural waters arsenic is mogly found in
inorganic forms as oxyanions of trivalent arsenite (A(I11))
or pentavaent arsenate (AYV)).

The WHO guiddine value for arsenic in drinking water
is 10 ug/L. However, groundwaters with an arsenic concen-
tration exceeding 200 ug/L have been reported from places
like Bangladesh, W. Bengd, Vietnam and Inner Mongolia
(Berg et al., 2001; Anawar et a., 2002; Mandal and Suzuki,
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2002; Ryu et al., 2002; Smedley and Kinniburgh, 2002;
Smedley et al., 2003). The most serious occurrences in
terms of population exposed is Bangladesh where up to.
30-35 million people are adversdly afected by arsenic con-
taminated drinking water (BGS and DPHE, 2001).

The situation in Bangladesh has lead to an increased
interest in arsenic geochemistry and severd studies havei
been conducted to eucidate the mechanisms responsible
for the enhanced arsenic concentrations. Though it is gen-1
erally agreed that the arsenic in Bangladesh stems from;
natural sediment-water interaction, there is no consensus
about the mechanisms releasing arsenic to the groundwal
ter. Proposed mechanisms include the oxidation,of pyrite;
containing arsenic (Das et al., 1996, Mandal et al., 1998),:
the reduction of adsorbed arsenate to arsenite (BGS andj
DPHE, 2001; Bose and Sharma, 2002), competitive anion|
exchange of adsorbed arsenic (Acharyya e a., 19995



Release of As during reduction and transformation of iron oxides 4117

Appelo et al., 2002) and reductive dissolution of iron oxi-
des containing arscnic (Nickson et al., 2000: McArthur
et al., 2001; Tareq ct al., 2003; Swartz et al., 2004).

The reported arsenic content of naturally occurring iron
oxides shows great variation, ranging from an As/Fe molar
ratio of 2.4 x 107 °.0.09 (Bowell. 1994: Pichler ct al., 1999:
BGS and DPHE, 2001). Iron oxides are probably the most
important adsorbents for arsenic in sandy aquifers because
of their great abundance and strong binding affinity, and
both arsenite and arsenate show a high affinity for the iron
oxide surface (Manning et al.. 1998; Raven et al., 199§;
Dixit and Hering. 2003). While arsenate binds to iron oxi-
des through an inner sphere surface complex (Manceau,.
1995: Sun and Doncer. 1996: Farquhar et al., 2002; Sher-
man and Randall, 2003). arsenite has been found to adsorb
both through an inner sphere and an outer sphere surface
complex {(Goldberg and Johnston, 2001).

Iron oxides are present in the environment as a wide
range of minerals. most commonly ferrihydrite. lepidocro-
cite. goethite and hematite. with different characteristics
such as stability, specific surface arca and reactivity (Larsen
and Postma, 2001: Cornell and Schwertmann. 2003). The
formation and persistence of the unstable oxides is due to
slow kinetics in formatting the more stable phases. Howev-
er, with time the more unstable oxides such as ferrihydrite
and lepidocrocite are recrystallized into more stable phases
such as gocthite and hematite. This transformation is usu-
ally slow at ambient temperatures and neutral pH. Studies
on the fate of arsenic during the transformation of iron oxi-
des have therefore been conducted at clevated temperatures
(40-70 °C) and high pH (11-12} to promote the transfor-
mation process (Paige ct al. 1994, 1996: Sun ct al.. 1999:
Ford. 2002). The discovery that aqueous Fe™' catalyses
the transformation of the least stable iron oxides (Pedersen
et al.. 2005) opens to a new experimental setup where the
fate of adsorbed arsenate during the transformation of iron
oxides can be studied at room temperature and near neu-
tral pH values.

Under anoxic conditions iron oxides may become re-
duced either biotically or abiotically while releasing Fe*'
(dos Santos Afonso et al., 1990: Lovley. 1992: Thamdrup.

Table 1

Characteristics of the iron oxides

2000). It has been hypothesised that adsorbed arsenate is
released to solution during the reductive dissolution of iron
oxide but the actual processes have not yet been studied in
detail. Furthermore, previous studies have found an inhib-
iting effect of the oxyanions arsenate and phosphate, on the
dissolution of iron oxides (Bondietti et al., 1993; Biber
et al., 1994; Paige et al., 1997a; Eick et al., 1999). These
studies used relatively high oxyanion/Fe molar ratios and
the effect of trace amounts of arsenate on the rate of reduc-
tive dissolution of iron oxides remains unknown.

The objectives of this study are therefore to elucidate the
behaviour of arsenic associated with iron oxides during
reductive dissolution. as well as during the transformation
of ferrihydrite and Iepidocrocite into more stable phases
like goethite. Iron and arsenic radiotracers are used to
obtain accurate measurements of even very small
concentrations and they also allow direct measurements
of the dynamics of the processes.

2. Methods
2.1. Synthesis of iron oxides

2-L ferrihydrite. lepidocrocite and goethite were synthe-
sized in the presence of arsenic following the procedures in
Schwertmann and Cornell (1991) with minor modifica-
tions. 2-L ferrihydrite was precipitated by addition of
I M NaOH to a 0.2-M FeCl; solution containing trace
amounts of *Fe and various amounts of arsenate labelled
with *As. The molar ratio of As and Fe was 0. 0.001.
0.0025 and 0.005 (Table 1}. Lepidocrocite was synthesized
at 10 °C by oxidizing a 0.2-M [**Fe}-labelled FeCl, solution
containing arsenate labelled with *As, with compressed
air, purged free of CO, by bubbling it through a 2-M
NaOH solution, at a rate of approximately 100 mL/min.
The molar ratio of As and Fe was 0. 0.001 and 0.005 {Table
1). Poorly crystalline goethite was synthesized by oxidizing
2 0.07 M [*Fcl-abelled FeCl, solution containing arsenate
with an As/Fe molar ratio of 0 and 0.001 (Table ) and la-
belled with 7*As in a | M NaHCO; buffer solution with air
at a rate of 30-40 mL/min. The arsenic content in the iron

