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Abstract

Green rusts (GR) are mixed-valence iron (Fe) hydroxides which form in reducing redox environments like riparian
and wetland soils and shallow groundwater. In these environments, silicon (Si) can influence Fe oxides' chemi-

cal and physical properties but its role in GR formation and subsequent oxidative transformation have not been
studied starting at initial nucleation. Green rust sulfate [GR(SO,)] and green rust carbonate [GR(CO;)] were

both coprecipitated from salts by base titration in increasing % mol Si (0, 1, 10, and 50). The minerals were charac-
terized before and after rapid (24 h) aqueous air-oxidation by x-ray diffraction (XRD), scanning electron microscopy
(SEM), Fe extended x-ray absorption fine structure spectroscopy (EXAFS), and N,-BET surface area. Results showed
that only GR(SO4) or GR(CO3) was formed at every tested Si concentration. Increasing % mol Si caused decreased
plate size and increased surface area in GR(CO3) but not GR(SO4). GR plate basal thickness was not changed at any
condition indicating a lack of Si interlayering. Air oxidation of GR(SO4) at all % mol Si contents transformed by dis-
solution and reprecipitation into lepidocrocite and goethite, favoring ferrihydrite with higher % Si content. Air
oxidation of GR(CO3) transformed into magnetite and goethite but increasing Si caused GR to oxidize while retain-
ing its hexagonal plate structure via solid-state oxidation. Our results indicate that Si has the potential to cause GR
to form in smaller particles and upon air oxidation, Si can either stabilize the plate structure or alter transformation
to ferrihydrite.
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Introduction

Green rusts (GR) are mixed-valence iron (Fe) hydrox-
ides that form in redox reducing environments. Green
rusts have a general chemical formula, [Fe(II);
Fe(I1I), (OH),** - [(x/n)A"" - mH,O]* where “A"” rep-
resents intercalated anions like chloride, carbonate, or
sulfate, and "x" represents the molar fraction of triva-
lent iron, typically ranging from 0.25 to 0.33. The most
common intercalated anions in environmental GRs are
carbonate and sulfate and are abbreviated in our study
as GR(CO3) and GR(SO4), respectively. Green rusts
contain the highest solid Fe(II) molar content and sur-
face area of any environmental iron mineral [49]. Due
to their reactive properties, GRs play an important role
in redox and sorption interactions in anoxic soil and
water environments. Green rusts form in permeable
reactive barriers containing Fe(0) as corrosion products
and act as sorbents and electron donors in groundwa-
ter remediation [3, 48]. However, in all these systems,
dissolved components in soil and groundwater will
alter GR composition [33, 36, 37, 40] and can affect
their particle size [1, 34, 36] or surface charge [15, 41],
which impact their ability to react with contaminants
like hexavalent chromium, uranium, mercury [5, 25, 46,
53], and nitrate [10, 18, 27]. Environmental conditions
that may impact GR’s ability to remediate or sequester
contaminants must be considered to better account for
its activity in the environment.

Silicon (Si) is an abundant element in the environment
that is ubiquitous in soil solutions and natural waters.
When Si is present during the precipitation of natural
Fe oxides, it can alter the mineral properties compared
to their pure, synthetic counterparts [12, 43]. Silicon is
present in natural waters, typically ranging from 0.1 to
1.2 mM [6]. In natural aqueous fluids at pH<8.5, dis-
solved silicon is in the silicic acid form (H,SiO,°). Iron
oxides have a high affinity for silicate sorption in natu-
ral waters and soils [7, 19]. Green rusts are like other Fe
oxides and will sorb significant Si. Naturally formed GRs
in groundwater have been collected and found to contain
greater than 50% mol Si content [8]. Most studies quan-
tifying GR’s reductive activity do not consider Si effects
which are relevant to natural environments, especially
environments connected to groundwater.

Silicon can inhibit many dissolution and crystalliza-
tion processes [29, 32, 44, 30]. Dissolved silicic acid can
inhibit kinetics and mineral transformations [11, 43].
Silicic acid can adsorb onto surfaces and disrupt interfa-
cial electron transfer by blocking dissolution sites or hin-
der the nucleation of more crystalline secondary minerals
[29, 30]. For these reasons, many studies investigated Si
incorporation impacts on GR and its effects on oxidation
products in diverse conditions [11, 21, 26]. However, in
many publications, GR minerals are formed first and then
Si introduced. Other studies have used natural conditions
with Si present in initial Fe(III)hydroxides before they
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undergo bioreduction or abiotic Fe(Il) induced transfor-
mation to GRs [20, 44]. We anticipate the presence of Si
during Fe hydroxide nucleation may have different influ-
ences on GR formation and oxidation as well as at high Si
loading as was observed at 50% wt Si from groundwater
environments [9, 37, 40].

Silicon interaction with GR is known to affect GR oxi-
dation rate and mechanism, which will change the result-
ing Fe(IlI)hydroxide products [11, 21, 28, 44]. Green rust
can oxidize by two mechanisms, either solid-state oxida-
tion (SSO) or dissolution-oxidation-precipitation (DOP)
[23]. Silicate sorption can change the GR oxidation
mechanism from DOP to SSO beyond a sorption thresh-
old [11]. In SSO, the GR platelets remain intact as all Fe
is oxidized to Fe(III), abbreviated in our study as EX-GR.
Conversely, DOP transformation can yield a range of Fe
oxides depending on oxidation kinetics and solution con-
ditions like temperature and pH. Adsorbing silicon to
preformed GRs slows oxidation kinetics with increasing
Si additions [11], which changes the Fe(III) hydroxides
formed. The oxidation rate follows the trend, lepidocroc-
ite > goethite > magnetite [52]. These Fe(IIl) hydroxides
have the general chemical formulas of (y-Fe(III)O(OH))
for lepidocrocite, (a-Fe(II)O(OH)) for goethite, and
Fe(II)Fe(III),O, for magnetite. Interlayer silication of GR
is possible, as evidenced by minerals such as nontron-
ite  (NaysFe(IlI),(Si,A1),O,o(OH),en(H,0)), greenalite
((Fe(II),Fe(IIL))4 5Si,O5(OH),, and minnesotaite ((Fe(Il
),Mg)1Si,0,,(OH),) existing in soil environments [16].
Starcher et al. [47] found Fe(Il) coprecipitating with
pyrophyllite (Al,Si,O,,(OH),) forms an Fe(II) phyllosili-
cate at pH > 8, suggesting an Fe(II) octahedral sheet with
Si layering is possible.

