




spite of significant sorbed Fe(II) (e.g., 10%; Fig. 1). The +P
(#6) was partially transformed to Fe(II)-sorbed, 6-line fer-
rihydrite over 30 d (Fig. 2C), with no hints of lepidocrocite
or goethite. Ferrihydrite pretreatment with C facilitated
transformation to crystalline Fe(III)-oxides (Table 2 and
Fig. 2D). The product identity was dictated by the C con-
centration. Lepidocrocite formed in the low + C treatment
(0.8%; #2, not shown), whereas goethite precipitated when
C was present at 2.4% (#3, Fig. 2D). The effect of C was,
however, suppressed by 2% P (#5, Fig. 2E), yielding 6-line
ferrihydrite as the product.

SEM analysis (Fig. 3) of the lepidocrocite/ferrihydrite
mixture obtained after 30 d without P or C (#1, Fig. 2B) re-
vealed the presence of lepidocrocite in various morpholo-
gies intermixed with 2-line ferrihydrite. Lepidocrocite
existed in 2–5 lm lath-like and tabular morphologies. The
crystallites were both isolated (Fig. 3A and B) and present
as rosettes (Fig. 3A–C). Dark field (DF) and bright field
(BF) TEM imaging as well as SAED and nanodiffraction
analyses revealed two distinct lepidocrocite crystal forma-
tions: (i) compact (Fig. 3D) and (ii) porous (Fig. 3E–G).
High-resolution TEM imaging of the porous lepidocro-
cite/ferrihydrite region further revealed an apparent inter-
face between lepidocrocite and ferrihydrite (Fig. 3H).

The nature of 2- and 6-line ferrihydrite and their spatial
association in the +P�C system (#4, Fig. 2C) was further
investigated using BF and DF TEM and associated SAED
measurements (Fig. 4). Bright spots in the DF images were

attributed to more crystalline 6-line ferrihydrite that was
randomly dispersed through the 2-line ferrihydrite. The 2-
to 6-line ferrihydrite ratio estimated by TEM was 30:70,
which was in qualitative agreement with the XRD pattern
(Fig. 2C).

SEM and TEM analysis (Fig. 5) of the goethite/ferrihy-
drite mixture from the �P+C (2.4%) treatment (#3,
Fig. 2D) revealed the presence of acicular goethite (20–
200 nm) with individual and intergrown crystallites
(Fig. 5A and B), that were intimately associated with fer-
rihydrite (Fig. 5C–E). It is unclear whether the observed
goethite–ferrihydrite association is characteristic of the
mineral product, or an artifact of sample preparation that
included drying.

Mössbauer spectroscopy measurements were performed
to characterize the sorbed Fe(II) that resulted from hetero-
geneous reaction with AH2DS. The Fe(II)-containing 2-
and 6-line ferrihydrite mixture that was free of goethite or
lepidocrocite [+P�C; #4; Fig. 2C] and another containing
lepidocrocite, goethite, and ferrihydrite [�P+C(2.4%); #3;
Fig. 2D) were analyzed. The derived Mössbauer parameters
of the control Si-ferrihydrite [center shift, {CS = 0.46 mm/
s}, sensitive to oxidation state; and average quadrupole
splitting, {QS = 0.83 mm/s}, sensitive to coordination envi-
ronment] at RT (not shown) and 77 K (Fig. 6A) agreed well
with that of 2-line ferrihydrite (Murad and Cashion, 2004).

The RT spectrum of the Fe(II)-ferrihydrite (+P�C; #4)
displayed a large central doublet due to residual ferrihydrite