Name Iron oxide As/Fe Surface area {m*/g) Reactivity Initial surface Aux g/m/s
Kos ;
Ferri0 Ferrihydrite 0 241 SIxi0 0.88 2Ix10"
Ferri0.001a Ferrihvdrite 0.001 219 49%10* 0.87 22x10 °
Ferri0.001h FFerrihyvdrite 0.001 227 dex10 0.83 F.9x10°°
Ferri0.0023 Ferrihydrite 0.0028 223 5010 0.88 23%x107°
Ferri0.005 Ferrihydrite 0.005 240 42x10" 0.85 1.7x10°°
Lepi0 Lepidocrocite 0 162 1.9x 107 1.19 11x107°
Lepi0.001a Lepidocrocite 0.001 137 lLax 10 0.96 88x 10 ~
Lepi0.001h Leptdocrocite 0.001 124 13x 10 .57 11 10°°
Lepi0.005 Lepidocrocite 0.008 139 1.7x 10" 1.00 [2%x10°
Goetd Goethite 0 37 Lixto” 0.62 30x 10"
Goet0.001 Goethite 0.001 27 38x10°° 0.58 1L7%10
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oxides was measured after total dissolution of the iron oxi-
des using a slightly modified hydride gencration-AAS
method (APHA, 1995).

The specific activity of the oxides was 0.7-0.9 kBq “Fe/
mmol Fe and 0.4-0.6 kBq "*As/mmol Fe. After their syn-
thesis the iron oxides were centrifuged at 3000 rpm and
washed repeatedly in milliQ® water and stored in suspen-
sion in the dark at 5°C. Less than 1% of the *Fe and
the *As were lost during the washing. Preliminary experi-
ments showed no change in the reactivity of the iron oxides
due 10 washing.

2.2, Characterization of iron oxides

Subsamples of the iron oxides were freeze dried and then
characterized by powder X-ray diffraction (XRD) and sur-
face area measurements. XRD was performed using CoKx
radiation on a Stemens D5000 X-ray diffractometer and
confirmed the mineralogy and the purity of the iron oxides.
The specific surface area was determined by the BET gas
adsorption method (Atkins and de Paula, 2002) using a
Micromeritics Gemini [11 2375 (Table 1).

2.3. Arsenic speciation

Aqueous arscnate and arsenite were separated by filter-
ing the water sample through a 0.2-um membrane filter to
remove particulate iron followed directly by passing the
water through a disposable cartridge at a flow rate of
approximately 6 mL/min using a syringe (Meng and Wang,
1998}. The cartridges contain 0.8 g aluminosilicate adsor-
bent that selectively adsorbs arsenate but not arsenite.
Arsenite was determined as the arsenic concentration in
the water filtered through a cartridge, and arsenate was cal-
culated as the difference between the total arsenic concen-
tration and the arsenite concentration. Preliminary tests
showed no isotopic exchange between aqueous As(1II)
and aqueous RAS(V).

When speciating adsorbed arsenic, the sorption capacity
of the cartridges was exceeded due to the high arsenate
concentration used to desorb the ‘As (see below) and
therefore up to 40 times dilution of the samples was neces-
sary. Total adsorbed arsenic and aqueous arsenic were
determined on undiluted samples.

S5 7
2.4. Measurement of 7V Fe and 7 Ay

The activities of *Fe and *As were measured by liquid
scintillation counting, injecting the samples directly into
the liquid scintillation cocktail {Ultima Gold™ from Per-
kin- Elmer). The activities were counted on a Wallac Win-
Spectral 1414 hquwd scinullation counter with a data
accumulation of half an hour.

A method for the simultaneous measurements of the
activities of Fe and 7“As was developed. A prerequisite
for meusuring the activity of *Fe and "*As simultaneously
is that the counts from the two isotopes are distinct {rom

cach other. Tests showed that the counts from “Fe have
their maximum in the energy range 0.03-8.24 keV, whereas
the counts from “As show two peaks: one in the energy
range 0.03--8.24 k¢V and one in the energy range 8.37-
28.12 keV, the counts in the first peak being equal to 89%
of the counts in the second peak. The radioactivity of
Fe and 7*As was determined by counting in two windows:
one with the energies (.03-8.24 keV and another with the
energies 8.37-28.12 keV. Total counts of °Fe and As
per minute (CPM) were subsequently calculated by the
tfollowing equations:

73AS,‘M“H), = 0.89 x CPMwmdm\' 2T CPM\\mdm\ 2
33 Fc\wli\'ll}' = CPM\\llldU\\ = .89 x CpM\\mdu\\ 2

Correction for quenching was subsequently done manu-
ally. Due to the short half life of 7*As (80.3 dj correction
for decay was made for this isotope. No correction for
decay was done for >*Fe having a half life of 2.7 years.

2.5. Desorption of 7 As

Adsorbed "*As was desorbed from the iron oxide sur-
face by extraction in a 250-uM arsenate solution for
2h. The extractable 7‘As was measured by dircctly
injecting a subsample of the suspension into a scaled
20 m! serum glass flask containing an anoxic 500 uM
arsenate solution in the ratio 1:1, to give a final arse-
nate concentration of 250 uM. The addition of a high
concentration of unlabeled arsenate causes almost all
the arsenate to be present in solution. Since As
distributes between the pools of arsenate as the bulk
of arsenate, adsorbed "*As will desorb and can be
measured as “As in solution. Adsorbed "*As was calcu-
lated as the "*As extracted by 250 uM arsenate for 2h
minus the aqueous As.

