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Abstract

Iron (Fe) minerals often associate with natural organic matter (OM), ranging from complex
compounds like humic acids to simple ligands such as citrate and oxalate, in soils and aquatic
systems. These Fe-OM interactions occur through microbial mediation, OM sorption to Fe
minerals, or mineral formation in the presence of OM (coprecipitation). Such associations
influence the sorption capacity of Fe minerals for foreign species (e.g., phosphate, arsenate, trace
metals), their thermodynamic stability, and overall physicochemical and mineralogical
characteristics. This study aimed to (1) examine how OM affects the properties and bioavailability
of common Fe (oxyhydr)oxides—ferrihydrite (Fh), lepidocrocite (Lp), and goethite (Gt). These
minerals were synthesized in the presence of Na-alginate (as a model OM) at C/Fe ratios of 0, 0.5,
1.0, and 1.5 mol:mol. OM notably altered mineral surface area, porosity, and crystallinity.
Surprisingly, microbial Fe(IIl) reduction kinetics were comparable between coprecipitates and
pure minerals. However, the extent of reduction varied by mineral: 2-line Fh coprecipitates showed
~15% lower reduction, whereas Lp and Gt coprecipitates exhibited only 5-7% higher reduction
relative to pure minerals. These findings suggest that OM effects on Fe bioavailability are mineral-
specific and more complex than previously thought, emphasizing the need to consider both mineral
type and OM interactions in Fe cycling studies.

To further explore the impact of additional environmental variables, the study (2)
investigated how phosphate (P) sorption mode, adsorption versus coprecipitation (P/Fe 0, 0.01,
and 0.1 mol:mol), influences the properties and reactivity of alginate-Fh composites (C/Fe 0 and
1.0). P-OM-Fe coprecipitates showed the highest microbial and chemical reducibility. High P
loading, irrespective of sorption mode, nearly completely stabilized Fh against transformation to

more crystalline phases—more effectively than alginate alone. Notably, coprecipitated P and OM

i



together conferred added resistance to mineral transformation following biotic reduction. These
findings underscore the importance of considering both OM and P, and how P is incorporated,
when evaluating the environmental stability and reactivity of Fe minerals, with implications for
soil fertility, contaminant mobility, and nutrient cycling.

Finally, the study (3) evaluated the effect of y-irradiation (25 kGy) as a sterilization method
on OM-Fe coprecipitates. Post-irradiation, Fe(III) dissolution and reduction increased with OM
content, and particle size varied based on the mineral coprecipitate type, while specific surface
area and porosity were altered. Mdssbauer spectroscopy revealed increased Fh crystallinity after
irradiation, although bulk mineralogy remained unchanged. Interestingly, microbial reduction
rates post-irradiation remained similar to untreated samples, yet the extent of Fe(Ill) reduction,
particularly for Fh coprecipitates, increased by up to 28%. Slight increases in bioreduction were
also seen for select Lp and Gt coprecipitates. These results highlight that y-irradiation can modify
key physical and chemical characteristics of Fe-OM composites, potentially skewing
measurements of bioavailability and contaminant binding in sterilized samples.

Taken together, these findings deepen our understanding of how OM, phosphate, and
experimental treatments affect the environmental reactivity and transformation of Fe
(oxyhydr)oxides. This knowledge is essential for improving models of carbon cycling under
reducing conditions, and for developing strategies to manage nutrient and metal mobility in soils

and sediments.
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Résumé

Les minéraux de fer (Fe) s'associent souvent a la matiére organique (MO) naturelle, allant
de composés complexes comme les acides humiques a des ligands simples comme le citrate et
l'oxalate, dans les sols et les systemes aquatiques. Ces interactions Fe-MO se produisent par
médiation microbienne, par sorption de la MO aux minéraux de fer ou par formation de minéraux
en présence de MO (coprécipitation). De telles associations influencent la capacité de sorption des
minéraux de fer pour d’autres especes solubles (p. ex., phosphate, arséniate, métaux traces), leur
stabilité thermodynamique et leurs caractéristiques physico-chimiques et minéralogiques. Cette
étude visait a (1) examiner l'influence de la MO sur les propriétés et la biodisponibilité
d’(oxyhydr)oxydes de fer communs: ferrihydrite (Fh), 1épidocrocite (Lp) et goethite (Gt). Ces
minéraux ont été synthétisés en présence d'alginate de sodium (comme MO mod¢le) a des rapports
C/Fe de 0, 0,5, 1,0 et 1,5 mol:mol. La MO a considérablement modifié la surface minérale, la
porosité et la cristallinité mais la cinétique de réduction microbienne du Fe(IIl) était comparable
entre les divers coprécipités et les minéraux purs. Cependant, 'ampleur de la réduction variait
selon le minéral : les coprécipités Fh a 2 lignes présentaient une réduction inférieure d'environ
15 %, tandis que les coprécipités Lp et Gt présentaient une réduction supérieure de seulement 5 a
7 % par rapport aux minéraux purs. Ces résultats suggerent que les effets de la MO sur la
biodisponibilité du Fe sont spécifiques a chaque minéral et plus complexes qu'on ne le pensait
auparavant, soulignant la nécessit¢ de prendre en compte a la fois le type de minéral et les
interactions de la MO dans les études sur le cycle du Fe.

Afin d’explorer plus en détail I'impact de variables environnementales supplémentaires,
I'étude (2) a examiné comment le mode de sorption du phosphate (P), adsorption versus

coprécipitation (P/Fe 0, 0,01 et 0,1 mol:mol), influence les propriétés et la réactivité des
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composites alginate-Fh (C/Fe 0 et 1,0). Les coprécipités P-OM-Fe ont montré la plus grande
réductibilité microbienne et chimique. Une charge élevée en P, quel que soit le mode de sorption,
a presque completement stabilisé le Fh contre la transformation en phases plus cristallines — plus
efficacement que l'alginate seul. Notamment, le P et 'OM coprécipités ensemble ont conféré une
résistance accrue a la transformation minérale apres la réduction biotique. Ces résultats soulignent
l'importance de prendre en compte a la fois I'OM et le P, et la fagon dont le P est incorporé, lors
de I'évaluation de la stabilité environnementale et de la réactivité des minéraux Fe, avec des
implications pour la fertilité¢ des sols, la mobilité des contaminants et le cycle des nutriments.

Enfin, I'étude (3) a évalué I'effet de l'irradiation y (25 kGy) comme méthode de stérilisation
sur les coprécipités MO-Fe. Apres irradiation, la dissolution et 1a réduction du Fe(III) ont augmenté
avec la teneur en MO, et la taille des particules a varié en fonction du type de coprécipité minéral,
tandis que la surface spécifique et la porosité ont été¢ modifiées. La spectroscopie Mdssbauer a
révélé une cristallinité accrue du Fh apres irradiation, bien que la minéralogie globale soit restée
inchanggée. Il est intéressant de noter que les taux de réduction microbienne apres irradiation sont
restés similaires a ceux des échantillons non traités, mais 1'ampleur de la réduction du Fe(III), en
particulier pour les coprécipités Fh, a augmenté jusqu'a 28 %. De 1égeres augmentations de la
bioréduction ont également été observées pour certains coprécipités Lp et Gt. Ces résultats
soulignent que l'irradiation y peut modifier les caractéristiques physiques et chimiques clés des
composites Fe-MO, faussant potentiellement les mesures de biodisponibilité et de liaison des
contaminants dans les échantillons stérilisés.

En résumé, ces découvertes approfondissent notre compréhension de l'influence de la
matiére organique, du phosphate et des traitements expérimentaux sur la réactivité

environnementale et la transformation des (oxyhydr)oxydes de fer. Ces connaissances sont



essentielles pour améliorer les modeles de cycle du carbone en conditions réductrices et pour
développer des stratégies de gestion de la mobilité des nutriments et des métaux dans les sols et

les sédiments.
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Chapter 1: General Introduction
1. Iron (oxyhydr)oxides and Organic Matter Association
1.1. Formation and occurrence

Organic matter (OM) is a heterogeneous mixture of molecular compounds formed by the
decay of terrestrial organic material or produced in aquatic systems by microbiota, and it is
ubiquitous in natural waters (Kleber et al., 2015; Vindedahl et al., 2016; Song et al., 2022). The
key molecular characteristics that define the reactivity of OM include aromaticity; functional
groups like catechol, carboxylate, and phenolic moieties; amino acid content; and O, S, N, and P
composition (Kleber et al., 2015; Vindedahl et al., 2016; Song et al., 2022). These features
collectively determine the hydrophobic or hydrophilic nature of OM. Among the OM constituents,
humic substances—particularly humic (HA) and fulvic acids (FA)—and extracellular polymeric
substances (EPS) are among the most extensively studied in relation to interactions with iron
oxides (including iron(III) oxides, oxyhydroxides, and hydroxides) (Kleber et al., 2015; Vindedahl
et al., 2016; Song et al., 2022). Iron oxides are also ubiquitous in aquatic and terrestrial systems
and can interact with various chemical compounds in natural environments due to their unique
characteristics such as large surface area and variable surface charge (Cornell and Schwertmann,
2003; Kleber et al., 2015; Vindedahl et al., 2016; Song et al., 2022). These interactions are
important for transport, bioavailability, and immobilization of OM, nutrients, heavy metals, and
metalloids in the environment (Cornell and Schwertmann, 2003; Kleber et al., 2015; Fabisch et
al., 2016; Vindedahl et al., 2016; Song et al., 2022; Martens et al., 2023). The significance of Fe-
OM interactions is supported by observed positive correlations between Fe and carbon (C)
concentrations in soils and sediments (Lalonde et al., 2012; Kleber et al., 2015; Vindedahl et al.,

2016; Zhao et al., 2017; Song et al., 2022; Dong et al., 2023; Li et al., 2023; Martens et al., 2023).



Furthermore, it has been proposed that Fe minerals function as a long-term “rusty sink,” stabilizing
organic C in sediments (Lalonde et al., 2012). This mechanism has been estimated to account for
the preservation of 21.5 + 8.6% of sedimentary organic C in the global ocean (Lalonde et al., 2012;
Kleber et al., 2015; Li et al., 2023).

The interactions between OM and iron oxides form through a number of pathways that
include adsorption and coprecipitation (Figure 1-1) (Eusterhues et al., 2008; Kleber et al., 2015;
Vindedahl et al., 2016). Adsorption on the oxide surface occurs due to the difference in chemical
and structural features of both OM and mineral surface (Kleber et al., 2015; Vindedahl et al., 2016;
Song et al., 2022). This reaction typically involves the binding of OM functional groups—such as
carboxyl, phenolic, and hydroxyl moieties— through electrostatic attraction, ligand exchange,
and/or hydrogen bonding to the surface hydroxyl groups of the already formed iron oxides
(Vindedahl et al., 2016). Recent NEXFAS spectroscopy showed that as the number of carboxyl
functional groups present in simple carboxylic OM compounds increases, the number of
carboxylate-Fe bonds formed between the carboxyl functional groups and the ferrihydrite particles
increases, and thus the binding strength, stability and persistence of the OM associated with
ferrihydrite also increases (Curti et al., 2021). For EPS, which are composed of polysaccharides
and proteins, with minor amounts of nucleic acids and lipids, phosphate groups play an important
role in binding to the surface of the iron oxide through the formation of innersphere Fe-phosphate
complexes (Kleber et al., 2015). Time and the chemistry of the solution (e.g. pH, ionic strength,
competing anions) are also important factors to consider for adsorption reactions (Kleber et al.,
2015; Vindedahl et al., 2016). Typically, longer residence time often leads to a higher uptake of
OM due to diffusion into the micropores of the iron oxides (Kaiser et al., 1997; Kaiser, 2003;

Kaiser et al., 2007), whereas acidic conditions enhance OM adsorption, which favor the formation



of innersphere surface complexes, while at neutral to alkaline pH, weaker outersphere complexes
predominate (Kleber et al., 2015; Vindedahl et al., 2016). Furthermore, new bonds may form
depending on the presence of divalent cations (e.g. Ca®") in solution that may enhance the uptake
of OM via surface charge modification and bridging reactions (i.e. ternary complexes) (Kleber et
al., 2015; Vindedabhl et al., 2016; Sowers et al., 2018; Adhikari et al., 2019).

In contrast to adsorption, the formation of Fe-OM mineral coprecipitates typically begins
as OM binds hydrolyzed Fe species through ligand exchange or coordination reactions thereby
forming soluble or colloidal Fe-OM complexes, and as the solution reaches a state of
oversaturation the Fe-OM complexes begin to precipitate as hydroxide phases intimately
associated with OM (Schwertmann et al., 2005; Eusterhues et al., 2008; Kleber et al., 2015; Li et
al., 2023). Furthermore, as the iron oxide phases nucleate and continue to grow or aggregate, OM
in solution can also adsorb onto the surfaces of the forming particles or become entrapped within
a mineral matrix during the aggregation of the newly forming particles (Figure 1-1) (Eusterhues et
al., 2008; Kleber et al., 2015; Li et al., 2023). Therefore, these reactions typically lead to a much
higher uptake of OM than adsorption alone, since the extent of adsorption to pre-formed iron
oxides is limited by available reactive sites on the surface of the mineral (Chen et al., 2014; Curti
et al., 2021). For example, at comparable initial C/Fe molar ratios, Chen et al. (2014) reported a
maximum of ratio of 17.5 in coprecipitates vs. 4.6 following adsorption. The authors attributed
this difference due to the formation of insoluble Fe(IlI)-organic C complexes in the coprecipitates.
It should be also noted that extent of Fe(IIl) polymerization and mineral precipitation is controlled
by the concentration of OM in solution, such that high concentrations may suppress the
polymerization of Fe(O,0H)s octahedra to the formation of stable Fe oligomers (Baalousha, 2009;

Angelico et al., 2014; Vindedahl et al., 2016). Under such circumstances repulsion between the



negatively charged Fe-OM oligomers dominate, thereby preventing further polymerization and

aggregation reactions (Baalousha, 2009; Angelico et al., 2014; Vindedahl et al., 2016).

Adsorption Coprecipitation

@~ @

Figure 1-1: Simple illustration to differentiate and visualize adsorption and coprecipitation
reactions of OM and iron oxides.

One example of Fe-OM coprecipitates is biogenic iron oxides (BIOS), which form from
the metabolic activity of a diverse range of species of Fe(Il)-oxidizing bacteria (FeOB) that inhabit
a broad range of environments, including: pH-neutral and acidic, oxic, oxic-anoxic, anoxic, and
hydrothermal settings (Figure 1-2) (Ferris et al., 2000; Ferris, 2005; Fortin and Langley, 2005;
Kappler and Straub, 2005; Melton et al., 2014). Although the chemical oxidation of dissolved
Fe(II) by molecular Oz is very rapid at circumneutral pH and O2 saturated conditions (half-life of
~5 minutes) (Stumm and Morgan, 2013), microaerophilic FeOB, such as Gallionella spp. and
Leptothrix spp., are capable of competing with Oz for Fe(Il) by occupying limited oxic-anoxic
zones that are characterized by elevated concentrations of Fe(II) and low pO2 (Fortin and Langley,
2005; Hedrich et al., 2011). These conditions occur in a broad range of environments, including:
hydrothermal sea vents (Kennedy et al., 2003; Langley et al., 2009¢; Toner et al., 2009; Toner et

al., 2012), soils (Cismasu et al., 2016), wetland plant rhizospheres (Maisch et al., 2019), lake



sediments (Fortin et al., 1993), mining impacted environments (Chan et al., 2004; Fabisch et al.,
2016), and ferriferous groundwater discharge zones (Gault et al., 2011; ThomasArrigo et al.,
2022). Within these environments, the formation of BIOS stems from the oxidation of Fe(II) to
Fe(IlI), and the eventual precipitation of iron oxides. The iron oxides precipitate on or in close
proximity of cell surfaces or EPS, such as twisted stalks and sheaths generated by the FeOB
Gallionella ferruginea and Leptothrix ochracea, respectively (Figure 1-2) (Chan et al., 2004;
Fortin and Langley, 2005; Kappler and Straub, 2005; Chan et al., 2009; Chan et al., 2011).
Furthermore, the negatively charged functional groups on cell surfaces, bacteria, including non-Fe
metabolizing bacteria, and extracellular surfaces act as passive heterogeneous templates for the
sorption, nucleation, and precipitation of iron oxides that formed chemically in solution (Warren

and Ferris, 1998; Chatellier et al., 2001; Chatellier et al., 2004; Fortin and Langley, 2005; Rancourt

et al., 2005).
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Figure 1-2: Left - scanning electron micrograph of a naturally occurring BIOS sample showing
the sheaths-like structures and twisted stalks of the FeOB Leptothrix spp. (L) and Gallionella
spp. (G), respectively. Right — a simple illustration showing how BIOS are formed through the
activity of Gallionella spp. (Melton et al., 2014).

1.2. Mineralogy and environmental significance



The most common iron oxide that precipitates in close association of the cells and/or their
EPS within BIOS is a short-ranged ordered phase that resembles the poorly crystalline mineral 2-
line ferrihydrite (Fei0014(OH)2) (Langley et al., 2009b; Toner et al., 2009; Gault et al., 2011;
ThomasArrigo et al., 2022). Other minerals including the crystalline iron oxides lepidocrocite (y-
FeOOHR), goethite (a-FeOOH), akaganeite (3-FeOOH) or hematite (a-Fe20s3), were also identified
comprising <30% of the total Fe (Chan et al., 2004; Hallberg and Ferris, 2004; Fortin and Langley,
2005; Chan et al., 2009; Chan et al., 2011; ThomasArrigo et al., 2022). 2-line ferrihydrite is a
metastable Fe(Ill) mineral with a hexagonal close-packed structure of oxygen and hydroxide
anions (Cornell and Schwertmann, 2003). 2-line ferrihydrite is also present in soils, sediments, and
aqueous environments, and it is an environmentally important iron oxide as it is considered to be
the most efficient adsorbent of nutrients (e.g., PO4), trace metals (e.g., Cu, Co, Zn, etc.), OM, and
organic and inorganic contaminants (e.g., As) (Fortin et al., 1993; Cornell and Schwertmann, 2003;
Eusterhues et al., 2008; Baken et al., 2015; Baken et al., 2016; Fabisch et al., 2016). This efficiency
stems from its nanometric size (1-6 nm), high specific surface area (SSA, 300-600 m?/g), and
abundance in the environment (Cornell and Schwertmann, 2003).

Adsorption of OM or foreign species to the surface of the iron oxides does not directly
influence the mineral properties of the oxide such as crystallinity, crystallite size, and the identity
of the mineral. However, this reaction modifies the physicochemical properties of minerals. For
example, the addition of negatively charged dissolved HA to suspensions of positively charged
iron oxide at near neutral pH conditions favors the aggregation of the particles as a consequence
of the changes in the mineral’s surface charge (Baalousha, 2009; Angelico et al., 2014; Colombo
et al., 2015; Vindedahl et al., 2016). In contrast, high concentration of HA leads to steric

stabilization and electrostatic repulsion among the Fe-OM particles (Angelico et al., 2014;



Vindedahl et al., 2016). Nonetheless, the adsorption of OM to the mineral surface leads to changes
in the SSA of the mineral and consequently its adsorptive capacity (Chen et al., 2014; Kleber et
al., 2015). OM may also inhibit anion adsorption to the mineral surface by ion complexation or
through competition for reactive surface sites. Numerous studies have documented these
mechanisms while examining the influence of soil OM, FA, HA, and EPS on the adsorption of
Cd(I), PO4, AsO4, OM, and other foreign species onto iron oxides (Mikutta et al., 2014; Kleber et
al., 2015; Song et al., 2022). More recent research has also indicated that the adsorption of soil
OM onto mineral surfaces can protect OM from microbial degradation (Eusterhues et al., 2014b).
Likewise, surface coatings of OM may shield iron oxides from microbial Fe(Ill) reduction
(Eusterhues et al., 2014a).

In contrast to adsorption, coprecipitation alters the mineralogical characteristics as well as
the physicochemical properties of an iron oxide as a consequence of Fe coordination, and distortion
of octahedra during precipitation (Eusterhues et al., 2008; Kleber et al., 2015). For example, BIOS
collected from various environments and those formed under laboratory conditions were observed
to possess lower crystallinity and smaller particle size when compared to synthetic mineral
equivalents as determined by various analytical techniques such as K-edge extended x-ray
absorption fine structure and Mdossbauer spectroscopy (Toner et al., 2009; Muehe et al., 2013;
Vollrath et al., 2013; Cismasu et al., 2016; Sowers et al., 2017; Field et al., 2019; ThomasArrigo
et al., 2022). Mdssbauer spectroscopy of Fe-forest floor extract (FFE) coprecipitates revealed a
mixture of mineral-organic phases and ~10% of Fe was bound in Fe(Il)-organic complexes as a
consequence of Fe(Ill) reduction by reactive functioanl groups in the FFE (Schwertmann et al.,
2005). Likewise, coprecipitates of FFE of increasing C content possessed decreased ferrihydrite

particle diameters and fewer lattice planes (Eusterhues et al., 2008). A similar observation was



reported for ferrihydrite coprecipitated with bacterial cells and varying concentrations of the
polysaccharides polygalacturonic acid and alginic acid (Rancourt et al., 2005; Mikutta et al., 2008).
Adding further to this complexity is that the extent of disruption to the crystalline structure of iron
oxides was shown to vary according to the OM content of reactive functional groups such as O-
alkyl, carboxyl, and amine/amide groups (Chen et al., 2018). Several studies have also reported
changes in the macroscopic properties of the minerals following coprecipitation. For example, the
general consensus is that ferrihydrite-OM coprecipitates (HA, FA, soil OM, and EPS) possess a
lower SSA (determined by N2 gas adsorption at 77 K) than that of pure 2-line ferrihydrite as a
consequence of the low N:-surface area of OM, pore blockage by OM, and occlusion of
interparticle nanometer-sized pores (Eusterhues et al., 2008; Mikutta et al., 2008; Kleber et al.,
2015; Najem et al., 2016; Poggenburg et al., 2016). Thus, increasing C content often leads to lower
SSA approaching values <40 m?/g, as compared to >300 m?*/g for pure ferrihydrite (Mikutta et al.,
2008; Chen et al., 2014). Consistent with these observations, naturally occurring BIOS were also
reported to possess a lower SSA than that of synthetic iron oxide equivalents (Najem et al., 2016).
In contrast, the SSA increased and decreased with increasing C content in goethite-FA
coprecipitates, whereas the SSA of Fe mineral coprecipitates that formed in the presence of citrate
increased with increasing C content (Liu, 1999; Liu et al., 2019b). It should be noted that the exent
of changes in the SSA in ferrihydrite-OM coprecipitates could depend on the type of OM. For
example, at equivalent initial C/Fe molar ratios, ferrihydrite-EPS coprecipitates had lower SSA
than that of ferrihydrite-soil OM coprecipitates (Poggenburg et al., 2016). This observation was
attributed to the difference in the overall particle/aggregate size such that the aggregate size of a
ferrihydrite-EPS coprecipitate was larger than those of ferrihydrite-soil OM coprecipitates. Other

studies also reported a decrease in particle/aggregate size as the C content increased for



ferrihydrite-HA coprecipitates, which was attributed to the electrostatic replusion between the
negatively charged particles that prevented aggregation of particles (Angelico et al., 2014;
Adhikari et al., 2017). At a low C/Fe molar ratio of 0.5, however, ferrihydrite-HA coprecipitates
formed larger aggregates than that of synthetic ferrihydrite as a consequence of charge
neutralization and bridging of particles (Adhikari et al., 2017). Finally, common to all Fe-OM
coprecipitates is the observation that the associated OM decreases the point of zero charge
compared to that of pure mineral phases (Mikutta et al., 2008; Shimizu et al., 2013; Kleber et al.,
2015).

Changes to the macroscopic and mineralogical properties of Fe-OM coprecipitates also
influence the sorptive properties and bioavailability of both the OM and Fe(Ill) fractions. For
example, microbial degradation was slowed for a polysaccharide-rich FEE and inhibited for lignin
when these compounds were associated with ferrihydrite through adsorption or coprecipitation
(Eusterhues et al., 2014b). Previous studies have also demonstrated the capability of BIOS to
immobilize a significant amount of metal(loid)s under laboratory and natural settings, which has
been attributed to the presence of the organic fraction that provides additional binding sites (Ferris
et al., 2000; Langley et al., 2009d; Fabisch et al., 2016; Hao et al., 2016; Whitaker and Duckworth,
2018; Field et al., 2019). Similar conclusions were reported for iron oxide coprecipitated with EPS,
citric acid, aspartic acid, cysteine, FA, or HA (Moon and Peacock, 2012; Mikutta et al., 2014;
Kleber et al., 2015; Chen et al., 2018; Liu et al., 2019b). Therefore, the effectiveness of BIOS at
immobilizing metal(loid)s increases with decreasing iron content, hence an increase in the relative
proportion of OM (Ferris et al., 1999; Ferris et al., 2000). Hao et al. (2016) assessed the sorption
and partitioning of heavy metals (Au, Cd, Cr, CrO42, Cu, Hg, Ni, Pd, tributyltin, and Zn) to

bacteria-EPS-iron oxide aggregates formed by a pure culture of the photoautotrophic FeOB



Rhodobacter ferrooxidans strain SW2. The authors found that the heavy metals were preferentially
bound by microbial cells and their EPS, and that Fe(Ill) and Fe(II) competed for the same sites,
particularly on EPS. Eickhoff et al. (2014), however, found that synthetic 2-line ferrihydrite
adsorbed a higher amount of Ni** when compared to that of biogenic ferrihydrite produced by a
pure culture of the freshwater and marine photoautotrophic FeOB Rhodobacter ferrooxidans SW2
and Rhodovulum iodosum, respectively, which was attributed to the competition between Ni** and
cell derived OM for sorption sites on the biogenic 2-line ferrihydrite. In contrast, Langley et al.
(2009¢) showed that BIOS dominated by Lepfothrix-like sheath structures were more efficient at
binding Sr** (Smax of 3.41pumol/g) than synthetic 2-line ferrihydrite (Smax of 1 pmol/g). Martinez
et al. (2003) suggested that BIOS formed from the activity of microaerophilic FeOB provide
heterogeneous reactive sites whereby some heavy metals preferentially bind to the mineral fraction
while others preferentially bind to the organic fraction. BIOS dominated by Gallionella-like stalks
that formed within mine water (pH 6.0) contaminated with heavy metals were found to efficiently
scavenge heavy metals, Cu, in particular, was found to preferentially bind to the iron oxide fraction
(Fabisch et al., 2016). Sowers et al. (2017) reported that As(IIT) exhibited similar sorption extents
on BIOS and synthetic 2-line ferrihydrite, while As(V) sorption to BIOS was roughly three times
greater than that observed for the synthetic counterpart. This efficiency was attributed to increased
outersphere adsorption and possible formation of As-Fe-organic ternary complexes (Sowers et al.,
2017). In contrast, BIOS produced by Acidovorax sp. strain BoFeN1 adsorbed ~8x As(V) less than
iron-mineral-based commercial filter systems due to the repulsion between the negatively charged
BIOS and As(V) (Kleinert et al., 2011). The extent of phosphate adsorption to ferrihydrite-HA

coprecipitates either decreased or did not change with increasing C content, in which case the
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difference in the properties of the HAs (e.g. the content of functional groups) determined this
observation (Chen et al., 2018).

Collectively, these studies show that OM induced modifications of various iron oxides
likely play an important role in the attenuation of different contaminants in the environment,
moreover these associations have important consequences on the fate and cycling of C in the
environment. However, the mobility and fate of associated contaminants and C are dependent on

the redox state of Fe.

1.3. Mineral stability

2-line ferrihydrite is the least stable and most soluble iron oxide mineral and it tends to
transform into more stable and crystalline iron oxide minerals including goethite, hematite, and
magnetite (Cornell and Schwertmann, 2003). The kinetics of transformation, pathway, and end
product strongly depend on the prevailing geochemical conditions (e.g. pH, temperature, ionic
strength, redox potential) and the concentration and type of various foreign species such as cations,
anions, and OM that could enhance, retard, or inhibit transformation (Cornell and Schwertmann,
2003). Transformation may proceed via two competing pathways, including: (1) dissolution of
precursor ferrihydrite nanoparticles and the subsequent precipitation of goethite (dissolution-
reprecipitation), or (2) dehydration-aggregation and internal rearrangement of ferrihydrite
nanoparticles to form hematite (solid-state transformation) (Cornell and Schwertmann, 2003).
Subsequent crystal growth may proceed through Ostwald ripening or oriented aggregation of
nanoparticles (Penn and Soltis, 2014).