Fig. 4. TEM and TEM–SAED of 2-line Si-ferrihydrite reacted for 30 days with AH2DS (+P�C) displaying partial transformation of 2-line
ferrihydrite to 6-line ferrihydrite. The bright spots in dark field (DF) images result from 6-line ferrihydrite (B and E). The ring pattern in (C)
was characteristic of 2-line ferrihydrite, while that in (F) was due to 6-line ferrihydrite.
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(�90% of spectral area), and a small, broad doublet from
sorbed Fe(II) (�10%; indicated by * in Fig. 6B). The 77 K
spectrum, on the other hand, displayed a distinct Fe(II)
doublet, a Fe(III) doublet, and a Fe(III) sextet (Fig. 6C).
The spectral differentiation of Fe(III) at 77 K was consis-
tent with the presence of both 2- and 6-line ferrihydrite
(Kukkadapu et al., 2003). The contribution of the Fe(III)-
sextet to the spectrum (�35%), however, was lower than

the estimated 6-line ferrihydrite concentration from XRD
and TEM (�70%). This discrepancy may result from de-
creased inter-particle magnetic interactions or hyperfine
fields due to P surface complexation as reported for
Si-doped ferrihydrites (Zhao et al., 1996). The explicit con-
tributions of the 2- and 6-line components to the spectra
were consequently not modeled because of these
uncertainties.

Fig. 5. SEM (A and B) and TEM bright field (C–E) of 2-line Si-ferrihydrite reacted for 30 days with AH2DS in presence of C (2.4%). The
highlighted regions in TEM (D and E) revealed association of acicular goethite crystals with ferrihydrite.
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The ferrous doublet contribution to the +P�C spectra
(Fig. 6B and C) was consistent with the 0.5 mol L�1 HCl
extractable Fe(II) concentration (�10%). The Fe(II) spec-
tral area was higher than the maximum amount of vivianite
(3%) that could form, given the P/(Fe + P) ratio of 2% used
in the experiment (Table 1). The derived Fe(II) Mössbauer
parameters were also different from those of vivianite (e.g.,
Kukkadapu et al., 2004; Murad and Cashion 2004). The
Fe(II) and ferrihydrite phases magnetically ordered at
10 K (Fig. 6D). The RT and 77 K Mössbauer parameters
[asymmetric QS distribution and |QS|] and the 10 K temper-
ature behavior implied that the sorbed Fe(II) was: (i) dis-
tributed over a range of sites (Rancourt and Ping, 1991),
(ii) in distorted octahedral coordination (Greenwood and
Gibb, 1971), and (iii) strongly bound as an inner-sphere
complex to Fe(III)-O sites (Greenwood and Gibb, 1971).
Discrete Mössbauer peaks characteristic of Fe(II) were also

evident in the spectra of the lepidocrocite/goethite/ferrihy-
drite mixture (�P+C; #3, Fig. 6E). Quantification and
interpretation of the Fe(II) signal for this treatment was
complicated by low signal strength and peak overlap with
the ferric doublet and sextet.

3.2.2. Ferrihydrite transformation with Fe(II)equiv/

Fe(III) = 0.54

The Fe(II)equiv/Fe(III) ratio of this experiment was
approximately equal to that of magnetite after the hetero-
geneous reaction with AH2DS was complete (e.g., 1:2).
Approximately 33% of the total Fe was reduced in 1 d for
both experiments (#6 and #7), consistent with complete
AH2DS oxidation (Fig. 7A). Stronger acid (5 mol L�1

HCl) was used to dissolve the crystalline products that
formed under these conditions. Both the �P and +P exper-
iments displayed almost identical aqueous and extractable

Fig. 6. Mössbauer spectra of control at 77 K (A), and spectra of 2-line Si-ferrihydrite reacted for 30 days with AH2DS and +P�C (#4) at
various temperatures (B–D) or �P+C (#3) (E). Fe(II) doublet peaks are indicated by * in (B), (C), and (E). The Fe(II) doublet peaks in (C) are
also textured with dots.
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Fe. Aqueous Fe(II) represented 23% of the Fe(II) pool after
1 d, and this decreased by a factor of 2.5 over 30 d. Little
change in extractable Fe was noted between 1 and 30 d.

Incipient magnetite was observed in both experiments
after 1 d, and this crystallized to magnetite in 30 d
(Fig. 8). Phosphate had no apparent effect on the 30 d prod-
uct of reaction. The final product was stoichiometric mag-
netite in both treatments (#6 and #7) as determined by
both chemical extraction [e.g., 30% Fe(II) in Fig. 7A] and
Mössbauer analysis (not shown). There was no evident
crystalline precursor. The magnetite existed as irregular
20–45 nm crystallites without distinct morphology as deter-
mined by TEM/SAED (Fig. 7B). A solid-state transforma-
tion reaction was implied.