During the analytical procedure for measurement of ad-
sorbed *As in the transformation experiments, an arsenic
containing phase precipitated owing to the high arsenate
concentrations applied to desorb "*As. resulting in too
low measurements of desorbable "*As. Tests showed that
the phase is dissolved in ascorbic acid, and that approxi-
mately 24% of the arsenic remains in solutions. The totul
desorbable *As was subsequently calculated by assuming
that the measured activity of "*As constitutes 24% of the
total desorbed arsenic.

2.6. Reductive dissolution of iron oxides

The reactivity of the iron oxides was determined by
reductive dissolution in 10 mM ascorbic acid at pH 3 as de-
scribed in Larsen and Postma (2001), Sampling syringes
were {lushed five times with purified N,. The release of
Fe’ was followed by filtering aliquots through a 0.2-um
membrane filter directly into the ferrozine reagent and
the Fe”' concentration was subsequently measured
spectrophotometrically (Stookey. 1970). Aqueous > Fe
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and total aqueous “As were determined by filtering
aliquots through a 0.2-pum membrane filter directly into
the liquid scintillation cocktail. The procedures for
As(IID)/As(V) separation and the determination of
adsorbed "*As are described above.

2.7. Transformation of iron oxides

Transformation experiments were carricd out for fer-
rihydrite and lepidocrocite as described by Pedersen et al.
{2005). One thousand millilitre infusion bottles was flushed
in 6 M HCI before being washed in 10" HNO; overnight
and rinsed five times in milliQ"* water. To cach bottle con-
taining 600 mL oxygen free milliQ* water (boiled and
purged with N- purified by bubbling through an Fe
Na-acetate solution) variable amounts of an FeCl> stock
solution were added by a syringe to give concentrations
of approximately 0- 1.0 mM. NaHCO: was added to buffer
the pH at 6.5. As a check on the presence of Os. the bottles
were left overnight since any intruding O- would react with
Fe’™ to form Fe(111), changing the colour of the solutions
from clear to yellowish. No colour change was observed in
any of the bottles.

The initial Fe~' concentration was measured and the
experiment was initiated by addition of an amount of
a stock suspension of the “Fe and 7As labelled iron
oxide to give a final concentration ol approximately
0.5 mmol Fe(lIN/L. During the experiments, the bottles
were stored in a 25°C water bath., Aliquots were taken
over time. filtered through a 0.2-pgm membrane filter
and the activity of aqueous ““Fe. total agucous As.

Ferrihydrite 0.001b

Lepidocrocite 0.001b

4119

agqueous  CAs(H1). total adsorbed "*As and adsorbed
TAs(I). and pH were measured. The Fe ™' concentra-
tion was measured as before. Total Fe was measured
by addition of hydroxylamine-hydrochloride to a fiftered
aliquot. 30 min before the spectrophotometric measure-
ment. and the Fe'" content was calculated as the differ-
ence between total Fe and Feo'. At the end of the
experiments the suspensions were filtered anaerobically
and the filtrate conserved with a 1:1 mixture of glycerol
and water (Hansen. 1989) and frozen unul characterized
by XRD analysis.

3. Results

31 Release of arsenic during reductive dissolution of fron

oxides

The release of arsenic coprecipitated with iron oxides.

during reductive dissolution.  was investigated  using
[0 mM  ascorbic actd at pH 3. Ferrthydrite  and

lepidocrocite had an As/Fe molar ratio ranging from 0 to
0.005 and goethite an As/Fe molar ratio of 0 and 0.00]
(Table t). The initial As/Fe molar ratio in the iron oxides
was confirmed by measuring the aqueous arsenic and iron
concentration after total dissolution of the iron oxides.

311, Reactivity of iron oxides

The reductive dissolution of the iron oxides can be mon-
itored by following the aqueous Fe " concentration (Fig. 1)
since Fe?* will not adsorb onto the iron oxides at pH 3.
While the reduction of all the ferrihydrites. lepidocrocite

Goethite 0.001

f Fe® | X Fe® u Fe®
e T | ELSAA == I
0.10 + +
e o e o 1 e ® .
. .
008+ L 4
g . (] *
€ 0.06+ L] 4
= 0061 . eee®® .
N
& 004 Jr . i
. . .
0.02 +e : T
® o o
0 ' ; — eyt : e ot * — — —
;
o0 Tasl- [Phs [7as] :
. 3 °©
60 + 8 B 8 Lo/ 3 ‘L ©
~ |
5 od0 8 4 y
2 407 8 5558 1 °
@ o]
r< n o]
20 T T ]
5 <
A
A A A
caBaat b A & a | Bmaspassap — T renB8_ j I -
0 1 2 3 4 0 5 10 15 20 25 30 50 100 150 200
Time (hours) Time (hours) Time (hours)
[eFe” aAs(n SAs(V) WAsy. |
Fig. 1. Feo ' concentration and the activity ol total aqueous TAs aqueous CAS(VY and TAsHD during reductive dissolation in 10 mM ascorbic acid of

Ferri0.001b. Lepi.001b and Goet).001,



4120 H.D. Pedersen et al. 70 (2006 41164129

0, 0.00ta and 0.005 and goethite shows the expected pat-
terns (Larsen and Postma, 2001: Pedersen ¢t al.. 2005),
the release of lepidocrocite 0.001b is much slower (40 days
as compared to 10 h tor the other lepidocrocite). und the
initial fast release of Feo ™ was followed by a much slower
release stage (only the first 30 h are shown in Fig. 1).