This study investigates how Si coprecipitation with Fe
salts can affect GR(CO3) or GR(SO4) formation, crystal-
lization extent, and the products resulting from air-oxi-
dation. Defining the extent of Si influence on the initial
nucleation steps of GRs and eventual oxidation will add
to our understanding of how GRs form and function in
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natural environments. These results will be most relevant
to environments with high concentrations of dissolved Si
such as groundwater systems.

Methods

Coprecipitation of GR(CO3) and GR(SO4) with Si

Green rusts (GR) were precipitated by acid to base titra-
tion from ferric, ferrous, and silicon salts following modi-
fied methods [35, 38, 39]. Reactants and conditions used
are outlined in Table 1 and the methods used are dis-
cussed in detail. Syntheses were conducted utilizing a
custom-built anaerobic mesocosm apparatus to main-
tain anoxic condition with gas sparging, base titration,
suspension mixing and pH measurement datalogging
simultaneously, as described in previous studies [24].
The initial solutions were prepared by dissolving fer-
rous sulfate (FeSO,), ferric sulfate [Fe,(SO,);], and vary-
ing amounts of sodium meta-silicate salt (Na,SiO;) salts
in 200 mL of deoxygenated MilliQ water into a 250 mL
HDPE reaction vessel with constant Argon (Ar) gas
sparging to mix suspension and exclude ambient air.
Silicon salt was added at initial conditions with Fe salts
according to total molar % of Fe moles described by
%mol Si = XGU. x 100 (Table 1).

Syntheses were initiated by beginning automatic data-
logging pH measurements of suspension every ten sec-
onds followed by starting base solution addition using
a peristaltic pump at a constant 0.5 mL min~! flow rate.
This method was used to create pH response diagrams
[pH response vs R (moles OH added/Fe moles)] for inter-
pretation of hydrolysis as used with GR syntheses in
previous studies [35, 38, 39]. Results of pH response dia-
grams and discussion are provided in supplemental mate-
rial (SFig 1, 2). The GR(CO3) syntheses were stopped
at R=3.0 and pH~ 10 and GR(SO4) was stopped at pH
7+0.1, both following methods by [35, 38, 39]. Reac-
tion vessels were quickly capped and transferred into
the glovebox chamber under 2% H,, and 98% N, atmos-
phere (Coy glovebox, Coy gas reader). The suspensions

Table 1 Green rust synthesis conditions by coprecipitation: hydroxysulfate green rust [GR(SO,)] and hydroxycarbonate green rust

[GR(CO)]

Green rust type Mol % Si

Salts and the initial solution Base

concentration

GR(SO,) 0,1,5,10, 25,50, 100

GR(CO,) 0,1,10,50

FeSO,7H,0
Fe,(S04),:5H,0
Na,SiO;
[Fe]=04 M
FeSO,7H,0
Fe,(504),:5H,0
Na,SiO;
[Fe]=0.67 M

[NaOH]=0.8 M

[Na,CO,]=057 M
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remained capped in the glovebox for 24 h before recov-
ering the solids by vacuum filtration onto a 0.22 pm
polypropyline filter. The collected solids were used for
subsequent characterization.

All syntheses were performed in nitric acid-washed
plastic containers and the MilliQ water was deoxygen-
ated by sparging with pure Argon gas for at least 4 h.
Oxygen was evacuated from the reaction vessel by con-
tinuously sparging Ar gas during titration.

Air oxidation of GR

Subsamples of the synthesis suspensions were transferred
to centrifuge tubes and mixed with laboratory air for
rapid air-oxidation. The anoxic GR(CO3) and GR(SO4)
in this oxidation experiment were used directly after syn-
thesis. Specifically, 30 mL subsamples of GR synthesis
suspension were transferred to 50 mL centrifuge tubes,
brought into ambient air from the glovebox and mixed
on a rotational shaker for 24 h. The oxidized solid was
separated by vacuum filtration through a 0.22 pm filter.
This solid was air-dried and ground by agate mortar and
pestle for characterization.

Characterizing GR Si coprecipitates and oxidized products
Total element concentrations in samples were measured
by wavelength-dispersive X-ray fluorescence (WD-XRF)
(Bruker). Surface area was measured on anoxically-dried
GR powders via a BET N, isotherm. Samples for XRD
measurement were prepared in anoxic glovebox by mix-
ing the freshly precipitated GR wet paste with glycerol
to protect GR from air oxidation during the XRD meas-
urement [17]. Mixed sample and glycerol pastes were
smeared onto a Si low-background slide for low angle
measurements. A Bruker XRD with Cu Kal X-ray source
(1.5405980 A) measured all samples. Scans were meas-
ured from 3 to 45 degrees 2Theta, with 0.05 ° intervals
and one second dwell time. All processed XRD data was
peak matched by HighScore Plus software utilizing the
crystallographic open database (COD) version COD2021
[51].

Scanning electron microscopy (SEM) was measured
on GR(CO3) and GR(SO4) anoxic samples as well as
after air-oxidation to quantify particle size and qualita-
tively describe morphology. Anoxic samples were placed
in individual containers and sealed with three parafilm
layers while transported to the SEM lab. The total time
between removal from the anoxic chamber and loading
into the SEM sample chamber was less than five min-
utes, with less than one minute outside of the parafilm-
wrapped container. Dry samples were deposited onto
double-sided carbon tape on steel stubs in a six position
sample holder. SEM images were collected on a JSM-
7400F high resolution scanning electron microscope
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operating at 3 kV with cold field emitter filament and
approximate resolution of 1.5 nm. SEM images were ana-
lyzed using Image] software for calculating plate width by
measuring distances between opposite basal plate edges
and quantifying by the image scale.