3.3. Fe(II)aq reacted with 2-line Si-ferrihydrite

3.3.1. Aqueous Fe(II) concentrations

The Fe(II) experiments were performed with 10 �
10�3 mol L�1 ferrihydrite and involved contact with 0.5,
3.3, and 5.0 � 10�3 mol L�1 Fe(II)aq both with and without

P (Table 1). All of these experiments supported significant
Fe(II)aq concentrations during their course (Fig. 9). While
there were temporal changes in Fe(II)aq that varied with
treatment, there were no consistent trends, and the degree
of variation was small. Ferrous iron adsorption, and hence
electron transfer to ferrihydrite, was rapid and effectively
complete by the first measurement point (0.13 d). The de-
gree of Fe(II) adsorption was approximately 55% for
0.5 � 10�3 mol L�1, and 15% for 3.3 and 5.0 � 10�3

mol L�1 Fe(II). Consequently, most of the added Fe(II)aq

remained in solution for the two highest concentrations.

3.3.2. Ferrihydrite transformations

The reductive transformation of Si-ferrihydrite was con-
sistent across the Fe(II) concentration range studied (Figs.
10, 11 and EA-3). Quantification of residual ferrihydrite
in these samples by XRD was more difficult than the pow-
ders because of water and capillary interferences (Figs. EA-
1 and EA-2). Changes to the intensity of the XRD peaks of
all samples were minimal between 30 and 63 d (Figs. EA-3–
EA-5), indicating complete transformation of ferrihydrite
by 30 d. Moreover, there was no change in the product

Fig. 7. Iron concentrations (A) after 1 and 30 d of AH2DS reaction with ferrihydrite at Fe(II)equiv/Fe(III) = 0.5. Product morphology (30 d)
and selected area diffraction (SAED) by TEM (B).
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phase assemblages between 30 and 63 d, indicating reaction
product stability over this time range.

Lepidocrocite formed rapidly in the absence of P, with
approximately 35% of the ferrihydrite transformed within
0.13 d for all three Fe(II) concentrations. At 0.5 �
10�3 mol L�1 Fe(II)aq, lepidocrocite formation increased
by 1.5 times between 0.13 and 1 d, and another 2 times be-
tween 1 and 30 d (Fig. 10). Product lepidocrocite exhibited
tabular morphology (�1 lm) with predominant {0 1 0}
faces (Fig. 12), as described by Schwertmann and Cornell
(2000). The lath-like rosettes and porous structures ob-
served with AH2DS (Fig. 3) were not evident here. At
5.0 � 10�3 mol L�1, lepidocrocite formation was static be-
tween 0.13 and 1 d, but increased by 1.5 times over 30 d.

Fig. 8. Powder X-ray diffraction of dried mineral residues after 1
and 30 d of AH2DS reaction with ferrihydrite at Fe(II)equiv/
Fe(III) = 0.54. (A) �P�C (#6) and (B) +P�C (#7). Magnetite (M)
peaks are labeled.

Fig. 9. Aqueous Fe(II) concentrations present in treatments #8–13
as measured after 0.13, 1.0, and 30 d of contact. The ferrihydrite
concentration was 10 � 10�3 mol L�1 and the initial Fe(II)aq

concentrations were as noted.

Fig. 10. Capillary X-ray diffractograms of moist mineral residue
from the reaction of 0.5 � 10�3 mol L�1 Fe(II)aq (A) or
5.0 � 10�3 mol L�1 Fe(II)aq (B) with 10 � 10�3 mol L�1 Si-ferrihy-
drite. Diffraction peaks from lepidocrocite (L) and magnetite (M)
are labeled.