The reactivity of the iron oxides was estimated (Table 1)
by fitting the data to the rate expression J/my = K'(m/my)
(Postma. 1993). where J is the overall reduction rate
(mol/s). ny the initial amount of iron oxides (moles) and
m/myq the undissolved fraction. The reactivity is given by
* the parameters A which is the initial reduction rate, and
- which is a measure of the decrease in the reduction rate
due to changes in factors like crystal geometry, particle size
distribution and reactive site density. Similar reactivities
were found by Postima (1993), Larsen and Postma (2001)
and Pedersen et al. (20035), but the lepidocrocites in this
study appear to be more reactive than the ones synthesized
by Larsen and Postma (2001). This may be attributed to a
higher specific surface area of the lepidocrocites as the re-
sult of a lower synthesis temperature.

Fig. 2 compares the reactivity of the iron oxides. show-
ing the rate expression of the iron oxides in terms of
—log(J/my) versus —log(m/my). The rate expression results
in a straight line where the value of ~log(J/my) at =log(m/
nry) = 0 equals the rate constant. &', and the slope of the
line corresponds to the exponent 7. Fig. 2 and Table | illus-
trate that for the various ferrihydrites and lepidocrocites,
the rate expression and the surface {lux i.e. the initial reduc-
tion rate normalized to the specific surface area, are unaf-
fected by the arsenic content. For the goethites the initial
reduction rate and the surface flux appear to change with
the arsenic content. However, both the initial reduction
rates and the surface fluxes remain within the range previ-
ously reported for goethite (Larsen and Postma, 2001),
implying that the difference can be attributed to an
unavoidable variation in the synthesis.
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3.1.2. Release of arsenic during reductive dissolution of iron
oxides

The release of "*As during reductive dissolution of Fer-
ri0.001b. Lepi0.001b and Goet0.001 is also shown in Fig. [
Since all isotopes of an element behave identically (except
for very minor mass effects), the release of the bulk arsenic
follows that of "*As. The concentration of aqueous arsenite
is insignificant compared to that of arsenate and so the
arsenate associated with the iron oxides is not reduced by
the ascorbic acid in the course of reductive dissolution.
Equilibrium chemistry also predicts the reduction of arse-
nate to arsenite to occur after Fe(IIl) reduction which
has also been found experimentally by Islam et al. (2004).

Fig. 3 shows the fraction of total aqueous “As as a
function of the fraction of Fe?” released. The straight line
in the figures represents a stoichiometric release of arsenate
and Fe’" during reductive dissolution. For ferrihydrite and
goethite, the release of arsenate is delayed considerably
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Fig. 2. Comparison of the reduction rates. normalized over initial mass
(J/my) versus the fraction remaining in the solid phase (m/my) for
ferrihvdrite. lepidocrocite and goethite with various As/Fe molar ratios.
The legend denotes the molar As/Fe ratio of the iron oxides.

Fig. 3. Relative release of *As versus the relative release of Fe?™ during
reductive dissolution of Ferri0.001b. Lepi0.001b and Goet0.00}. The
straight line indicates congruent release of "*As and Fe?™.
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compared to the release of Fe*" and a significant amount
of arsenate does not accumulate in solution until 50% of
the iron oxide has been reduced. In contrast, arsenate is
rapidly released to solution during the reductive dissolution
of lepidocrocite and relatively more arsenate accumulates
in solution as compared to Fe’*. The release of arsenate
during reductive dissolution of Lept0.001b is different from
the others since all the arsenate 1s apparently released to
solution during the reduction of the first 70% of the oxide
(Fig. 3). Possibly. the LepiN. 001b consists of two phases: a
more reactive phase with a high specific surface area to
which arsenic is adsorbed and a more inert phase that does
not adsorb much arsenate. We were unable to identify the
presence of two different phases by XRD indicating that
both are lepidocrocite.

3.1.3. Adsorbed 7 As

To further investigate the incongruent release of "*As
from the iron oxides, a method for determining adsorbed
"As was developed. The method exploits that "*As tracer
partitioning between the pools of arsenic is the same as
for the bulk of arsenic. Therefore, when a surplus of unla-
belled arsenic is added to a suspension containing adsorbed
*As, all adsorbed "*As will desorb and can be measured as
aqueous “As. The resulting increase in agqueous “As is a
measure for adsorbed "*As.

Fig. 4 shows the concentrations of aqueous and ad-
sorbed arsenate. and the sum of the two, termed extract-
able arsenate. during the reductive dissolution of
Ferri0.001b. Lepi0.001b and Goet0.001. For ferrihydrite
and lepidocrocite. extractable (= aqueous -+ adsorbed)
arsenate remains nearly constant and equal to total arsenic
during the reductive dissolution of the iron oxide. indicat-
ing that all the non-aqueous arsenate is assoctated with the
iron oxide surface. For ferrihydrite, the arsenate remains
adsorbed untif approximately 50% of the oxide has dis-
solved after which adsorbed arsenate decreases as aqueous
arsenate increases. In contrast. for lepidocrocite adsorbed
arsenate decreases as soon as dissolution is initiated with
A concurrent increase in aqueous arsenate.

For goethite. extractable arsenate constitutes approxi-
mately 30% of total arsenate associated with the iron oxide
until 30-40% of the oxide has dissolved after which extract-
able arsenate increases until the reductive dissolution is
complete (Fig. 4). Since aqueous arsenate is initially absent,
adsorbed arsenate is also constant at 30% of the total arsc-
nate until 30-40% of the oxide has dissolved. Thereafter

adsorbed arsenate increases until approximately 80% of

the oxide has dissolved after which 1t decreases as the last
20% of the goethite is dissolved and aqucous arscnate
increases.

3.2, Fate of arsenic during transformation of iron oxides
N - . .~ .