Synchrotron-source small-angle XRD was collected
at XFM 4-BM beamline, on air oxidized GR(SO4) and
GR(CO3) and anoxic GR(CO3) samples. Samples were
prepared as finely-ground, air-dried samples, packed into
a plexiglas well, and sealed with one layer of Kapton tape
on either end. Measurements were taken perpendicular
to incident micro focused beam at 17 keV (0.7293 A).
The detector plate was positioned 120 cm behind the
irradiated sample to detect scattering. Calibration was
performed by measuring a LaB, standard. The software
Dioptas was used to process all synchrotron-source XRD
data (Prescher et al., 2015).

Analysis of synchrotron-sourced XRD data to calculate
crystallite size from the Scherrer equation utilizing Ori-
gin software was conducted using the relationship below,

KA
(Bhwi cos 0)

where L is the crystallite size perpendicular to the hkl
crystallographic plane, 1=the X-ray wavelength, b=the
full-width at half maximum of the XRD peak in radians,
and q is the Bragg diffraction angle [22, 42]. The Scher-
rer constant or shape factor, k, varies around unity. A
value of 0.998 was used, assuming the particles’ shape is
a right cylinder [50]. The Scherrer equation is only valid
for crystallites less than about 100 nm [22], so this was
applied to the crystallographic plane for plate thickness,
which should be <100 nm.

Lh =

Results and discussion

Green rust formation with coprecipitated Si

Elemental composition was measured with WD-XRF for
Fe and Si mass percentages (Table 2). Measured % mol
Si in solids were generally higher than calculated values
despite laboratory quality controls to exclude background
Si. GR(SO4) had 0.03 mol g™! in the Si free sample,
indicating some amount of background Si contamina-
tion. More Si was present at all levels of GR(SO4) than
GR(CO3). This may have been caused by Si contamina-
tion of the Na(OH) used as the titrating base as this was
used for GR(SO4) but not GR(CO3) syntheses. GR(CO3)
had no Si detectable in the Si-free sample, and increasing
Si content was near the calculated value.

X-ray diffraction on freshly-precipitated wet pastes
verified the precipitation of GR(SO4) and GR(CO3).
The only identified peaks in GR(CO3) were type one
GR [4] and in GR(SO4) were type two GR [45] reflecting
the interlayer spacing specific to carbonate and sulfate



Betts et al. Geochemical Transactions (2024) 25:12

Table 2 XRF total Fe and Si of GR(SO4) and GR(CO3) Si series

Sample Calculated Fe(molg™") Si(molg™") Measured
% mol Si % mol g™’
Si*
GR(S0O4) 0 1.74 0.03 2
1 1.72 0.04 23
10 1.58 0.29 10.1
50 1.08 0.66 379
GR(CO3) 0 1.78 0 0
1 1.76 0.03 1.7
10 1.66 0.23 12.1
50 1.39 0.77 356

" % Si calculated by (Si mol g~'/(Si+Fe mol g™"))

anions, respectively (Fig. 1). In the 10% mol Si GR(SO4)
and GR(CO3) samples, peaks were broadened for basal
plane peaks (at either 8 or 11.5°20, respectively) was

Intensity (a.u.)
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found which may indicate decreased crystal size (Fig. 1).
Difference in peak intensity may also be caused by pref-
erential orientation of crystallites, however all samples
being compared were prepared with identical methods.
Peak broadening may also indicate lattice strain typi-
cally caused by substitution. In our samples, Si substitu-
tion for intercalated anions would have caused interlayer
collapse and dehydration, resulting in a shift of basal
plane peak which was not observed making this causa-
tion unlikely [49]. GR(CO3) samples, which were rinsed
in anoxic DI and air-dried in a glovebox, were measured
by synchrotron-source XRD for all four Si concentra-
tions (Fig. 2). Dried GR(CO3) XRD indicates GR carbon-
ate with minor transformation to magnetite (Fig. 2). In
glycerol suspended preparations of the same samples, the
lack of magnetite indicates the rinsing and drying sample
preparation may destabilize and oxidize GR to magnet-
ite and should be avoided. However, it is notable that the
washed and dried 50% mol Si GR(CO3) did not contain

GR(SO4) 0% Si

GR(SO4) 10% Si

GR(CO3) 0% Si

GR(CO3) 10% Si

Il]lllIIIIlllllIlllllllllllllllllllll]lllll

5 10 15 20

25 30 35 40 45

2 Theta (degrees)
Fig. 1 Bruker XRD Cu Ka (1.5418 A) of 0 and 10% Si GRSO,. The addition of 10% mol Si causes peak broadening at low angles (26 < 15°), miller index

(001)
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GR(CO3) 0% Si

GR(CO3) 1% Si

GR(CO3) 10% Si

GR(CO3) 50% Si

I I I
5 10 15

I I I I
20 25 30 35

2Theta (degrees)
Fig. 2 Synchrotron-source XRD GR(CO3) anoxic Si series. Small amount of magnetite was detected in all but the 50% mol Si sample

magnetite, suggesting at the high Si content the GR is
more stable.

Performing SEM microscopy (Fig. 3) shows pseudo-
hexagonal plates in anoxic GR(CO3) samples decrease in
size with increasing Si content. The plates did not have
clear hexagonal edges, even when Si is absent, and GR
crystal growth should theoretically be greatest. Samples
were washed and dried with evidence of nanosized mag-
netite as spherical particles on the hexagonal plates in 0,
1, and 10% mol Si (Fig. 3 a, b, and ). This partial oxida-
tion to magnetite may be an artifact caused by washing
and drying.

Crystal size in the plate width and thickness dimen-
sions and synthesized GR surface area measurements
are presented in Table 3. Interpretation involved a
combination of the Scherer equation from XRD meas-
urements and SEM image analysis for crystallite faces
larger than 100 nm. Average distance is shown with
standard deviation over 10 particles for each sample
(Table 3). Green rust basal planes were estimated by
SEM photographs because the GR basal planes can
commonly exceed 100 nm [49]. In the absence of Si, the
average plate width was 178 nm with standard deviation
of 27 nm, which is small compared with many other
published GR plate sizes, which range from hundreds

of nanometers to a few microns [13, 14, 37, 40]. When
GR(CO3) contained 1 or 10% mol Si, the plate width
significantly decreased from Si free GR(CO3). There
was no difference in plate width between the 1 and 10%
Si concentrations. At the highest content of Si (50%
mol Si), GR plate width was approximately half of that
found in 1 or 10% mol Si contents. This indicates that
GR coprecipitation with Si reduces basal plane dimen-
sion with increasing Si content from 178 to 64 nm,
keeping crystal size to nanoparticulates.