Fig. 11. Capillary X-ray diffractograms of moist mineral residue
from the reaction of 0.5 � 10�3 mol L�1 Fe(II)aq + 0.2 � 10�3

mol L�1 PO4(aq) (A), or 5.0 � 10�3 mol L�1 Fe(II) + 0.2 �
10�3 mol L�1 PO4(aq) (B) with 10 � 10�3 mol L�1 Si-ferrihydrite.
Diffraction peaks from lepidocrocite (L) and magnetite (M) are
labeled.
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Magnetite formation commenced after 1 d at 5.0 �
10�3 mol L�1 Fe(II), and continued in parallel to, but with
a faster rate than lepidocrocite to 30 d (Fig. 10). The min-
eralization trend for 3.3 � 10�3 mol L�1 Fe(II) was nearly
identical to 5.0 � 10�3 mol L�1, except that lesser amounts
of magnetite were formed after 30 d (Fig. EA-6).

Phosphate had a comparable effect on ferrihydrite trans-
formation at all Fe(II)aq concentrations (Fig. 11 and EA-6).
The formation of lepidocrocite was dramatically slowed by
P over the first day of reaction. After this inhibition period,
lepidocrocite formation proceeded to yield final concentra-
tions after 30 d that were comparable to the system without
P. Magnetite formation was also inhibited by P. Magnetite
existed only as a minor component after 30 d at 5.0 �
10�3 mol L�1, and was not observed at 3.3 � 10�3 mol L�1

(Fig. EA-6). Indeed, the 30 d diffraction pattern for 0.5 and
3.3 � 10�3 mol L�1 Fe(II) in the presence of P were virtu-
ally identical.

4. DISCUSSION

The research utilized a 2-line ferrihydrite preparation
containing 2 mol% Si (0.02 mol Si:mole Fe). Ferrihydrites
with comparable Si concentrations are observed in terrestrial
environments (Fortin et al., 1993; Tessier et al., 1996; Perret
et al., 2000), with sorbed Si promoting their metastable per-
sistence (Carlson and Schwertmann, 1981). Sorbed Si retards
ferrihydrite recrystallization under oxic laboratory condi-
tions (Anderson and Benjamin, 1985; Cornell et al., 1987;
Cornell and Giovanoli, 1987), and yields ferrihydrite prepa-
rations free of crystalline impurities (Dyer et al., 2010). It was
used here specifically to eliminate a parallel mineral transfor-
mation pathway of oxidative recrystallization. The total
sorbed Si concentration (0.02 mol Si:mole Fe) is well below
site saturation, according to Dzombak and Morel (1990)
(e.g., Type 2 sites at 0.2 mol:mol Fe). ATR-IR measurements
of adsorbed silica on ferrihydrite at this surface loading indi-
cate the presence of approximately 75% monomeric surface
complexes (Swedlund et al., 2009). Increased surface load-

ings beyond this value encourage surface polymerization,
decreasing concentrations of the monomeric surface com-
plex, and Si precipitation around aggregate surfaces
(Swedlund et al., 2009; Dyer et al., 2010). While retarding
oxidative recrystallization, we have observed no influence
of sorbed Si at this concentration on reductive ferrihydrite
mineralization in previous studies (Kukkadapu et al.,
2004). We cannot, however, totally discount an effect.
Unpublished studies by our laboratory reveal only slight dif-
ferences in the fundamental reaction rate of AH2DS with
fresh 2-line ferrihydrite precipitate and an identical prepara-
tion with 0.02 mol Si:mole Fe. In contrast, significantly high-
er concentrations of coprecipitated Si (e.g., 0.68 mol Si:mole
Fe) change the reductive mineralization behavior of ferrihy-
drite and suppresses its reactivity with Fe(II)aq (Jones et al.,
2009).

4.1. Comparison of reaction products from AH2DS and

Fe(II)aq without P

Bioreduced AQDS (AH2DS) caused mineralogic trans-
formations of 2-line Si-ferrihydrite through heterogeneous
electron transfer that may be approximated as follows:

2FeðOHÞ3 þAH2DSþ 4Hþ ¼ 2Fe2þ þAQDSþ 6H2O

The oxidation of AH2DS coupled to Fe(III) reduction
leads to a significant increase in interfacial pH, while subse-
quent reactions of Fe(II) including surface complexation,
surface hydrolysis, and precipitation act to lower pH.