Aqueous Fe™' catalyses the transformation of ferrthy-
drite and lepidocrocite (Pedersen et al., 2005). To investi-
gate what happens to arsenic associated with ferrihydrite
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dissotution of Ferri0.001b, Lepi0.001h and Goet0.001. Extractable arsenic
corresponds to the sum of adsorbed and aqueous arsenic.

and lepidocrocite during the transformation process. the
iron oxides were submerged into solutions containing
different Feo' concentrations at 25 °C and pH 6.5

320 Transformation of iron oxides

XRD analysis of the solid phase at the end of the exper-
iments show that within 5 days ferrihydritc was trans-
formed completely into lepidocrocite and goethite at the
lower Fe?™ concentrations and into goethite and magnetite
at higher Fe™' concentrations. Lepidocrocite remained lep-
idocrocite at lower Fe*' concentrations and transformed
partly or completely (1.0 mM) to magnetite at higher
Fe?' concentrations. To trace the transformation of the
iron oxides. an **Fe radiotracer was incorporated homoge-
neously into the iron oxides and the iron oxides were thus
radio labelled with both ““Fe and “As. The homogeneous
incorporation of **Fe in the iron oxides was documented
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by the congruent release (> = 0.982-0.999) during dissolu-
tion in ascorbic acid (Fig. 5).

The recrystallization of the iron oxides was monitored
by the release of “Fe from the oxides to solution. Fig. 6
shows the activity of aqueous Fe during the recrystalli-
zation of Ferri0.001b and Lepi0.001b n solutions con-
taining variable Fe’" concentrations. In the absence of
aqueous Fe™™ there is no recrystallization and therefore
no *Fe in solution, but when Fe®" is present. the activ-
ity of aqueous >Fe increases rapidly in the experiments
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Fig. 5. The release of Fe?" versus the release of “Fe during reductive
dissolution in [0 mM ascorbic acid of ferrihydrite and lepidocrocite with
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with Ferri0.001b. Within 24 h the release of “Fe from
ferrihydrite levels offf and the activity becomes constant
at a level that depends on the relative pool size of
Fe?' as compared to solid phase Fe. Similar results were
found for the other ferrihydrites and for Lepi0 and Le-
pi0.001a and are in accordance with the results of Peder-
sen et al. (2005). However, Lepi0.001b and Lepi0.005
{not plotted) show a slightly different pattern since less
than 3% of the **Fe associated with the oxide mineral
is released to solution (Fig. 6).

The distribution of bulk Fe and > Fe between the
aqueous and sohlid (including adsorbed) phase at the
beginning and end of the experiments with Ferri0.001b
and Lepi0.001b is shown in Fig. 7 for aqueous Fg_z"'con-
centrations of 0.2 and 1.0 mM. Initially all the “Fe is
contained in the sohd phase. But at the end of the exper-
iments with ferrihydrite *Fe has become distributed pro-
portional to bulk Fe between the aqueous and solid
phases, indicating a complete isotopic equilibration. The
same results were found for all the ferrihydrites, Lepi0
and Lepi0.001a. However, Lepi0.001b and Lepi0.005 dif-
fer from this general pattern as there occurs almost no
redistribution of *°Fe during the recrystallization and
the ¥*Fe remains largely incorporated in the solid phase
after the recrystallization (Fig. 7).
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Fig. 7. Distribution of bulk Fe and **Fe over the aqueous and solid
phases at the start and end of experiments with Ferri0.00ib and
Lepi.001b suspended in a 0.2 and 1.0 mM Fe™ solution
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Release of arsenic during transformeation of iron oxides

As the activity of aqueous “Fe increases during the
recrystallization of ferrihydrite. the activity of adsorbed
arsenic decreases to 45% after 3 days (Fig. 8). Adsorbed
arsenic is exclusively present as arsenate and the concentra-
tion of aqueous arsenic remains insignificant.

The activity of adsorbed and aqueous “As during the
recrystallization of Ferri0.001b and Lepi0.001b at various
Fe”™ concentrations is shown in Fig. 9. In the absence of
Fe". there is no recrystallization of ferrihydrite according
to XRD and adsorbed arsenic remains constant. However.
in the presence of Fe ' adsorbed arsenic decreases over
time as ferrihvdrite transforms into lepidocrocite and goe-

N

thite at fower Fe-' concentrations and into goethite and

4122

magnetite at the higher Fe’™ concentrations. For
Lepi0.001b. adsorbed *As remains constant at Fe>" con-
centrations up to 0.4 mM (Fig. 9), whereas adsorbed “As
decreases at Fe®' concentrations above 0.6 mM. XRD
showed that lepidocrocite did not recrystallize at the lower
Fe®' concentrations, whereas magnetite was formed at an
Fe?* concentration above 0.6 mM. The decrease in ad-
sorbed arsenic is clearly correlated with the transformation
of ferrihydrite and lepidocrocite into new phases.

During recrystallization less than 1% of the total
amount of arsenic is released and aqueous “As remains
insignificant compared to the adsorbed *As (Fig. 9). The
observed decrease in adsorbed arsenic therefore reflects
that arsenic becomes bound more strongly to the recrystal-
lized iron oxides. Interestingly the small amount of arsenic
that is released to solution is present as arsenite. and some
of the arsenate originally adsorbed onto the surface of the
oxides must have been reduced to arsenite prior to its
release.