The transformation of a highly reactive mineral to crystalline phases has important
ecological and environmental implications, as the varying properties of the iron phases influence

their biogeochemical reactivity and in turn affect the mobility and fate of nutrients and
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contaminants that are associated with the iron phase. Reduced SSA of the resulting crystalline
minerals (e.g. goethite 8-200 m?/g, hematite 4-100 m?/g) leads to reduced capacity to uptake
foreign species. Transformation may also lead to the desorption or the incorporation of associated
foreign species. The latter is particularly desirable because crystalline iron oxides are recalcitrant
to microbial Fe(IIl) reduction (Roden and Zachara, 1996; Hansel et al., 2003). However, the
resulting crystalline iron phases with incorporated foreign species are also subject to Fe*" mediated
recrystallization under reducing conditions, a process that may lead to the re-release of
incorporated foreign species (e.g. Co?", Ni*", Cu?*) (Latta et al., 2012; Hua et al., 2023).

Foreign species adsorbed and/or incorporated by ferrihydrite often result in a concentration
dependent effect on the kinetics and extent of transformation, and in turn modify the
identity/proportion of the mineral products that form (Cornell and Schwertmann, 2003; Chen et
al., 2015). Inhibition of transformation can proceed by either blocking dissolution sites on
ferrihydrite and the nucleation of crystalline phases in solution or linking ferrihydrite nanoparticles
into an immobile network thereby preventing their aggregation (Cornell and Schwertmann, 2003;
Najem et al., 2016). For example, increasing the concentration of silicate (Si/Fe mol ratio 0.001-
0.1) was found to progressively inhibit the transformation of ferrihydrite into goethite at 70°C and
alkaline conditions (pH 11), and where transformation occurred, silicate was found to promote the
formation of hematite (Cornell et al., 1987). Similarly, the degree of transformation of ferrihydrite
coprecipitated or adsorbed with increasing concentrations of phosphate (P/Fe mol ratio 0-0.03)
progressively diminished, and where transformation occurred, phosphate was found to promote
the formation of hematite over goethite (Galvez et al., 1999; Namayandeh et al., 2023;
Namayandeh et al., 2024). Thus, innersphere binding anions promote the transformation pathway

into hematite due to their ability to bind nanoparticles and promote aggregation through surface
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charge changes (Gélvez et al., 1999; Namayandeh et al., 2023). OM can also stabilize 2-line
ferrihydrite preventing its transformation to goethite or hematite (Cornell and Schwertmann,
2003).

For OM, complexation with aqueous Fe(IlI) may inhibit iron oxide nucleation, and OM
can associate with the surface of the neoformed mineral nuclei and crystals to inhibit crystal growth
as previously explained (Cornell and Schwertmann, 2003; Kleber et al., 2015; Zhao et al., 2022b;
Zhao et al., 2022c). For example, naturally occurring ferrihydrite containing OM (C content of
10.23 %) was boiled in an alkaline solution, conditions which strongly favor the formation of
goethite (Schwertmann, 1966). However, the mineralogy of natural ferrihydrite remained the same
whereas synthetic ferrihydrite fully transformed into goethite (Schwertmann, 1966). Likewise, the
proportion of the iron oxide minerals of BIOS as determined Fe-EXAFS did not change following
storage at 4°C for ~5 years (Najem et al., 2016). Kennedy et al. (2004) coprecipitated 2-line
ferrihydrite in the presence of variable amounts of non-Fe-metabolizing bacteria, Bacillus subtilis,
and subjected the synthetic bacteria-ferrihydrite composites to aqueous heating at 80°C for 2 days.
These authors found that hematite formation was progressively inhibited with increasing cell
content and concluded that inhibition occurs when 50% of the total Fe was present as 2-line
ferrihydrite and the remainder is bound/complexed as ferric iron. Within the same study, Kennedy
et al. (2004) subjected marine BIOS formed from the activity of microaerophilic FeOB to similar
conditions and found that BIOS resisted transformation into hematite. In addition to concentration,
the effect of OM on the inhibition of transformation of ferrihydrite into crystalline phases is also
a function of carboxylic acid functional group content. For example, Zhao et al. (2022¢) found that
the retardation effect of OM generally increases in the order pentanoic acid < hexanedioic acid <

butane 1, 2, 4 tricarboxylic, thus with increasing carboxylic acid binding strength.
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Under anoxic conditions, the transformation of ferrihydrite is accelerated by Fe?" through
reductive dissolution reprecipitation mechanism to form various end products such as mixed
Fe(II)/Fe(Ill) phases (e.g. magnetite and greenrust), goethite, and hematite (Hansel et al., 2003;
Hansel et al., 2005; Chen et al., 2015; Hua et al., 2023). The end product largely depends on the
concentration of Fe?" as well as foreign species and geochemical conditions (Hansel et al., 2003;
Hansel et al., 2005). For example, Hansel et al. (2005) showed that 2-line ferrihydrite transforms
into lepidocrocite and goethite at low Fe(Il) loading (<1.0 mmol Fe(Il)/g 2-line ferrihydrite)
whereas magnetite, lepidocrocite, and goethite are the dominant products at high Fe(II) loadings
(>1.0 mmol Fe(I)/g 2-line ferrihydrite), the proportions of which were also dependent on anions
present in solution including CI,, SO42, and HCO3". POs, however, inhibits the formation of
goethite and magnetite by (1) binding to the surface of ferrihydrite thereby preventing either
dissolution and subsequent reprecipitation or internal recrystallization of ferrihydrite, and (2)
forming vivianite and aqueous complexes with Fe(II) thereby preventing Fe(III) from reaching the
required surface loading threshold to form goethite or magnetite (Fredrickson et al., 1998; Cornell
and Schwertmann, 2003; Hansel et al., 2003; Borch et al., 2007; Amstaetter et al., 2012). At
Fe(II)/Fe(IlT) molar ratio of 0.3, ferrihydrite transformed into goethite whereas a ferrihydrite-PO4
coprecipitate (P/Fe ~0.9 mol:mol) did not change (Kraal et al., 2022). Complete inhibition of
transformation was observed for coprecipitates of ferrihydrite-OM (OM extracted from O horizon
of an Ultisol) at C/Fe molar ratio 1.6 reacted with 0.2 mM or 2 mM Fe?" (Chen et al., 2015). At
lower C/Fe molar ratios, however, OM promoted the transformation into lepidocrocite over
goethite (Chen et al., 2015). Under similar conditions and in contrast to OM extracted from O
horizon of an Ultisol, polygalacturonic acid (PGA) promoted the transformation into goethite in

ferrihydrite-PGA coprecipitates (Chen and Sparks, 2018). The type of OM also dictates the
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transformation end products as determined by studies that utilized Fe’" or HS" as the reducing
agents (Zhou et al., 2018; ThomasArrigo et al., 2020; Wang et al., 2023). For example, Zhou et al.
(2018) found that ferrihydrite-HA coprecipitates (up to 1.6 C/Fe mol:mol) transformed into
goethite following reaction with 2 mM Fe?', whereas ferrihydrite-FA coprecipitates (up to 1.6
C/Fe mol:mol) did not transform into crystalline end products. Mechanisms by which OM inhibit
Fe(Il) mediated transformation of ferrihydrite include the decreased Fe(Il) adsorption, the surface
blockage, and organic complexation of Fe(Il) (Kleber et al., 2015; Zhou et al., 2018). OM may
also accelerate the transformation of ferrihydrite into crystalline end products depending on the

presence of redox active functional groups that reduce Fe(I1I) to Fe(II).

2. Dissimilatory Iron Reducing Bacteria

One of the factors that govern the impact of iron oxides on the mobility and bioavailability
of associated contaminants is the exposure of iron oxides to anaerobic conditions, which favor the
reductive dissolution of iron oxides that can be mediated by dissimilatory iron reducing bacteria
(DIRB) or hydrogen sulfide (HS"). Under pH-neutral and non-sulfidogenic conditions, the
reductive dissolution of iron oxides is principally mediated by DIRB, such as Geobacter spp. and
Shewanella spp., which couple the oxidation of organic matter or H2 to the reduction of Fe(III)
generating Fe(Il), and energy required for growth and function (Lovley et al., 2004). The ability
of DIRB to reduce iron oxides is dependent on the physicochemical properties of the mineral,
including: surface area, aggregation state, crystallinity, morphology, and solubility of the iron
phase (Roden and Zachara, 1996; Bonneville et al., 2004; Bonneville et al., 2009; Cutting et al.,
2009). Typically, the rate and extent of microbial Fe(Ill) reduction increases with increasing
surface area, therefore 2-line ferrihydrite is considered to be the most bioavailable Fe(I1I)-phase

whereas crystalline iron oxides, such as hematite, goethite, and magnetite, are generally
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recalcitrant to microbial Fe(IIl) reduction (Roden and Zachara, 1996). Under pH-neutral
conditions, however, DIRB face the challenge of utilizing the poorly soluble iron oxides as
terminal electron acceptors, because iron oxides cannot pass the cell membrane (Lovley et al.,
2004). Consequently, DIRB have developed a number of strategies to transfer electrons to iron
oxides, including: (1) electron transfer via direct contact between bacteria and the mineral surface
mediated by outer membrane-bound proteins (c-type cytochromes) or conductive pili-like
appendages called “nanowires” (Lovley et al., 2004; Gorby et al., 2006), (2) electron transfer by
endogenous compounds generated by Shewanella spp. such as flavins that chelate Fe(Ill) and
function as electron shuttles (Marsili et al., 2008; Von Canstein et al., 2008), and (3) electron
transfer by exogenous redox-active compounds such as quinones and dissolved or solid-phase
humic substances that also function as electron shuttles (Lovley et al., 2004; Roden et al., 2010).
Through these processes, DIRB mediate a number of reactions that have important consequences
on the environment, in particular the reductive dissolution of iron oxides may lead to the
remobilization of adsorbed contaminants, which could have detrimental impacts on human health
as prominently discussed for arsenic (Islam et al., 2004; Muehe et al., 2013). Consequently,
research has focused on determining the factors that impact the rate and extent of Fe(III) reduction
by DIRB as well as the release or sequestration of foreign species.

Research to date indicates that in addition to the physicochemical properties of the iron
phase, concentration of DIRB (Roden and Zachara, 1996; O’Loughlin et al., 2010; Zegeye et al.,
2010), geochemical conditions (e.g. pH, bicarbonate as buffer, etc.) (Fredrickson et al., 1998;
Zachara et al., 2002), presence of oxyanions (e.g. PO43, MoO47?, etc.) (Fredrickson et al., 1998;
O’Loughlin et al., 2010), presence of electron shuttles (Fredrickson et al., 1998), and orientation

of the incubation vessel (Dippon et al., 2015), affect the rate and extent of microbial Fe(III)
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reduction. In turn, these factors affect the transformation pathways of ferrihydrite and the
precipitation of secondary iron minerals. For example, vivianite, siderite, magnetite, goethite,
lepidocrocite, and carbonate or sulfate substituted green rusts are common secondary iron minerals
reported in literature (Fredrickson et al., 1998; Zachara et al., 2002; Kukkadapu et al., 2004;
O’Loughlin et al., 2010; O’Loughlin et al., 2013; Dippon et al., 2015). The formation of secondary
iron minerals have important consequences on subsurface environments as they are capable of
transforming and/or sequestering the released contaminants adsorption and/or structural
incorporation as was previously illustrated by a number of laboratory-based studies for Zn, Ni, Sr,

Cd (Parmar et al., 2000; Tufano et al., 2008; Muehe et al., 2013).

2.1. Effects of OM on microbial Fe(I1l) reduction

In addition to the various factors discussed above that influence the rate and extent of
microbial Fe(III) reduction, OM also plays a significant role (Table 1-1). OM can impact microbial
Fe(III) reduction through several mechanisms (Kleber et al., 2015):

1. The mode of OM association with iron oxides—adsorption versus coprecipitation—can
differently affect DIRB. Both adsorbed and coprecipitated OM may hinder Fe(IIl)
reduction due to electrostatic repulsion between the negatively charged OM-Fe composites
and bacterial cell surfaces.

2. The reduced crystallinity typically observed in Fe-OM coprecipitates may enhance Fe(I1I)
reduction by making the minerals more reactive and accessible to microbes.

3. OM can complex with biogenic Fe(II), reducing surface passivation of minerals and cells,
and thereby thermodynamically favouring continued Fe(IIl) reduction (Fredrickson et al.,

1998; Kukkadapu et al., 2004).
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4. By complexing Fe(II), OM can inhibit the transformation of less crystalline phases such as
ferrihydrite or lepidocrocite into more crystalline and less bioavailable minerals, thus
sustaining Fe(III) reduction.

5. OM-associated aggregates, whether formed through adsorption or coprecipitation, can vary
in size and influence microbial access to reactive sites; the C content of the system is a key
factor in determining the nature of these aggregates and, in turn, the extent of Fe(IIl)
reduction.

6. The type of OM is also important. Certain forms, such as HAs, can function as electron
shuttles, enhancing microbial Fe(Ill) reduction by bypassing the need for direct surface

contact.

Shimizu et al. (2013) studied the effects of varying C/Fe ratios (0—4.8) in ferrihydrite-HA
coprecipitates on Fe(Ill) reduction by Shewanella putrefaciens CN32. They found that low C/Fe
ratios (< 1.8) suppressed Fe(IIl) reduction, while higher ratios (> 1.8) enhanced it—Ilikely due to
the release of HA into solution at higher concentrations, enabling electron shuttling. Similarly,
Poggenburg et al. (2016) observed that ferrihydrite—-EPS coprecipitates were reduced more slowly
than ferrihydrite coprecipitated with OM extracted from the Oi horizon of a Cambisol or the Oa
horizon of a Podzol by Shewanella putrefaciens. They also found that the reduction patterns
differed depending on the bacterial species involved—Shewanella putrefaciens, which can use
electron shuttles, versus Geobacter metallireducens, which requires direct surface contact. While
these studies provided important insights into the impact of OM on the bioreducibility of
ferrihydrite-OM composites, no studies have investigated the effects of coprecipitation of OM on

the bioavailability of crystalline iron oxide phases.
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Table 1-1: Summary of rates of Fe(Ill) reduction and extent of Fe(Ill) reduction by DIRB or
chemical compounds, along with the reported secondary Fe minerals that formed following
reduction extracted from selected studies. RR and RE correspond to relative rate and relative
extent, respectively, which correspond to values calculated relative to the pure mineral phase or
control in each study.

Iron oxide DIRB/Chemical RR RE Secondary Fe Mineral Reference
Coprecipitation
. Shewanella
Fe-HA colloids . 4.5 (10 Pedrot et al.
(Aldrich HA)* p””%f(‘)’jg”; CIp 8.2 hours) N/A 2011)
. Shewanella
F};NOM (bO ! putrefaciens (DSM- 15 2.3 Vivianite Poggenburg et
orizon) 6067) al. 2016
Fh-NOM (O1 Geobacter Poggenburg et
horizon) metallireducens 0.5 0.6 Vivianite A1 2016
(DSM-7210) ’
Shewanella
Fh_NO.M (Ga putrefaciens (DSM- 19 3.6 None Poggenburg et
horizon) 6067) al. 2016
Fh-NOM (Oa Geobacter Poggenburg et
horizon) metallireducens 0.75 0.75 None ga% 201 6g
(DSM-7210) )
Fh-EPS Shewanella Posgenbure ot
(Bacillus putrefaciens (DSM- 5 1.8 Vivianite gg g
subtilis) 6067) al. 2016
Fh-EPS Geobacter Posoenbure et
acillus metallireducens . . one
(Bacill llired, 0.43 0.7 N %ﬁ” 2016g
subtilis) (DSM-7210) ’
Fh-FFE (C/Fe Geobacter bremensis 11 13 Siderite Eusterhues et
0.41 mol:mol) (DSM 12179) ’ ' al. (2014a)
Fh-FFE (C/Fe  Geobacter bremensis S Eusterhues et
1.06 mol:mol) (DSM 12179) 0.8 1.08 Siderite al. (2014a)
Fh-FFE (C/Fe  Geobacter bremensis 0.7 0.65 None Eusterhues et
2.83 mol:mol) (DSM 12179) ) ' al. (2014a)
Fh-FFE (C/Fe e Eusterhues et
0.41 mol:mol) Na-Dithionite N/A N/A N/A al. (2014a)
Fh-FFE (C/Fe e Eusterhues et
1.06 mol:mol) Na-Dithionite 0.20 0.77 N/A al. (2014a)
Fh-FFE (C/Fe oy Eusterhues et
2.83 mol:mol) Na-Dithionite 0.03 0.24 N/A al. (2014a)
Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
0.41 mol:mol) MR-1 17 17 Ferrihydrite (2017)
Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
1.06 mol:mol) MR-1 1.8 17 Ferrihydrite (2017)
Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
2.83 mol:mol) MR-1 2.3 2.0 Ferrihydrite (2017)
Fh-HA (Elliot 85% ferrihydrite .
Soil HA) (C/Fe ij’,jg‘;’;flé"m ) 0.73 0.7 9% magnetite Sh“(’;‘g‘f;;t al.
0.4) p 6% green rush
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Fh-HA (Elliot Shewanella 82% ferrihydrite Shimizu et al
Soil HA) (C/Fe . 0.73 0.7 8% magnetite )
0.8))( putrefaciens CN32 IO‘VOO gregén rush (2013)
i . o ) .
SFo}ilII{{i)(]?g}%te Shewanella 1 1.1 i O/O;freri;glgeiﬁ::e Shimizu et al.
. . 0
1.8) putrefaciens CN32 16% green rush (2013)
i . o ) .
iﬁfﬁi%%@ Shewanella 2.8 3 61O o@ f;r;gﬁﬂ;e Shimizu et al.
. . ()
43) putrefaciens CN32 30% green rush (2013)
Siderophore Mikutta and
ggggﬁgﬁ; desferrioxamine B, pH 18.3 N/A N/A Kretzschmar
’ ’ 7 (2008)
Siderophore Mikutta and
lgh6_5PGA1§C/FS desferrioxamine B, pH 48 N/A N/A Kretzschmar
.65 mol:mo 7 (2008)
Siderophore Mikutta and
Fél _9P$(1)\1-(r§(/)f)e desferrioxamine B, pH 40 N/A N/A Kretzschmar
‘ ’ 7 (2008)
Siderophore Mikutta and
lihz-g?nAolgri/oFl; desferrioxamine B, pH 170 N/A N/A Kretzschmar
’ ’ 7 (2008)
Siderophore Mikutta and
lF?g?rllgol('gl/(l):Sd desferrioxamine B, pH 183 N/A N/A Kretzschmar
' ' 7 (2008)
. Siderophore
Fh-NOM (O1 . . Poggenburg et
horizon) desfemoxa;mne B, pH 8.5 1 N/A al. (2018)
Siderophore
Fh_NO.M (Oa desferrioxamine B, pH 61 4.6 N/A Poggenburg et
horizon) 7 al. (2018)
Fh-EPS Siderophore Poseenbure et
(Bacillus desferrioxamine B, pH 35 1 N/A o g
e al. (2018)
subtilis) 7
Shewanella o Langley et al.
BIOS putrefaciens CN32 1.66 1.07 Vivianite (2009b)
Shewanella o Langley et al.
BIOS putrefaciens CN32 3.33 1.2 Vivianite (2009b)
Shewanella o Langley et al.
BIOS putrefuciens CN32 2.9 1.2 Vivianite (2009b)
Adsorption
Fh-FFE (C/Fe  Geobacter bremensis S Eusterhues et
0.39 mol:mol) (DSM 12179) 0.85 Lol Siderite al. (2014a)
Fh-FFE (C/Fe  Geobacter bremensis 055 0.7 Non Eusterhues et
1.04 mol:mol) (DSM 12179) ' : one al. (2014a)
Fh-FFE (C/Fe  Geobacter bremensis 0.5 0.6 None Eusterhues et
2.46 mol:mol) (DSM 12179) ) ’ al. (2014a)
Fh-FFE (C/Fe e Eusterhues et
0.39 mol:mol) Na-Dithionite 0.3 0.75 N/A al. (2014a)
Fh-FFE (C/Fe oy Eusterhues et
1.04 mol:mol) Na-Dithionite 0.14 0.36 N/A al. (2014a)
Fh-FFE (C/Fe e Eusterhues et
2.46 mol:mol) Na-Dithionite 0.13 0.29 N/A al. (2014a)
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Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
0.41 mol:mol) MR-1 1.45 1.5 Ferrihydrite (2017)
Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
1.06 mol:mol) MR-1 1.72 1.4 Ferrihydrite (2017)
Fh-FFE (C/Fe  Shewanella oneidensis . . Cooper et al.
2.83 mol:mol) MR-1 1.86 1.6 Ferrihydrite (2017)
Fh-NOM (Oi Siderophore Poeeenbure et
horizon 5 desferrioxamine B, pH 1.5 1.8 N/A EECTOUTS
al. (2018)
mgC/g) 7
Fh-NOM (Oi Siderophore Poseenbure et
horizon 10 desferrioxamine B, pH 1.64 1.5 N/A £g g
al. (2018)
mgC/g) 7
Fh-NOM (Oi Siderophore Posoenbure et
horizon 20 desferrioxamine B, pH 1.64 1.2 N/A £g g
al. (2018)
mgC/g) 7
Fh-NOM (O1 Siderophore Poseenbure et
horizon 40 desferrioxamine B, pH 1.8 0.7 N/A gg g
al. (2018)
mgC/g) 7
Fh-NOM (Oa Siderophore Poeeenbure et
horizon 5 desferrioxamine B, pH 2.7 23 N/A EECTOUTS
al. (2018)
mgC/g) 7
Fh-NOM (Oa Siderophore Poseenbure et
horizon 10 desferrioxamine B, pH 2.6 2 N/A £g g
al. (2018)
mgC/g) 7
Fh-NOM (Oa Siderophore Posoenbure et
horizon 20 desferrioxamine B, pH 1.22 0.7 N/A £g g
al. (2018)
mgC/g) 7
(1;31;51};1 Siderophore Poggenburg et
subtilis 5 desfemoxa7mme B, pH 4.12 2 N/A al. (2018)
mgC/g)
gz’ig’fs desfefriiccl)ir:rlr)llils; B.pH 346 1.5 N/A Poggenburg et
subtilis 10 ; P ' : al. (2018)
mgC/g)
(1;1‘11_55 SS d fefriidf(r:rﬁlilr(l) r?a H 1.2 0.7 N/A Poggenburg et
subtilis 20 esterrio ; €5 P : ' al. (2018)
mgC/g)
Addition
Lp (0.5 mM Shewanella O’Loughlin et
citrate)® putrefaciens CN32 0.11 1.8 Green rust al. (2010)
Lp (0.5 mM Shewanella 1 1 Magnetite, ferrous O’Loughlin et
Oxalate) putrefaciens CN32 hydroxy carbonate al. (2010)
Lp (S mM Shewanella 1 13 Magnetite, ferrous O’Loughlin et
Oxalate) putrefaciens CN32 ’ hydroxy carbonate al. (2010)
Lp (20 mg/L Shewanella O’Loughlin et
Elliot soil HA)  putrefaciens CN32 0.1 1.8 Green rust al. (2010)
LIE, Qf&;ﬁﬁ”‘ Shewanella 01 18 Green rust O’Loughlin et
eoH A) ¢ putrefaciens CN32 ’ ) cen us al. (2010)
Lp (20 mg/L Shewanella 12 1 Magnetite, ferrous O’Loughlin et
Pony Lake FA) putrefaciens CN32 ’ hydroxy carbonate al. (2010)
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Lp (20 mg/L

Suwannee pu tzi};jngflgzN3 ) 0.08 1.8 Green rust o ;ogﬁl 11 g; ot
River FA) - ’

Lp (20 mg/L , .
gu(wannge Shewanella 0.1 18 Green rust O’Loughlin et
River HA) putrefaciens CN32 ’ ‘ al. (2010)

Lp (100 mg/L
EPS from Shewanella O’Loughlin et

Shewanella . 0.1 1.8 Green rust 1

putrefaciens putrefaciens CN32 al. (2010)

CN32)
Fh-HA
(Pahokee Peat  Shewanella oneidensis 1.4 08 Vivianite Amstaetter et
HA) 50 mg/L MR-1 ’ ' al. (2012)
(5 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis . Amstaetter et
HA) 100 mg/L MR-1 21 N/A Vivianite al. (2012)
(5 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis S Amstaetter et
HA) 200 mg/L MR-1 33 0.87 Vivianite al. (2012)
(5 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis 33 | Vivianite Amstaetter et
HA) 400 mg/L MR-1 ’ al. (2012)
(5 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis . Amstaetter et
HA) 50 mg/L MR-1 1.2 1.1 (6 days) Magnetite al. (2012)
(30 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis Amstaetter et
HA) 100 mg/L MR-1 0.57 1(6 days) N/A al. (2012)
(30 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis . Amstaetter et
HA) 200 mg/L MR-1 0.5 0.7 (6 days) Magnetite al. (2012)
(30 mM Fe)
Fh-HA
(Pahokee Peat  Shewanella oneidensis Amstaetter et
HA) 400 mg/L MR-1 0.47 0.55 (6 days) N/A al. (2012)
(30 mM Fe)

a
b
c
d

— Fh corresponds to 2-line ferrihydrite

— NOM corresponds to natural organic matter
— PGA corresponds to polygalacturonic acid
— Alg corresponds to alginate

e — Lp corresponds to lepidocrocite

2.2. Effects of phosphate on microbial Fe(IIl) reduction
Phosphate (PO4) is an important limiting nutrient in the environment that plays an

important role in the eutrophication of aquatic environments. Like OM, the mobility and fate of
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PO4 under oxic conditions is also strongly affected by reactions with iron oxides in the
environment, and these reactions include innersphere surface adsorption, surface precipitation, and
coprecipitation (Rose et al., 1997; Kaegi et al., 2010; Voegelin et al., 2013; Senn et al., 2015; Kraal
etal., 2019; Voegelin et al., 2019). The sorption of PO4 leads to concentration dependent alteration
of the physicochemical properties of the oxide, including surface charge, SSA, and
colloidal/aggregation stability in solution (Kaegi et al., 2010; Voegelin et al., 2010; Voegelin et
al., 2013; Santoro et al., 2019). Moreover, as with OM, the sorption mode of PO4 differently
impacts the structure, composition, and stability of iron oxides, such that coprecipitation also alters
the crystallinity and the formation pathways of an iron oxide (Rose et al., 1997; Voegelin et al.,
2013; Senn et al., 2015; Kraal et al., 2019). By means of EXAFS, it was proposed that the presence
of POs disrupts Fe-Fe bond formation through bridging Fe single corner sharing or POs-Fe
linkages of pre-existing units (Rose et al., 1997; Voegelin et al., 2010; Voegelin et al., 2013; Senn
et al.,, 2015; van der Grift et al., 2016). In aqueous near-neutral pH solutions with various
concentrations of POs (initial molar P/Fe ratio of up to 2) in the presence of Ca and/or Si, the
structure of Fe(IIl)-precipitates formed by the oxidation of Fe(Il) was rationalized in terms of
mixtures of three main endmembers, including poorly-crystalline lepidocrocite, Si-containing
ferrihydrite, and amorphous Fe(III)-PO4 (Kaegi et al., 2010; Voegelin et al., 2010; Voegelin et al.,
2013; Senn et al., 2015; Voegelin et al., 2019). The proportion of each endmember largely
depended on the concentration of the surrounding constituents (Voegelin et al., 2013; Senn et al.,
2015; Voegelin et al., 2019). Under similar conditions, goethite formation was inhibited during
the oxidation of Fe(Il) in the presence of PO4 even at a molar P/Fe ratio of 0.02 (Chatellier et al.,
2013). Likewise, PO4 disrupted the structure of the resulting iron oxide minerals from the oxidation

of Fe(II) more so than bacterial cells (Chatellier et al., 2004).
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As with OM, the impact of PO4 on the microbial Fe(III) reduction of iron oxides is complex
as evidenced by the varying findings in the literature (Table 1-2). Past research investigated the
impact of PO4 on DIR to determine the factors that affect the release and fate of PO4 under anoxic
conditions. PO4 may be released following DIR, however more recent research indicated that PO4
is prone to release under sulfate-reducing conditions (Kraal et al., 2022; Bronner et al., 2023)
Nonetheless, PO4 can either promote or inhibit the rate and extent of Fe(III) reduction by DIRB.

Several mechanisms may explain the enhancement of Fe(III) reduction in the presence of POu:

1. PO4 may stimulate DIRB growth,

2. PO4 may form complexes with biogenic Fe(Il), reducing mineral and cell surface
passivation by Fe(Il),

3. PO4 may stabilize thermodynamically unstable iron oxides, preventing their
transformation,

4. POs adsorption onto iron oxide surfaces may alter aggregation and flocculation,

increasing surface accessibility to DIRB.