The electron transfer reaction between AH2DS and 2-
line Si-ferrihydrite was rapid, generally reaching comple-
tion, e.g., full AH2DS oxidation, within 3–24 h (Figs. 1
and 7). Product Fe(II), redistributed over that time period
to yield both aqueous and sorbed Fe(II), with aqueous
Fe(II) decreasing somewhat with aging between 1 and
30 d for Fe(II)equiv/Fe(III) = 0.54 only (Fig. 7). There were
no significant differences in Fe(II)aq/Fe(II)sorb distributions
between the AQDS and Fe(II)aq systems at comparable
concentrations. Neither AH2DS nor its oxidized form dis-
plays any measureable distribution to the solid phase (Liu
et al., 2007a).

The primary mineral products of AH2DS reaction (30 d)
were lepidocrocite and goethite (when C was present) at low
reductant concentrations [Fe(II)equiv/Fe(III) = 0.11]), and
magnetite at higher concentration [Fe(II)equiv/Fe(III) =
0.54]). This product suite was the same observed by Hansel
et al. (2005) and Liu et al. (2007b) using Fe(II)aq as the reac-
tant. The presence of bicarbonate encouraged goethite for-
mation over lepidocrocite with AH2DS as the reactant, as
observed by others for the Fe(II) system (Schwertmann
and Thalmann, 1976; Cornell and Schwertmann, 2003;
Hansel et al., 2005). XRD measurements after the initial
1 d of reaction displayed nascent patterns consistent with
the final products when they consisted of goethite
(Fig. 2D) and magnetite (Fig. 8). The 1 d XRD pattern of
treatment #1 (�P�C) that yielded lepidocrocite (Fig. 2B),
however, showed little difference from the control.

Interfacial electron transfer was proposed to be the
initial step in the transformation of 2-line ferrihydrite to

Fig. 12. SEM micrograph of tabular lepidocrocite produced from
the reaction of Fe(II)aq with Si-ferrihydrite.
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lepidocrocite or goethite via dissolution-reprecipitation in
suspensions containing Fe(II)aq concentrations comparable
to our Fe(II)equiv/Fe(III) = 0.11 AH2DS system (Hansel
et al., 2005; Pedersen et al., 2005). The noted presence of
various morphologies of lepidocrocite (tabs, elongated
cubes or tubes, and rosettes) with both compact and porous
crystal structures in our AH2DS experiments (Fig. 3), im-
plied multiple formation pathways and additional complex-
ity. Tabular lepidocrocite, formed by reductive dissolution
and reprecipitation (Cornell et al., 1989a; Cornell and
Schwertmann, 2003), is the most commonly reported mor-
phologic form. The tabular morphology was observed in
both AH2DS (Fig. 3B) and Fe(II)aq (Fig. 12) systems.
The cube-like/tubular lepidocrocite morphology (Fig. 3A–
C) and porous crystal forms (Fig. 3F and G) were distinct
to the AH2DS system, and implied a second mechanism of
growth. The buried interface (Fig. 3H) indicated growth of
lepidocrocite from ferrihydrite by aggregation, as noted
previously for a biotic system with co-associated goethite
and ferrihydrite (Banfield et al., 2000). Selected area diffrac-
tion (SAED) and nanodiffraction (Fig. 3F and G) revealed
that the crystallographic axes of all the particles in the
aggregate were parallel, with the same three-dimensional
orientation. The SAED patterns of this material matched
well with lepidocrocite, while the aggregate behaved as a
single crystal under nanodiffraction (Fig. 3F and G). The
compact crystals (Fig. 3D) also displayed lepidocrocite
SAED patterns, but their formation pathways, e.g., dissolu-
tion–reprecipitation or porous crystal maturation were not
discernable.