4. Discussion
4.1. Association of arsenate with iron oxides

Previous studies of arsenate coprecipitation with ferrihy-
drite. using As/Fe molar ratios as high as 0.68, have shown
no evidence for the formation of a ferric arsenate. a solid
solution. or of an As-bearing surface precipitate as has
been proposed for phosphate and ferrthydrite (Fox. 1989.
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Fig. 9. Adsorbed (top) and aqueous (bottom) 'As during recrystallization at various Fe™" concentrations. indicated by the symbols. of Ferri0.001h left)

and Lept0.001b (right).
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1991). Instead, arsenate is believed to remain adsorbed
onto the surtace of ferrthydrite, even during ongoing pre-
cipitatton (Fuller et al., 1993; Waychunas et al., 1993,
1996: Paige et ul., 1997a; Rancourt et al.. 2001; Richmond
et al.. 2004). This study further documents that arsenate re-
mains adsorbed onto the surface of ferrihydrite as well as
of Iepidocrocite, and is not incorporated into the crystal
structure (Fig. 4). Aging a Ferri0.001b suspension for up
to 4 weeks gave no change in the concentration of adsorbed
arsenate indicating that arsenate does not diffuse into the
ferrihydrite particles over time, as has been described for
Zn into ferrthydrite (Schultz et al., 1987) and Ni, Zn and
Cd into goethite particles (Briimmer et al., 1988). The reac-
tivity of the ferrihydrite did not change during the 4 weeks
of storage. indicating that recrystallization of ferrihydrite
did not occur in the absence of Fe ™.

In contrast. about 70% of the arsenate is bound so
strongly to gocethite that it cannot be desorbed. Although
the tonic radius of arsenate is optimal for incorporation
into goethtte (Cornell and Schwertmann, 2003), this pro-
cess hus not been demonstrated previously beyond doubt
{Paige et al., 1994, 1996: Sun et al.. 1999; Ford. 2002:
Cornell and Schwertmann, 2003).

During the precipitation of ferrihydrite, lepidocrocite
and schwertmannite the adsorption of arsenate onto the
primary ferrithydrite crystallites retards crystal growth
and coagulation by preventing further Fe-O-Fe-polymeri-
zation (Fuller et al., 1993; Waychunas et al., 1993, 1995,
1996: Randall et al., 2001; Richmond et al., 2004; Regens-
purg and Peiffer, 2005). The inhibition of crystal growth
during synthesis results in a decreased mean crystallite size
and an enlarged surface arca (Fuller et al., 1993 Dixit and
Hering, 2003). In this study the surface area of both fer-
rihydrite and lepidocrocite remained unaffected by the
arsenic content (Table 1) which may be due 1o the low arse-
nate content. However, the surface area of Goet0.001 was
smaller than of Goet0 but the surface areas of both goeth-
ites remained within the range previously reported for
goethite (Larsen and Postma, 2001).

4.2 Reductive dissolution of iron oxides

4.2.1. Arsenate and reduction rate

The effect of adsorbed oxyanions on the disselution rate
of iron oxides has been studied under varying conditions
such as the type of iron oxide, the dissolution pathway,
the oxyanion/Fe molar ratio and pH (Bondietti et al.,
1993; Biber et al., 1994; Paige et al., 1997a; Eick et al.,
1999). Both an inhibiting (Bondietti et al., 1993: Biber
et al.. 1994; Puige ¢t al.. 19974, Eick et al., 1999) and an
accelerating eflect (Bondietti et al, 1993; Eick et al,
1999) has been observed but which conditions favour one
effect over the other remains unclear.

This study shows that the presence of arsenic, at an As/
Fe molar ratio less than 0.005, in ferrithydrite and lepido-
crocite does not alter the reduction rate during reductive
dissolution n ascorbic acid at pH 3 (Fig. 2, Table 1). The

potential effect of an adsorbed anion on the dissolution rate
must depend on the fraction of surlace sites that is oceu-
pied by the anion. The As/Fe ratio can be used as an
approximation of the As/surlace site ratio to compare the
results of this study with those of previous studies. Since
previous studies (Bondietti et al., 1993; Biber et al.. 1994:
Paige et al., 1997a: Eick et al.. 1999) have generally used
significantly higher As/Fe molar ratios (0.002-3.6), the
insensibility of the reduction rate towards trace amounts
of arsenate is attributed to the low arsenate concentration
employed here.

4.2.2. Release of arsenic during abiotic dissolution of iron
oxides

The release of arsenate with Fe?™ is incongruent during
the reductive dissolution of both ferrihydrite, lepidocrocite
and goethite (Fig. 3). Paige et al. (1997a) also reported
incongruent release of arsenate and iron during proton
assisted dissolution of ferrihydrite with As/Fe ratios
between 0.03 and 1.0.

The release of arsenate from ferrihydrite is significantly
delayed compared to Fe? ™ (Fig. 3). Apparently the arsenate
remains adsorbed onto the ferrihydrite surface until the
surface area and thereby the number of surface sites be-
comes too small to contain all the arsenate. During contin-
ued dissolution adsorbed arsenate decreases while agueous
arsenate increases in accordance with Fig. 4. Dixit and
Hering (2003) determined a sorption density of arsenate
on ferrihydrite of 2.6 sites per nm” at pH 4, assuming a spe-
cific surface area of 600 m?/g for ferrihydrite. If we use the
same sorption density under our experimental conditions.
at pH 3. we can estimate that at maximum 1% of the sur-
face sites is covered with arsenate at the beginning of the
experiments. Consequently the ferrihydrite surface will
not become saturated with arsenate until 98% of the fer-
rthydrite has dissolved. However, our results (Fig. 4) show
that arsenate is already released from ferrihydrite to the
solution when approximately 50% of the oxide has dis-
solved. This may be due to competitive anion adsorption
between arsenate and the ascorbate (10 mM).

The release of arsenate from goethite resembles that
from ferrihydrite (Fig. 4). Given the smaller surface area
of goethite, compared to terrihydrite, saturation of the sur-
fuce with arsenate is expected to oceur earlier in the disso-
lution experiment for goethite than for ferrihydrite at an
equal arsenate content. However. for both iron oxides the
arsenate 1s released when approximately 50% of the iron
oxide is dissolved. This could be caused by the lower “mo-
bile” arsenate pool in the experiments with goethite. since
mitially only 40% of the arsenate is found as adsorbed arse-
nate while the rest resides within the goethite structure.