Conversely, PO4 may inhibit Fe(IIT) reduction by adsorbing to iron oxide surfaces and
blocking access of DIRB to reactive sites (Borch et al., 2007). While past studies investigated the
effects of added PO4 or pre-adsorbed PO4 on the DIR of various iron oxides, few have explored
the impact of coprecipitated PO4 on the reactivity of iron oxides to DIRB. These few studies found
that, relative to pure ferrihydrite and coprecipitates, at equivalent PO4 loading (P/Fe 0.05 and P/Fe
0.09 mol:mol), pre-adsorption of PO4 was reported to hinder the dissolution kinetics and release
of Fe by 0.01 M HCI and ~0.1 M ascorbate (Kraal et al., 2019). Within the same study, it was

reported that coprecipitates of ferrihydrite-PO4 exhibited the highest dissolution rates (Kraal et al.,
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2019). Similarly, O’Loughlin et al. (2013) found that the rate of chemical dissolution of
lepidocrocite-PO4 coprecipitates (0.007 — 0.1 P/Fe mol:mol) by 0.01 M ascorbate increased with
increasing PO4 content, relative to that of POas-free lepidocrocite. Yet, within the same study, the
presence of POs reduced the rate of Fe(Ill) reduction by Shewanella putrefaciens CN32 but
enhanced the extent of Fe(IIl) reduction relative to that of PO4-free lepidocrocite. In contrast, a
ferrihydrite-POa4 coprecipitate (P/Fe 0.1 mol:mol) produced from a Fe(III) solution was reduced at
a slower rate by Na-dithionite relative to pure ferrihydrite and ferrihydrite with pre-adsorbed PO4
(P/Fe 0.07 mol:mol) (Wen et al., 2023). While these studies provided important insights into the
impact of the sorption mode of PO4 on the reactivity of different iron oxides, no studies have
investigated the effects of coprecipitation of PO4 on the bioavailability of ferrihydrite. Moreover,
past studies have mainly focused on the impact of PO as a single entity on the physicochemical
properties and bioavailability of iron oxides, whereas very few studies considered the effects of
additional entities such as OM (Wen et al., 2023). Finally, as with OM, PO4 plays an important
role in controlling the secondary iron products that form due to mechanisms similar to those
described for OM (Table 1-2).

Table 1-2: Summary of rates of Fe(Ill) reduction and extent of Fe(Ill) reduction by DIRB or
chemical compounds, along with the reported secondary Fe minerals that formed following
reduction extracted from selected studies. RR and RE correspond to relative rate and relative

extent, respectively, which correspond to values calculated relative to the pure mineral phase or
control in each study.

Iron oxide DIRB/Chemical RR RE Seﬁ?ﬁ:& Fe Reference
Coprecipitation
Lp (0.0045 P/Fe Shewanella 02 1.6 f Sreer}llrgit’x O’Loughlin et
mol:mol) putrefaciens CN32 : ' © é’;iogate" y al. (2013)
Lp (0.0074 P/Fe Shewanella 015 ) ferforjsr}‘l“éigx O’Loughlin et
mol:mol) putrefaciens CN32 ' Carbozate y al. (2013)
Lp (0.0208 P/Fe Shewanella 015 5 fegjs‘l’]“éigx O’Loughlin et
mol:mol) putrefaciens CN32 ‘ carbm}l/ate y al. (2013)
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Green rust,

Lp (0.1026 P/Fe Shewanella 0.33 ) ferrous hydroxy ~ O’Loughlin et
mol:mol) putrefaciens CN32 ’ carbonate, al. (2013)
vivianite
Lp (0.0045 P/Fe L O’Loughlin et
mol:mol) Ascorbic acid 0.4 N/A N/A al. (2013)
Lp (0.0074 P/Fe L O’Loughlin et
mol:mol) Ascorbic acid 0.7 N/A N/A al. (2013)
Lp (0.0208 P/Fe . O’Loughlin et
mol:mol) Ascorbic acid 4.8 N/A N/A al. (2013)
Lp (0.1026 P/Fe N O’Loughlin et
mol:mol) Ascorbic acid 10 N/A N/A al. (2013)
Fh (P/Fe 0.05 L Kraal et al.
mol:mol) Ascorbic acid 1.7 N/A N/A (2019)
Fh (P/Fe 0.1 . Kraal et al.
mol:mol) Ascorbic acid 3.1 N/A N/A (2019)
Fh (P/Fe 0.05 Kraal et al.
mol:mol) 0.01 mol/L HCI 1.4 N/A N/A (2019)
Fh (P/Fe 0.1 Kraal et al.
mol:mol) 0.01 mol/L HCI 2.5 N/A N/A (2019)
Fh (P/Fe 0.1 e Wen et al.
mol:mol) Na-dithionite 0.1 0.9 N/A (2023)
Fh-OM (P/Fe
0.1 mol:mol, Wen et al
C/Fe 2 mol:mol Na-dithionite 0.05 0.7 N/A (2023) ’
Algae-derived
OM)
Fh-HA (P/Fe
0.1 mol:mol, i Wen et al.
C/Fe 2 mol-mol Na-dithionite 0.05 0.7 N/A (2023)
standard HA)
Adsorption
0,
Fh (fé)vﬁrzlglzface Shewanella N/A 0.6 7% Magnetite Borch et al.
. . o
phosphate) putrefaciens CN32 12% Green rust (2007)
Fh (100%
surface Shewanella o Borch et al.
coverage putrefaciens CN32 N/A 0.2 3% Green rust (2007)
phosphate)
Fh (P/Fe 0.05 L Kraal et al.
mol:mol) Ascorbic acid 0.65 N/A N/A (2019)
Fh (P/Fe 0.1 L Kraal et al.
mol:mol) Ascorbic acid 0.84 N/A N/A (2019)
Fh (P/Fe 0.05 Kraal et al.
mol:mol) 0.01 mol/L HCI 0.65 N/A N/A (2019)

Fh (P/Fe 0.1 Kraal et al.
mol:mol) 0.01 mol/L HCI 1 N/A N/A (2019)
Schwertmannite Schoenfer et al
(80 pmole Natural consortium N/A 1.4 Goethite P )

(2017)
PO4/g)
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Schwertmannite

(400 pmole Natural consortium N/A 0.6 GO?thlte Schoepfer et al.
POL/2) (minor) (2017)
Schwertmannite .
(800 umole Natural consortium N/A 0.1 Gogthlte Schoepfer et al.
POL/2) (minor) (2017)
Fhﬂgzﬁﬁool')m Na-dithionite 0.45 1 N/A Wgz);;)al
Fh with ads PO4
and OM (P/Fe
0.7 mokmol, Nadithionite 03 1 N/A W(zr(l)zeg)'“‘l
mol:mol Algae
derived OM)
Fh with ads PO,
and OM (P/Fe
0.07 mol:mol, e Wen et al.
C/Fe 0.05 Na-dithionite 0.6 1 N/A (2023)
mol:mol
standard HA)
Addition
Lp (0.5 mM Shewanella O’Loughlin et
POs) putrefaciens CN32 0.13 24 Green rust al. (2010)
Fh (5 mM Fe, Shewanella 05 08 None Amstaetter et al.
0.8 mM POy) oneidensis MR-1 ’ ' (2012)
Fh (30 mM Fe, Shewanella . Amstaetter et al.
0.8 mMPO;)  oneidensis MR-1 0.8 0.9 Magnetite (2012)

3. Alginate

The OM selected for this research is sodium alginate (CeH7NaOs)n, which is a
polysaccharide that is abundant in nature and occurs as a structural component in marine brown
algae (phaeophyceae). Alginate is a linear copolymer consisting of (1—4)-linked a-L-guluronic
acid (G) and B-D-mannuronic acid (M) residues arranged in varying sequences (Figure 1-3). The
specific arrangement of these G and M units depends on the species from which the alginate is
derived (Cardenas-Jiron et al., 2011; Hecht and Srebnik, 2016; Wang et al., 2019). Typically, the
polymer chains contain random sequences of M- and G-blocks, interspersed with alternating MG
regions (Hecht and Srebnik, 2016; Wang et al., 2019). Alginates are generally stiff molecules due
to the rigidity of the six-membered sugar rings and the limited rotational flexibility around the

glycosidic bonds (Hecht and Srebnik, 2016; Wang et al., 2019).
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Y Y Y b
GM-block M-block GM-block G-block

Figure 1-3: Molecular structure of Na-alginate (Wang et al., 2018).

The environmental relevance of alginate is supported by Chan et al. (2009), who
characterized BIOS using analytical techniques such as scanning transmission X-ray microscopy,
micro-X-ray fluorescence microscopy, and high-resolution transmission electron microscopy.
Their findings identified microbial polymers (sheaths and twisted stalks) as acidic polysaccharides
containing carboxyl functional groups, with compositional similarities to alginate. This
resemblance reinforces the selection of alginate as a representative OM in studies of microbial and

geochemical interactions.

4. Gamma (y)-irradiation

Studies conducted to date to determine the reactivity of BIOS, in particular BIOS that
formed from the activity of microaerophilic FeOB, have been carried out utilizing naturally
occurring BIOS, necessitating the need to sterilize the samples in order to prevent reactions
mediated by the native microbial communities during storage and experimental duration (Langley
etal., 2009b; Langley et al., 2009d; Langley et al., 2009¢). From the range of available sterilization
methods reported in the literature, apparently all come with a disadvantage. Autoclaving, for
instance, can significantly alter the physicochemical properties of natural samples, including a
decrease of surface area as a consequence of heat induced transformation of poorly crystalline Fe
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oxyhydroxide minerals into crystalline iron oxides as well as particle aggregation (Berns et al.,
2008; Radloff et al., 2008; Otte et al., 2018; Zhao et al., 2021), and release of nutrients and organic
matter (Salonius et al., 1967; Lotrario et al., 1995; McNamara et al., 2003; Berns et al., 2008;
Buessecker et al., 2019). On the other hand, the application of chemical agents was reported to
result in the increase of extractable of Fe(Il) and Fe(Ill) (Buessecker et al., 2019; Layglon et al.,
2020), as well as the chemical alteration of organic matter properties and trace metal behaviour
(Wolf et al., 1989; Buessecker et al., 2019; Retelletti Brogi et al., 2019; Layglon et al., 2020).
Moreover, the application of chemical agents may hinder the inoculation of sterilized samples with
model microorganisms (Langley et al., 2009b; Langley et al., 2009d; Langley et al., 2009¢).
Although autoclaving tends to be more commonly used due to its lower cost and ease of
accessibility, sterilization by gamma(y)-irradiation has been determined to be the most appropriate
method by several studies (McNamara et al., 2003; Herbert et al., 2005; Berns et al., 2008;
Borisover et al., 2016; Lees et al., 2018; Buessecker et al., 2019). Sterilization by y-irradiation
proceeds either directly or indirectly. Directly, the ionizing energy causes direct damage to cell
DNA. Indirectly, sterilization proceeds by reactive radical species that form from the radiolysis of
cellular H20 (e.g. "OH, ‘eaq’, 'H, H202, "O2"), which may react with proteins, nucleic acids, and
lipids causing cleavage of carbon-carbon bonds leading to the depolymerization of complex
organic matter ultimately leading to cell death (McNamara et al., 2003; Yakabuskie et al., 2011;
Brown et al., 2015). The efficiency of y-irradiation as a sterilization and minimally invasive
technique has been compared with a number of other sterilization techniques such as autoclaving,
and the application of poisons and fumigants (e.g. sodium azide, chloroform, mercuric chloride)
(McNamara et al., 2003). While some studies identify y-irradiation as an effective and minimally

invasive technique, others suggest otherwise indicating that irradiation driven alteration of the

29



physicochemical properties of soils/sediments may be related to the properties, mineralogy and
OM content of the soil/sediment (McNamara et al., 2003; Schaller et al., 2011).

One of the most common changes observed for soils/sediments following y-irradiation is
the increase in dissolved organic C, likely originating from radiation induced depolymerization of
complex OM (including microorganisms) within the sample (Salonius et al., 1967; Tuominen et
al., 1994; McNamara et al., 2003; Bank et al., 2008; Schaller et al., 2011). In contrast, the effects
of y-irradiation on the physical properties of soils/sediments are variable. Wolf et al. (1989) -
sterilized a number of different soils (dosage of 50-60 kGy) and observed no significant changes
in their surface area. Similarly, Herbert et al. (2005) found no significant changes in the mineralogy
and surface area of mine tailings following irradiation to a final dose of 10 or 25 kGy. In contrast,
Lotrario et al. (1995) observed a 16% decline in soil surface area following y-irradiation (10 kGy).
More recently, Schaller et al. (2011) found that y-irradiation (4x 15kGy) of sediments with high
organic C content (9.5%) led to a significantly higher remobilization of arsenic and uranium into
solution when compared to non-sterilized sediments. Bank et al. (2008) found that y-irradiated
sediments (final dose of 20 kGy) adsorbed a significantly higher amount of U(VI) than non-
sterilized sediments which was attributed to irradiation induced alteration of the cation exchange
capacity of the sediment and the partial reduction of goethite to Fe(Il). Berns et al. (2008) found
that y-irradiation (36 kGy) altered the aggregation state of soil and in turn increased the surface
area. In contrast, the exposure of various clay minerals to a high dosage of y-irradiation (1.1 MGy)
slightly altered the surface area of select minerals, whereas in other minerals (e.g. smectite)
irradiation induced reduction of Fe(III) to Fe(Il) leading to an overall decline in cation exchange
capacity (Plotze et al., 2003). On the other hand, the exposure of synthetic 2-line ferrihydrite and

hematite to a similar dose (1 MGy) was found to alter their crystalline structure and enhance their
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bioavailability to microbial Fe(Ill) reduction by Shewanella oneidensis MR-1 in the presence of
an electron shuttle (Brown et al., 2014). Even at lower doses (0.6 and 38.6 kGy), however, -
irradiation may have enhanced the bioavailability of Fe(Ill) in sediments to microbial reduction
by Geobacter sulfurreducens (Brown et al., 2015). Thus, radiation driven alteration of the
physicochemical properties and oxidation state of iron may lead to an over-or under-estimation of
their reactivity and may in turn influence the secondary iron products that form during microbial
Fe(III) reduction.

Thus far, we have highlighted the importance of physicochemical and mineralogical
properties as well as OM content/type in modulating the reactivity of Fe-OM coprecipitates.
Therefore, given sensitivity in reactivity of iron oxides to changes in crystallinity and OM content,
determining the extent of impact of y-radiation on the reactivity of Fe-OM coprecipitates is
important for future studies employing this technique to natural samples.

5. Statistics

Data comparison was carried out using either one-way ANOVA or two-tailed t-test at the
95% confidence interval as previously done in past studies (Langley et al., 2009a; Najem et al.,
2016). One-way ANOV A was carried out for Chapters 2 and 3 for sample inter-comparisons paired
with Tukey's post hoc test to determine which specific pairs of group means are significantly
different from each other after a significant result in an ANOV A test. This approach also eliminates
Type 1 error. For Chapter 4, two-tailed t-test were performed as opposed to ANOVA, because
comparisons were carried out between a native and an irradiated sample and no inter-comparisons
were performed among samples. Finally, statistical analyses were carried out in SigmaPlot version

12.3.
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6. Objectives and Hypotheses

1.

The objectives of this thesis are:

To investigate the effects of varying concentrations of OM on the physicochemical and
mineralogical properties, as well as the reactivity of various iron oxide-OM coprecipitates
including ferrihydrite, lepidocrocite, and goethite. Because coprecipitation modifies the
physicochemical and mineralogical properties of the iron oxides studied, as observed for
BIOS, it is hypothesized that the reactivity, assessed with chemical dissolution and
bioavailability, will increase with increasing C content.

To investigate the cooperative impact of PO4 and OM on the physicochemical properties,
abiotic dissolution mediated through reduction (ascorbic acid), and bioavailability
(Shewanella putrefaciens CN32) of 2-line ferrihydrite. The concentrations of PO4 (0.01
and 0.1 P/Fe mol:mol) and OM (C/Fe 1.0 mol:mol) chosen for this study correspond to
those encountered in the environment (Fortin et al., 1993; Chen et al., 2014; Baken et al.,
2015; Zhao et al., 2016; van der Grift et al., 2018). It is hypothesized that the sorption mode
of PO4 will play an important role in dictating the reactivity of ferrihydrite, whereas in
binary systems (OM and POs4) it is expected that the constituents would diminish the
reactivity of ferrihydrite due to the expected modifications of the physicochemical
properties of the oxide including SSA, aggregation, and surface charge as determined by
past studies (Wen et al., 2023).

To investigate the impact of y-irradiation at a dose of 25 kGy on the physicochemical and
mineralogical properties, as well as the bioavailability of various iron oxides (ferrihydrite,
lepidocrocite, and goethite) coprecipitated with various concentrations of OM (C/Fe 0, 0.5,

1.0, and 1.5 mol:mol). Based on past research, it is hypothesized that y-irradiation at 25
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kGy will impact the physicochemical and mineralogical properties of the iron oxides
studied, and such impact is likely to increase with increasing OM content. Changes in the
physicochemical and mineralogical properties of the iron oxides studies will also likely

influence their bioavailability to Shewanella putrefaciens CN32.
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Abstract

Microbial dissimilatory iron reduction (DIR) is a common process in anoxic environments that
plays an important role in the cycling of Fe and C, ultimately influencing the distribution of
nutrients, contaminants, and trace metals in the environment. Extensive research has explored this
process, focusing on Fe(Ill)-reducing bacterial strains, the chemical composition of the
surrounding medium, and the type of Fe substrate serving as the electron acceptor. More recently,
research has shifted to explore the impact of organic matter (OM) on the DIR rates and extent of
Fe(III) reduction of Fe substrates that are closely associated with OM through adsorption and/or
coprecipitation processes. However, much of this work had focused on ferrihydrite-OM
associations, overlooking lepidocrocite- and goethite-OM associations despite their widespread
presence in soils, sediments, and wetlands. Here, we examined the influence of Na-alginate, an
analogue to polysaccharides on the physicochemical properties and reactivity of 2-line ferrihydrite
(Fh), lepidocrocite (Lp), and goethite (Gt). The minerals were synthesized by forced hydrolysis of
Fe’" (Fh)- and oxidation of Fe?" (Lp and Gt)-solutions in the presence of varying concentrations
of alginate (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) that are relevant to environmental conditions.
Characterization of the minerals was performed by conventional analytical techniques (XRD,
ATR-FTIR, BET, (-potential, and particle size), whereas their reactivity was assessed using
chemical extractants (0.5 M HCIl, and ascorbate) and the model Fe-reducing bacterium, Shewanella
putrefaciens CN32. As the alginate content increased, the crystallinity of the minerals notably
decreased due to alginate-mediated inhibition of crystal growth. This was accompanied by a
decrease and increase in the specific surface area for the Fh and Gt coprecipitates, and
lepidocrocite, respectively. Electrophoretic mobility measurements showed a decrease in the

isoelectric point across all coprecipitates, while changes in particle or aggregate size varied
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between the different mineral types. When exposed to chemical extractants, alginate at its highest
concentration had only a minor impact on the extractability of Fh. In contrast, the extractability of
the Lp and Gt coprecipitates significantly increased with increasing alginate content, suggesting
an increase in the proportion of a poorly crystalline Fe phase. Despite these significant changes in
crystallinity and physicochemical properties, the alginate content did not significantly affect
microbial Fe(IIl) reduction rates compared to pure minerals. However, the maximum amount of
Fe reduced from the Fh coprecipitates was ~15% lower than that of pure Fh. For Lp and Gt
coprecipitates, the extent of Fe reduction increased by ~7% and ~4%, respectively, at a C/Fe ratio
of 1.0 and 1.5. Overall, this study highlights that OM interactions with Fe minerals can
significantly alter their crystallinity, surface properties, and chemical extractability, yet these
changes do not always translate directly to differences in microbial Fe(IIl) reduction rates, which
appear to be influenced more by the mineral type and extent of OM association. These are
important considerations for predicting DIR processes and the cycling/release of associated
nutrients, contaminants, and C in natural settings, as well as for the potential application of DIR in
bioremediation strategies and other environmental management practices.

Keywords

Na-Alginate, Organic matter, Coprecipitation, Ferrihydrite, Goethite, Lepidocrocite,
Bioavailability, Shewanella putrefaciens
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1. Introduction

Iron oxides (referring to iron oxides, hydroxides, and oxyhydroxides) are ubiquitous in
terrestrial and aquatic environments, and due to their unique physicochemical properties, such as
large surface area and variable surface charge, they play a key role in controlling the transport and
bioavailability of nutrients, heavy metals, and metalloids. Iron oxides also exhibit high reactivity
towards organic matter (OM), encompassing humic acids, fulvic acids, and polysaccharides.
Consequently, iron oxides are closely associated with OM in aquatic and terrestrial environments
that arise from a range of chemical and physical processes. These processes include the adsorption
of OM to the surface of preformed- and the coprecipitation of OM with neoformed- mineral phases
where the latter comprises several interlinked complex processes (Kaiser et al., 1997; Kaiser, 2003;
Schwertmann et al., 2005; Wagai and Mayer, 2007; Mikutta et al., 2008; Pedrot et al., 2011; Chen
et al., 2014; Kleber et al., 2015; Curti et al., 2021; Possinger et al., 2021; Li et al., 2023). Such
processes are abundant in the environment, and they occur within the porewaters of soils and
sediments (Wagai and Mayer, 2007; Cismasu et al., 2011; Lalonde et al., 2012; Zhao et al., 2016),
oxic-anoxic transition zones where Fe(II)-bearing anoxic solutions contact atmospheric Oz (Riedel
et al., 2013), and industrial coagulation water treatment landfills (Henneberry et al., 2012).

The impact of OM on the mineralogy, crystallinity, stability, and physicochemical
properties of iron oxides during precipitation is well documented in the literature and has been
described in laboratory-based studies and naturally occurring samples (Langley et al., 2009¢;
Vollrath et al., 2013; Chen et al., 2015; Liu et al., 2019b; ThomasArrigo et al., 2022). These
organo-mineral coprecipitates are characterized by small crystal size, defective crystallographic
structure as well as distinct specific surface area, aggregation state, and surface charge (Eusterhues

et al., 2008; Mikutta et al., 2008; Toner et al., 2009; ThomasArrigo et al., 2022). Because of these
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properties, organo-mineral coprecipitates have been a subject of intense research to determine their
role in the environment towards contaminant, nutrient, and trace metal mobility (Grybos et al.,
2007; Mikutta et al., 2014; Fabisch et al., 2016; Hao et al., 2016; Sowers et al., 2017; Chen et al.,
2018; Field et al., 2019; Xue et al., 2019; Dong et al., 2022), C storage (Lalonde et al., 2012; Han
et al., 2019; Patzner et al., 2022; Martens et al., 2023), long term stability (Kaiser et al., 2007;
Cismasu et al., 2016; Najem et al., 2016; Zhao et al., 2022c), well as susceptibility to abiotic
reductants (e.g. sulfide) (Wang et al., 2023). Past and ongoing research also focused on examining
the bioavailability of organo-mineral coprecipitates to dissimilatory iron reducing bacteria (DIR)
to determine reaction rates as well as the fate of C and associated nutrients/trace
metals/contaminants (Langley et al., 2009b; Pedrot et al., 2011; Amstaetter et al., 2012; Shimizu
et al., 2013; Eusterhues et al., 2014a; Adhikari et al., 2016; Poggenburg et al., 2016; Adhikari et
al., 2017; Cooper et al., 2017; Zhao et al., 2017; Mejia et al., 2018; Poggenburg et al., 2018; Han
et al., 2019; Zeng et al., 2020; Dong et al., 2023). Within this context, past research highlighted
the importance of the physicochemical and mineralogical properties as well as OM content/type
in modulating the reactivity of these composites. For example, the rate and extent of DIR of
ferrihydrite (Fh)-humic acid composites by Shewanella putrefaciens CN32 depended on the C/Fe
ratio such that DIR was hindered and enhanced at low (<0.8) and high (>1.8) C/Fe ratios,
respectively (Shimizu et al., 2013). DIR of Fh coprecipitated with various types of OM (C/Fe 1.0)
by the same strain of bacteria was also influenced by the amount of available electron shuttling
molecules provided by the OM, with Fh-exopolysaccharides composites exhibiting the least
bioavailability in comparison to other Fh-OM composites (Poggenburg et al., 2016; Poggenburg
et al., 2018). In contrast, DIR of the same composites by Geobacter metallireducens was

influenced by particle size and OM-induced aggregation (Poggenburg et al., 2016).
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While the effects of OM on DIR have been studied for Fh-OM associations, information
on how other iron oxides are affected is sparse. Lepidocrocite (Lp) and goethite (Gt), for example,
exhibit different thermodynamic stability than Fh under typical near surface temperature and pH
conditions (Cornell and Schwertmann, 2003). These minerals are also abundant in soils and
sediments, and they have been described in the literature to form in close association of
exopolysaccharides produced by Fe(Il)-oxidizing bacteria in the environment and under laboratory
conditions (Kleinert et al., 2011; Muehe et al., 2013; Vollrath et al., 2013; Najem et al., 2016;
ThomasArrigo et al., 2022). To the best of our knowledge, few studies have investigated how OM
coprecipitated with Lp and Gt affects DIR processes. Muehe et al. (2013) reported that the rate of
DIR by S. oneidensis MR-1 of a biogenic iron oxide, a mixture of mainly Gt and 13 + 5% Fh,
formed by the Fe(Il)-oxidizer Acidovorax sp. BoFeN1 was equivalent to and higher than that of
synthetic Fh and Gt, respectively. Piepenbrock et al. (2014) also reported a higher reduction of
biogenic Gt by humic substances than that of a synthetic equivalent. Likewise, Fe-humic acid
nanoparticulate coprecipitates formed from the oxidation of Fe(II) in the presence of OM were
reduced by S. putrefaciens CIP 80.40 T 8x faster than in the case of nano-lepidocrocite (Pedrot et
al., 2011). More recently, Weihe et al. (2019) reported that alginate-hematite coprecipitates (C/Fe
0.1 and 1.0) exhibited a 30-50% lower DIR rate by S. oneidensis MR-1 but a slightly higher Fe(III)
reduction extent than pure hematite. Therefore, it is clear that OM has variable impact on the
bioavailability of iron oxides.

The objectives of this study are to: (i) identify the physicochemical and mineralogical
characteristics of Fh-, Lp-, and Gt-OM coprecipitates; (ii) determine the susceptibility of the
coprecipitates to chemical dissolution; and (iii) determine the bioavailability of the coprecipitates

to DIR by a model iron reducing bacteria Shewanella putrefaciens CN32. To this end, Fh, Lp, and
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Gt were synthesized in the presence of varying concentrations of Na-alginate at C/Fe ratios that
are relevant to those found in the environment. Alginate was chosen as the organic compound due
to its chemical resemblance to algae derived OM and to the twisted stalks and sheaths produced
by the Fe(Il)-oxidizing bacteria Gallionella spp. and Leptothrix spp., respectively (Chan et al.,
2004; Chan et al., 2009; Wen et al., 2023). Polysaccharides are also important components of plant
root exudates, contributing up to ~10% of the total organic matter pool in soils and sediments
(Kleber et al., 2015). The synthetic minerals used for this research were previously characterized
in terms of physicochemical and mineralogical properties, and bioavailability against their y-
irradiated counterparts (Najem et al., 2025). For this research, we focus on analyzing differences
among the minerals to differentiate the effects of OM content on mineralogy and bioavailability.
Therefore, results from this research adds to the understanding of the influence of OM on DIR

processes and the biogeochemical cycling of Fe and C in natural environments.

2. Materials and methods
2.1. Synthesis of coprecipitates

Prior to mineral syntheses, all necessary glassware and components were initially
submerged in 10% HNOs3 bath for a minimum duration of 24 hours then washed 3x with ultrapure
water (UPW) (18 MQecm). The glassware was then baked in a muffle-furnace at 450 °C for a
duration of 8 hours to remove any residual organic matter and then sterilized by autoclaving. Prior
to use, Na-alginate was sterilized by spreading the dry powder on the base of a beaker or Pyrex
bottle followed by irradiation with an ultraviolet light source (UVA) for a period of 1 hour.
Potential UV A induced structural changes of alginate was assessed via FTIR-ATR, which revealed
no observable changes (data not shown). To ensure sterility, all working solutions were prepared

aseptically by using autoclaved UPW or by filtering (0.22 pm pore size).
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Pure 2-line ferrihydrite (Fh) was synthesized by the rapid addition of 1 M NaOH to a
solution of 80 mmol FeCl3*6H20 under vigorous stirring to a final pH of 7.0 (Langley et al.,
2009b). The ferrihydrite-alginate coprecipitates were synthesized in a similar fashion to pure Fh
from the point of NaOH addition to the Fe(IlI) solution as previously described (Mikutta et al.,
2008). For the synthesis, an appropriate amount of Na-alginate powder was initially dissolved in
450 mL of sterile UPW for a period of 24 hours in the dark. Subsequently, the pH of the alginate-
solution was adjusted to ~2.5 with 6 M trace metal grade HCI using a sterile pH probe while
vigorously mixing. Following pH adjustment, the alginate solution obtained a homogenous milky
appearance at which point 200 mL of FeCl3*6H20 solution of appropriate concentration was added
to the alginate solution while vigorously mixing. At this point the pH of the mixture dropped to
1.4-1.8 and had an orange-milky appearance. 1 M NaOH was then added rapidly as described with
Fh until a red-brown precipitate had formed. The pH of the final solution was ~7.00, which was
monitored and adjusted for at least 20 minutes until fluctuation had ceased. Washing of the
precipitate proceeded by centrifugation/vertexing and washing with sterile UPW until the
conductivity of the supernatant decreased to <25 uS/cm.