Small amounts of C in PIPES buffer (>0.8%) facilitated
the transformation of 2-line Si-ferrihydrite by AH2DS to
goethite (Fig. 2D) instead of lepidocrocite. Others (Cornell
et al., 1989b; Carlson and Schwertmann, 1990) have ob-
served that ferrihydrite transformation to lepidocrocite
and/or goethite by Fe(II)aq and L-cysteine is influenced by
C concentration. L-Cysteine/cystine has a similar half-cell
potential to AQDS (Jones et al., 2004), but is adsorbed
more strongly by ferrihydrite. Bicarbonate is believed to
suppress lepidocrocite nucleation (Cornell et al., 1989a).
Acicular goethite crystals with proximate ferrihydrite were
common in this study (Fig. 5D and E), indicating direct
transformation from ferrihydrite with time (Hansel et al.,
2005). A goethite precursor, such as 6-line ferrihydrite,
was not evident by XRD (Fig. 2D). There was no evidence
for aggregation-induced crystallization of goethite in pres-
ence of C, and goethite was not observed as a precursor
to magnetite formation as reported by Coker et al. (2008).

Five differences were observed in ferrihydrite transfor-
mation by AH2DS as compared to Fe(II)aq in the absence
of P: (i) the formation rate of lepidocrocite was more rapid
in presence of Fe(II)aq at all Fe(II)equiv/Fe(III) ratios, (ii)
multiple morphologic forms of lepidocrocite were observed
with AH2DS as the reactant, while Fe(II)aq produced only
tabular forms, (iii) AH2DS was more effective then Fe(II)aq

in promoting magnetite formation at higher Fe(II)equiv/
Fe(III) ratios, (iv) magnetite formation with Fe(II)aq ap-
peared to occur in parallel with lepidocrocite formation, al-
beit at slower initial rate, and (v) magnetite formation with
AH2DS appeared to occur by solid-state conversion of

aggregated ferrihydrite without a competitive reaction or
precursor. We note the possibility that differences between
the AH2DS and Fe(II)aq systems at Fe(II)equiv/Fe(III) � 0.5
where magnetite formation occurred may have resulted
from pH which was one unit higher in the AH2DS experi-
ment (Table 2). Increasing pH above neutrality promotes
magnetite formation (Mann et al., 1989; Faivre et al.,
2004; Hansel et al., 2005).

Differences were also observed between our Fe(II)aq sys-
tem results and those of Hansel et al. (2005), and their
resulting conceptual model of Fe(II)aq-induced mineraliza-
tion. Before making these comparisons we note that differ-
ent starting materials were used. Hansel et al. (2005) used
ferrihydrite that was air-dried to form a coating on silica
sand, while the experiments described herein utilized a
moderately aggregated, Si-substituted, 2-line ferrihydrite
suspension. Undoubtedly, differences exist in the funda-
mental recrystallization rates of these two ferrihydrite prep-
arations as a result of synthesis procedure and history,
chemical bonding to the surface of silica (Xu and Axe,
2005), hydration, aggregation, and other physicochemical
effects as noted by Kukkadapu et al. (2003). Bearing in
mind these differences, there are several significant compar-
isons. First, Hansel et al. noted that the rates of lepidocro-
cite precipitation were nearly 10 times faster at higher
Fe(II)aq. Based on XRD peak height comparisons (Figs.
10, 11 and EA-6), we observed no apparent dependency
of lepidocrocite formation on Fe(II)aq concentrations. Sec-
ond, Hansel et al. noted that magnetite accumulates at the
expense of lepidocrocite, implying that lepidocrocite was a
precursor to magnetite formation. We observed that mag-
netite accumulates in parallel with lepidocrocite, albeit at
an initially slower rate. Finally, Hansel et al. suggested that
the dissolution of lepidocrocite can provide Fe(III) for con-
tinued magnetite growth after ferrihydrite has been ex-
hausted. In contrast, we observed that lepidocrocite, once
formed, was stable in our experiments for 63 d regardless
of Fe(II)aq concentration.