The sorption behaviour of arsenate during dissolution
of lepidocrocite clearly differs from that of ferrihydrite
and goethite since arsenate is released very rapidly from
lepidocrocite (Figs. 3 and 4). The adsorption of arsenuate
on iron oxides is strongly pH dependent, with increasing
adsorption at decreasing pH (Bowell., 1994, Munning
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et al.. 1998: Raven ¢t al.. 1998; Dixit and Hering, 2003).
The pH at which the net surface charge is zero i.e. the point
of zero charge (PZC) 1s 7.8-7.9 for ferrihydrite, 6.7-8 (or
lepidocrocite and 8.9-9.5 for goethite (Parks and de Bruyn.
1962: Cornell and Schwertmann, 2003). Based on these
PZC values it seems questionable whether a difference in
PZC alone can account for the different sorption behaviour
of lepidocrocite.

Lepidocrocite consists of double chains of Fe(O.OH),
octahedra running parallel to the ¢-axis. The double chains
share edges with adjacent double chains and cach chain is
displaced by half an octahedron with respect to its neigh-
bour, thus forming corrugated sheets of octahedra. Assum-
ing that arsenate adsorbs to lepidocrocite by complexes
resulting from bidentate corner sharing between AsOy tet-
rahedra and edge sharing pairs of FeQ,, octahedra {Randall
et al.. 2001), possible sites for the adsorption of arsenate
are along the h- and the ¢-axis (Cornell and Schwertmann,
2003). Since lepidocrocite crystals are extended along the ¢-
axis. the latter surface is expected to be more important for
the adsorption of arsenate. Larsen and Postma (2001)
found that the mechanism for reductive dissolution of lep-
idocrocite in 10 mM ascorbic acid is etch-pitting of the
crystals parallel to the c-axis. This could be expected to in-
crease the number of surface sites, but the results show that
instead it eliminates surface sites for the adsorption of arse-
nate as reductive dissolution occurs.

4.3. Transformation of iron oxides

The least stable iron oxides may undergo phasce transfor-
mations 1nta more stable phases (Cornell and Schwert-
mann. 2003). The transformation product depends on the
pH. the temperature of the system, and the presence of for-
eign tons (Schwertmann and Murad, 1983). Under oxic
conditions, goethite and hematite are thermodynamically
the most stable iron oxides and they arc therefore the end
members of many transformation pathways. Under anoxic
conditions. in the presence of Fe™ ' ferrihydrite and lepido-
crocite may transform into gocthite, lepidocrocite. magne-
tite and green rust (Tamaura ct al.. 1983: Jolivet ¢t al.
1992: Tronc et al., 1992 Ona-Nguema et al., 2002; Hansel
et al., 2003; Pedersen et al.. 2005).

4.3.1. Transformation of tron oxides

In this study. ferrihvdrite was transformed mto lepido-
crocite and goethite at a low Fe™' concentration and into
goethite and magnetite at a high Fe™ " concentration. as cvi-
denced by the XRD measurements. Lepidocrocite trans-
formed into magnetite at a high Fe?' concentration and
remained lepidocrocite at a low Ie™' concentration.

In the experiments with ferrihydrite. Lepi)  and
Lepi0.001a. isotopic equilibrium is reached for the “Fe
and bulk Fe between the aqueous and non-agueous phases
{Fig. 7). This suggests the recrystallization of the iron
oxides to proceed by dissolution of the original phase
and precipitation of a new phasc. induced by the catalytic

action of Fe™ . Pedersen et al. (2005) suggested a mecha-
nism where Fe(ll) exchanges for Fe(lll) in the terminal
octahedral positions and the added electron then factlitates
the disintegration of the iron oxide.

During  the  reerystallization of - Lepi0.001b  and
Lepi0.005. no redistribution of “Fe was observed despite
a complete recrystallization of Iepidocrocite to magnetite
at the higher Fe®™ concentrations. This indicates a solid
phase transformation of lepidocrocite to magnetite. Such
a topotactic transformation of lepidocrocite to magnetite
has previously been reparted by Sudukar et al. (2003),

Paige et al. (1994, 1996) studied the transformation of
ferrihvdrite coprecipitated with arsenic at As/Fe molar ra-
tios between 0 and 0.075, at 60 or 70 °C and pH 12, and
concluded that arsenate is not incorporated into the prod-
uct phase. Similar results have been found for phosphate
by Paige et al. (1997b). In contrast, Sun et al. (1999) found
arsenic o become incorporated in the structure of the
product during the transformation of ferrihvdrite with an
As/Fe molar ratio of 0.01. at pH 12 and at 70°C. Also
Ford (2002) concluded that arsenic is retained in the trans-
formation product of fervthydrite coprecipitated  with
arsenic in the As/Fe molar ratio range 0--0.07 due to the
inability to extract arsenic in 0.4 M HCI. Herc the transfor-
mation took place at pH 6 and 40 °C.

Our data provides more direct evidence concerning the
fate of arsenate during the transformation of ferrihvdrite
and lepidocrocite because radiotracers allow us to separate
between adsorbed arsenic and arsenic incorporated in the
crvstal. Figs. 8 and 9 demonstrate how the adsorbed frac-
tion of arsenic decreases with time as ferrihydrite and lep-
idocrocite are recrystallized. at pH 6.5 and 25 *C. into more
crystalline phases. This decrease i1s only observed when a
recrystallization occurs and is absent when the original iron
oxide remains unaltered. No separate arsenic phases were
detected in the XRD diffractograms as expected consider-
ing the low arsenic content of the samples.