Green rust plate thickness was quantified using the
fresh precipitate XRD spectra of GR(CO3) and GR(SO4)
0 and 10% mol Si samples. Using the hkl planes 001, 002
for GR(SO4) and 003, 006 for GR(CO3) in the Scherer
equation, significant differences were observed between
GR(SO4) and GR(CO3) but not between Si content for
each mineral (Table 3). GR(SO4) and GR(CO3) thickness
were calculated as 16 nm (1.37) and 14 nm (0.56) respec-
tively. Green rust sulfate and GR(CO3) were each found
to have interlayer spacing in XRD for containing purely
sulfate or carbonate, respectively. These data also confirm
the interlayer anion was not replaced by Si, as this would
cause interlayer dehydration and collapse, evidenced by
the difference from the interlayer d-spacing of greenalite
(GRN; 002 hkl, d=7.083; or 001 hkl, d=14.166) and the
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Fig.3 SEM images of anoxic GR(CO;) with increasing % mol Si a Si absent; b 1%; ¢ 10%; d 50%
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Table 3 Green rust crystal size and surface area with Si coprecipitation

Green rust type % mol Si GR plate width* (nm) GR plate thickness (nm)**  SSA (m?g~")
GR(SO,) 0 16.45 (1.36)
10 16.07 (1.38)
GR(CO3) 0 178.66 (26.77) 14.19 (0.56) 12.16 (0.89)
1 13047 (13.86) 11.28 (0.90)
10 129.32 (20.05) 14.30 (2.95) 12.82(1.08)
50 64.12(18.71) 76.63 (5.73)

Green rust plate width and thickness
* plate width measured on particles from SEM pictures

* plate thickness calculated from Scherrer’s equation on hkl planes 001, 002 for GR2 and 003, 006 for GR1

interlayer observed for GR(CO3) 0-50% mol Si (GR1;
003 hkl, 7.565) [2].

Surface area was measured by BET on the washed and
dried anoxic GR(CO3) samples. Surface areas were equal
for Si contents 0, 1, and 10% mol Si but much greater for
50% mol Si (Table 3). This reduction in surface area is
likely a combination of magnetite oxidation in low Si GR
and the smaller particle sizes in higher Si GR, as seen in
SEM images and broader XRD patterns. Magnetite is a

much more dense and low surface area mineral than GR
[49].

Green rust air oxidation and the effect of coprecipitated Si

Air oxidation caused GR(SO4) to transform by dis-
solution-oxidation precipitation (DOP) at all % mol
Si contents as shown in XRD fitting results (Fig. 4) but
increasing Si content resulted in more poorly-crystalline
ferric hydroxides such as 2-line and 6-line ferrihydrites
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Fig. 4 Synchrotron-source XRD patterns following rapid air-oxidation (24 h) of a green rust sulfate and b green rust carbonate, each at 4
concentrations of Si. Peak identifications are indicated as G=goethite, L=Lepidocrocite, 6LF =6-line ferrihydrite, 2LF = 2-Line ferrihydrite,
M=magnetite, and EXGR=oxidized green rust plates



Betts et al. Geochemical Transactions (2024) 25:12

(FesHOg4-4H,0). The Si absent GR(SO4) oxidized and
transformed into lepidocrocite and goethite. Loading of
1% mol Si contained the same lepidocrocite and goethite
but with less intense peaks, which can be caused by lower
mineral crystallinities (Fig. 4 a). At 10% mol Si, the only
Fe(IlI) hydroxide formed was a 6-line ferrihydrite and a
2-line ferrihydrite at the highest Si concentration.. These
transformations to Fe hydroxides identified by XRD were
also observed in Fe K-edge EXAFS measurements and
linear combination fitting analysis with standards (Figure
S4, Table S2). The dissolution of GR(SO4) precedes the
Fe(III) oxidation. As Fe(III) precipitates, the Si-hydroxide
may be complexing with Fe(III) and maintaining small
crystal sizes [30].

However, air oxidation of each GR(CO3) showed some
amount of GR plate preservation during oxidation which
increased with % mol Si. When Si was absent, GR(CO3)
transformed to goethite and minor amounts of mag-
netite. The conversion to magnetite and goethite from
GR(CO3) oxidation has been observed when the oxida-
tion rate was lower [35, 38, 39]. The presence of mag-
netite may be caused by the basic pH (pH 10), which
can cause GR(CO3) transformation to magnetite and
Fe(OH), [37, 40] The Fe(OH), would be unstable and
oxidize easily while the magnetite would be relatively sta-
ble and could remain in the fully air oxidized product.

The lowest Si concentration (1% mol Si) caused some
of the GR plate structure to be preserved upon oxida-
tion (EXGR) (Fig. 4b). SOP is the only oxidation mecha-
nism present above 10% mol Si, as the plate structure is
preserved fully after oxidation. The Fe K-edge EXAFS
of these same samples was not able to identify particle
structure as platelets (EX-GR) and instead was best mod-
elled as a mixture of 6-line ferrihydrite and Fe(III) cit-
rate with a trace amount of goethite in GRCO3 1% mol
Si (Figure S4, Table S2). In environmental samples, use of
bulk XRD is limited by the presence of quartz and other
interferences and Fe mineral identification would be ide-
ally performed by Fe K-edge XAS. However, our findings
indicate that the use of Fe XAS would be unable to iden-
tify the EX-GR product that is possible with XRD which
may cause an underreporting of EX-GR phases in natural
media if only Fe XAS is used.