The transformation pathway with 0.5 � 10�3 mol L�1

Fe(II)aq and 1.0 � 10�2 mol L�1 ferrihydrite was similar
to that with AH2DS at Fe(II)equiv/Fe(III) = 0.11, except
that the Fe(II)aq system evolved to lepidocrocite much more
rapidly (Table 2). Lepidocrocite was also the primary short-
term product at higher Fe(II)aq concentrations (3.3 � 10�3

and 5.0 � 10�3 mol L�1) with significant co-existing fer-
rihydrite (Fig. 10). There was no evidence for green rust
in any of our experiments, an often observed precursor of
lepidocrocite during Fe(II) oxidation (Cornell and Schwert-
mann, 2003, and references therein). While Si is recognized
to effect the formation of ferrihydrite and its transforma-
tion to FeOOH forms under oxidizing conditions (Schwert-
mann et al., 2004); the level of adsorbed silica in our system
had no apparent effect on the rapid formation of lepido-
crocite under reducing conditions. Lepidocrocite was the
reaction product of ferrihydrite and FeCl2 at <1 �
10�3 mol L�1 Fe(II)aq (Hansel et al., 2005; Pedersen et al.,
2005; Borch et al., 2007), and the sole short term product
at higher concentrations (e.g., 2.0 � 10�3 mol L�1

Fe(II)Cl2; Hansel et al., 2005). These past studies suggest
that ferrihydrites treated with >1.0 � 10�3 mol L�1 Fe(II)
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recrystallize to magnetite via “metastable” lepidocrocite.
This pathway, however, was not observed in our
3.3 � 10�3 and 5 � 10�3 mol L�1 Fe(II) systems, where
magnetite formed in parallel to, and not from lepidocrocite
(Fig. 10). Beyond this, lepidocrocite showed little metasta-
bility as it persisted for 63 d in presence of high Fe(II)aq un-
der conditions that were well within the aqueous stability
field of magnetite as revealed by thermodynamic
calculation.

4.2. Influence of P

In the Fe(II)equiv/Fe(III) = 0.11 AH2DS system, P(2%)
“stabilized” the 2-line Si-ferrihydrite structure from trans-
forming to lepidocrocite (�C, PIPES) or goethite (+C,
PIPES). Similar results at comparable P concentrations
have been previously reported (Galvez et al., 1999; Borch
et al., 2007). Phosphate is strongly adsorbed by ferrihydrite,
apparently forming a stable bidentate surface complex at
circumneutral pH (Arai and Sparks, 2001; Khare et al.,
2007). Strong P adsorption decreases the ferrihydrite trans-
formation rate by preventing the relatively soluble structure
from dissolution and subsequent reprecipitation (Biber
et al., 1994; Galvez et al., 1999; Majzlan, 2008). Phosphate
apparently overwhelms the influence of sorbed (adsorbed or
coprecipitated) silica in our ferrihydrite preparation, possi-
bly through competitive displacement, because of its stron-
ger surface complexation (approximately 1000 times
greater, Dzombak and Morel, 1990). Previous studies have
shown that P displaces co-precipitated Si from ferrihydrite
and that the Si concentration used here does not influence
reductive ferrihydrite mineralization (Kukkadapu et al.,
2004). Sorbed Si is however, important for ferrihydrite sta-
bilization in oxic environments (Carlson and Schwertmann,
1981).

The absence of crystalline Fe(III)-oxides in +P(2%) sys-
tems was curious given that Fe(II)aq concentrations and
Fe(II)aq/Fe(II)sorb ratios were similar in both the +P and
�P systems (Fig. 1). Moreover, the chemical environment
of sorbed Fe(II) in samples with and without P was similar
as measured by Mössbauer spectroscopy (see * positions in
Fig. 6B and E). Mossbauer parameters for the Fe(II) dou-
blet were comparable to sorbed Fe(II) on ferrihydrite as re-
ported by Tronc et al. (1992), and Fe(II) sorbed on
hematite above site saturation (Larese-Casanova and
Scherer, 2007). This Fe(II) species, however, was different
from that identified as: (i) a precursor of green rust in a
AQDS- and P-containing MRB system (Kukkadapu
et al., 2004), and (ii) the Fe(II)–Fe(III) solid-phase redox
product of Tc(VII)–Fe(II) homogeneous reaction (Zachara
et al., 2007). The Fe(II)-ferrihydrite in these latter two sys-
tems, despite higher Fe(II) content, displayed only broad
sextets at 77 K unlike the distinct Fe(II) doublet noted in
the present samples at P77 K (Fig. 6B and C).