The relative incorporation of “As into the reerystalliza-
tion products versus the relative release of “Fe s displaved
in Fig. 10. Here the release of “Fe is used as an indicator
for the extent of recrystallization of ferrihydrite. The line
indicates when the incorporation of "*As equals the release
of ¥Fe. Fig. 10 illustrates how the incorporation of “As
into the crystalline product only occurs during the final
stage ol the reerystallization process. Perhaps this mdicates
that arsenic remains preferentially adsorbed onto the fer-
rihvdrite until the surface of ferrihydrite becomes too small
to adsorb all the arsenic,

4.3.3 Effect of arsenic on the transforination rate

The presence of foreign tons. cither coprecipitated with
ferrihvdrite. adsorbed onto the ferrihydrite surface or pres-
ent in solution. may influence the rate of transformation
(Cornell and Schwertmann. 1979: Galvez ct al.. 1999:
Schwertmann et al., 2000: Campbell ¢t al.. 2002 Ford.
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2002; Alvarez et al., 2005). Both arsenate and phosphate
have been found to retard the recrystallization rate (Paige
et al.,, 1996, 1997b; Sun et al., 1999; Ford, 2002). Arsenic
is believed to retard the transformation of ferrihydrite in
a.similar way as hydroxyl-carboxylic acids (Sun et al.,
1999) for which Cornell and Schwertmann (1979) suggest-
ed a model where ferrihydrite becomes stabilized by the an-
ion linking of two or more units of ferrihydrite, thereby
forming a network of particles resistant to both aggrega-
tion and dissolution.

.. The initial rate of recrystallization of the iron oxides has
been calculated (Fig. 11) as the slope of a line through the
first data points for *°Fe release (Fig. 6). The initial trans-
formation rate of ferrihydrite is found to be slightly related
to the Fe** concentration, while it is unaffected by the
arsenic content. This result contradicts earlier findings
showing an inhibiting effect of arsenate on the transforma-
tion rate of ferrihydrite (Sun et al., 1999). Part of the dis-
crepancy ‘may be due to the low arsenic content used in
this- study. . Furthermore Ford (2002) and Paige et al.
{1996) provoked ferrihydrite recrystallization by heating,

Ferrihydrite

Initiatrate (s

Fe (mM) Fe(mM) Fe(mM) Fe(mM) Fe(mM)

Fig. 11. Initial recrystallization rate of ferrihydrite containing arsenic in
the As/Fe molar ratios varying from 0 to 0.005 and at various Fe?*
concentrations,
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while in this study recrystallization was catalysed by:the
addition of Fe?*. A comparison of the recrystallization
rates shows that the rates in this study are four orders of
magnitude higher than those found by Ford (2002) at an
As/Fe molar ratio of 0.005. Apparently the driving force
for recrystallization is much higher when provoked by
the presence of Fe*' as compared to heating.

4.4. Implications for natural environments

Our results demonstrate that the association of arsenic
with iron oxides varies with the mineralogy. For ferrihy-
drite and lepidocrocite most arsenic remains associated -
with the surface but in goethite and magnetite arsenic is.
to a larger extent incorporated in the structure. The differ-
ence has major implications for arsenic mobilization in
aquifers. While adsorbed arsenic may be mobilized by com-
petitive anion exchange with phosphate (Acharyya et al.,
1999, 2000) or carbonate (Appelo et al., 2002; Anawar
et al., 2004) this is not the case for structurally incorporat-
ed arsenic. Therefore more information is needed on arsen-
ic speciation in sediments in order to evaluate the
mobilization mechanisms.

The reduction of iron oxides has also been suggested

as a mechanism for arsenic mobilization to groundwater
which has been supported by correlation plots between
Fe and As (Nickson et al, 2000; BGS and DPHE,
2001; McArthur et al., 2001; Bose and Sharma, 2002;
Horneman et al., 2004; van Geen et al., 2004). However;
our results show that a congruent release of arsenic and
iron during reductive dissolution of iron oxides: cannot
be expected. While arsenate is repelled from lepidocro-
cite, it adsorbs strongly onto ferrihydrite and goethite
and is only released once the surface area of the iron
oxide has become too small to adsorb all the arsenate:
n accordance herewith, Swartz et al. (2004)  proposed
that the aqueous arsenic concentration ‘in a Bangladesh
aquifer is controlled by a limited capacity of the iron
oxides to further adsorb arsenic.

The phase transformation of ferrihydrite and lepidocro-
cite into more crystalline Fe(III) oxide phases or magnetité
results in the incorporation of arsenic into the structure of
the crystalline product. In the field this process may be
important as e.g. oxic river sediment becomes incorporated
in a sedimentary floodplain sequence and develops into ‘an
anoxic aquifer with groundwater containing Fe’*. The .
transformation of ferrihydrite and lepidocrocite, to which
arsenate is adsorbed, into more stable Fe(III) oxides could
be an important trapping mechanism for arsenate in natu- .
ral sediments. % :

5. Conclusions

With ferrihydrite and lepidocrocite, arsenate is mainly
associated with the iron oxide surface and is not incorpo-
rated into the crystal lattice. However, with goethite 70%
of the arsenate was bound so strongly to the oxide that it
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did not easily desorb. The presence of trace amounts (less
than 5%,) of arsenate in or on ferrihydrite, lepidocrocite
and goethite does not affect the reactivity towards reductive
dissolution in 10 mM ascorbic acid. During reductive dis-
solittion arsenate remains adsorbed to ferrihydrite and goe-
thite until the surface area is too small to retain the
arsenate, whereas there is a rapid release of arsenate from
lepidocrocite.

During recrystallization of ferrihydrite and lepidocrocite
in an Fe* solution arsenic becomes bound more firmly to
the product phase. The rate of recrystallization depends on
the Fe?* concentration but is unaffected by the presence of
arsenate in the studied range.
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