The influence of Si on GR(CO3) oxidation by SSO is
much more potent in our coprecipitation study compared
to others where Si is adsorbed following GR(CO3) forma-
tion [11]. In Feng et al. [11], the authors only observed
full SSO of GR(CO3) at 33% mol Si, and all other Si con-
centrations (2.08, 4.16, 8.33% mol Si) showed Kkinetic
inhibition of oxidation with increasing Si with eventual
DOP oxidation. Conversely, our study found some SSO
occurring in 1% mol Si. To the authors’ knowledge, this
is the first study where Si is introduced while Fe is still an
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acidic soluble salt before neutralization to GR and subse-
quent direct air-oxidization. The SSO at 1% mol Si found
in this study may be caused by Si coprecipitation with
GR from soluble salts. Because of the different synthesis
methods for GR(SO4) and GR(CO3), there were differ-
ences in the pHs. The final GR(SO4) synthesis pH was
7+0.1 and 10+0.1 in GR(CO3). Silicic acid will deproto-
nate at pH>8.5 to H;SiO,” and increase bond attraction
to Fe—O sites. Silicic acid is also more soluble at higher
pH, so the Si content trending with stabilized GR sheets
may be due to pH effects.

The XRD identification of SSO at every Si content
level is corroborated by oxidized GR(CO3) SEM images
(Fig. 5). Aggregates of goethite and magnetite are vis-
ible in the GR(CO3) without Si (Fig. 5a). The 1% Si/Fe
MR has generally the same aggregate particle shapes but
few plates are observed that remain from SSO which are
roughly 175 nm in size. Both the 10 and 50% Si content
samples have oxidized entirely as plates (Fig. 5¢, d).

Conclusions

Green rusts form in soils and natural waters where in-
solution Si is ubiquitous. However, this is the first study
where Si concentrations were manipulated in the starting
solutions of a coprecipitation reaction, more closely rep-
resenting natural environments with high Si salts during
redox. Diagrams also indicate that this Si inclusion low-
ered the pH at which GR forms above the threshold of
10% Si and increased the pH at which GR persists before
transformation. Si content also inhibited the growth of
GR plate width causing GR to precipitate as smaller par-
ticles with higher surface area, most observable at 50%
mol Si.

Air oxidation of these coprecipitated Si GRs formed
more poorly-crystalline solids (ferrihydrites) in GR(SO4)
at>10% mol Si and in GR(CO3) caused stabilization
of ferric plates isostructural to GR with increasing Si %
mol. The difference in Si interaction with each GR is most
likely caused by changes in the equilibrium pH due to dif-
ferences in synthesis methods, with ~ pH 7.0 for GR(SO4)
and~pH 10 for GR(CO3). At neutral pH, Si did not
alter the oxidative mechanism from DOP to SSO at any
loading but caused oxidation to more poorly-crystalline
Fe(III) hydroxides. At a much higher pH (10), Si caused
a SSO mechanism of oxidation at every Si concentration
and stabilized GR plate structure in fully ferric EX-GR
after oxidation. When compared to similar studies
adsorbing Si to GRs, our coprecipitates indicated a much
stronger effect from Si starting at contents as low as 1%
mol Si and particularly the restriction to 6-line ferrihy-
drite at 10% mol Si and 2-line ferrihydrite at 50% mol Si.

These novel findings add to our understanding of the
fate of Fe after forming GRs in wetland and riparian
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environments and have implications for GR efficiency as
a reductant for organic matter, organic pollutants (e.g.,
pesticides, solvents), and redox-sensitive trace metals
(e.g., Cr, Se, Hg) [49]. The increase in GR surface area
with Si content may increase reduction rate or sorption
capacity but the presence of Si may also inhibit trace
metal sorption and should be directly tested. The ability
of GR to coprecipitate with trace metals upon reduction—
oxidation reactions is favorable for removing contami-
nants from solution, so the inhibition of DOP mechanism
with Si content may result in less well sequestered trace
metals. Paired reduction of Cr(VI) and oxidation of GR
results in a Fe(III) hydroxide coprecipitated with Cr(III),
which is less soluble than Cr(III) surface precipitates [46].
The effects of Si on GR can also aid performance predic-
tions of zero-valent iron permeable reactive barriers for
removing contaminants from deep soils and groundwa-
ters which can contain higher Si content. Our results
indicate that Si has the potential to cause GR to form in
smaller particles and upon air oxidation, Si can either
stabilize the plate structure or alter transformation to
ferrihydrite.
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Fig.5 SEM images of air-oxidized GR(CO5) with Si mol % being a 0%, b 1%, ¢ 10%, d 50%. Platy particle shape is partially preserved when Si
is present (b) and completely preserved above 10% (c, d)
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of green rust carbonate (GR(CO3)) dried in anoxic glove box. Figure S4. Fe
K-edge EXAFS of air-oxidized green rust sulfate (GR(SO4)) and green rust
carbonate (GR(CO3)). Model parameters in Table S2. Table S2. Fe K-edge
EXAFS LCF results and fitting parameters. References cited for supplemen-
tal discussion.

Author information

ARB, MHHF, AE and DLS conducted all experiments while at the Department
of Plant and Soil Science, University of Delaware. The current affiliation of
ARB is: Center for Environmental Solutions & Emergency Response, Office of
Research & Development, U.S. Environmental Protection Agency, Cincinnati,
OH, USA.

Acknowledgements

We thank Evert J. Elzinga for his helpful discussions on green rust synthesis
and handling. We would also like to thank Gerald Poirier for his assistance
with green rust sample preparation for x-ray diffraction measurements. We
utilized the excellent facilities at the Advanced Material Characterization Lab
(AMCL) at the University of Delaware (UD) and want to thank the AMCL staff
for hosting instrumentation used in this paper. Parts of this research used

the XFM (4-BM) Beamline of the National Synchrotron Light Source I, a US.
Department of Energy (DOE) Office of Science User Facility operated for the
DOE Office of Science by Brookhaven National Laboratory under Contract No.
DE-SC0012704. This work is not a product of the U.S. Government or the U.S.
Environmental Protection Agency, and the author is not doing this work in any
governmental capacity. The views expressed are those of the author/editor/
speaker only and do not necessarily represent those of the U.S. Government
or the EPA. Mention of trade names or commercial products in the publica-
tion is solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the USDA. The USDA is an equal
opportunity provider and employer.

Author contributions

ARB contributed conceptualization, design, data collection, analysis, decision
to publish and preparation of the manuscript; MHHF contributed concep-
tualization, data collection, analysis, and preparation of the manuscript; AE
contributed data collection and analysis; RT contributed data collection and
analysis; DLS contributed conceptualization, design, and preparation of the
manuscript. All authors reviewed the manuscript.