Pure lepidocrocite (Lp) was synthesized following the method outlined in Schwertmann
and Cornell (2008). Briefly, 11.93 g of FeCl24H20 (60 mmol) was dissolved in 100 mL UPW
and filtered (Cytiva polyethersulfone membrane, 0.22um) to sterilize and to remove any oxidized
products directly into sterile 200 mL UPW while stirring. Subsequently, the pH of the acidic
solution was rapidly adjusted to 6.7 with 1 M NaOH, at which point filtered compressed air was
introduced at a rate of 100-115 mL/min. During the oxidation process, the pH of the solution was
manually adjusted (6.7 — 6.9) by the addition of base until fluctuation had stabilised for at least 30

minutes. Synthesis of lepidocrocite-alginate coprecipitates proceeded in the same manner
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described for Lp with some modifications. Initially, an appropriate amount of Na-alginate was
dissolved in 300 mL of sterile UPW in the dark for a duration of 24 hours. After the pH adjustment
of the alginate solution to 2.5, synthesis and pH adjustment proceeded as described with Lp.
However, it was noted that the synthesis time of Lp increased with increasing organic matter
content, in which case the time increased from 3 hours (pure Lp) to 6-8 hours (C/Fe 1.0 and 1.5).
Consequently, minor amounts of goethite had formed likely as a result of the long exposure time
of the solution to CO2 (HCO3") from the compressed air. Therefore, in order to eliminate such
contamination, lepidocrocite-alginate coprecipitates (C/Fe of 1.0 and 1.5) were synthesized by
bubbling with pure O: at a rate of ~25 mL/min. Such approach was successful in eliminating
goethite and it also reduced the synthesis time to ~3 hours. Washing of the Lp precipitates
proceeded as described for Fh.

Pure goethite (Gt) was synthesized via the oxidation of a Fe(II) solution following the
method outlined in Schwertmann and Cornell (2008). Prior to synthesis, deoxygenated sterile
UPW was prepared by sparging with filtered N2 for 1 hour, and then transferred into a Coy Labs
anaerobic chamber operating with an atmosphere of 95:5 N2:Ho. Inside the anaerobic chamber, 15
g of FeCl2#4H20 (75.45mmol) was dissolved into 150 mL of the deoxygenated UPW and then
filtered (Cytiva polyethersulfone membrane, 0.22 um) directly into 850 mL of deoxygenated UPW
water in a 2 L Pyrex glass bottle and stirred. Outside the anaerobic chamber, 170 mL of a freshly
prepared and filter sterilized solution of 1 M NaHCO3 was aseptically added to the Fe(II) solution
while stirring. This final mixture was then sparged with compressed air at a rate of 30-40 mL/min
for a duration of 48 hours in the dark. Goethite-alginate coprecipitates were prepared by dissolving
an appropriate amount of alginate into 500 mL of deoxygenated UPW for 24 hours in the dark.

Under anaerobic conditions, 150 mL of 75.45 mmol of Fe(Il) solution was then filtered directly
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into the alginate solution while vigorously stirring, and then topped off with deoxygenated UPW
to a final volume of 1 L. Subsequent synthesis proceeded as described for pure Gt. The final Gt

precipitates were allowed to settle for up to 1 week prior to washing as described above.

2.2. Characterization of the Iron Oxides

2.2.1. ””Fe Mossbauer spectroscopy

Samples for Mossbauer analyses were handled and dried under anaerobic conditions (95:5
N2:Hz). The powdered samples were loaded into Plexiglas holders (area 1 cm?), forming a disc.
These samples were kept in airtight jars at -20 °C until measurement. Holders were inserted into a
closed-cycle exchange gas cryostat (Janis cryogenics) under a backflow of He to minimize
exposure to air. Spectra were collected at 77 K and 5 K using a constant acceleration drive system
(WissEL) in transmission mode with a >’Co/Rh source. All spectra were calibrated against a 7 pm
thick o->"Fe foil that was measured at room temperature. Analysis was carried out using Recoil
(University of Ottawa) and the extended Voigt Based Fitting (VBF) routine (Lagarec and
Rancourt, 1997). The half width at half maximum (HWHM) was constrained to 0.123 mm/s during

fitting.

2.2.2. Powder X-ray Diffraction

The bulk mineralogy of the iron oxides was determined by X-ray diffraction (XRD). Air-
dried samples were thoroughly ground to fine powders with an agate mortar and pestle and
analysed with a Rigaku Ultima IV diffractometer using a Cu-Ka X-ray source, operating at 45 kV
and 40 mA. Continuous scans were run from 10-80° 20 using a step size of 0.02° at a rate of 0.7

°/minute.
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2.2.3. Specific Surface Area

Surface area measurements on duplicate samples prepared in the same manner as XRD
were carried out using a Quantachrome Autosorb-1. Approximately, 100-300 mg of a sample was
initially degassed under vacuum at a temperature of 50 °C for 24 h using a 9 mm cell. After the
determination of degassing stability and final dry mass, 33 N2 adsorption and 19 desorption points
were recorded at 77 K in the partial pressure region 5x1073- 0.99 P/Py. The SSA was determined
by applying the BET equation on the standard partial pressure region (0.05 — 0.3 P/Po) or by
applying the criteria established by Rouquerol et al. (2007) where deemed necessary. The
micropore volume was determined by applying the Dubinin-Radushkevich (DR) method to
adsorption points below 0.01 P/Py, whereas the mesopore volume (2-50 nm) was determined by
applying the Barrett-Joyner-Halenda (BJH) method as determined by the accompanying Autosorb-
1 software (Mikutta et al., 2008; Poggenburg et al., 2016). Total pore volume was determined from
the last point of the N2 adsorption isotherm (0.99 P/Py). Lastly, the mineral SSA and pore volumes

were corrected for the weight of retained alginate content as described in Mikutta et al. (2008).

2.2.4. Fourier Transform Infrared Spectroscopy

Powdered samples were analysed with Fourier transform infrared spectroscopy (FTIR)
using a Nicolet 6700 spectrophotometer (ThermoFisher Scientific) equipped with a deuterated
triglycine sulfate (D7TGS) detector and a diamond crystal coated with ZnSe in attenuated total
reflectance (ATR) mode. Prior to analyses, the powdered samples were dried under vacuum in an
Ox0id™ Anaerobic Jar (~27 inHg below atmosphere) at 50 °C for a period of 24 hours to minimize
the contribution of surface adsorbed H2O to the spectra. While at 50 °C, the samples were flushed
with pure nitrogen (GR4.5) and allowed to cool in a desiccator until analyses. Four individual

measurements were made on each sample in order to determine the homogeneity of sample in
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terms of particle size and composition together with instrumental reproducibility. For each sample,
spectra were acquired from 500 to 4000 cm™ at 4 cm™! resolution, with 128 scans averaged per
spectrum. Subsequently, the spectra were processed using the OMNIC software package (Thermo
Fisher Scientific, version 9) where the spectra were averaged, automatically baseline corrected,

and normalized to the maximum absorbance value.

2.2.5. Iron and Carbon Content

The pseudo-total iron content of dry powdered or wet samples was determined by
suspending a known amount into 6 mL of UPW and fully digested by the addition of 4 mL trace
metal grade 30 % H202 and 2 mL trace metal grade HNOs3 followed by heating at 75 °C for 24
hours. After dilution with 1% HNOs3 (v/v), the Fe content was determined via inductively coupled
plasma — optical emission spectroscopy using a Varian Vista-PRO CCD Simultaneous ICP-OES,
operating under standard conditions. All digestions were carried out in duplicates (powdered
samples) or triplicates (wet samples). For carbon content determination, approximately 10 mg of
a dry powdered sample was weighed into a tin capsule. The prepared samples were then analysed
for carbon content at the University of Ottawa at the Jan Veizer Stable Isotope Laboratory using

the Elementar Vario Isotope Cube.

2.2.6. Non-sequential Chemical Extractions

To determine the fraction of amorphous Fe non-sequential chemical extractions were
carried out in triplicates following the methods outlined in Kostka and Luther (1994). Briefly, ~20
mg of wet sample was accurately weighed into 20 mL scintillation vials followed by the addition
of either HC1 (0.5 M) or ascorbate (pH 8.0). The HCl extraction proceeded under oxic conditions

for a duration of 1 hour, whereas the ascorbate extraction proceeded under anoxic conditions for a
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duration of 24 hours in the dark. Following extraction with HCI (0.5 M), the digests were filtered
(Cytiva polyethersulfone membrane, 0.22 pm) and an aliquot was analysed with the ferrozine
assay to determine the Fe(Il) content (HClrean), and another aliquot was reduced with 0.28 M
CIH4NO in 0.28 M HCI for a duration of 30 minutes to determine total Fe (HCliwotlre) concentration
following determination with the ferrozine assay (Stookey, 1970; Kostka and Luther, 1994;
Viollier et al., 2000). The 0.5 M HCI extractable Fe was calculated as HClreqry = HCltotalre —
HClrean. For the ascorbate extraction, the digests were filtered (Cytiva polyethersulfone
membrane, 0.22 um) under anoxic conditions and the filtrates were analysed using the ferrozine
assay. To determine the fraction of amorphous Fe in the precipitates, the concentration of Fe

extracted by ascorbate or HCI was normalized by the total Fe concentration (Section 2.2.5.).

2.2.7. Electrophoretic Mobility and Particle Size

The electrophoretic mobility (EM) and particle size of the iron oxides was measured in a
filtered (Sartorius polyethersulfone membrane, 0.22 pm) 10 mM NaNOs solution using a Zetasizer
Nano-ZS (Malvern, Instruments) at 25 °C. Initially, the iron oxides were dispersed by adding a
wet sample (equivalent to 25-30 mg of dry solid per litre) to 500 mL of background electrolyte
and stirred for 1 hour. Subsequently, the pH of 50 mL aliquots was adjusted with filtered 10 mM
NaOH or HNOs to a constant desired value between pH 3 — 9. The EM measurements were
determined from the average of 5 runs comprising of 10 cycles each. Particle size of the
suspensions was determined from the average of two individual measurements at pH ~6 in

automatic mode.

2.3. Bioavailability

2.3.1. Microbial Medium and Preparation of Cultures
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Microbial Fe reduction experiments were carried out with a well characterized, facultative,
dissimilarity Fe(Ill)-reducing bacterium, Shewanella putrefaciens strain CN32 (S. putrefaciens
CN32). Microcosm reduction experiments were carried out in a chemically defined medium
(CDM) (pH ~6.7) composed of 20 mM sodium lactate as the electron donor, 4 mM 1,4-
piperazinediethanesulfonic acid (PIPES) buffer, mineral salts solution, and trace metals solution
(Zachara et al., 1998; Glasauer et al., 2003; Langley et al., 2009a). For transfer into CDM, S.
putrefaciens CN32 was initially revived from a glycerol stock solution by streaking onto tryptic
soy agar (TSA) plates at room temperature (~22 °C). For inoculation, the bacteria were prepared
according to the protocols of Glasauer et al. (2003) and Langley et al. (2009a). Briefly, cells were
prepared by aseptically inoculating 50 mL of TSB with a colony of S. putrefaciens CN32 from
TSA plates, and kept on a stir plate (125 rpm) for 24 hours at 22 °C. Subsequently, 0.5 mL of the
culture was transferred into 50 mL of 50:50 CDM:TSB mixtures. After 24 hours, the passaging
procedure was repeated with 95:5 CDM:TSB containing 100 uM phosphate, and continued by
transferring into 99:1 CDM:TSB containing 200 uM phosphate for a period of 30 hours. The final
step involved growing the bacteria in 100 % CDM containing 400 uM phosphate for a period of
36 hours. The concentration of phosphate was progressively increased to acclimate the bacteria to
depleted nutrients and microcosm conditions (Glasauer et al., 2003; Langley et al., 2009b).
Following the acclimation period, the bacteria were harvested by centrifugation at 4000 rpm and
the cell pellet was re-suspended into 2 mL of fresh, sterile CDM. Finally, the BioRad Protein Assay
IT dye reagent was used to standardize the concentrated cell suspension in order for the microcosms
to contain a cell density of ~107 CFU/mL (Glasauer et al., 2003; Langley et al., 2009b).

The experimental setup consisted of 500 mL acid-washed Pyrex bottles (microcosms)

containing 450 mL of sterile CDM amended with 4 mM Fe in the form of iron oxide, and 400 uM
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of sodium phosphate. The experiments were conducted in triplicates and controls to which no
bacteria were added were included. Prior to inoculation with S. putrefaciens CN32, the
microcosms were wrapped in aluminium foil in order to avoid potential photochemical reactions
and then transferred into an anaerobic chamber where inoculation proceeded. Throughout the
paper, we refer to the microcosms to which cells were added as “biotic” microcosms, whereas

controls to which no bacteria were added are referred to as “control” microcosms.

2.3.2. Sampling and Analyses

Sampling of each system was performed immediately following the addition of the cells
(time 0) and then periodically at selected time points. Sampling was carried out by vigorously
shaking the microcosms to suspend the iron oxides into solution. Immediately, 20 mL of the
suspension was poured into a sterile 20 mL scintillation vial from which all sub-sampling
proceeded to minimize the potential contamination of the microcosms (Langley et al., 2009a). The
sub-sampled suspensions were analysed for pH, cell viability (at the start and end of the
experiment), total and dissolved Fe(Il), and total Fe. pH was monitored utilizing standard
calibrated laboratory meters and probes, whereas cell viability was determined by colony counts
on TSA plates (Glasauer et al., 2003; Langley et al., 2009a). Fe(II) associated with the solid phase
(total Fe(I1)) was determined by dispensing 1 mL of unfiltered iron oxide suspension into 1 mL of
trace metal grade 6 M HCI (final concentration of 3 M) and allowed to digest for at least 24 hours
under anoxic conditions prior to dilution and analysis via the ferrozine assay (Stookey, 1970;
Viollier et al., 2000). Dissolved Fe(II) was determined by filtering (0.22 um) 6 mL of the
suspension into an acid-washed 20 mL scintillation vial, and immediately dispensing 0.5 mL of
the filtrate into 4.5 mL of trace metal grade 0.5 M HCI. Digestion proceeded for at least 24 hours

under anoxic conditions prior to analysis by the ferrozine assay. To determine total Fe, 2 mL of
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the unfiltered iron oxide suspensions were digested with 2 mL of trace metal grade 12 M HCI for
a period of 24 hours. Following dilution, Fe determination proceeded by dispensing 100 pL aliquot
of the digest into 900 pL of 0.28 M CIH4NO in 0.28 M HCI for a duration of 30 minutes and then

determining the concentration of Fe*" using the ferrozine assay.

2.3.3. Biogenic solids

At the end of the experimental period, post-reduction minerals were collected by
centrifugation (3000 rpm), washed 3x with anaerobic UPW, and dried under anaerobic conditions.
The powdered precipitates were analysed by XRD as described above, using an air sensitive

sample holder in order to prevent the oxidation of potential Fe(Il)-bearing minerals.

3. Results and Discussion

3.1. Physicochemical properties of solids

3.1.1. Chemical characterization of solids

Table 1 summarizes the chemical composition of the synthetic samples. At the same initial
C/Fe ratio, the C/Fe content followed the trend Fh >> Lp > Gt (Table 1). This suggests that
synthesis via rapid neutralization of an acidic Fe(III) solution led to greater OM incorporation,
likely due to OM entrapment during the rapid aggregation and condensation of Fh nanoparticles
(Baalousha, 2009; Pedrot et al., 2011; Angelico et al., 2014; Colombo et al., 2015). In contrast,
during Lp and Gt synthesis via Fe** oxidation in the presence of OM, stable, negatively charged
Fe(IIT)-OM complexes likely form as Fe?" oxidizes, preventing the aggregation and condensation
of the resulting iron oxide due to electrostatic repulsion (Baalousha, 2009; Pedrot et al., 2011).
Baalousha (2009) reported that high concentrations of OM (HA/Fe ratio >0.5) could either induce

or inhibit the aggregation of Fe nanoparticles according to the prevailing physicochemical
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conditions. During the oxidation of a Fe?" solution in the presence of humic acid, Pedrot et al.
(2011) suggested that OM affect the oxidation-hydrolysis of Fe(II) by (i) reducing and slowing
down Fe(Il) oxidation partly by complexation-mediated sequestration of ‘truly’ dissolved Fe
within OM and (ii) inhibiting the development and aggregation of Fe particles. Additionally, for
Gt coprecipitates, the added HCOs™ likely competed with OM and Fe(III)-OM complexes for
adsorption sites. Thus, these factors likely contributed to the lower OM uptake within the solid
phase under the conditions used in this study. Further characterization of the supernatants from Lp
and Gt coprecipitates confirmed detectable concentrations of dissolved organic carbon and Fe(III),
with minor Fe(II) levels, indicative of the presence of stable Fe(I11I)-OM complexes and potentially
Fe(Il)-Fe(III)-OM complexes that resist oxidation (Figure S1). In contrast, the supernatant from
Fh coprecipitated at C/Fe 0.5 contained no detectable DOC, Fe(IIl), or Fe(Il).

Table 1 also presents Fe extracted using 0.5 M HCI and ascorbate, along with their
respective proportions of total Fe. It also includes the fraction of Fe(Il) relative to total Fe.
Ascorbate and 0.5 M HCI were chosen due to their well-established selectivity to dissolve poorly
crystalline Fe phases, whereas oxalate was omitted due to its tendency to overestimate the Fe
fraction associated with poorly crystalline Fe phases in the presence of Fe(I) (Kostka and Luther,
1994; Hyacinthe and Van Cappellen, 2004; Hyacinthe et al., 2006). Both 0.5 M HCI and ascorbate
fully dissolved pure Fh and Fh coprecipitates with C/Fe of 0.5 and 1.0, while for Fh with C/Fe of
1.5, ~95% of Fe was dissolved, suggesting alginate may offer some protection against dissolution
(Table 1). In contrast, 0.5 M HCl extracted ~7% and ~2% of Fe from pure Lp and Gt, respectively,
likely including poorly ordered oxidation by-products. For Lp coprecipitates, HCIl-extractable Fe
remained ~7% at C/Fe 0.5 but increased to ~33% and ~40% at C/Fe 1.0 and 1.5 (P<0.05).

Similarly, for Gt coprecipitates, HCl-extractable Fe increased to ~4%, 6%, and 11% at C/Fe 0.5,
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1.0, and 1.5 (P<0.05). Ascorbate extracted ~51% of Fe from pure Lp, increasing to ~70% at C/Fe
1.0 (P<0.05), with no further rise at C/Fe 1.5. For Gt, ascorbate extraction rose from ~8% (pure)
to ~14% and 17% at C/Fe 0.5 and 1.0 (P<0.05), stabilizing at C/Fe 1.5. In comparison to the 0.5
M HCI extraction, ascorbate extracted 1.7-8x more Fe from a corresponding Lp or Gt precipitate,
although the difference between the extractants appeared to decrease with increasing OM content
(Table 1). The higher amount of Fe extracted from the ascorbate treatment than that of proton-
promoted dissolution (0.5 M HCI) can be attributed to the duration of extraction and the formation
of easily detachable complexes of reduced Fe(Il) and ligands at the particle surface (Kostka and
Luther, 1994; Kraal et al., 2019). All components of citrate-bicarbonate-ascorbic acid solution
used can contribute to surface complex detachment (Kostka and Luther, 1994; Kraal et al., 2019).
Nonetheless, data from both extractants indicate an increased proportion of a poorly crystalline Fe
phase as the C/Fe content increases (Table 1).

Table 1: Chemical extractions of the solid and wet iron phases. The fractions of poorly crystalline
Fe containing phases as determined by 0.5 M HCI (H) and ascorbate (A) are presented relative to
the total Fe. The table includes the C/Fe molar ratios determined from the solid precipitates. Values

for the chemical extractions correspond to the mean + standard deviation of three replicates,
whereas values for the C/Fe molar ratios correspond to the mean + standard deviation of two

replicates.
Sample Total Fe 0.5M HCl Ascorbate Fe(II)/T Poorly Crystalline Fraction (%) C/Fe
(T) (H) (A) (%) H/T A/T (mol:mol)

Fh 64.07 (0.22) 64.9 (2.47) 62.98(0.52) 1.69(0.48) 101.29 (3.88) 98.3 (0.88) 0.02 (0.001)
Fh 0.5 3491 (0.64) 34.96(0.36) 35.04(0.87) 2.85(0.96) 100.14(2.12) 100.38 (3.1) 0.54 (0.012)
Fh 1.0 13.22(0.23)  12.99 (0.44) 13.66(0.56) 5.04(0.58) 98.21(3.73) 103.33 (4.58) 0.96 (0.001)
Fh 1.5 9.32(0.17) 8.7 (0.07) 8.83(0.03) 4.97(0.69) 93.42(1.84) 94.78 (1.75) 1.44 (0.053)

Lp 56.16 (0.998)  3.69 (0.06)  28.7 (1.23) 0(0) 6.57 (0.16) 51.11 (2.37) 0.03 (0.001)
Lp0.5 107.58 (1.64)  7.72(0.15) 50.24 (1.47) 0.54(0.02) 7.18(0.18) 46.71 (1.54) 0.24 (0.001)
Lp 1.0 6743 (3.32) 22.19(0.61) 47.65(1.23) 123(0.1) 32.91(1.85)  70.67(3.93) 0.47 (0.012)
Lp 1.5 60.59 (3.19)  24.12(1.89) 46.04 (0.57) 1.24(0.31) 39.81 (3.76) 75.98 (4.1) 0.64 (0.002)

Gt 121.79 (2.04) 2.95(0.18) 10.09 (1.18) 0.34(0.03) 2.42(0.15) 8.28 (0.98) 0.05 (0.003)
Gt 0.5 147.01 (1.07)  6.23(0.08) 21.16 (1.85) 0.54(0.05) 4.24(0.06) 14.39 (1.26) 0.24 (0.003)
Gt 1.0 135.09 (4.6) 8.15(0.48) 22.93(0.58) 0.66(0.07) 6.03(0.41) 16.98 (0.72) 0.35 (0.007)
Gtl.5 111.85(1.24) 12.02(0.38) 20.16(0.22) 0.86(0.18) 10.75 (0.36) 18.03 (0.28) 0.44 (0.003)

* Significant difference between values at the 95% confidence interval (P<0.05, two-tailed t-test)
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3.1.2. Electrophoretic mobility: (-potential and particle size

Plots of {-potential vs. pH of the iron oxides are presented in Figure 1, whereas the particle
size is presented in Figure 2. For the pure Fh, Lp, and Gt, the isoelectric point, pHiep, was estimated
at 7.2, 7.3, and 7.6, respectively, which were within the range of the point of zero charge (PZC)
reported in the literature (Cornell and Schwertmann, 2003; Mikutta et al., 2008). Coprecipitation
with alginate led to the reduction of the pHiep in agreement with Mikutta et al. (2008) (Figure 1).
In comparison to pure Fh, the pHiep of the coprecipitates with C/Fe of 0.5, 1.0, and 1.5 was ~6.5,
>2, and <2, respectively (Figure 1). Despite possessing lower C/Fe content than Fh coprecipitates,
the Lp and Gt coprecipitates exhibited reduced pHiep (Figure 1). For the Lp coprecipitates with
C/Fe 0.5, 1.0, and 1.5, the pHiep was >2, <2, and <2, respectively, whereas for the Gt coprecipitates
with C/Fe 0.5, 1.0, and 1.5, the pHiep was ~3.4, ~2.7, and ~2.7, respectively (Figure 1). Therefore,
the reduced pHiep characteristics deduced from electrophoretic mobility measurements confirmed
the prevalence of alginate on the surface of the coprecipitates, an observation that is consistent
with the literature for iron oxides coprecipitated with various types of OM (Mikutta et al., 2008;
Shimizu et al., 2013; Mikutta et al., 2014; Poggenburg et al., 2016).

Coprecipitation with alginate also affected the particle size of the iron oxides studied as
depicted in Figure 2 The particle size of the Fhs exhibited an increasing trend with increasing C/Fe
content, although there was large variability between measurements (Figure 2). In contrast to the
Fh coprecipitates, and in comparison to pure Lp, the particle size of the Lp coprecipitates initially
decreased as C/Fe increased to 0.5, then increased as the C/Fe increased to 1.0 and 1.5 (Figure 2).
Likewise, changes in the particle size of the Gts exhibited the same overall trends as those observed
for the Lps (Figure 2). As shown in previous studies (Amstaetter et al., 2012; Angelico et al., 2014;

Poggenburg et al., 2016; Adhikari et al., 2017), OM can affect the particle size and aggregation of
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iron oxides by increasing repulsion between particles or acting as bridging materials. For humic
acid-Fh coprecipitates Adhikari et al. (2017) reported an average particle size of 1862, 2362, 1833,
and 170 nm, for coprecipitates with C/Fe ratio of 0.7, 0.9, 1.8, and 3.7, respectively, compared to
92 nm for Fh. Poggenburg et al. (2017) observed that particle size is also affected by the type of
OM, presumably due to differences in functional groups, such that at an equivalent initial C/Fe
ratio particle size increased from ~2 um for Fh, to 3-4.2 pm for Fh-soil OM coprecipitates, and ~6
um for Fh-exopolysaccharide coprecipitate. The particle size of Fhs from this study is within range
of those previously published, and the large variability can be attributed to broad size distributions
(Angelico et al., 2014). The extent of aggregation could be also influenced by the synthesis
method, such that during the synthesis of Fh coprecipitates the initial pH drops to ~1.5 which may
have led to the flocculation and aggregation of alginate (Angelico et al., 2014; Poggenburg et al.,
2016). As discussed above, rapid neutralization leads to the aggregation, flocculation, and
entrapment of Fh nanoparticles and alginate thereby forming large aggregates (Figure 2). In
contrast, the precipitation of Lp and Gt does not occur rapidly and as the pH is raised to near
neutral, the extended time of synthesis allows for alginate aggregates initially formed in acidic
conditions to disperse as well as the repulsion between particles and complexes to take place

thereby forming smaller aggregates.
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Figure 1: Plot of the zeta potential versus pH for the various iron oxides coprecipitated with
alginate (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol). Data markers represent mean + standard deviation
derived from 5 electrophoretic mobility measurements.
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3.1.3. Specific surface area and porosity

The N2-adsorption desorption isotherms of the various iron oxides studied are presented in
Figures S2-S4, and the derived specific surface area (SSA) as well as the micropore- (MIV),
mesopore- (MEV), and total pore- volumes (TPV) are presented in Figure 3. The pure Fh and Fh
coprecipitated with C/Fe 0.5 or 1.0 exhibited a reversible Type I(a) isotherm, typical of
microporous solids (Figure S2). Unfortunately, a full N2 adsorption-desorption isotherm for Fh
coprecipitated with C/Fe 1.5 could not be obtained, therefore only the SSA and MIV values are
reported for this solid. The SSA of ~431 m?/g determined for pure Fh accords well with published
data (Cornell and Schwertmann, 2003; Mikutta et al., 2008; Poggenburg et al., 2016), and the MIV
determined for pure Fh occupied ~55% of the TPV, which is also in excellent agreement with that
reported by other studies (Hofmann et al., 2004; Mikutta et al., 2008). Alginate, however,
significantly affected the porosity and SSA of the Fh coprecipitates (P<0.05). It was observed that
the MIV, MEV, and TPV inversely correlated with the C/Fe content, such that the porosity of the
coprecipitates decreased with increasing C/Fe content (Mikutta et al., 2008). Compared to pure
Fh, the MIV decreased by ~30 and 70% as the C/Fe content increased by 0.5 and 1.0, respectively,
and became undetectable as the C/Fe content increased to 1.5. Likewise, in comparison to pure Fh,
both MEV and TPV decreased by ~20 and 60% as the C/Fe content increased by 0.5 and 1.0,
respectively (Figure 3). Concomitant with reduced porosity, the SSA of the coprecipitates also
decreased by ~30, 70, and 98% as the C/Fe content increased by 0.5, 1.0, and 1.5, respectively,
when compared to the SSA of pure Fh (Figure 3). The observed trends align with previous studies
examining Fh-OM coprecipitates with similar C/Fe ratios and utilizing various types of OM
(Mikutta et al., 2008; Shimizu et al., 2013; Eusterhues et al., 2014a; Poggenburg et al., 2016). The

reduced SSA has been attributed to significant particle aggregation and the blockage of pore sites
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by OM preventing adsorption of N2 (Mikutta et al., 2008; Eusterhues et al., 2014a; Kleber et al.,
2015). Surface blockage of pore sites is in agreement with surface associated alginate as deduced
from electrophoretic mobility measurements.