It was not possible from Mössbauer spectroscopy to
determine whether sorbed Fe(II) resulting from AH2DS
reaction in the presence of P was adsorbed to or precipi-
tated with ferrihydrite, or present as a separate phase.
Perhaps the distinction between surface complexes and
structural incorporation is insignificant given the disor-

dered ferrihydrite structure (Michel et al., 2007). We did
not observe an octet pattern for sorbed Fe(II) at 10 K. This
Mössbauer feature was reported for surface-associated
Fe(II) on hematite above site saturation, and was attributed
to a Fe(OH)2-like phase (Larese-Casanova and Scherer,
2007). The observed Mössbauer parameters of Fe(III) and
Fe(II) in the +P sample, and their temperature dependence,
implied that the reacted mineral residue retained the start-
ing ferrihydrite structure with sorbed Fe(II) in highly dis-
torted environments. The minor differences in the
ferrihydrite features resulted from the formation of 6-line
from 2-line ferrihydrite (Figs. 4 and 6).

The reductive mineralization of ferrihydrite at Fe(II)e-

quiv/Fe(III) = 0.54 in the AH2DS system, where sorbed
Fe(II) was �33% of Fetotal, was similar in both +P and
�P systems. Stoichiometric magnetite was the only product
(Fig. 8). There were no hints of green rust, lepidocrocite, or
any other precursor in the 77-K Mössbauer spectrum (not
shown). The presence of incipient peaks due to magnetite
in the 1 d samples implied solid-state conversion induced
by Fe(II) sorption and electron transfer to structural Fe(III)
(Cornell, 1988; Mann and Frankel, 1989; Tronc et al.,
1992). The morphology of the magnetite was different from
those created by dissolution/precipitation (Vali et al., 2004;
Behrends and Van Cappellen, 2007). Sorbed P had no
apparent influence on this AH2DS-mediated solid-state
reaction that was different from the proposed Fe(II)-rich
ferrihydrite to lepidocrocite to magnetite pathway of the
aqueous Fe(II)-ferrihydrite system (Hansel et al., 2005).
Perhaps higher interfacial pH promoted by AH2DS oxida-
tion facilitated P desorption.

The presence of P inhibited 2-line Si-ferrihydrite trans-
formation to lepidocrocite in PIPES buffer over a 1 d reac-
tion period at all studied concentrations of Fe(II)aq (Fig. 11
and EA-6). However, this inhibition was relieved over time
as comparable amounts of lepidocrocite were observed in
the +P and �P systems after 30 d (Figs. 10 and 11). These
concentrations did not change after an additional 33 d of
equilibration (to 63 d, Fig. EA-5). The initial inhibition
did not result from any change in Fe(II) solid–liquid distri-
bution (i.e., electron transfer) as Fe(II)aq concentrations
were insensitive to the presence of P (Fig. 9). In contrast
to the AH2DS system, the presence of P strongly inhibited
magnetite formation by Fe(II)aq. A comparable observa-
tion was made by Borch et al. (2007). System pH may have
been a factor in our experiments as a lower pH in the
Fe(II)aq system may have both strengthened P surface com-
plexation, and lowered the magnetite formation rate. This
apparent inhibition did not diminish even after 63 d of incu-
bation. Adsorbed P may hinder reductive mineralization by
blocking condensation sites at the nm scale necessary for
formation of long-range order.

An unresolved issue in the current study is the fate of Si
that was coprecipitated with ferrihydrite. We have noted in
previous studies that the coprecipitated Si is labile and
responsive to P concentration. Si changes in solid–liquid
distribution during ferrihydrite phase transformations
(Kukkadapu et al., 2004). It is also not conservative once
released to the aqueous phase and may substitute to limited
degrees in reductive transformation products (Glasauer
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