Funding
Funding for this research was provided by the National Institute for Food and
Agriculture Project NC 1187.

Availability of data and materials

The datasets used for this manuscript are displayed in the figures in the
manuscript and the additional file. The data in tabulated form are available
upon request.

Declarations

Competing interests
The author(s) declare(s) that they have no competing interests.

Author details

1Department of Plant and Soil Science, University of Delaware, 221 Academy
St., Newark, DE 19716, USA. ?Sustainable Agricultural Systems Laboratory,
USDA-Agricultural Research Service, Beltsville, MD 20705, USA. 3NSLS-II,
Brookhaven National Laboratory, Upton, NY 11973, USA.

Page 11 of 12

Received: 1 May 2024 Accepted: 8 October 2024
Published online: 29 October 2024

References

1.

Aissa R, Ruby C, Gehin A, Abdelmoula M, Génin J-MR (2004) Synthesis by
coprecipitation of Al-substituted hydroxysulphate green rust Fe Il 4 Fe Ill
(2-y) Al llly (OH) 12 SO 4, nH 2 O. Hyperfine Interact 156/157(1-4):445-
451. https://doi.org/10.1023/B:HYPE.0000043266.49828.57

Bailey SW (2018) Hydrous phyllosilicates:(exclusive of micas), vol 19.
Walter de Gruyter GmbH & Co KG, Berlin

Beak DG, Wilkin RT (2009) Performance of a zerovalent iron reactive
barrier for the treatment of arsenic in groundwater: part 2. Geochemi-
cal modeling and solid phase studies. J Contam Hydrol 106(1-2):15-28.
https://doi.org/10.1016/jjconhyd.2008.12.003

Bernal JD (1959) The oxides and hydroxides of iron and their structural
inter-relationships. Clay Miner. https://doi.org/10.1180/claymin.1959.004.
21.02

Bond D, Fendorf S (2003) Kinetics and structural constraints of chromate
reduction by green rusts. Environ Sci Technol 37(12):2750-2757. https://
doi.org/10.1021/es026341p

Burton ED, Johnston SG (2012) Impact of silica on the reductive trans-
formation of schwertmannite and the mobilization of arsenic. Geochim
Cosmochim Acta 96:134-153. https://doi.org/10.1016/j.gca.2012.08.007
Carlson LT, Schwertmann U (1981) Natural ferrihydrites in surface depos-
its from Finland and their association with silica. Geochim Cosmochim
Acta 45(3):421-429

Christiansen BC, Balic-Zunic T, Dideriksen K, Stipp SLS (2009) Identification
of green rust in groundwater. Environ Sci Technol 43(10):3436-3441
Drissi SH, Refait P, Abdelmoula M, Génin JMR (1995) The preparation and
thermodynamic properties of Fe(ll)Fe(lll) hydroxide-carbonate (green rust
1); Pourbaix diagram of iron in carbonate-containing aqueous media.
Corros Sci 37(12):2025-2041. https://doi.org/10.1016/0010-938X(95)
00096-3

. Etique M, Jorand FPA, Zegeye A, Grégoire B, Despas C, Ruby C (2014)

Abiotic process for Fe(ll) oxidation and green rust mineralization driven
by a heterotrophic nitrate reducing bacteria (Klebsiella mobilis). Environ
SciTechnol 48(7):3742-3751. https://doi.org/10.1021/es403358v

. Feng X, Wang X, Zhu M, Koopal LK, Xu H, Wang Y, Liu F (2015) Effects of

phosphate and silicate on the transformation of hydroxycarbonate green
rust to ferric oxyhydroxides. Geochim Cosmochim Acta 171:1-14. https://
doi.org/10.1016/j.gca.2015.08.020

Fischel MHH, Clarke CE, Sparks DL (2023) Synchrotron resolved microscale
and bulk mineralogy in manganese-rich soils and associated pedogenic
concretions. Geoderma 430:116305. https://doi.org/10.1016/j.geoderma.
2022.116305

Génin A, Ruby C, Abdelmoula M (2002) Synthesis of Fe (II-Ill) hydroxysul-
phate green rust by coprecipitation. Solid State Sci 4(1):61-66

Génin JMR, Aissa R, Géhin A, Abdelmoula M, Benali O, Ernstsen V, Ruby

C (2005) Fougerite and Fell-lll hydroxycarbonate green rust; Ordering,
deprotonation and/or cation substitution; Structure of hydrotalcite-like
compounds and mythic ferrosic hydroxide Fe(OH)(2+x). Solid State Sci
7(5):545-572. https://doi.org/10.1016/j.solidstatesciences.2005.02.001
Guilbaud R, White ML, Poulton SW (2013) Surface charge and growth of
sulphate and carbonate green rust in aqueous media. Geochim Cosmo-
chim Acta 108:141-153. https://doi.org/10.1016/j.9ca.2013.01.017

Halevy |, Alesker M, Schuster EM, Popovitz-Biro R, Feldman'Y (2017) A key
role for green rust in the Precambrian oceans and the genesis of iron
formations. Nat Geosci 10(2):135-139. https://doi.org/10.1038/nge02878
Hansen HCB (1989) Composition, stabilization, and light absorption of
Fe(l)Fe(lll) hydroxy-carbonate (‘green rust’). Clay Miner 24(4):663-669.
https://doi.org/10.1180/claymin.1989.024.4.08