Pure Lp and Lp coprecipitates exhibited a non-reversible Type Il isotherm (Figure S3). The
non-reversible nature of the isotherms was highlighted by hysteresis in the desorption branch,
which became more prominent as the C/Fe content increased and shifting into Type H4 as the C/Fe
content reached a maximum (Figure S3) (Rouquerol et al., 2013). Significant uptake of N2 was
also observed in the lower partial pressure region (<P/Po 0.1) of the isotherms, which also became
more apparent as the C/Fe increased (Figure S3). Such changes in the isotherms of the Lp
coprecipitates imply the development of mesopores as indicated by hysteresis, and the
development of micropores as indicated by N2 micropore filling in the lower partial pressure region
(Rouquerol et al., 2007; Rouquerol et al., 2013). The SSA of pure Lp reached ~110 m?*/g, which
falls within the range of previously reported values (Schwertmann and Cornell, 2008). Consistent
with the low SSA, MIV and MEV of the pure Lp accounted for ~5 and 50% of the TPV,
respectively. Apart from TPV, alginate also significantly affected the MIV, MEV, and the SSA of
the Lp coprecipitates (P<0.05). In comparison to pure Lp, the MIV of the Lp coprecipitates
increased by ~2x and 3x as the C/Fe content increased by 0.5 and 1.0, respectively, with no further
increase observed as the C/Fe increased to 1.5 (Figure 3). Similarly, MEV also increased within
the Lp coprecipitates when compared to that of pure Lp, whereby the MEV increased by a
maximum of ~2x as the C/Fe content increased to 0.5 or 1.0, but only increased by ~1.6x as the
C/Fe content increased to 1.5 (Figure 3). In contrast to MIV and MEV, the TPV of the Lps did not
exhibit a specific trend and in contrast to pure LP, TPV remained comparable to that determined

for the Lp coprecipitates with C/Fe of 0.5 and 1.0 but appeared to decline as the C/Fe content
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increased to 1.5 (Figure 3). Consistent with the observed increase in MIV and MEV, the SSA of
the Lp coprecipitates increased by ~1.6x as the C/Fe content increased to 0.5 and by a maximum
of ~2.5x as the C/Fe content increased by 1.0 or 1.5, when compared to the SSA of pure Lp (Figure
3). Therefore, the overall trend in MIV, MEV, TPV, and SSA were opposite to those observed for
Fh coprecipitates, despite Lp coprecipitates possessing surface associated alginate (Figures 1 and
3). The change in surface area is likely a consequence of a number of factors as discussed below,
including particle size, morphology, crystallinity, and/or presence of poorly crystalline Fe phases.
Similar observations were reported for iron oxides synthesized from the oxidation of Fe(Il)
solutions containing increasing concentration of low molecular weight ligands (e.g., citrate or
tartrate) (Liu, 1999). Likewise, the SSA of Lp-aluminum and Lp-phosphate coprecipitates formed
from the oxidation of Fe(Il) solutions increased with increasing concentrations of aluminum or
phosphate as observed in this study suggesting a common mechanism among the different foreign
species (Ekstrom et al., 2010; O’Loughlin et al., 2013).

Pure Gt and Gt coprecipitates also exhibited a non-reversible Type II isotherm (Rouquerol
et al., 2013). The isotherms exhibited a clear hysteresis loop and significant N2 uptake in the lower
partial pressure region (<P/Py 0.1) (Figure S4). Therefore, the Gt precipitates possessed both meso-
and micro-pores. The SSA for pure Gt was determined to be ~380 m?/g which was higher than
previously reported values (Cornell and Schwertmann, 2003; Schwertmann and Cornell, 2008).
Such discrepancy may be attributed to differences in the synthesis conditions including
concentration of Fe(Il) and the rate of mixing. Furthermore, the MIV and MEV for pure Gt
accounted for ~15 and 90% of the TPV, respectively, which may explain the high surface area
determined for this solid. The effects of alginate on the shape of the isotherms of the Gt

coprecipitates were not as apparent as those observed for the Lp coprecipitates. Nonetheless,
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alginate had a significant effect on the porosity and SSA of the Gt coprecipitates (P<0.05). The
MIV exhibited a declining trend with increasing C/Fe content (Figure 3). However, Tucky’s post
hoc analyses only revealed a significant difference in the MIV between pure Gt and Gt
coprecipitated with a C/Fe content of 1.5 (P<0.05). In comparison to pure Gt, the MEV decreased
by ~30% as the C/Fe content increased to 0.5 or 1.0, which further decreased by ~50% as the C/Fe
content increased to 1.5 (Figure 3). Consistent with the decreasing MIV and MEV, the TPV of the
Gt coprecipitates decreased by ~15, 30, and 45% as the C/Fe content increased by 0.5, 1.0, and
1.5, respectively, when compared to the TPV of pure Gt (Figure 3). Concomitant with reduced
porosity, the SSA of the Gt coprecipitates decreased by ~15% as the C/Fe content increased to 0.5
or 1.0, and by ~25% as the C/Fe content reached a maximum when compared to the SSA of pure
Gt (Figure 3). Thus, the SSA and porosity of the Gt coprecipitates exhibited an opposite trend
compared to the Lp coprecipitates, despite similarities in their synthesis pathway (i.e., Fe(Il)
oxidation), and variations in the proportion of poorly extractable crystalline Fe phases as well as
in particle size. The reason for this difference is unknown and warrants further investigation. In
contrast to our results, the SSA of Gt-fulvic acid coprecipitates synthesized from the neutralization
of Fe(IlI)-solutions increased with increasing OM content up to 5%, at which point SSA decreased
as the OM content increased to 15% (Liu et al., 2019b). Initial increase in SSA was associated
with the development of micropores and dispersion of Gt particles, whereas the decrease in SSA
was associated with reduced MIV as a consequence from the aggregation of Gt particles and pore

blockage by OM (Liu et al., 2019b).
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Figure 3: Specific surface area, micropore volume, mesopore volume, and total pore volume values
of the iron oxides studied. Data points represent the mean + standard deviation of two replicates.
Data extracted from the N2 adsorption-desorption isotherms provided in Figure S2-S4. Fh, Lp, and
Gt correspond to 2-line ferrihydrite, lepidocrocite, and goethite, respectively.
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3.2. Mineralogy

3.2.1. ”7Fe Méssbauer spectroscopy

The Mossbauer spectra of the Fhs are shown in Figure 4, and the derived Mdssbauer
parameters are given in Table 2. At 77 K, 2-line ferrihydrite exhibits a doublet with the parameter
values of center shift (CS): 0.35 — 0.5 mm/s and quadrupole split (QS): 0.7 — 0.85 mm/s. At 5 K,
ferrihydrite is magnetically ordered, evidenced by splitting of the doublet into a sextet. The 5 K
spectrum of ferrihydrite is best fit with two sextets: sextet A with approximate parameters of CS
= 0.48 mm/s, QS = 0 mm/s, hyperfine field (H) = 50 T, and sextet B with approximate parameters
of CS = 0.42 mm/s, QS = -0.03 mm/s, hyperfine field (H) =45 T (Byrne and Kappler, 2021). All
the Fhs spectra exhibited a Fe(III) doublet at 77 K and two magnetic sextets at 5 K indicative of
ferrihydrite (Figure 4). The magnitude of the hyperfine fields and quadrupole splitting of our
samples agree well with values previously found for 2-line ferrihydrite, and the similarity among
the samples indicate alginate hardly affected interparticle magnetic exchange interaction of
ferrihydrite (Table 2). We did however observe slight broadening at the base and lack of separation
of the doublet peaks as the C/Fe ratio increased to 1.0 and 1.5 (Figure 4). This could indicate
slightly reduced particle size and crystallinity of the Fh-coprecipitates compared to pure Fh
(Mikutta et al., 2008). In agreement with our observations, Mikutta et al. (2008) also found slight
OM induced structural changes of Fh coprecipitated with various types of polysaccharides as
determined by Mossbauer spectroscopy and EXAFS. The authors further suggested that limited
magnetic super-exchange between Fh particles in the coprecipitates may arise from magnetic

dilution by the polysaccharides.
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Figure 4: Mossbauer spectra of the Fh coprecipitated with alginate (C/Fe ratios of 0, 0.5, 1.0, and
1.5 mol:mol), taken at liquid nitrogen (77 K, left) and liquid helium temperature (5 K, right).

Symbols show experimental data and lines represent their fit.
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Table 2: Mdssbauer parameters for 2-line ferrihydrite and coprecipitates (C/Fe 0.5, 1.0, and 1.5)
determined from spectra collected at liquid nitrogen (77 K) and liquid helium temperature (5 K).

Sample T (K) Site (m(rjr?/s) (QOS/S) H (T) Relat(lozs area a

Fh 77 Fe(IIl) 043 079 100 0.76
5 Ferrihydrite A 0.46 -0.01 49.9 55.0 0.68

Ferrihydrite B 0.44 -0.01 46.8 45.0 '
Fh C/Fe 0.5 77 Fe(III) 0.43 0.81 100 1.24
5 Ferrihydrite A 0.48 0.0 50.2 30.0 0.70

Ferrihydrite B 0.42 -0.01 47.1 70.0 '
Fh C/Fe 1.0 77 Fe(III) 0.44 0.79 100 1.33
5 Ferrihydrite A 0.48 -0.02 49.6 57.0 0.76

Ferrihydrite B 0.42 -0.04 45.1 43.0 '
Fh C/Fe 1.5 77 Fe(III) 0.43 0.79 100 1.01
5 Ferrihydrite A 0.45 0.00 49.1 54.0 0.68

Ferrihydrite B 0.43 0.00 45.1 46.0 '

3.2.2. X-ray diffraction and FTIR-ATR

Figure 5 shows the x-ray diffraction patterns of the different iron oxide phases. Reflections
indicative of 2-line ferrihydrite, lepidocrocite, and goethite were identified in the diffractograms,
and they corresponded closely with those published in the literature (Cornell and Schwertmann,
2003). Substantial differences between the diffractograms of the Fhs as a function of the C/Fe
content were not evident (Figure 5). Although the reflections at ~35 and 62° appeared to slightly
broaden with increasing C/Fe content, which may be indicative of reduced particle size and
crystallinity in agreement with Mdssbauer spectroscopy (Figures 4 and 5). The effects of alginate
on the diffraction reflections of Lp were more apparent and they varied as a function of C/Fe
content (Figure 5). With increasing C/Fe content, the (200), (210), (301), (020), (511), and (321)
reflections (14, 27, 36, 47, 52, 60°, respectively) considerably broadened, whereas the reflections
of lower intensity completely disappeared (Figure 5). Minor amounts of Gt were also detected
within the Lp coprecipitates as determined by the reflections centred at ~21, 33, 34°, which became

difficult to resolve as the C/Fe content reached a maximum (Figure 5). In contrast to Lp, the effects
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of alginate on the crystallinity of Gt were less apparent, although the Gt reflections slightly

broadened with increasing C/Fe content (Figure 5).
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Figure 5: Powder x-ray diffractograms of the iron oxides studied compared to the standard
reference lines. For clarity, all patterns have been vertically separated on an arbitrary y-axis. Fh,
Lp, and Gt correspond to 2-line ferrihydrite, lepidocrocite, and goethite, respectively.
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Additional information about the chemical composition, functional groups, and degree of
crystallinity was obtained with IR spectroscopy. The FTIR spectra of the iron oxides studied are
presented in (Figure 6) and the assignments of the most characteristic vibrational modes are
summarized in Tables S1-S4 as determined by theory and the literature (Sartori et al., 1997;
Chandia et al., 2001; Cornell and Schwertmann, 2003; Leal et al., 2008; Schwertmann and Cornell,
2008; Cardenas-Jiron et al., 2011). For pure Fh, the spectrum was characterized by 3 regions
including (Figure 6): (1) a broad band centred at ~3291 cm™! corresponding to the v(O-H) related
to superposition of stretching vibrations of structural OH™ groups and adsorbed H20 molecules,
(2) broad bands within 1700 - 1300 cm™ region corresponding to §(O-H) vibrations from adsorbed
H>0 centred at ~1627 cm’!, and stretching vibrations Vasym and vsym of C-O bonds from adsorbed
carbonate centred at ~1469 and ~1378 cm™!, respectively, and (3) a weak broad band centred at
~565 cm! attributed to the stretching vibration of Fe-O in the Fh lattice. The IR spectra of the Fh
coprecipitates were characterized by additional bands belonging to alginate in the 1700 — 800 cm”
! region, which appeared to increase in intensity as the C/Fe increased (Figure 6). Within this
region the bands belonging to adsorbed carbonate were difficult to discern suggesting that alginate
may have outcompeted carbonate for adsorption sites (Figure 6). In comparison to pure Fh and
Na-alginate, it was observed that the centre of v(O-H) shifted to lower wavenumbers as the C/Fe
content increased suggesting a possible increase in the strength of the hydrogen bonds (Figure 6).
Also, the intensity of the Fe-O stretching vibration band was found to decrease with increasing
C/Fe content, which could be attributed to a dilution effect or a decrease in the crystallinity of the
Fh as was observed by XRD and Mdssbauer spectroscopy.

The FTIR spectra of pure Lp and Lp coprecipitates are presented in Figure 6 and their band

assignments are given in Table S3. For pure Lp, the broad band of weak intensity centred at ~1630
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cm! attributed to §(O-H) suggests minor contribution of adsorbed H20 to the spectrum. Therefore,
the broad band centred at ~3015 cm™ was assigned to v(O-H) vibration related to the structural
OH" of the mineral. Broad bands of weak intensity corresponding to the stretching vibrations of
adsorbed atmospheric carbonate were also observed (Figure 6). Bands characteristic of Lp centred
at ~1155 and 1020, 753, and 597 cm™' were assigned to in-plane §(O-H) vibrations, out-of-plane
bending (y(O-H)) vibrations, and twisting or displacement vibrations of structural O* (1(0)),
respectively (Figure 6). For the Lp coprecipitates, bands corresponding to alginate were observed
in the 1700 — 800 cm™! region and their intensity increased with increasing C/Fe content (Figure
6). The IR spectra of the Lp coprecipitates revealed alginate induced changes to the intensity,
shapes, and positions of the bands characteristic of Lp (Figure 6). In comparison to pure Lp: (1) a
broad band appeared at ~3450 cm™! likely corresponding to the v(O-H) vibration from adsorbed
H:0, and this band increased in intensity with increasing C/Fe content suggesting enhanced uptake
of H20 (Figure 6), (2) the intensity of the v(O-H) stretch decreased and its position shifted towards
higher wavenumbers as the C/Fe content increased, (3) the bands centred at ~1155, 753, and 597
cm™ shifted towards lower wavenumbers and eventually disappeared as the C/Fe content
increased, and (4) the intensity of the band centred at ~1020 cm™ considerably decreased and
slightly shifted towards higher wavenumbers with increasing C/Fe content until it became difficult
to resolve due to band overlap (Figure 6). The observed alginate induced band changes suggest a
weakening of the hydrogen bonding between the zig-zag sheets of Fe(O,0H)es octahedra due to a
decrease in crystallinity, in agreement with the results obtained by XRD (Cornell and
Schwertmann, 2003). Contamination due to Gt formation was clearly observed in the FTIR
spectrum of the Lp coprecipitated with the lowest alginate content (C/Fe 0.5) as indicated by the

band centred at ~883 cm! (in plane §(O-H)) and shoulder band centred at ~793 cm™ (out of plane
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7(0-H)) (Figure 6). The persistence of the shoulder band at ~793 cm™' within the spectra for Lp
coprecipitated with higher content of alginate (C/Fe 1.0 and 1.5) confirms the presence of minor
amounts of Gt within these precipitates (Figure 6).

The FTIR spectra of Gt and Gt coprecipitates are presented in (Figure 6) and their band
assignments are given in Table S4. For pure Gt, contribution due to adsorbed H20O was evidenced
by the v(O-H) and §(O-H) bands centred at ~3450 and 1636 cm™!, respectively (Figure 6). Broad
bands centred at ~1507 and 1321 cm™ were assigned to Vasym and vsym, respectively, of C-O bonds
originating from the bound carbonate added during synthesis (Figure 6). The broad band centred
at ~3166 cm™' was assigned to the structural OH" groups of the mineral, whereas the broad bands
characteristic for Gt centred at ~888, 793, and 605 cm™! were assigned to in-plane §(O-H) vibration,
out-of-plane y(O-H) vibration, and vsym vibration of the lattice Fe-O bonds, respectively (Figure
6). For the Gt coprecipitates, bands corresponding to alginate as well as carbonate were observed
in the 1700 — 1000 cm™ region and the intensity of the alginate bands increased with increasing
C/Fe content (Figure 6). In contrast to the XRD, the effects of alginate on the crystallinity of Gt
coprecipitates were more apparent by FTIR. As was observed for Lp coprecipitates, alginate also
affected the intensity, shape, and position of the bands characteristic of Gt (Figure 6). In
comparison to pure Gt: (1) the intensity of the broad band centred at ~3450 cm™! increased as the
C/Fe content increased suggesting enhanced uptake of H20, (2) the intensity of the v(O-H) band
decreased and shifted towards higher wavenumbers, (3) the intensity of the 6(O-H), y(O-H), and
vsym(Fe-O) bands decreased with increasing C/Fe content, (4) the 6(O-H) and y(O-H) bands
appeared to broaden with increasing C/Fe content, and (5) the positions of 6(O-H) and y(O-H)
bands shifted towards lower wavenumbers as the C/Fe content increased to 1.0 with no further

change observed as the C/Fe reached 1.5. The position of d(O-H) band was noticeably more
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affected than that of y(O-H) and the difference in position between these bands decreased from
~95 cm’! for pure Gt to ~89, 86.5, and 86.4 cm™ for Gt coprecipitated with C/Fe ratio of 0.5, 1.0,
and 1.5, respectively. The position of vsym(Fe-O) band is also influenced by crystallinity and
particle morphology (Cornell and Schwertmann, 2003). However, for the Gt coprecipitates,
shifting of this band did not exhibit a specific trend such that as the C/Fe content increased to 1.0
the position of this band shifted towards higher wavenumbers but shifted back towards lower
wavenumbers as the C/Fe content increased to 1.5. Nonetheless, the observed alginate induced
changes to the IR bands of Gt suggest a weakening of the hydrogen bonds as a consequence of
decreasing crystallinity (Cornell and Schwertmann, 2003).

The overall results are consistent with those reported in the literature reaffirming the impact
of various types of OM on the crystallinity of the iron oxides studied (Jones et al., 2009; Pedrot et
al., 2011; Vollrath et al., 2013; Eusterhues et al., 2014a; Kleber et al., 2015; Najem et al., 2016;
Liu et al., 2019b). OM can inhibit or "poison" the crystal growth of iron oxides by binding to
reactive surfaces or interfering with nucleation and aggregation reactions (Liu, 1999; Chan et al.,
2009; Piepenbrock et al., 2014; ThomasArrigo et al., 2022). Low molecular weight organic ligands
(e.g., citrate, oxalate, tartrate) or natural organic matter can adsorb onto growing iron oxide
surfaces, blocking active growth sites and leading to the formation of smaller, less crystalline, and,
in some cases, more porous particles with higher SSA (Liu, 1999; Chan et al., 2009; Liu et al.,
2019b). This interference alters morphology and precipitation pathways of the resulting iron
oxides, which may lead to the precipitation of poorly ordered Fe phases as we determined through

chemical extractions from Lp and Gt coprecipitates (Kleber et al., 2015; Liu et al., 2019b).
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Figure 6: FTIR spectra of iron oxides studied. Band assignments are presented in Tables S1-S4
including the one for alginate powder for comparison.
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3.3. Bioavailability

In addition to the analytical techniques employed in this study, microbial Fe(III) reduction
experiments were carried out to further probe the impact of alginate on the bioavailability (rate
and extent of Fe(Ill) reduction) of the various iron oxides studied. Enzymatic Fe(IIl) reduction
curves of the iron oxides are presented in Figure S5, which show the increase of total Fe(Il) and
dissolved Fe(II) relative to total Fe throughout the experimental period (up to 25 days). The rates
of Fe reduction by S. putrefaciens CN32 were calculated by linear regression of selected time
points that corresponded to the period of maximum accumulation of total Fe(II) relative to total
Fe. The extent of Fe reduction was determined from the maximum amount of total Fe(II) relative
to total Fe, which equated to the concentrations measured on the last 3 sampling points of the
experiment (Figure S5). A summary of the regression data and the maximum amount of Fe(III)
reduced for the studied iron oxides are presented in Table 3. Control experiments showed no
significant changes in the concentration of Fe(Il), pH, or mineralogy throughout the experimental
period, and their sterility was confirmed at the start and end of the experimental period (data not

shown).

3.3.1. Pure iron oxides

As previously observed, the more crystalline iron oxides, Lp and Gt, were reduced at a
slower rate than the poorly crystalline iron oxide Fh (Roden and Zachara, 1996; Fredrickson et al.,
1998; Zachara et al., 1998; Cutting et al., 2009; Ekstrom et al., 2010; Poggenburg et al., 2018).
The initial Fe reduction rates of pure Fh was ~2x and 3x faster than the rates determined for pure
Lp and Gt, respectively (Table 3). The faster rate of Fe(Ill) reduction for Fh resulted in a higher
amount reduced. After 25 days of incubation, ~62% of the pure Fh was reduced compared with

~34% and ~31% for Lp and Gt, respectively (Table 3).
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3.3.2. Iron oxide-alginate coprecipitates

Alginate coprecipitation had a variable effect on the microbial Fe(III) reduction of Fh, Gt
and Lp. Three stages corresponding to the accumulation of Fe(II) were observed during the
microbial reduction of the Fhs: 1. an initial stage corresponding to the maximum accumulation of
Fe(II) occurring during the first 5-6 days, 2. a second stage corresponding to a lower rate of Fe(II)
accumulation starting at day 8 and ending at day 14, and 3. a third stage corresponding to either
the plateau of Fe(II) accumulation or the very slow rate of accumulation of Fe(II) starting at day
15 until termination of the experiment (Figure S5). We did not observed a significant difference
in the rate of Fe(IIl) reduction as a function of C/Fe (P>0.05, Table 3). Alginate, however, had a
negative effect on the extent of microbial Fe(III) reduction. In contrast to pure Fh, only ~43% and
~45% of Fh coprecipitated with C/Fe of 0.5 and C/Fe 1.0 or C/Fe 1.5, respectively, was reduced
(Table 3). Therefore, in comparison to pure Fh, the amount of Fe(Ill) reduced from the Fh
coprecipitates was on average ~30% lower (Table 3). As was observed for Fh, microbial Fe(III)
reduction did not significantly vary with increasing C/Fe ratio for either Lp or Gt. We did not
observed a significant difference in the rate of Fe(III) reduction as a function of C/Fe within either
Lp or Gt mineral groupings (P>0.05, Table 3). Thus, despite the observed effects of alginate on
the chemical Fe extractability, SSA, particle size, and crystallinity of the iron oxides studied, the
rates of Fe(Ill) reduction remained comparable. The maximum Fe(III) reduction reached ~35%,
39%, and 42% for Lp coprecipitated with C/Fe ratios of 0.5, 1.0, and 1.5, respectively (Table 2).
No significant difference was observed between pure Lp and Lp with C/Fe 0.5 (P>0.05), but
alginate significantly enhanced Fe(IIl) reduction at higher C/Fe ratios (1.0 and 1.5), where the
extent plateaued (P>0.05). Overall, alginate increased Fe(IIl) reduction by ~7% on average

compared to pure Lp at higher C/Fe ratios (Table 3). Fe(III) reduction in Gt coprecipitates followed
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a similar trend to Lp, reaching ~30%, 36%, and 34% for C/Fe ratios of 0.5, 1.0, and 1.5,
respectively (Table 2). No significant difference was observed between pure Gt and Gt with C/Fe
0.5 (P>0.05), but Fe(III) reduction was significantly higher at C/Fe 1.0 and 1.5 (P<0.05), with no
significant difference between these two (P>0.05). Overall, alginate enhanced Fe(III) reduction by
~4% on average compared to pure Gt at higher C/Fe ratios (Table 3). Across all experiments (Lp
and Gt), microbial reduction was terminated at ~25 days, although mineral reduction is ongoing
for the pure and coprecipitated phases (Figure S5). Across all biotic experiments, the majority of
Fe(Il) produced remained in the aqueous phase comprising 50-60% of the total Fe(II) at the later
stages of the experimental reduction period (Figure S5). Moreover, the concentration of dissolved
Fe(Il) did not vary as a function of C content highlighting the lack of contribution of alginate to
complex Fe(Il) within these systems (Figure S5).

Table 3: Linear Fe(III) reduction rates and maximum percentage of total Fe reduced for the various

iron oxides studied. The values represent the mean =+ standard deviation of 3 replicate experiments
for each precipitate.

Sample Rate (day™) Maximum Fe reduced (%)
Fh 0.042+0.003 (R? = 0.995) 61.72+3.03*
Fh 0.5 0.044+0.008 (R?>=0.976) 43.22+1.24*
Fh 1.0 0.047+0.009 (R? = 0.976) 45.83+1.13*
Fh 1.5 0.050+0.008 (R?>=0.981) 44.75+2.00*
Lp 0.018+0.002 (R? = 0.987) 33.58+5.14*
Lp0.5  0.016+0.004 (R =0.962) 34.8542.18
Ipl.0  0.024+0.004 (R =0.975) 39.12:2.95%
Lp1.5 0.028+0.007 (R? = 0.963) 42.46+2.53
Gt 0.013+0.002 (R? = 0.985) 30.57+£2.71%*
Gt 0.5 0.013+0.003 (R? = 0.960) 30.09+2.92
Gt1.0 0.015+0.002 (R? = 0.993) 35.81+3.06*
Gt1.5 0.017+0.002 (R? = 0.986) 34.03+2.97

* Represents significant difference at the 95% confidence interval level.

Several factors influence the bioavailability of iron oxides, including SSA, solubility,
morphology, particle size, and crystallinity (Roden and Zachara, 1996; Roden, 2003; Bonneville
et al., 2004; Bonneville et al., 2009; Cutting et al., 2009). Here we do not observe a direct
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significant relationship between SSA (P>0.05) or particle size (P>0.05) and the rates of Fe(IIl)
reduction (Figure 7). The results are in line with several studies who also identified SSA as a poor
predictor of Fe(IIl) reduction rates, especially where OM is closely associated with the iron oxide
(Mikutta and Kretzschmar, 2008; Mikutta et al., 2008; Shimizu et al., 2013; Eusterhues et al.,
2014a; Poggenburg et al., 2016; Poggenburg et al., 2018). For example, a synthetic Fh-
exopolysaccharide coprecipitate and naturally occurring biogenic iron oxides, predominantly Fh,
were reduced more rapidly and to a greater extent by S. putrefaciens CN32 than pure Fh despite
possessing much lower SSA (Langley et al., 2009b; Langley et al., 2009¢e; Poggenburg et al.,
2016). Similarly, abiotic dissolution rates by the siderophore desferrioxamine B of synthetic Fh-
polygalacturonic acid (C/Fe 0.36, 0.65, 0.90, 1.25) and Fh-alginate (C/Fe 1.18) coprecipitates were
significantly higher than that of pure Fh (Mikutta and Kretzschmar, 2008). Likewise, we also
observed a higher reduction rate of Fh-alginate (C/Fe 1.0) by ascorbate than that of pure Fh (data
not shown). In contrast, the rates of Fe(Ill) reduction by dithionite and Geobacter bremensis
decreased with increasing OM (forest-floor extract) content (C/Fe 0, 0.4, 1.0, and 2.8 mol:mol)
(Eusterhues et al., 2014a). Particle size and the extent of aggregation were also reported to impact
the rate of reduction, although these factors also depended on the strain of iron reducing bacteria
(Amstaetter et al., 2012; Poggenburg et al., 2016). Large aggregates of humic acid-Fh associations
were less bioavailable whereas particle size was a poor or an excellent predictor of bioavailability
for a range of Fh-OM coprecipitates to S. putrefaciens or Geobacter metallireducens, respectively
(Amstaetter et al., 2012; Poggenburg et al., 2016). Along these lines surface charge was suggested
to play an inhibitory role on the bioreduction of Fh-OM associations, whereby negatively charged
OM would block or repel negative charged bacteria from directly accessing the surface of the oxide

for DIR (Amstaetter et al., 2012; Shimizu et al., 2013; Poggenburg et al., 2016; Adhikari et al.,
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2017). Yet, OM may enhance the biotic or abiotic reduction/dissolution of iron oxide-OM
coprecipitates by modifying the crystallinity of the iron oxide (i.e. poisoning the crystal growth of
the iron oxide during precipitation), coupled with OM-induced alterations in the dispersion of the
particles (Mikutta and Kretzschmar, 2008; Eusterhues et al., 2014a; Poggenburg et al., 2016).
Consequently, increased repulsion between particles may facilitate the access of the reducing agent
to the reactive iron sites.