Hansen HC, Guldberg S, Erbs M, Koch CB (2001) Kinetics of nitrate reduc-
tion by green rusts-effects of interlayer anion and Fe(ll):Fe(lll) ratio. Appl
Clay Sci 18(1-2):81-91. https://doi.org/10.1016/S0169-1317(00)00029-6
Johnson CA, Murayama M, Kisel K, Hochella MF (2015) Polycrystallinity of
green rust minerals and their synthetic analogs: Implications for particle
formation and reactivity in complex systems. Am Miner 100(10):2091-
2105. https://doi.org/10.2138/am-2015-5287


https://doi.org/10.1023/B:HYPE.0000043266.49828.57
https://doi.org/10.1016/j.jconhyd.2008.12.003
https://doi.org/10.1180/claymin.1959.004.21.02
https://doi.org/10.1180/claymin.1959.004.21.02
https://doi.org/10.1021/es026341p
https://doi.org/10.1021/es026341p
https://doi.org/10.1016/j.gca.2012.08.007
https://doi.org/10.1016/0010-938X(95)00096-3
https://doi.org/10.1016/0010-938X(95)00096-3
https://doi.org/10.1021/es403358v
https://doi.org/10.1016/j.gca.2015.08.020
https://doi.org/10.1016/j.gca.2015.08.020
https://doi.org/10.1016/j.geoderma.2022.116305
https://doi.org/10.1016/j.geoderma.2022.116305
https://doi.org/10.1016/j.solidstatesciences.2005.02.001
https://doi.org/10.1016/j.gca.2013.01.017
https://doi.org/10.1038/ngeo2878
https://doi.org/10.1180/claymin.1989.024.4.08
https://doi.org/10.1016/S0169-1317(00)00029-6
https://doi.org/10.2138/am-2015-5287

Betts et al. Geochemical Transactions (2024) 25:12

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

Kukkadapu RK, Zachara JM, Fredrickson JK, Kennedy DW (2004) Biotrans-
formation of two-line silica-ferrihydrite by a dissimilatory Fe(lll)-reducing
bacterium: formation of carbonate green rust in the presence of phos-
phate. Geochim Cosmochim Acta 68(13):2799-2814. https://doi.org/10.
1016/j9ca.2003.12.024

Kwon SK, Kimijima KI, Kanie K, Suzuki S, Muramatsu A, Saito M, Shinoda
K, Waseda Y (2007) Influence of silicate ions on the formation of goethite
from green rust in agqueous solution. Corros Sci 49(7):2946-2961. https://
doi.org/10.1016/j.corsci.2007.01.007

Lavina B, Dera P, Downs RT (2014) Modern X-ray diffraction methods in
mineralogy and geosciences. Rev Mineral Geochem 78(1):1-31

Legrand L, Mazerolles L, Chaussé A (2004) The oxidation of carbonate
green rust into ferric phases: solid-state reaction or transformation via
solution. Geochim Cosmochim Acta 68(17):3497-3507. https://doi.org/
10.1016/j.9ca.2004.02.019

LeMonte JJ, Stuckey JW, Sanchez JZ, Tappero R, Rinklebe J, Sparks DL
(2017) Sea level rise induced arsenic release from historically contami-
nated coastal soils. Environ Sci Technol 51(11):5913-5922

Thomas NA, Eiche E, Géttlicher J, Steininger R, Benning GL, Freeman MH,
Dideriksen K, Neumann T (2018) Products of hexavalent chromium reduc-
tion by green rust sodium sulfate and associated reaction mechanisms.
Soil Syst 2(4):58. https://doi.org/10.3390/s0ilsystems2040058

O'Loughlin, E. J,, Gorski, C. A, Cook, R. E., Kemner, K. M., Boyanov, M. 1, &
Scherer, M. M. (2008). Effects of oxyanions and natural organic matter on
the formation of Fe(ll)-bearing secondary mineralization products result-
ing from the bioreduction of lepidocrocite. Abstracts of Papers, 236th
ACS National Meeting, Philadelphia, PA, United States, August 17-21,
2008, 44(12), GEOC-022. https://doi.org/10.1021/es100294w

Pantke C, Obst M, Benzerara K, Morin G, Ona-Nguema G, Dippon U,
Kappler A (2012) Green rust formation during Fe(ll) oxidation by the
nitrate-reducing acidovorax sp. strain BoFeN1. Environ Sci Technol
46(3):1439-1446. https://doi.org/10.1021/es2016457

Perez JP, Tobler DJ, Benning LG (2024) Synergistic inhibition of green

rust crystallization by co-existing arsenic and silica. Environ Sci Process
Impacts. https://doi.org/10.1039/d3em00458a

Pokrovski GS, Schott J, Farges F, Hazemann J-L (2003) Iron (lll)-silica inter-
actions in aqueous solution: Insights from X-ray absorption fine structure
spectroscopy. Geochim Cosmochim Acta 67(19):3559-3573

Pokrovski G, Schott J, Farges F, Hazemann J, lii 1 (2013) Iron (1l) -silica
interactions in aqueous solution : Insights from X-ray absorption fine
structure spectroscopy to cite this version : HAL Id : hal-00693555. Geo-
chim Cosmochim Acta. https://doi.org/10.1016/50016-7037(03)00160-1
Prescher C, Prakapenka VB (2015) DIOPTAS: a program for reduction of
two-dimensional X-ray diffraction data and data exploration. High Press
Res 35(3):223-230

Reddy KR, DeLaune RD (2008) Biogeochemistry of wetlands: science and
applications. CRC Press, Boca Raton

Refait P, Reffass M, Landoulsi J, Sabot R, Jeannin M (2007) Role of phos-
phate species during the formation and transformation of the Fe(ll-Ill)
hydroxycarbonate green rust. Colloids Surf A 299(1-3):29-37. https://doi.
0rg/10.1016/j.colsurfa.2006.11.013

Refait P, Sabot R, Jeannin M (2017) Role of Al(lll) and Cr(lll) on the forma-
tion and oxidation of the Fe(ll-Ill) hydroxysulfate Green Rust. Colloids Surf
A 531(August):203-212. https://doi.org/10.1016/j.colsurfa.2017.08.006
Ruby C, Gehin A, Aissa R, Ghanbaja J, Abdelmoula M, Génin J-MR (2006)
Chemical stability of hydroxysulphate green rust synthetised in the pres-
ence of foreign anions: carbonate, phosphate and silicate, vol Il. Springer,
Berlin, pp 4-9

Ruby C, Abdelmoula M, Aissa R, Medjahdi G, Brunelli M, Francois M (2008)
Aluminium substitution in iron(ll-Ill)-layered double hydroxides: forma-
tion and cationic order. J Solid State Chem 181(9):2285-2291. https://doi.
0rg/10.1016/}j55¢.2008.05.027

Ruby C, Abdelmoula M, Naille S, Renard A, Khare V, Ona-Nguema G, Morin
G, Génin JMR (2010) Oxidation modes and thermodynamics of Fell-Ill
oxyhydroxycarbonate green rust: dissolution-precipitation versus in situ
deprotonation. Geochim Cosmochim Acta 74(3):953-966. https://doi.
org/10.1016/j.9ca.2009.10.030