OM may also form complexes with biogenic Fe(Il) reducing the potential of Fe(II) to block
surfaces of the oxide, however we found that the dissolved Fe(II)/total Fe fraction was similar
among the biotic microcosms indicative of the absence of this mechanism. This is in line with the
findings that alginate poorly forms complexes with Fe(Il) (Falkeborg et al., 2014). Depending on
the OM type, OM may act as electron shuttles for iron reducing bacteria alleviating the requirement
for direct surface contact between bacteria and the oxide surface (Adhikari et al., 2016;
Poggenburg et al., 2016; Cooper et al., 2017; Poggenburg et al., 2018). In our case, alginate does
not possess the necessary functional groups that facilitate electron transfer processes (Poggenburg
etal., 2016; Weihe et al., 2019). Therefore, it is likely that mineralogy and macroscopic properties
are the main controlling factors of bioavailability of the iron oxides studied. For the coprecipitates,
we observed reduced crystallinity, yet the size of the aggregates varied with increasing C/Fe
content. This could suggest simultaneous competing factors (crystallinity vs. aggregate size)
contributing to the enhancement and inhibition of Fe(IIl) reduction. However, it is also possible
that as the reduction proceeds alginate may be released into solution and may re-adsorb to the
surface of the oxide retarding further Fe(IIT) reduction. This mechanism would be speculated to
contribute to the observed decrease in the amount of Fe(Ill) reduced in the coprecipitates in

comparison to pure Fh, as well as the small difference between the pure Lp and Gt and the
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corresponding coprecipitates. Moreover, Fe(Il) may adsorb on the surface of the oxide further
contributing to this inhibiting effect (Roden and Zachara, 1996; Fredrickson et al., 1998; Roden
and Urrutia, 2002; Hansel et al., 2003).
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Figure 7: Relationship between the microbial rate of Fe(Ill) reduction and specific surface area
(SSA) or particle size. Regression analysis determined that the correlation between the variables
was not significant (P>0.05) at the 95% confidence interval. Also shown is the relationship
between the extent of Fe(Ill) reduced by S. putrefaciens CN32 and 0.5 M HCIl extractable Fe or
ascorbate extractable Fe. For both cases, regression analysis showed that the correlation is
significant (P<0.05) at the 95% confidence interval for the lepidocrocites.
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3.3.2. Biogenic solids

X-ray diffractograms of the post-reduction minerals are shown in Figure 8. Broad
reflections corresponding to residual 2-line ferrihydrite were detected in the biogenic solids
following the microbial reduction of the Fhs (Figure 8). In contrast to the reduced Fh
coprecipitates, Fe reduction led to the transformation of the pure Fh into 2-line ferrihydrite with a
“higher” crystallinity as judged by the slightly “sharper” reflections at 35 and 62° (Figure 8).
However, mineral phases corresponding to iron oxides of higher crystallinity such as goethite,
lepidocrocite, or magnetite were not detected in any of the biogenic solids following the microbial
reduction of the Fhs (Figure 8). The lack of transformation of the studied Fhs into more crystalline
phases stems from the stabilizing effects of the added phosphate and, for the coprecipitates,
alginate (Borch et al., 2007; Amstaetter et al., 2012; Shimizu et al., 2013). Nonetheless, it is also
possible that minerals of higher crystallinity may have formed to levels that were below the bulk
detection limit of the XRD (~5% by weight). The addition of phosphate to the media as a nutrient
(400 uM) led to the precipitation of vivianite (Fe3(PO4)228H20) (Zachara et al., 2002; Glasauer et
al., 2003), which was detected in the biogenic solids following the microbial reduction of the pure
Fh consistent with past studies (Figure 8). Vivianite, however, was not detected in any of the
biogenic solids following the microbial reduction of the Fh coprecipitates (Figure 8). This can be
attributed to the adsorption and retention of phosphate to the mineral surfaces preventing the
precipitation of vivianite. Following the microbial reduction of the Lps and Gts, the biogenic solids
consisted mainly of the residual Lp or Gt, respectively, together with vivianite, and no other
differences could be distinguished (Figure 8). Interestingly, vivianite could not be detected by
XRD within the biogenic solids following the microbial reduction of the Gt coprecipitated with

C/Fe of 0.5 (Figure 8).
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Figure 8: Powder x-ray diffraction of the iron oxides studied post reduction by S. putrefaciens CN32 (~25 days of incubation) compared
to reference lines from Fh, Lp, Gt, and vivianite. Blue arrows point to additional reflections originating from the sample holder. All
patterns have been vertically separated on an arbitrary y-axis. Fh, Lp, and Gt correspond to 2-line ferrihydrite, lepidocrocite, and goethite,

respectively.
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3.4. Chemical extractions vs. microbial Fe(Ill) reduction

As previously mentioned, the 0.5 M HCl-extractable and ascorbate-extractable Fe fractions
reflect the fraction that is “bioavailable” (Hyacinthe et al., 2006). Although both extractants fully
dissolved/reduced all of the Fhs, the extent of Fe(Ill) reduced by S. putrefaciens CN32 was
considerably lower. Hyacinthe et al. (2006) attributed this difference to the smaller size of the
reducing agent (ascorbate) than bacteria, which is able to reach reactive Fe(IIl) sites within tight
pore spaces. For the Lp and Gt coprecipitates, the extent of Fe(Ill) reduced correlated with the
amount of Fe extracted by 0.5 M HCI and ascorbate (Figure 7). Therefore, the higher amount of
Fe(IlI) reduced as the C/Fe increases can be attributed to the higher proportion of a poorly

crystalline Fe fraction.

4. Conclusions

To better constrain C and Fe biogeochemical processes in soils and sediments, this study
aimed to assess, first, the effect of OM on the physicochemical and mineralogical properties of
various iron oxides and, second, how the formed OM—iron oxide coprecipitates then interact with
the iron reducing bacteria. This was performed here with a case study on the effects of variable
concentration of alginate on Fh, Lp, and Gt formation, followed by abiotic and biotic
reduction/dissolution assessment of these composites. The presence of increasing initial C/Fe ratio
of alginate impacted the minerals in several ways: particle size, surface charge, SSA, crystallinity,
and the proportion of chemically extractable poorly crystalline Fe fraction. Exposure of these
alginate-iron oxide coprecipitates to the dissimilatory iron-reducing bacteria S. putrefaciens CN32
showed variable results that did not depend on SSA nor particle size. Despite the apparent
significant alginate-induced changes at the mineralogical and macroscopic scale, the rates of

Fe(III) reduction remained comparable to the alginate-free iron oxides. The results from this study
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contradicts the findings of others that reported significant differences in reactivity between
biogenic iron oxides and synthetic equivalents, which has been attributed to differences in their
crystallinity (Muehe et al., 2013; Piepenbrock et al., 2014). However, the type of OM studied must
be also considered as has been highlighted in the past, as it can mask or override expected mineral-
based trends in microbial reducibility (Kleber et al., 2015; Poggenburg et al., 2016; Poggenburg et
al., 2018). Moreover, differences among Fh, Lp, and Gt highlight that mineral identity must also
be considered when evaluating the impact of OM on Fe bioavailability. Overall, this study
highlights that OM-induced changes to the structural and surface properties of iron oxides do not
always translate into predictable shifts in microbial Fe(IIl) reduction behavior. These findings have
important implications for biogeochemical models, particularly in natural environments where
complex mixtures of minerals and OM coexist. Accurately predicting DIR rates and their
contributions to Fe and C cycling in soils and sediments requires a nuanced understanding of not

only mineralogical characteristics but also the nature and role of associated OM.
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Figure S1: Amount of dissolved Fe(II), total Fe, and organic carbon (DOC) measured in the filtered
(0.22 pm) aqueous supernatants collected following the centrifugation of the iron oxyhydroxides.
The amounts are reported relative to the total initial amount in the jars. The data represents the
mean + standard deviation of two measurements from each supernatant collected. Note the scale
for the Gt (goethite) precipitates.
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Figure S2: N:-adsorption-desorption isotherms of the various 2-line ferrihydrite-alginate
coprecipitates (C/Fe 0, 0.5, and 1.0 mol:mol). Data points represent the average of two
measurements. Note the difference in the Y-axes scales.
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Figure S3: N2-adsorption-desorption isotherms of the various lepidocrocite-alginate coprecipitates
(C/Fe 0, 0.5, 1.0, and 1.5 mol:mol). Data points represent the average of two measurements. Note
the difference in the Y-axes scales.
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Table S1: IR band assignments for pure Na-alginate. Italicized wavenumber values correspond to
bands obtained from the Savitsky-Golay secondary derivative with 19 points of smoothing.

Wavenumbers (cm™!) Assignment
3226 v(O-H)
2919 v(C-H)
1596 vasym(C-0O-0) carboxylate
1408, 1405 vsym(C-O-0) carboxylate
1298 d(C-H)
1175 vsym(C-0O) of glycosidic linkage
1130 v(C-0) of pyranose ring
v(C-C) of pyranose ring
d(C-C-C) of pyranose ring
1087, 1080 v(C-0O-C) of pyranose ring
Vv(C-C) of pyranose ring
Vasym(C-O-C) of glycosidic linkage
1028, 1025 Vibrations due to mannuronic and guluronic acid residues:
Vasym(C-O-C) of glycosidic linkage
v(C-0) of pyranose ring
v(C-C)
v(C-0) of secondary alcohols
998 v(C-0) of pyranose ring
v(C-C) of pyranose ring
d(C-C-C) of pyranose ring
952,950 Vibrations due to mannuronic acid residues:
v(C-C)
d(C-C-H)
935 v(C-C) of mannuronic acid residues
883 0(C1-H) B-mannuronic acid residues
814 Vibrations due to mannuronic acid residues:
3(C-0O-C) of glycosidic linkage
d(C-C-C) of pyranose ring
0(0O-C-C) of pyranose ring
O(C-C-H)
779 a-L-guluronic acid residues
725 Ring breathing

Band identification acquired from: Sartori et al. (1997); Chandia et al. (2001); Leal et al. (2008);

Cardenas-Jiron et al. (2011).
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Table S2: IR band assignments for ferrihydrites coprecipitated with and without Na-alginate
(C/Fe 0, 0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™) Assignment
3292-3177 v(O-H)
2919 v(C-H)
1627 3(0-H)
1468, 1360 2-line ferrihydrite: vasym(C-O), vsym(C-O) adsorbed carbonate
1592-1589 Vasym(C-0-0) carboxylate
1408-1406 vsym(C-O-0) carboxylate
1298 d(C-H)
1175 vsym(C-O) of glycosidic linkage
1080 v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
1033 Vibrations due to mannuronic and guluronic acid residues:

vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring

v(C-C)
v(C-0) of secondary alcohols
883 d(C1-H) B-mannuronic acid residues
814 Vibrations due to mannuronic acid residues:

0(C-0-C) of glycosidic linkage
d(C-C-C) of pyranose ring
d(0-C-C) of pyranose ring
d(C-C-H)
565 2-line ferrihydrite: v(Fe-O)
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Table S3: IR band assignments for lepidocrocite coprecipitated with and without Na-alginate
(C/Fe 0, 0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™)

Assignment

3450
3172-3015
2919
1630
1607-1600
1411-1409
1298
1175
1080

1155
1020-1024

883-877

793
753-741
597-590

v(O-H) of adsorbed H20
v(O-H) structural
v(C-H)
0(O-H) of adsorbed H.0
vasym(C-O-0) carboxylate
vsym(C-O-0) carboxylate
d(C-H)
vsym(C-O) of glycosidic linkage
v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
Lepidocrocite: In-plane 6(O-H)
Lepidocrocite: In-plane 8(O-H)
Vibrations due to mannuronic and guluronic acid residues:
vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring
v(C-C)
d(C1-H) B-mannuronic acid residues
Goethite (possible): 6(O-H) in plane
Goethite (possible): y(O-H) out of plane
Lepidocrocite: y(O-H) out of plane
Lepidocrocite: 1(O) out of plane (twisting)
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Table S4: IR band assignments goethite coprecipitated with and without Na-alginate (C/Fe 0,

0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™)

Assignment

3450
3185-3166
1640
1507, 1321
1600
1411-1410
1298
1175
1080

1033

888-877
793-791
609-604

v(O-H) of adsorbed H20
v(O-H) structural
0(0O-H) of adsorbed H20
Vasym(C-0), vsym(C-O) bound carbonate
vasym(C-O-0) carboxylate
vsym(C-O-0) carboxylate
d(C-H)
vsym(C-O) of glycosidic linkage
v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
Vibrations due to mannuronic and guluronic acid residues:
vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring
v(C-C)

v(C-0) of secondary alcohols
Goethite: In-plane 3(O-H)
Goethite: Out-of-plane y (O-H)
Goethite: vsym(Fe-O)
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Figure S5: Changes in total and dissolved Fe(II) relative to total Fe during anaerobic Fe reduction
by S. putrefaciens CN32. Data markers represent mean =+ standard deviation derived from three

experimental replicates of each system.
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Abstract

Naturally occurring iron (Fe) (oxyhydr)oxides are often associated with impurities such as
phosphate (P) and organic matter (OM) that can considerably influence their reactivity towards
abiotically and biotically mediated Fe(IlI) reductive and non-reductive dissolution. Therefore, the
stability of these composites (P-OM-Fe) has an important impact on the migration and
sequestration of C and P in the environment. Here, we examined the influence of Na-alginate, an
analogue to microbial polysaccharides, and P on the physicochemical properties and reactivity of
2-line ferrihydrite (Fh). Synthetic Fhs with pre-adsorbed or coprecipitated P (P/Fe 0, 0.01, and 0.1
mol:mol) were prepared by base titration of Fe(IIl) solutions in the absence or presence of Na-
alginate (C/Fe 0, and 1 mol:mol) at concentrations of environmental relevance. The minerals were
characterized by conventional analytical techniques (XRD, ATR-FTIR, BET, and (-potential),
whereas their reactivity was assessed under abiotic (excess bicarbonate-citrate-ascorbic acid
solution at pH 8.0) and biotic (Shewanella putrefaciens CN32) conditions. At the highest loading,
P and alginate coprecipitation had only a “subtle” impact on the mineral structure of Fh, whereas
the simultaneous coprecipitation with both P and alginate may have additively affected the mineral
structure of Fh. Despite these subtle effects, Fhs coprecipitated with P showed greater reactivity
towards abiotic and biotic reductive dissolution compared to those with pre-adsorbed P, especially
at the highest loading (P/Fe 0.1 mol:mol). Fhs coprecipitated with alginate were also generally
more reactive in both abiotic and biotic reductive dissolution than alginate-free Fhs, with the P-
alginate-Fh composite exhibiting the highest reactivity overall. Both P, even at a molar ratio of
0.01 P/Fe, and alginate influenced the extent of biotic Fe reduction, and consequently the
composition and proportion of the biogenic secondary Fe minerals that formed. Moreover,

regardless of the sorption mode, P, at the highest loading, nearly-completely stabilized Fh against
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transformation into crystalline phases, more-so than alginate alone. However, P and alginate
cooperatively stabilized Fh against transformation following the biotic reduction of P-alginate-Fh
coprecipitates. In sum, this research emphasizes the importance of considering both P and OM,
and the sorption mode of P when evaluating the environmental behavior and lifespan of Fe
(oxyhydr)oxides, which has implications for soil fertility, water quality, and contaminant

remediation.

Keywords
Na-Alginate, Organic matter, Adsorption, Coprecipitation, Ferrihydrite, Phosphate,

Bioavailability, Shewanella putrefaciens

1. Introduction

Phosphorus is an essential nutrient that limits growth in the environment. In agricultural
settings, high crop yields and food production are achieved through the use of phosphate-rich
fertilizers. The release of phosphate from agricultural soils into the environment is a major
contributor to eutrophication and the degradation of aquatic ecosystems (Smith et al., 1999; Conley
et al., 2009). However, the association of inorganic phosphate (P) through interactions with
mineral phases significantly impacts its fate and, consequently, its chemical and biological cycling
in the environment (Fortin et al., 1993; Zeng et al., 2004; Baken et al., 2015; Baken et al., 2016;
Chen et al., 2018; van der Grift et al., 2018). In particular, the widespread nature of iron (Fe)
(oxyhydr)oxides possessing an abundance of reactive sites limit the release and mobility of P in
the environment through adsorption and coprecipitation reactions (Mayer and Jarrell, 1995;

Gunnars et al., 2002; Cornell and Schwertmann, 2003; Hyacinthe and Van Cappellen, 2004; Khare
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et al., 2007; Kaegi et al., 2010; Voegelin et al., 2010; Voegelin et al., 2013). Consequently, the
fate of P is intertwined with the redox cycling of Fe.

The sorption of P leads to concentration dependent alteration of the physicochemical
properties of the oxide, including surface charge, specific surface area (SSA), and
colloidal/aggregation stability in solution (Kaegi et al., 2010; Voegelin et al., 2010; Voegelin et
al., 2013; Santoro et al., 2019). Moreover, the sorption mode of P differently impacts the structure,
composition, and stability of Fe (oxyhydr)oxides. For instance, coprecipitation differs from
adsorption in that foreign moieties interfere with the polymerization of Fe(Ill) octahedra by
occupying crystal growth sites (Rose et al., 1997; Kaegi et al., 2010; Voegelin et al., 2010;
Chatellier et al., 2013; Voegelin et al., 2013; Kleber et al., 2015; Kraal et al., 2019). By means of
EXAFS, it was proposed that the presence of P disrupts Fe-Fe bond formation through bridging
Fe single corner sharing or POs-Fe linkages of pre-existing units (Rose et al., 1997; Voegelin et
al., 2010; Voegelin et al., 2013; Senn et al., 2015; van der Grift et al., 2016). In aqueous near-
neutral pH solutions with various concentrations of P (initial molar P/Fe ratio of up to 2) in the
presence of Ca and/or Si, the structure of Fe(IlI)-precipitates formed by the oxidation of Fe(IT) was
rationalized in terms of mixtures of three main endmembers, including poorly-crystalline
lepidocrocite, Si-containing ferrihydrite, and amorphous Fe(III)-P (Kaegi et al., 2010; Voegelin et
al., 2010; Voegelin et al., 2013; Senn et al., 2015; Voegelin et al., 2019). The proportion of each
endmember largely depended on the concentration of the surrounding constituents (Voegelin et
al., 2013; Senn et al., 2015; Voegelin et al., 2019). Under similar conditions, goethite formation
was inhibited during the oxidation of Fe(Il) in the presence of P even at a molar P/Fe ratio of 0.02
(Chatellier et al., 2013). The addition of P or Si (0 — 2 mol% relative to Fe) to initial solutions of

Fe(III) reduced the particle size and inhibited particle growth of a-FeOOH and B-FeOOH, and led
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to increased SSA (Kandori et al., 1992). The extent of impact was dependent on the anion type
and concentration together with synthesis conditions. In addition to modulating the pathway and
the resulting Fe endmembers, sorbed P also alters the transformation pathway of the
thermodynamically unstable mineral, 2-line ferrihydrite (Fh), when exposed to elevated
temperature, pH, or Fe(Il), which in turn affect the stability and fate of associated P (Paige et al.,
1997; Galvez et al., 1999; Cornell and Schwertmann, 2003; Kraal et al., 2022; Namayandeh et al.,
2023; Chi et al., 2024; Namayandeh et al., 2024).

A consequence of these differing impacts on the structure and mineralogy of Fe
(oxyhydr)oxides is that the sorption mode of P also differently affects their reactivity towards
dissolution mediated reductively by Fe-reducing bacteria (FeRB), or chemically (e.g. low
molecular weight organic molecules, sulfur, etc...) (Fredrickson et al., 1998; Glasauer et al., 2003;
Borch et al., 2007; Kraal et al., 2019; Kraal et al., 2022; Ahmed et al., 2024). In batch studies, the
addition of P promoted microbial Fe(IIl) reduction by functioning as a nutrient thereby stimulating
the growth and activity of FeRB (Fredrickson et al., 1998; Glasauer et al., 2003; Kukkadapu et al.,
2004). In contrast, an inhibitory effect on the microbial redution of Fe was observed in studies
where P was added as a nutrient or pre-adsorbed on the oxide surface (Borch et al., 2007;
O’Loughlin et al., 2010; Amstaetter et al., 2012; Schoepfer et al., 2017). Relative to pure Fh and
coprecipitates, at equivalent P loading (P/Fe 0.05 and P/Fe 0.09 mol:mol), pre-adsorption of P was
reported to hinder the dissolution kinetics and release of Fe by 0.01 M HCI and ~0.1 M ascorbate
(Kraal et al., 2019). Within the same study, it was reported that coprecipitates of Fh-P exhibited
the highest dissolution rates (Kraal et al., 2019). Similarly, O’Loughlin et al. (2013) found that the
rate of chemical dissolution of P-lepidocrocite coprecipitates (0.007 — 0.1 P/Fe mol:mol) by 1 M

HCl or 0.01 M ascorbate increased with increasing P content, relative to that of P-free
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lepidocrocite. Yet, within the same study, the presence of P reduced the rate of Fe(Ill) reduction
by Shewanella putrefaciens CN32, but enhanced the extent of Fe(III) reduction relative to that of
P-free lepidocrocite. In contrast, a P-Fh coprecipitate (P/Fe 0.1 mol:mol) produced from a Fe(III)
solution was reduced at a slower rate by Na-dithionite relative to pure Fh and Fh with pre-adsorbed
P (P/Fe 0.07 mol:mol) (Wen et al., 2023). While these studies provided important insights into the
impact of the sorption mode of P on the reactivity of different Fe (oxyhydr)oxides, no studies have
investigated the effects of coprecipitation of P on the bioavailability of Fh. Moreover, past studies
have mainly focused on the impact of P as a single entity on the physicochemical properties and
bioavailability of Fe (oxyhydr)oxides, whereas very few studies considered the effects of
additional entities such as organic matter (OM) (Wen et al., 2023).

Like P, OM interact with Fe (oxyhydr)oxides through adsorption and coprecipitation
reactions, processes that occur in the environment (Kaiser et al., 1997; Kaiser, 2003; Fortin and
Langley, 2005; Schwertmann et al., 2005; Wagai and Mayer, 2007; Mikutta et al., 2008; Gault et
al., 2011; Mikutta et al., 2014; Kleber et al., 2015; Zhao et al., 2017; Curti et al., 2021; Possinger
et al., 2021; Li et al., 2023). OM, such as humic and fulvic acids, as well as polysaccharides
produced by bacteria or plants, also compete with P for similar reactive sites during adsorption to-
or coprecipitation with- Fe (oxyhydr)oxides, affecting their immobilization, bioavailability, as
well as the compositional fractionation of OM between the aqueous and solid phase (Li et al.,
2021; Luo et al., 2021; Wen et al., 2022; Ahmed et al., 2024). Nonetheless, the association of OM
with Fe (oxyhydr)oxides leads to the modification of the physicochemical and mineralogical
properties of these minerals (Cornell and Schwertmann, 2003; Schwertmann et al., 2005;
Eusterhues et al., 2008; Mikutta and Kretzschmar, 2008; Mikutta et al., 2008; Langley et al.,

2009b; Langley et al., 2009d; Chen et al., 2014; Mikutta et al., 2014; Kleber et al., 2015).
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Consequently, such associations have been a subject of intense research to determine their
role in the environment towards contaminant, nutrient, and trace metal mobility (Grybos et al.,
2007; Mikutta et al., 2014; Fabisch et al., 2016; Hao et al., 2016; Sowers et al., 2017; Chen et al.,
2018; Field et al., 2019; Xue et al., 2019; Dong et al., 2022), C storage (Lalonde et al., 2012; Han
et al., 2019; Patzner et al., 2022; Martens et al., 2023), long term stability (Kaiser et al., 2007;
Cismasu et al., 2016; Najem et al., 2016; Zhao et al., 2022c¢), and susceptibility/bioavailability to
microbial degradation (Langley et al., 2009b; Pedrot et al., 2011; Amstaetter et al., 2012; Shimizu
et al., 2013; Eusterhues et al., 2014a; Adhikari et al., 2016; Poggenburg et al., 2016; Adhikari et
al., 2017; Cooper et al., 2017; Zhao et al., 2017; Mejia et al., 2018; Poggenburg et al., 2018; Han
et al., 2019; Zeng et al., 2020; Dong et al., 2023). For example, Fhs with pre-adsorbed OM (C/Fe
0.03 — 0.05 mol:mol) and P (P/Fe 0.07 mol:mol) were reduced at ~2x slower rate by Na-dithionite
than that of Fhs with pre-adsorbed OM (C/Fe 0.08 mol:mol) (Wen et al., 2023). However, under
the same conditions, coprecipitates of P-OM-Fh (C/Fe 2 mol:mol, P/Fe 0.1 mol:mol) exhibited a
slightly lower reduction rate than their corresponding P-free OM-Fh coprecipitates (Wen et al.,
2023). More recently, the presence of both OM and P in OM-P-Fh associations were demonstrated
to cooperatively inhibit Fe(II) derived transformation of Fh into crystalline products, an effect that
was determined to be more substantial than the individual inhibitory effects of P and OM (Chi et
al., 2024). Clearly, P-OM-Fe coprecipitates are characterized by distinct reactivity and stability,
yet there is a lack of research in determining their bioavailability to FeRB making it challenging
to assess OM and P burial efficiency at the water-sediment interface.

In this study, our objectives were to investigate the cooperative impact of P and OM on the
physicochemical properties, abiotic dissolution mediated through reduction (ascorbic acid), and

bioavailability (Shewanella putrefaciens CN32) of Fh. Fh, a poorly crystalline Fe (oxyhydr)oxide
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with a large surface area and positive charge, was chosen because it is widely distributed in the
environment including biogenic iron oxides (BIOS) (Fortin et al., 1993; Cornell and Schwertmann,
2003; Gault et al., 2011). The concentrations of P (0.01 and 0.1 P/Fe mol:mol) and OM (C/Fe 1
mol:mol) chosen for this study correspond to those encountered in the environment (Fortin et al.,
1993; Chen et al., 2014; Baken et al., 2015; Zhao et al., 2016; van der Grift et al., 2018). Moreover,
alginate was chosen as the organic compound due to its chemical resemblance to algae derived
OM and to the twisted stalks and sheaths produced by the Fe(Il)-oxidizing bacteria Gallionella
spp. and Leptothrix spp., respectively, that contribute to the formation of BIOS (Chan et al., 2004;
Chan et al., 2009; Wen et al., 2023). Polysaccharides are also important components of plant root
exudates, contributing up to ~10% of the total organic matter pool in soils and sediments (Kleber
et al., 2015). Finally, this research aims to provide new insights into the reactivity and stability of
P-OM-Fh, as well as the release of P in soils and groundwater, which contribute to the better

understanding of biogeochemical processes in subsurface systems.

2. Materials and methods

All necessary glassware and components were initially submerged in 10% HNO3 bath for
a minimum duration of 24 h and then again submerged in 6 M H2SO4 for 24 h to remove any
residual phosphate (Murphy and Riley, 1962). Subsequently, the glassware was washed 3x with
ultrapure water (UPW) (18 MQecm) and then baked in a muffle-furnace at 450 °C for a duration
of 8 h to remove any residual organic matter. Prior to use, the necessary glassware and components
were sterilized by autoclaving. For the sterilization of Na-alginate, the dry powder was spread on
the base of a beaker and then irradiated with an ultraviolet light (UV-C) source for a period of 1 h.
FTIR-ATR of the irradiated alginate powder did not show any significant structural changes

relative to the native alginate (data not shown).
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2.1. Synthesis of alginate-2-line ferrihydrite composites

2-line ferrihydrite (Fh) was synthesized in the absence or presence of Na-alginate at C/Fe
molar ratios of 0 and 1.0 according to published methodologies (Glasauer et al., 2003; Mikutta et
al., 2008; Schwertmann and Cornell, 2008; Langley et al., 2009b). Briefly, the Fhs were
synthesized under aseptic conditions by the rapid neutralization of a FeCls solution (FeCls+ 6H20,
40 mmole) in a glass beaker to a steady final pH of 7.0 using 1 M NaOH as the base (Glasauer et
al., 2003; Langley et al., 2009b). The preparation of the base was carried out in sterile Nalgene
bottles to minimize the contribution of Si to the systems.

Synthesis of OM-Fh composite was carried out by initially dissolving an appropriate
amount of Na-alginate in UPW in 1 L glass beaker using a magnetic stirrer for a period of 24 h in
the dark. Prior to synthesis, the pH of the alginate-solution was adjusted to 2.5 using 6 M trace-
metal-grade HCI at which point the solution was rapidly mixed with a concentrated FeCls solution
to reach a final C/Fe molar ratio of 1.0. Fe(Ill) hydrolysis and neutralization proceeded as
described for pure Fh.

Washing of the synthesized minerals proceeded via suspension in sterile UPW, followed
by repeated centrifugation (2500 rpm) and vortexing until the electrical conductivity of the
supernatants were reduced to ~25 uS/cm. Prior to use, the mineral slurries were stored up to 1
week at 4 °C in the dark. Table S1 in the Supplementary Materials provides an overview of all the

Fh samples used in this study.

2.2. Synthesis of P-alginate-2-line ferrihydrite composites
Fh and OM-Fh coprecipitates with adsorbed P were prepared by the addition of P to

suspensions of Fh and OM-Fh. Separate adsorption experiments were initially conducted to
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determine the maximum adsorption capacity of the slurries, and to determine whether or not a
composite of P-OM-Fh with P/Fe molar ratio of 0.1 can be produced. For the preparation of the
mineral composites with adsorbed P, washed slurries of Fh or OM-Fh were initially re-suspended
into a sterile solution of 0.01 M NaCl in a glass beaker and their pH was adjusted to 6.8.
Subsequently, a sterile solution of 0.01 M NaCl containing appropriate concentrations of
Na:HPO4:7H20 were slowly added to the Fh or OM-Fh slurries whilst vigorously mixing to reach
final P/Fe molar ratios of 0.01 and 0.1. Throughout this process, the pH was monitored using a
sterile pH probe and adjusted manually to ~6.8 using small amounts of 0.5 M HCI or 1 M NaOH.
The suspensions were then allowed to mix for a total period of 48 h at 400 rpm on a magnetic
stirrer in the dark, and their pH was periodically re-adjusted to ~6.8 at 1, 2, 6, 24, and 48 h. The
resulting slurries were decanted, washed, and stored as described above for the Fh and OM-Fh
coprecipitates. It should be noted that these slurries were used for experiments within 2 days
following preparation.

Synthesis of pure Fh or OM-Fh with coprecipitated P proceeded in similar fashion as
described above for the pure Fh and OM-Fh coprecipitates, with the exception of using 1 M NaOH
solutions containing appropriate concentrations of P. The latter solutions were initially prepared
with pre-determined amounts of Na2HPO4+7H:0 to yield target coprecipitates with P/Fe ratios of
0.01 or 0.1. Subsequently, the slurries were washed as described above and stored for up to 1 week

at 4 °C prior to use in experiments.

2.3. Characterization of the 2-line ferrihydrite precipitates

2.3.1. Chemical composition: Fe, C, and P content
The pseudo-total iron and P content of dry powdered or wet samples was determined by

suspending a known amount into 6 mL of UPW, and fully digested by the addition of 4 mL trace
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metal grade 30% H20:2 and 2 mL trace metal grade HNO3 followed by heating at 75 °C for 24 h.
After dilution with 1% HNOs3 (v/v), the Fe and P contents were determined via inductively coupled
plasma — optical emission spectroscopy using a Varian Vista-PRO CCD Simultaneous ICP-OES,
operating under standard conditions. All digestions were carried out in duplicates (powdered
samples) or triplicates (wet samples). For the determination of C content of the P-OM-Fh
composites, approximately 10 mg of a dry powdered sample was weighed into a tin capsule. The
prepared samples were then analysed at the University of Ottawa at the Jan Veizer Stable Isotope
Laboratory using the Elementar Vario Isotope Cube. P that is associated with the surface of the
oxide (adsorbed) was determined using 0.1 M NaOH (Pnaon) in duplicates. Briefly, a known
amount of wet slurry into 10 mL of the base followed by mixing on an end-to-end tube rotator at
5 rpm for 16 h. The concentration of Pnxaon was determined spectrophotometrically using the

molybdenum blue method.

2.3.2. Electrophoretic mobility: (-potential

The electrophoretic mobility (EM) of the Fhs was measured in a filtered (Sartorius
polyethersulfone membrane, 0.22 pm) 0.01 M NaCl solution using a Zetasizer Nano-ZS (Malvern,
Instruments) at 25°C. Initially, the Fhs were dispersed by adding a wet sample (equivalent to 2
mM Fe) to 50 mL of background electrolyte and stirred for 1 h in Nalgene bottles. Subsequently,
the pH of the suspensions was adjusted with filtered 10 mM NaOH or HCI to ~6.8. The EM
measurements were determined from the average of 5 runs comprising of 10 cycles each.
2.3.3. Powder x-ray diffraction, specific surface area, scanning electron microscopy, and
attenuated total reflectance Fourier-transform infrared spectroscopy

The bulk mineralogy of the Fhs was determined by x-ray diffraction (XRD). Air-dried

samples were thoroughly ground to fine powders with an agate mortar and pestle and analysed
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with a Rigaku Ultima IV diffractometer using a Cu-Ka X-ray source, operating at 45 kV and 40
mA. Continuous scans were run from 10-80° 20 using a step size of 0.02° at a rate of 0.7°/min.
Specific surface area (SSA) measurements on duplicate samples prepared in the same manner as
XRD were carried out using a Micromeritics® 7riStar Il Plus and analysed with MicroActive for
TriStar I Plus 2.03. Approximately, 0.3-0.5 g of a sample was initially degassed under vacuum at
50 °C for 24 h. After the determination of degassing stability and final dry mass, 48 N2 adsorption
and 26 desorption points were recorded at 77 K in the partial pressure region ~1.4x10 - 0.99 P/Py.
The SSA was determined by applying the criteria established by Rouquerol et al. (2007). The
micropore volume was determined by applying the Dubinin-Radushkevich (DR) method to
adsorption points below 0.01 P/Py, whereas the mesopore volume (2-50 nm) was determined by
applying the Barrett-Joyner-Halenda (BJH) method as determined by the accompanying software
(Mikutta et al., 2008; Poggenburg et al., 2016). Total pore volume was determined from the last
point of the N2 adsorption isotherm (0.99 P/Py). Lastly, the mineral SSA and pore volumes were
corrected for the weight of retained alginate content as described in Mikutta et al. (2008).

Powdered samples were analysed with a scanning electron microscope (SEM) to observe
the morphology and elemental distribution characteristics of the P-containing minerals. SEM and
EDS quantification were acquired using a JEOL JSM-6610LV microscope at the University of
Ottawa with energy dispersive X-ray spectroscopy operating under high vacuum at 10-15 kV. EDS
analyses with area mapping technique was completed using the accompanying EDAX APEX
software. Prior to analyses, samples were prepared by placing a thin layer of dry powder on a
carbon tape attached to a sample holder and then carbon coated.

Powdered samples were also analysed with Fourier Transform Infrared Spectroscopy

(FTIR) using the Agilent Cary 670 equipped with a diamond crystal coated with ZnSe in attenuated
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total reflectance (ATR) mode. For each sample, spectra were acquired from 4000 to 500 cm™! at
2 cm ! resolution, with 32 scans averaged per spectrum. Subsequently, the spectra were processed
using the OMNIC software package (Thermo Fisher Scientific, version 9) where the spectra were

averaged, automatically baseline corrected, and normalized to the maximum absorbance value.

2.4. Bioavailability

2.4.1. Microbial Medium and Preparation of Cultures

Microbial Fe(IIl) reduction experiments were carried out with a well characterized,
facultative, dissimilarity Fe(Ill)-reducing bacterium, Shewanella putrefaciens strain CN32 (S.
putrefaciens CN32). Microcosm reduction experiments were carried out in a chemically defined
medium (CDM) (pH ~6.7) composed of 20 mM sodium lactate as the electron donor, 4 mM 1,4-
piperazinediethanesulfonic acid (PIPES) buffer, mineral salts solution, and trace metals solution
(Zachara et al., 1998; Glasauer et al., 2003; Langley et al., 2009a). For transfer into CDM, S.
putrefaciens CN32 was initially revived from a glycerol stock solution by streaking onto tryptic
soy agar (TSA) plates at room temperature (~22 °C). For inoculation, the bacteria were prepared
according to the protocols of Glasauer et al. (2003) and Langley et al. (2009b). Briefly, cells were
prepared by aseptically inoculating 50 mL of TSB with a colony of S. putrefaciens CN32 from
TSA plates, and kept on a stir plate (125 rpm) for 24 h at 22 °C. Subsequently, 0.5 mL of the
culture was transferred into 50 mL of 50:50 CDM:TSB mixtures. After 24 h, the passaging
procedure was repeated with 95:5 CDM:TSB containing 100 uM phosphate, and continued by
transferring into 99:1 CDM:TSB containing 200 uM phosphate for a period of 30 h. The final step
involved growing the bacteria in 100% CDM containing 400 uM phosphate for a period of 36 h.
The concentration of phosphate was progressively increased to acclimate the bacteria to depleted
nutrients and microcosm conditions (Glasauer et al., 2003; Langley et al., 2009b). Following the
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acclimation period, the bacteria were harvested by centrifugation at 4000 rpm and the cell pellet
was washed 2x with 30 mL of fresh sterile CDM, and then re-suspended into 2 mL of CDM.
Finally, the BioRad Protein Assay II dye reagent was used to standardize the concentrated cell
suspension in order for the microcosms to contain a cell density of ~10” CFU/mL (Glasauer et al.,
2003; Langley et al., 2009b).

The experimental setup consisted of 500 mL Pyrex bottles (microcosms) containing 450
mL of sterile phosphate-free CDM amended with 10 mM Fe in the form of Fh. The experiments
were conducted in triplicates and controls to which no bacteria were added were included. Prior to
inoculation with S. putrefaciens CN32, the microcosms were wrapped in aluminium foil in order
to avoid potential photochemical reactions and then transferred into an anoxic chamber where
inoculation proceeded. Throughout the paper, we refer to the microcosms to which cells were
added as “biotic” microcosms, whereas controls to which no bacteria were added are referred to

as “control” microcosms.

2.4.2. Sampling and analyses

Sampling of each system was performed immediately following the addition of the cells
(time 0) and then periodically at selected time points. Sampling was carried out by vigorously
shaking the microcosms to suspend the iron oxides into solution. Immediately, 20 mL of the
suspension was poured into a sterile and acid washed 20 mL scintillation vial from which all sub-
sampling proceeded to minimize the potential contamination of the microcosms (Langley et al.,
2009a). The sub-sampled suspensions were analysed for pH, cell viability, dissolved P, total and
dissolved Fe(Il), and total Fe. pH was monitored utilizing standard calibrated laboratory meters
and probes, whereas cell viability was determined by colony counts on TSA plates (Glasauer et

al., 2003; Langley et al., 2009a). Fe(Il) associated with the solid phase (total Fe(Il)) was
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determined by dispensing 1 mL of unfiltered Fe (oxyhydr)oxide suspension into 1 mL of trace
metal grade 6 M HCI (final concentration 3 M) and allowed to digest for at least 24 h under anoxic
conditions prior to dilution and analysis via the ferrozine assay (Stookey, 1970; Viollier et al.,
2000). Dissolved Fe(II) was determined by filtering (0.22 um, polyethersulfone filter) 6 mL of the
suspension into an acid-washed 20 mL scintillation vial, and immediately dispensing 0.5 mL of
the filtrate into 4.5 mL of trace metal grade 0.5 M HCI. Digestion proceeded for at least 24 h under
anoxic conditions prior to analysis by the ferrozine assay. To determine the concentration of
dissolved P, filtrates were analysed using the molybdenum blue method (Murphy and Riley, 1962).
To determine total Fe, 2 mL of an unfiltered suspension was digested with 2 mL of trace metal
grade 12 M HCl for a period of 24 h. Following dilution, Fe determination proceeded by dispensing
100 pL aliquot of the digest into 900 puL of 0.28 M CIH4NO in 0.28 M HCI for a duration of 30

min and then determining the concentration of Fe*" using the ferrozine assay.

2.4.3. Biogenic solids

At the end of the experimental period, post-reduction minerals were collected by
centrifugation (3000 rpm), washed 3x with anoxic UPW, and dried under anoxic conditions. The
powdered precipitates were analysed by XRD as described above, using an air sensitive sample
holder in order to prevent the oxidation of potential Fe(II)-bearing minerals. The samples were
also analysed using field emission scanning electron microscopy (FE-SEM) using the JEOL 8230
microscope, Nature Museum, Gatineau, Ontario, Canada, to identify crystalline minerals at high
resolution. Prior to analyses, the preparation of the samples involved placing a thin layer of powder
on carbon tape, followed by coating with a gold-palladium alloy. Elemental maps were generated

using the method described in Section 2.3.3. to determine the distribution of P and potential P-rich
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phases. Finally, the Fe and P content of the dried post-reduction powders were determined as

described in Section 2.3.1.

2.5. Abiotic dissolution

2.5.1. Ascorbate reductive dissolution

Kinetic reductive dissolution of the Fhs was carried out in duplicates under anoxic
conditions using a bicarbonate-citrate-ascorbic acid (BCA) solution at pH ~8.0 (Kostka and
Luther, 1994). The BCA solution consisted of 20 g/L ascorbate, 50 g/L sodium bicarbonate, and
50 g/L sodium citrate (Kostka and Luther, 1994). Initially, sodium bicarbonate and sodium citrate
were dissolved in anoxic UPW, and then mixed with L-ascorbic acid, at which point the pH was
adjusted to ~8.0. Prior to the onset of dissolution, sub-samples of the slurries were suspended in
10 mL of anoxic UPW in Nalgene bottles, and stirred for 10 minutes with Teflon stir bars to
homogenously disperse the minerals. Subsequently, 40 mL of the BCA solution was added to the
suspension while mixing at ~300 rpm to yield a total Fe concentration of 4 mM. At select time
points, sub-samples (3 mL) were filtered (0.22 pum, polyethersulfone filter) directly into acid
washed 20 mL scintillation vials. The concentration of dissolved Fe(Il) was determined using the
ferrozine assay at two time points: 1. immediately after filtering (Fe(Il)initial), and 2. after allowing
the filtrates to sit under anoxic conditions for 24 hours (Fe(Il) <0.22um). The concentration of
dissolved Fe(Il) determined from the latter represents dissolved Fe(Il) from the reduction of
colloids that pass through the filter (Fe<o.22um). Thus, the colloidal Fe fraction is determined from

the following formula (Kraal et al., 2019):

Fecolloidat = Fe(IT) <0.22um - Fe(ID)initial
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The concentration of dissolved P was spectrophotometrically determined using the
molybdenum blue method as previously described. Although the colour development and stability
for this method is usually achieved within 10 minutes, the high concentration of citrate from the
BCA solution interfered with this reaction process (Yuan and Lavkulich, 1995). Consequently,
following testing using standard solutions, appropriate dilutions were carried out in order to reach
a stable colour development to correctly determine the concentration of P. However, colour
stability was achieved after 40 minutes of reaction.

The rate of Fe(II) reduction by excess ascorbic acid was obtained using the pseudo-first-

order kinetic model, such that the release kinetics of Fe(Il) can be modelled according to:

G = q.(1—e™™)
Where q; is the cumulative release ratio at time ¢, q, is the equilibrium release ratio, and &
represents the release rate constant (sec™!). The release of Fe(Il)/total Fe as a function to time were
fit according to the model and the g, and k parameters were estimated using the Scipy library in

Python 3.

3. Results
3.1. Properties of the ferrihydrite precipitates
3.1.1. Physicochemical properties
3.1.1.1. Specific surface area and porosity

The N2-adsorption desorption isotherms of the various Fhs studied are presented in Figures
S1 and S2. All of the Fhs exhibited a reversible Type I(b) isotherm, characteristic of materials
having pores with diameters in the upper range of micropore domain, containing both wider

micropores and narrow mesopores (<2.5 nm) (Rouquerol et al., 2007) (Figures S1 and S2). With
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the exception of pure Fh and FhCop 0.01, all of the minerals studied exhibited a small adsorption-
desorption hysteresis in the range 0.3 < P/Po < 0.6 indicative of mesopores (Figures S1 and S2)
(Rouquerol et al., 2007). Thus, alginate and P appeared to promote the formation of mesopores.
Figures S1 and S2 also shows the BJH pore size distributions of the Fhs. Pure Fh, FhCop 0.01,
FhAlg, FhAlgAds 0.01, and FhAlgCop 0.01 exhibited a bimodal distribution of pores, peaking at
1-2 nm and 3-4 nm, whereas the remaining samples exhibited pore size distribution mainly in the
range of 3-4 nm (Figures S1 and S2).

Table 1 presents the derived SSA as well as the micropore- (MIV), mesopore- (MEV), and
total pore- volumes (TPV). In general, for the Fhs without alginate and relative to pure Fh, the
SSA slightly increased with increasing P content, regardless of whether P was adsorbed or
coprecipitated, suggesting that the mode of P interaction and the concentration of P used did not
have a definitive effect on SSA. (Table 1). It was also observed that SSA followed the overall
trends for MEV and TPV, whereas the slight increase in SSA corresponds with the observed
increase in MIV for the Fhs with the highest P content (P/Fe 0.1) (Table 1).

Relative to alginate-free Fh, coprecipitation with alginate led to a marked decrease in N2
adsorption, concomitant with reduced porosity and SSA (Figure S2, Table 1). Only minor
variations in SSA were observed at the highest P content (P/Fe = 0.1), where values increased for
FhAlgAds (~16 %) but decreased for FhAlgCop (~27 %) (Table 1). This difference suggests that
the influence of P sorption mode may become more apparent in Fh-OM coprecipitates. Finally, in
general, P induced changes to the SSA of FhAlg corresponded closely with those observed for the
porosity parameters (Table 1).

3.1.1.2. 0.1 M NaOH extractable P and (-potential
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Regardless of the sorption mode of P and the presence of alginate, the base treatment
recovered 100% of the P that was sorbed to the Fhs (Table 1). The (-potential and particle size of
the Fhs at pH 6.8 are given in Table 1. For alginate-free Fhs, the (-potential decreased with
increasing P content and, at equivalent P content, the Fhs with pre-adsorbed P exhibited lower C-
potential than that of P-Fh coprecipitates (Table 1). In contrast, all alginate-Fh coprecipitates
exhibited a negative {-potential and the presence of P had no noticeable impact (Table 1).

3.1.2. X-ray diffraction and IR spectroscopy

Figure 1 shows the XRD patterns of the different Fh samples. Reflections characteristic of
2-line ferrihydrite were identified in the diffractograms, aligning closely with those reported in the
literature (Cornell and Schwertmann, 2003). Relative to pure Fh, the reflections of FhAds 0.01,
FhAds 0.1, and FhCop 0.01 exhibited similar characteristics (intensity and shape) (Figure 1). In
contrast, the reflections of FhCop 0.1 decreased in intensity, and the reflection at 34° 20 slightly
shifted to a lower angle (Figure 1 A). The coprecipitation of Fh with alginate also led to slight
changes in the bulk mineralogy, namely the broadening of the reflections centered at 34° and 62°
20 (Figure 1 B). As with alginate-free Fh, only FhAlgCop 0.1 exhibited changes as judged by the
additional broadening and shifting of the reflections corresponding to Fh (Figure 1).

Additional information about the chemical composition and functional groups was
obtained through FTIR spectroscopy. Figure 2 (A) shows the FTIR spectra of the minerals studied
within the region 1725 — 525 cm™'. For pure Fh, the broad bands centred at ~1627, 1468, and 1360
cm’! correspond to the §(O-H) vibrations from adsorbed H>O and stretching vibrations vasym and
vsym of C-O bonds from adsorbed carbonate, respectively (Cornell and Schwertmann, 2003;

Schwertmann and Cornell, 2008). The intensity of the latter bands decreased the highest P content
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Table 1: Chemical composition, specific surface area (SSA), pore characteristics, 0.1 M NaOH extractable P, and surface charge at pH
6.8 of the studied ferrihydrites. MEV, MIV, and TPV correspond to meso-, micro-, and total- pore volume, respectively. Data represents
the average + standard deviation of 2 replicates, whereas data for {-potential measurements represent the average + standard deviation

of 5 measurements.

Sample ID C/Fe P/Fe SSA MEV MIV TPV El)tiirealit {-potential
mol:mol mol:mol (m?/g) (cm®/g) (cm¥/g) (cm¥/g) %)

Fh --2 Bd® 319.78£3.71  0.07£0.009  0.12+0.006  0.18+0.001 0 31.8+1.7
FhAds P/Fe 0.01 -- 0.01£0.002  333.76+0.11  0.11£0.001  0.13£0.001 0.21+0.002 100 26.2+1.2
FhAds P/Fe 0.1 -- 0.09+0.011 343.13+£3.86 0.15+£0.001 0.14+£0.001  0.23+0.003 100 8.1+0.4
FhCop P/Fe 0.01 -- 0.01£0.001  320.44+1.27 0.08+0.001  0.13+0.003  0.18+0.001 100 31.9+1.7
FhCop P/Fe 0.1 -- 0.1£0.002 346.46+0.90 0.12+0.001 0.14+0.004 0.21+0.001 100 20.8+1.1
FhAlg 0.97+0.001 Bd 86.10+4.15 0.02+0.001  0.04+0.003  0.05+0.003 0 -38.5+2.4
FhAIgAds P/Fe 0.01  0.97+£0.001  0.01+0.002 93.46+0.12 0.03+0.001  0.04+£0.001  0.06£0.001 100 -36.9+2.5
FhAIgAds P/Fe 0.1 0.98+0.001 0.1£0.001 102.95+0.2  0.05+0.001  0.04+£0.001  0.08+0.001 100 -41.7£2.6
FhAIgCop P/Fe 0.01  0.97+£0.002  0.01+0.001 86.16+0.62 0.03+0.005 0.03+0.001  0.05+0.001 100 -39.1+2.7
FhAIgCop P/Fe 0.1 0.96+0.001 0.09+0.011 62.44+0.43 0.02+0.001  0.02+0.001  0.04+0.001 100 -41.7+£2.5

a — Component not measured

b — Below detection of the instrument (P = 0.0052 ppm)
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(FhAds and FhCop 0.1) as a consequence of the competitive advantage of P over carbonate for
reactive sites (Figure 2) (Mendez and Hiemstra, 2018). The broad band centred at ~565 cm’!
corresponds to the stretching vibration, v(Fe-O), of Fe-O in the Fh lattice (Figure 2). The intensity
of this band decreased with increasing P content, especially for FhCop 0.1 (Figure 2). Regardless
of the sorption mode, the broad band corresponding to the stretching vibrations of v(P-O) was
centred at ~1006 cm!, suggesting similar coordination/binding environment to the Fh
surface/octahedra (Figure 2). Finally, this band corresponds to 3 stretching vibrations comprised
of ~1102 and 1020 cm ™!, and at 920 cm™! as determined by Savitsky-Golay secondary derivative
analyses indicative of protonated bidentate binuclear complexes (data not shown) (Arai and
Sparks, 2001; Wang et al., 2013).

The FTIR spectrum for Na-alginate is presented in Figure 2 (B) and the corresponding band
assignments are given in Table S2 (Chandia et al., 2001; Leal et al., 2008; Cardenas-Jiron et al.,
2011). Upon coprecipitation with Fh some changes in the functional groups of Na-alginate were
observed. Relative to Na-alginate, the bands corresponding to the asymmetric (~1592 cm’,
Vasym(C-O-0)) and symmetric (~1408 cm™!, veym(C-O-0)) stretching vibrations of the carboxylate
groups broadened, whereas the former shifted by ~4 cm™! (Figure 2 B). Shifting was also observed
for the band centred at ~1033 cm™ by 9 cm™ corresponding to a host of vibrations comprising
those for mannuronic and guluronic acid residues, and v(C-O) of secondary alcohols (Figure B).
Such changes can be attributed to the changes in the coordination environment of polysaccharide
functional groups as they bind to the Fh octahedra (Eusterhues et al., 2008; Chen et al., 2014;
Sowers et al., 2018). P was associated with the FhAlg coprecipitates, although the exact position

of the bands for P were difficult to discern due to overlapping with those belonging to alginate
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(Figure 2 B). Finally, relative to Fh, the band centred at 565 cm™ decreased in intensity and

disappeared as the P content increased (Figure 2 B).

A
FhCop 0.1
2 FhAds0.1
a FhCop 0.01
FhAds0.01
HFO
B

FhAlgCop 0.1

FhAlgAds 0.1

Intensit

FhalgCop0.01

FhAlgAds 0.01

FhAlg

Figure 1: X-ray diffraction patterns of (A) 2-line ferrihydrite pre-adsorbed or coprecipitated with
phosphate (P/Fe ratio of 0, 0.01, 0.1 mol:mol), and (B) 2-line ferrihydrite-alginate composite (C/Fe
1.0 mol:mol) with pre-adsorbed or coprecipitated phosphate (P/Fe ratio of 0, 0.01, 0.1 mol:mol).
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Figure 2: FTIR spectra of 2-line ferrihydrite pre-adsorbed or coprecipitated with phosphate (P/Fe
ratio 0f 0.0, 0.01, 0.1 mol:mol) (top), and 2-line ferrihydrite-alginate composite (C/Fe 1.0 mol:mol)
with pre-adsorbed or coprecipitated phosphate (P/Fe ratio of 0.0, 0.01, 0.1 mol:mol) (bottom).
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3.1.3. SEM and elemental mapping

Results of the SEM analysis showed that particle sizes formed by OM-coprecipitation were
larger than those formed in the absence of alginate (Figure S3). P also had no obvious effects on
the morphology of the Fhs, and across all Fhs the elemental map showed that, regardless of the
sorption mode, Fe and P were relatively homogeneously distributed on the surface of the

associations at the micrometer scale (Figure 3 and S4).

Figure 3: Elemental maps of the synthesized minerals. The maps show the strong relationship
between the distribution of P and Fe indicating homogeneity.
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3.2. Bioavailability

3.2.1. Control microcosms

Throughout the experiment, there were no notable changes in the measured parameters
(total and dissolved Fe(Il)), and no microbial growth was observed in any of the abiotic
microcosms (data not shown). For all the Fhs studied, the pH more-or-less remained stable within
the range of 6.7 — 6.9 (Figure S5), and dissolved P was consistently detected throughout the
experimental period (Figure 4). However, dissolved P was only present in the microcosms with
Fhs containing the highest P content (P/Fe 0.1), while in the microcosms with Fh coprecipitated
with P/Fe 0.01 the concentration remained below the method's detection limit. The proportion of
dissolved P relative to total P (Pprop) depended on the mode of sorption as well as the presence of
alginate (Figure 4). In the case of FhAds 0.1, the Pprop reached a maximum of ~1% at the start of
the experiment and gradually decreased to ~0.8% by the end (Figure 4). In contrast, for FhCop
0.1, the Pprop gradually increased reaching a maximum of ~0.18% by day 10, at which point it
remained stable for the remainder of the experiment (Figure 4). Pprop for FhAIgAds 0.1 was
comparable to that of FhAds 0.1, but did not show a specific trend (Figure 4). For FhAlgAds 0.1,
Pprop increased from ~0.8% at the start of the experiment to ~1% at day 2, at which point it varied
between these two values for the remainder of the experiment (Figure 4). In contrast, for FhAlg
Cop 0.1, the Pprop reached ~0.5% at the start of the experiment and showed an overall increase
throughout the duration of the experiment reaching a maximum of ~0.7% (Figure 4). It should also

be noted that the Pprop for FhAlgCop 0.1 was 4-5x higher than that of FhCop 0.1 (Figure 4).
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Figure 4: Changes of dissolved P concentration released from pure Fh with coprecipitated (cop) or
pre-adsorbed (ads) phosphate (P/Fe molar ratio of 0.1) and Fh alginate composite (C/Fe molar
ratio of 1.0) with coprecipitated or pre-adsorbed phosphate (P/Fe molar ratio of 0.1) throughout
the experimental period in the presence (biotic) and absence (control) of S. putrefaciens CN32.
The data points represent the average and standard deviation (error bars) from 3 individual
replicates for the biotic experiments and 1 replicate for controls.
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3.2.2. Biotic microcosms
3.2.2.1. pH and cell count

Changes in pH and cell count throughout the experimental period are presented in Figures
S4. Across all biotic microcosms, pH gradually increased throughout the experimental duration
reaching ~7.5 for FhAds 0.1, FhCop 0.1, and FhAlgCop 0.1, while the rest of the Fhs reached 7.2
— 7.3 at the end of the experimental period (Figure S5). Across all biotic experiments, the cell
count did not exhibit a specific trend, but in general the count gradually declined throughout the
experimental duration (Figure S6). In addition, cell count appeared to have declined faster for Fh-

alginate coprecipitates when compared to that of alginate-free Fhs (Figure S6.).