Ruby C, Aissa R, Géhin A, Cortot J, Abdelmoula M, Génin JM (2006) Green
rusts synthesis by coprecipitation of Fell-Felll ions and mass-balance
diagram. CR Geosci 338(6-7):420-432. https://doi.org/10.1016/j.crte.2006.
04.008

Page 12 of 12

39. Ruby C, Upadhyay C, Géhin A, Ona-Nguema G, Génin JMR (2006) In situ
redox flexibility of Fell-lll oxyhydroxycarbonate green rust and fougerite.
Environ Sci Technol 40(15):4696-4702. https://doi.org/10.1021/es0606834

40. Ruby C, Usman M, Naille S, Hanna K, Carteret C, Mullet M, Abdelmoula
M (2010) Synthesis and transformation of iron-based layered double
hydroxides. Appl Clay Sci 48(1-2):195-202. https://doi.org/10.1016/j.clay.
2009.11.017

41. Sahoo G, Fujieda S, Shinoda K, Yamaguchi S, Korosaki M, Suzuki S (2011)
Influence of silicon species on the transformation of green rust | (Cl-) in
aqueous solution by oxidation. Corros Sci 53(12):4001-4009

42. Scherrer P (1918) Estimation of the size and internal structure of colloidal
particles by means of rontgen. Nachr Ges Wiss Gottingen 2:96-100

43. Schwertmann U (1991) Solubility and dissolution of iron-oxides. Plant Soil
130:1-25. https://doi.org/10.1007/BFO0011851

44. Sergent AS, Jorand F, Hanna K (2011) Effects of Si-bearing minerals on the
nature of secondary iron mineral products from lepidocrocite bioreduc-
tion. Chem Geol 289(1-2):86-97. https://doi.org/10.1016/j.chemgeo.
2011.07.016

45. Simon L, Frangois M, Refait P, Renaudin G, Lelaurain M, Génin J-MR (2003)
Structure of the Fe (II-Ill) layered double hydroxysulphate green rust two
from Rietveld analysis. Solid State Sci 5(2):327-334

46. Skovbjerg LL, Stipp SLS, Utsunomiya S, Ewing RC (2006) The mechanisms
of reduction of hexavalent chromium by green rust sodium sulphate:
formation of Cr-goethite. Geochim Cosmochim Acta 70(14):3582-3592.
https://doi.org/10.1016/j.gca.2006.02.017

47. Starcher AN, Li W, Kukkadapu RK, Elzinga EJ, Sparks DL (2016) Fe(ll) sorp-
tion on pyrophyllite: effect of structural Fe(lll) (impurity) in pyrophyllite on
nature of layered double hydroxide (LDH) secondary mineral formation.
Chem Geol 439:152-160. https://doi.org/10.1016/j.chemgeo.2016.06.017

48. Su C, Puls RW (2004) Significance of iron (Il, Ill) hydroxycarbonate green
rust in arsenic remediation using zerovalent iron in laboratory column
tests. Environ Sci Technol 38(19):5224-5231

49. Usman M, Byrne JM, Chaudhary A, Orsetti S, Hanna K, Ruby C, Kappler A,
Haderlein SB (2018) Magnetite and green rust: synthesis, properties, and
environmental applications of mixed-valent iron minerals. Chem Rev.
https://doi.org/10.1021/acs.chemrev.7b00224

50. Vargas R, Louér D, Langford JI (1983) Diffraction line profiles and Scherrer
constants for materials with hexagonal crystallites. J Appl Crystallogr
16(5):512-518

51. Vaitkus A, Merkys A, Sander T, Quirds M, Thiessen PA, Bolton EE, Grazulis
S (2023) A workflow for deriving chemical entities from crystallographic
data and its application to the crystallography open database. J Cheminf.
https://doi.org/10.1186/513321-023-00780-2

52. Wang X, Liu F, Tan W, Feng X, Koopal LK (2013) Transformation of hydroxy-
carbonate green rust into crystalline iron (hydr ) oxides : influences of
reaction conditions and underlying mechanisms. Chem Geol 351:57-65

53. Williams AGB, Scherer MM (2001) Kinetics of Cr(VI) reduction by carbon-
ate green rust. Environ Sci Technol 35(17):3488-3494. https://doi.org/10.
1021/es010579g

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.gca.2003.12.024
https://doi.org/10.1016/j.gca.2003.12.024
https://doi.org/10.1016/j.corsci.2007.01.007
https://doi.org/10.1016/j.corsci.2007.01.007
https://doi.org/10.1016/j.gca.2004.02.019
https://doi.org/10.1016/j.gca.2004.02.019
https://doi.org/10.3390/soilsystems2040058
https://doi.org/10.1021/es100294w
https://doi.org/10.1021/es2016457
https://doi.org/10.1039/d3em00458a
https://doi.org/10.1016/S0016-7037(03)00160-1
https://doi.org/10.1016/j.colsurfa.2006.11.013
https://doi.org/10.1016/j.colsurfa.2006.11.013
https://doi.org/10.1016/j.colsurfa.2017.08.006
https://doi.org/10.1016/j.jssc.2008.05.027
https://doi.org/10.1016/j.jssc.2008.05.027
https://doi.org/10.1016/j.gca.2009.10.030
https://doi.org/10.1016/j.gca.2009.10.030
https://doi.org/10.1016/j.crte.2006.04.008
https://doi.org/10.1016/j.crte.2006.04.008
https://doi.org/10.1021/es0606834
https://doi.org/10.1016/j.clay.2009.11.017
https://doi.org/10.1016/j.clay.2009.11.017
https://doi.org/10.1007/BF00011851
https://doi.org/10.1016/j.chemgeo.2011.07.016
https://doi.org/10.1016/j.chemgeo.2011.07.016
https://doi.org/10.1016/j.gca.2006.02.017
https://doi.org/10.1016/j.chemgeo.2016.06.017
https://doi.org/10.1021/acs.chemrev.7b00224
https://doi.org/10.1186/s13321-023-00780-2
https://doi.org/10.1021/es010579g
https://doi.org/10.1021/es010579g