3.2.2.2. Rate and extent of Fe(Ill) reduction
3.2.2.2.1. Effects of phosphate

Microbial Fe(III) reduction curves of the Fhs are presented in Figure 5, which show the
increase of total Fe(II) and dissolved Fe(II) relative to total Fe throughout the experimental period
(up to 25 days). The rates of Fe(III) reduction by S. putrefaciens CN32 were calculated by linear
regression of selected time points that corresponded to the period of maximum accumulation of
total Fe(Il) relative to total Fe (Langley et al., 2009b; Langley et al., 2009d). The extent of Fe(III)
reduction was determined from the maximum amount of total Fe(Il) relative to total Fe, which
equated to the last experimental measurement taken. A summary of the regression data and the
maximum amount of Fe reduced for the Fhs are presented in Table 2. For alginate free Fhs, the
rate of Fe(III) reduction increased with increasing P content (Table 2). Tukey’s pairwise post-hoc
analyses revealed a significant difference in the rates of Fe(Ill) reduction between pure Fh and that
of P-doped Fhs (2-way ANOVA, P<0.05, Table 2). However, no significant difference was found

in the Fe(Ill) reduction rate between FhAds 0.01 and FhCop 0.01 (2-way ANOVA, P>0.05),

138



whereas a significant difference was found between FhAds 0.1 and FhCop 0.1 (2-way ANOVA.
P<0.05, Table 2). Thus, within this group FhCop 0.1 was reduced ~3x and 1.4x faster than pure
Fh and FhAds 0.1, respectively (Table 2). Similar to the reduction rates, the extent of Fe(III)
reduction increased with P content (Table 2). Compared to pure Fh, the extent of reduction in P-
doped Fhs showed a significant difference (2-way ANOVA, P<0.05). Specifically, the amount of
Fe(II) reduced was approximately 1.4x, 2x, 1.2x, and 1.8x higher for FhAds 0.01, FhAds 0.1,
FhCop 0.01, and FhCop 0.1, respectively, relative to that of pure Fh (Table 2). Moreover, at
equivalent P concentration, the amount of Fe(Ill) reduced was significantly higher for FhAds than
that of FhCop although the difference amounted to ~5% (2-way ANOVA, P<0.05, Table 2).

The rates of Fe(IlI) reduction for Fhs-alginate coprecipitates generally followed the same
trend as observed for alginate free Fhs (Table 2). However, within this group the rate of Fe(III)
reduction for FhAlgAds 0.01 and FhAlgCop 0.01 did not significantly differ from that of FhAlg
(2-way ANOVA, P>0.05, Table 2). As was observed for the alginate free Fhs, the sorption mode
of P had no effect on the rate of Fe(IIl) for FhAlgAds 0.01 and FhAIgCop 0.01 as no significant
difference was determined between the rates for these samples (2-way ANOVA, P>0.05). In
contrast, a significant difference was determined in the rates of Fe(IlI) reduction between FhAlg
Ads and Cop at the highest P loading (0.1 P/Fe) (2-way ANOVA, P<0.05, Table 2). Thus, within
this group FhAlgCop 0.1 was reduced 3x and 2x faster than FhAlg and FhAds 0.1, respectively
(Table 2). The overall trend and significance of the extent of Fe(IIl) for Fh-alginate coprecipitates
was similar to what was observed for alginate free Fhs (Table 2). The amount of Fe(III) reduced
was approximately 1.2x, 1.6x, 1.02x, and 1.5x higher for FhAlgAds 0.01, FhAlgAds 0.1,
FhAlgCop 0.01, and FhAlIgCop 0.1, respectively, relative to that of FhAlg (Table 2). Finally, as

was observed for alginate free Fhs and at equivalent P concentration, the amount of Fe(III) reduced
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was significantly higher for FhAIgAds than that of FhAlgCop although the difference only

amounted to 2-6% (2-way ANOVA, P<0.05, Table 2).

3.2.2.2.2. Effects of alginate

Alginate generally enhanced the rate of Fe(Ill) reduction across all treatments (Table 2).
Notably, at equivalent P concentration and sorption mode, there was a significant difference in
Fe(III) reduction rates between alginate-free Fhs and alginate Fh coprecipitates, with the FhAlg
coprecipitates reducing 1.2-1.6x faster (P<0.05, t-test, Table 2). The exception was between FhAds
0.1 and FhAIgAds 0.1, where the reduction rates did not significantly differ (P>0.05, t-test, Table
2). At equivalent P concentration and sorption mode, a significant difference was also observed in
the extent of Fe(IIl) reduction between alginate-free Fhs and FhAlg coprecipitates (P<0.05, t-test,
Table 2). Specifically, the amount of Fe(Ill) reduced from Fh-alginate coprecipitates was ~6% and
11-13% lower than that of alginate-free Fhs with P/Fe molar ratios of 0.01 and 0.1, respectively
(Table 2). One exception was the pure Fh and FhAlg where the amount of Fe reduced was
comparable and did not significantly differ (P>0.05, t-test, Table 2).
3.2.2.2.3. Dissolved phosphate

Similar to the abiotic microcosms, dissolved P was detectable in biotic microcosms only
for the Fhs with the highest P content (P/Fe 0.1) (Figure 4). In the FhAds 0.1 biotic microcosms,
Pprop decreased from 1 % to ~0.4 % by day 7, stabilizing thereafter (Figure 4). In contrast, Pprop in
the FhCop 0.1 biotic microcosms increased from ~0.1 % to 0.12 % by day 3, which plateaued for
the remainder of the experiment (Figure 4). Finally, compared to their corresponding controls, Pprop
in both biotic microcosms was lower, with FhAds 0.1 showing higher Pprop than those with FhCop

0.1 (Figure 4).
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For the alginate-Fh coprecipitates, the Pprop within the biotic microcosms of the FhAlgAds
0.1 and FhAlgCop 0.1 increased by day 2 reaching ~0.9 % and ~0.8 % respectively (Figure 4).
Afterwords, the Pprop gradually decreased reaching ~0.6 % and 0.3 %, respectively, at the end of
the experimental period (Figure 4). As with the alginate-free Fhs, Pprop in both biotic microcosms
was lower compared to their corresponding controls, with FhAlgAds 0.1 showing higher Pprop than
FhAlgCop 0.1 (Figure 4).

Pprop reached similar levels during the reduction of FhAds 0.1 and FhAlgAds 0.1, whereas
the Prop remained higher during the reduction of FhAlgCop 0.1 in comparison to FhCop 0.1 (Figure
4).

Table 2: Linear reduction rates and maximum amount of Fe(IIl) reduced by S. putrefaciens CN32
(biotic) and fitting parameters for Fe(IIl) dissolution by ascorbate (abiotic) (pH 8.0) for the various

synthetic ferrihydrites studied. Data for the biotic experiments represents average + standard
deviation from 3 replicates. For all experiments, the fit had a R? value of >0.98.

Biotic Abiotic
Sample Rate of Re?;lctlon (day Fe(IIT) Reduced (%) k(s) q
Fh 0.0153+0.0016 26.78+0.28 2.03x10* 1.0
Fh Ads 0.01 0.0193+0.0008 38.29+1.75 1.92x10* 1.0
Fh Ads 0.1 0.0324+0.0011 55.05+1.12 2.18x10* 1.0
Fh Cop 0.01 0.0189+0.0007 33.34+£1.09 2.08x10* 1.04
Fh Cop 0.1 0.0446+0.0029 49.32+0.58 5.50x10* 1.0
FhAlg 0.0244+0.0016 26.51+0.15 2.71x10* 1.09
FhAlg Ads 0.01 0.0251+0.0007 32.79+0.19 2.80x10* 1.11
FhAlg Ads 0.1 0.0336+0.0014 41.43+0.33 3.22x10* 1.02
FhAlg Cop 0.01 0.0249+0.0017 27.13+0.27 3.36x10* 1.00
FhAlg Cop 0.1 0.0721+0.0149 39.15+0.31 6.28x10™ 1.00

141



0.6 Fh 06 FhAlg
] @ Total Fe(ll) 8
é A Dissolved Fe(ll) e
% 0.4 304
= ° = °
£ 0.2 ° £ 02 o® © ® °
3 00® A 3 o® A A 4
= :‘AAA A A = 00,44k 4
\CIJ’ 0 A T T T \QJ’ 0 T T T T T
. 0 5 10 15 20 25 30 * 0 5 10 15 20 25 30
FhAds P/Fe 0.01 FhAds P/Fe 0.1
_ 0.6 . o
5 s
g é °
304 204
k. ° = °
= = A
P 02 ° ® A L0 s A& 4
Y . A ) ‘
\q—)f T T T T \G-J’ T T T
o 0 5 10 15 20 25 30 w 15 20 25 30
FhCop P/Fe 0.01 FhCop P/Fe 0.1
_06 .
o o
g E °
Y304 Y304 ®
= e =
3 ° To
3 o ® > AA
s e® A A i A
= Qaad A Ak _‘9 A“‘
76 0 T T T T T — T T T T
. 0 5 10 15 20 25 30 10 15 20 25 30
06 FhAlg Ads P/Fe 0.01 FhAlg Ads P/Fe 0.1
50 06
g g
Tpo4 ~ 04 o °
= o = )
= ) = [} o
£ 0.2 0® © ® N A 2 02 o®° . a N A
3 e A A 2 ® A
2 0%, aa & £ o, art
% O ‘ T T T T T = O T T T T T
= o0 5 10 15 20 25 30 £ 0 > 01200 25 30
FhAlg Cop P/Fe 0.01 FhAIlg Cop P/Fe 0.1
_06 06
o -
o )
L L
~, 0.4 304 1 P e
3 ° = o ® o
= L] = [ ]
T 0.2 o ® °® D024 .0®
5 0®°® A A A g ° A A A A 4
o =
= .““‘ & = ,.““
% 0 T T T T T ‘q—)’ 0 -" T T T T T
w 0 5 10 15 20 25 30 = 0 5 10 15 20 25 30
Time (day) Time (day)

Figure 5: Changes in total (tot) and dissolved (diss) Fe(Il) relative to total Fe during the microbial
reduction of the studied synthetic ferrihydrites by S. putrefaciens CN32. Symbols represent the
average and standard deviation (error bars) of 3 individual replicates.
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3.2.2.3. Biogenic solids

X-ray diffractograms and electron micrographs of the post-reduction minerals are shown
in Figures 6-8. For alginate-free Fhs, pure Fh transformed into a mixture of goethite and magnetite
(Figure 6). However, for Fh with P/Fe 0.01 and relative to those observed for the P-free Fh, the
reflections corresponding to goethite decreased in intensity, whereas the intensity of the magnetite
reflection increased (Figure 6). At the highest P-content, the reflections corresponding to goethite
were attenuated, whereas those corresponding to magnetite were absent (Figure 6). Nonetheless,
for these precipitates the broad reflections centered at 34 and 62° 20 appeared sharper relative to
those of 2-line ferrihydrite suggesting a transformation into a ferrihydrite of higher crystallinity.
Electron micrographs corroborated the XRD data, in which case morphologies pertaining to
crystalline products were observed (Figure 7). For Fh and Fhs with P/Fe of 0.01, acicular goethite
crystals were clearly visible (see arrows, Figure 7), whereas magnetite crystals could not be
resolved suggesting the formation of nano magnetite. For Fhs with P/Fe of 0.1, crystalline products
could only be resolved for FhCop, but not for FhAds (Figure 7). The former precipitates appeared
to have “hedge-hog” like crystals, although the mineralogy of the “needles” could not be identified
(Figure 7).

Further analyses by FTIR revealed that goethite was the dominant transformation product
that formed following the reduction of Fh (Figure S7). In contrast, the intensity of the bands
belonging to goethite decreased as the P content increased to P/Fe 0.01 and could not be resolved
as the P content reached P/Fe 0.1 (Figure S7). Moreover, the intensity of the goethite bands for the
biogenic solids formed from the reduction of FhAds 0.01 were lower than those formed from the

reduction of FhCop 0.01 (Figure S7).

143



Goethite was the dominant product that formed following the microbial Fe(III) reduction
of FhAlg and those containing P/Fe of 0.01 (Figure 6). In these precipitates, reflections
corresponding to magnetite could not be resolved suggesting that alginate inhibited the formation
of this mineral (Figure 6). Relative to FhAlg, the reflections pertaining to goethite in the
precipitates formed from FhAlg with P/Fe of 0.01 were broader whereas the reflection centered at
~21° 20 exhibited less intensity. For FhAlg with the highest P/Fe content, the biogenic solids were
mainly composed of 2-line ferrihydrite as evident by the broad reflections centered at 34° and 62°
20 (Figure 6). Electron micrographs also revealed acicular goethite crystals where this mineral was
confirmed by XRD (Figure 8). For FhAlgAds and FhAlgCop 0.1, no crystalline products could be
detected suggesting that 2-line ferrihydrite was the dominant mineral. FTIR also revealed the
occurrence of goethite in agreement with XRD analyses, and as was observed for alginate-free
Fhs, the intensity of the goethite bands for the biogenic solids formed from the reduction of
FhAlgAds 0.01 were lower than those formed from the reduction of FhAlgCop 0.01 (Figure S7).

Across all the minerals studied, phosphate rich Fe(II) minerals such as vivianite were not
detected, whereas elemental mapping showed that P and Fe remained homogenously distributed
lacking any clusters of P-Fe rich regions (Figure S8). Nonetheless, geochemical modelling with
PHREEQC showed that the solutions from the biotic microcosms with Fhs with P/Fe 0.1 were
supersaturated with respect to vivianite (Fe3(POa4)228H20), therefore it may have formed at levels

below the detection limit of the instruments employed in this study.
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Figure 6: X-ray diffraction patterns of post Fe-reduction minerals from (A) 2-line ferrihydrite with
pre-adsorbed or coprecipitated phosphate (P/Fe 0, 0.01, 0.1 mol:mol), and (B) 2-line ferrihydrite-

alginate composite (C/Fe 1.0 mol:mol) with pre-adsorbed or coprecipitated phosphate (P/Fe 0,
0.01, 0.1 mol:mol).
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Figure 7: FESEM micrographs of the post-reduction secondary minerals produced following the
microbial reduction of (A) Fh, (B) FhAds 0.01, (C) FhCop 0.01, (D) FhAds 0.1, and (E) FhCop
0.1. White arrows point to minerals with well-defined crystalline shapes.
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Figure 8: FESEM micrographs of the post-reduction secondary minerals produced following the
microbial reduction of (A) FhAlg, (B) FhAlgAds 0.01, (C) FhAlIgCop 0.01, (D) FhAlgAds 0.1,
and (E) FhAlgCop 0.1. White arrows point to minerals with well defined crystalline shapes.
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3.3. Chemical dissolution: ascorbate-citrate-bicarbonate

The dissolution of the Fhs was assessed from the accumulation of Fe and P in solution
considering dissolved and colloidal Fe species (0.22 um) (Figure 9). The release kinetics of Fe(II)
during the reduction of the synthetic minerals fit well with the pseudo-first-order model, and the
adjusted R? values were greater than >0.98. Among the alginate-free Fhs, FhCop 0.1 exhibited the
highest dissolution rate (k) whereas the other Fhs were dissolved at a comparable rate (Table 2).
Comparatively, at equivalent P content, alginate-Fh coprecipitates were dissolved at a faster rate
than alginate-free Fhs (Table 2). One exception was the FhAlgCop 0.1, which was dissolved at a
comparable rate as FhCop 0.1 (Table 2). Among the alginate-Fh coprecipitates, the rate of
dissolution appeared to increase with increasing P content, and at comparable P content, the
dissolution of the P containing FhAlg coprecipitates were reduced at a faster rate than their
counterparts with pre-adsorbed P (Table 2). Within this group, FhAlgCop 0.1 was reduced the
fastest.

Fecolloid showed a strong increase within the first hour of dissolution reaching a maximum
of 40-60% of the total Fe across all experiments (Figure 9). Subsequently, Fecoloia decreased
throughout the remainder of the experimental period, reaching 0% of the total Fe (Figure 9). It was
also observed that Fecoloid accumulated the fastest during the dissolution of FhCop 0.1 and
FhAlgCop 0.1 relative to the other Fhs (Figure 9).

Finally, alginate did not appear to influence the distribution of P since the release of P vs.
Fe(Il) <022um from the alginate-free Fhs was similar to that of alginate-Fh coprecipitates, at
corresponding P content (Figure 9). Similarly, alginate did not impact the release of Fecolloid given

that the timing of release and extent were similar to what was observed for the alginate-free Fhs
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(Figure 9). Across all experiments, it was also observed that the accumulation of P exceeded that

of dissolved Fe(Il) (Figure 9).
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Figure 9: Kinetics of dissolved Fe(Il), Fecolloid, Fe<o.2um, and P accumulation during the reductive
dissolution of the synthetic ferrihydrites studied by ascorbate (pH 8.0). Symbols represent the
average and standard deviation of 2 replicates.
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4. Discussion
4.1. Impact of phosphate and alginate on the physicochemical properties of the ferrihydrites

Our results show that the concentration of P used in this study (P/Fe 0.01 and 0.1) had a
subtle impact on the physicochemical properties and mineralogy of the studied ferrihydrites. We
observed a slight increase of SSA as the P content increased, which could be attributed to the
disaggregation of the ferrihydrite nanoparticles during the drying process, allowing for N2 to
access pores not occupied by P. In contrast, the SSA decreased by ~15 and ~20 % for Fh
coprecipitates containing P/Fe of 0.05 and 0.1 (mol:mol), respectively, synthesized from the
aeration of Fe(II) solutions (Santoro et al., 2019). Such decrease was attributed to the aggregation
induced by the negatively charged P anions and the positively charged newly formed
Fe(hydr)oxide surfaces (Santoro et al., 2019). Yet, the SSA of Fe (oxyhydr)oxides formed from
the oxidation of Fe(Il) in the presence of P at similar P/Fe ratios used in this study increased,
presumably due to the decrease in particle size (Cumplido et al., 2000; O’Loughlin et al., 2013).
Likewise, the SSA of goethite synthesized from Fe(III) solutions containing P (up to 1.0 mol%)
increased with increasing P content due to the formation of micropores (Kandori et al., 1992).
Therefore, differences arise as a consequence of the synthesis pathway of Fe (oxyhydr)oxides.

In contrast to P, alginate had a noticeable impact on the SSA and porosity of the synthetic
minerals. This observation is in line with past studies that have investigated the impact of organic
substances, encompassing polysaccharides, humic acids, and fulvic acids, on the physicochemical
properties of various synthetic Fe (oxyhydr)oxides, and has been attributed to pore blockage by
OM (Mikutta et al., 2008; Shimizu et al., 2013; Poggenburg et al., 2016; Poggenburg et al., 2018;
Liu et al., 2019b). In addition, the coprecipitation of Fh with organic P also led to reduced SSA

(Santoro et al., 2019). The adsorption of P on the FhAlg coprecipitates led to the increase of SSA
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presumably as a consequence of disaggregation similar to what was observed for the alginate-free
Fhs. However, the coprecipitation of Fh with alginate as well as P led to reduced SSA, especially
at the highest P content (P/Fe 0.1 mol:mol). This could be attributed to alginate creating a different
matrix during synthesis that might interfere with the usual effect of P on ferrihydrite structure. P
may promote a more dispersed structure when added without alginate, but with alginate, it could
foster a denser, more compact structure with fewer exposed surfaces.

Base extraction using 0.1 M NaOH was carried out to determine the distribution of P as
this extraction supposedly provides a good estimate of the amount of P adsorbed to Fe(III) oxides
(Cabrera et al., 1981; O’Loughlin et al., 2013). In our study, P was fully recovered from the Fhs
regardless of the sorption mode and the presence of alginate, whereas dissolution of the Fhs was
insignificant (<0.1% for alginate-free Fhs and <0.35% for alginate-Fh coprecipitates). The high
efficiency of P recovery with a single NaOH treatment implies that P was predominantly adsorbed
onto the surface of the Fhs particles, making it more accessible to desorption. In contrast, when Fe
(oxyhydr)oxides are synthesized from the oxidation of Fe(II) in the presence of P, the incorporation
of P may occur through more complex structural mechanisms, potentially leading to a greater
degree of occlusion within the mineral matrix (Cumplido et al., 2000; O’Loughlin et al., 2013).
Occlusion of P may also occur as a consequence of ageing or transformation due to the NaOH
treatment (Cabrera et al., 1981). Nonetheless, the occlusion of P hinders its release thereby
requiring multiple NaOH extractions for complete recovery (O’Loughlin et al., 2013). However,
C-potential measurements of the alginate-free Fhs suggest that not all of the P is adsorbed to the
surface. Specifically, these measurements revealed differences in surface charge, which imply that
for the coprecipitates a fraction of the phosphate may be bound more internally. We also expect

that the occlusion of P to occur during the extraction process with NaOH as Fh is more prone to
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transformation than lepidocrocite and goethite (Cornell and Schwertmann, 2003). Nonetheless, it
appears that P remains accessible to desorption by excess OH™ regardless of the sorption mode and
the presence of alginate. Although it is also possible that the extraction efficiency may depend on

the mineral.

4.2. Mineralogy

During the hydrolysis of Fe(Ill), the presence of oxyanions and/or OM disrupt the mineral
formation by interfering with Fe—Fe bond formation and occupying crystal growth sites thereby
reducing crystallite size, structural coherence, and increasing structural strain (Rose et al., 1997;
Schwertmann et al., 2005; Eusterhues et al., 2008; Chen et al., 2014; Kleber et al., 2015). This
disruption is evident from various synthetic and naturally occurring Fe (oxyhydr)oxides as
determined by various analytical methods including Fe-EXAFS and Mdssbauer spectroscopy
(Rose et al., 1997; Chan et al., 2004; Chan et al., 2009; Toner et al., 2009; Chen et al., 2018;
ThomasArrigo et al., 2022). Synthetic P-Fh coprecipitates (P/Fe 0.05 and 0.09) prepared from
Fe(IIT) solutions exhibited a decrease in the magnitude peak arising from corner-sharing Fe-Fe
bonds, and, at the highest P loading, the particle size decreased from ~0.2 to 0.15 nm as determined
by Fe-EXAFS and PDF (Kraal et al., 2019). Thus, coprecipitation of Fh with P, especially at a
concentration of P/Fe 0.1, leads to a Fh with smaller particle size and crystallinity as we determined
from XRD (Figure 1). This includes the observed shifting and broadening of the 2-line ferrihydrite
reflections. Alginate appears to similarly impact Fh mineralogy, as XRD and Mdssbauer data from
FhAlg samples indicate slightly smaller particle size and crystallinity than pure Fh, in agreement
with findings by Mikutta et al. (2008). Therefore, the coprecipitation of Fh with either alginate or

P at low concentrations subtly influences Fh mineralogy. We speculate that simultaneous
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coprecipitation with both alginate and P may have an additive effect on the mineral structure of

Fh.

4.3. Dissolution kinetics: impact of phosphate and alginate

4.3.1. Abiotic dissolution

Reductive dissolution of the Fhs mediated by ascorbate was rapid, reaching 100% within
hours. This can be attributed to citrate and ascorbate attaching to the surface thereby forming easily
detachable complexes that are rapidly reduced in solution (Kraal et al., 2019; Ahmed et al., 2024).
The excess concentration of the components in the BCA (bicarbonate citrate ascorbate) solution
oversaturates the surface sites of the Fhs, whilst also desorbing P and preventing P from re-
adsorbing back to the surface of the Fhs. This competitive ligand exchange reaction explains the
rapid release of P, especially for the minerals with pre-adsorbed P. The accumulation of P exceeded
that of dissolved Fe(II), as was observed by Kraal et al. (2019) (Figure 9). This is likely due to the
fact that the molybdenum blue method required the use of a strong acid and an additional reducing
agent (ascorbic acid), which dissolved and reduced colloidal Fe thereby releasing associated P
(Kraal et al., 2019). Moreover, the extended time required to reach colour stability (40 min) further
contributes to this reaction. Therefore, the release of P should be related to the release of
Fe(II)<0.22um (colloidal Fe + dissolved Fe(Il)) rather than dissolved Fe(II) alone.

A comparison of the release of P and Fe(Il) <0.22ym during the dissolution of the Fhs is
consistent with complete or nearly complete congruency (Figure S9), suggesting a homogenous or
nearly homogenous distribution of P from the surface to the centre of each particle. Deviations
from unity, however, were observed particularly for FhAds 0.1 and FhAlgAds 0.1 that can be
attributed to the desorption of P mediated by competing ligands as explained above. Even for the

FhCop 0.1 and FhAIgCop 0.1, some deviation from unity was observed suggesting that P was
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associated with the surface as well as incorporated within the Fh aggregates. These results are in
agreement with the {-potential measurements, particularly for the alginate-free Fhs. Moreover, our
results also show that coprecipitation with alginate did not impact the distribution of P within the
mineral phase, since the release of P behaved similarly during dissolution between alginate-free
Fhs and alginate-Fh coprecipitates (Figure 9 and S9).

The sorption mode of P and the presence of alginate clearly affected the reactivity of the
Fhs to reductive dissolution, with coprecipitates (P and/or alginate) being reduced the fastest. SSA
alone cannot explain our observations, because the rate of reduction of FhCop 0.1 was faster than
that of FhAds 0.1 despite having a similar SSA. Moreover, the alginate-Fh coprecipitates had a
lower SSA than their alginate-free counterparts, but they were reduced at a faster rate. Likewise,
coprecipitation of P and/or alginate at the low initial P/Fe ratios in this study had a relatively minor
impact on the Fh structure, with subtle decreases in structural coherency. Kraal et al. (2019) also
found that Fhs coprecipitated with P (0.05 or 0.09 P/Fe mol:mol) or Si (0.04 or 0.09 Si/Fe mol:mol)
were reduced faster than pure Fh and their corresponding Fhs with pre-adsorbed P or Si under
similar conditions used in this study. Likewise, P-lepidocrocite coprecipitates formed from the
oxidation of Fe(IT) with P/Fe molar ratios of 0.03-0.05 completely dissolved in oxalate, while those
with ratios of 0.1-0.2 mol were reduced more quickly by ascorbate than P-free poorly crystalline
lepidocrocite (Cumplido et al., 2000; Voegelin et al., 2019). Abiotic dissolution rates of synthetic
Fh-polygalacturonic acid coprecipitates (C/Fe 0.36—1.25) by desferrioxamine B were significantly
higher than that of pure Fh and inversely correlated with SSA (22940 m?/g) (Mikutta and
Kretzschmar, 2008). Similarly, the alginate-Fh coprecipitate (C/Fe 1.18) showed higher
dissolution rates than pure Fh despite having half the SSA (Mikutta and Kretzschmar 2008). The

apparent improvement in the dissolution of these coprecipitates (oxyanions or OM) was attributed
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to changes in crystallinity, coupled with alterations to the macroscopic properties of the mineral,
including: aggregation state, particle size, and dispersion of the mineral particles (Mikutta and
Kretzschmar, 2008; Kaegi et al., 2010; Poggenburg et al., 2016). Consequently, increased
repulsion between the Fh particles may facilitate the access of the reducing agent to the reactive
iron sites, a process that is apparently amplified in cases where coprecipitation occurs with an
oxyanion and OM. Unlike our findings, algae-derived OM-Fh coprecipitates (C/Fe 1-5 mol:mol)
were reduced about ~14x slower than pure Fh by Na-dithionite (Wen et al., 2023). Under the same
conditions, P-Fh (P/Fe 0.1 mol:mol) and P-algae-derived-OM-Fh (C/Fe 2 and P/Fe 0.1 mol:mol)
coprecipitates were reduced 9 and 21x slower than pure Fh, respectively (Wen et al., 2023).
Moreover, forest-floor OM-Fh coprecipitates (C/Fe 0.4-2.8 mol:mol) were reduced 5-29x slower
than pure Fh by Na-dithionite (Eusterhues et al., 2014a). The difference in the findings between
those studies and our study can be attributed to the different properties/composition of the OM
used.

Pre-adsorption of P to the Fhs also affected their reducibility, such that reduction occurred
at a rate equivalent to or slightly higher than P-free Fhs, but slower than P-Fh coprecipitates at
corresponding P/Fe molar ratios in agreement with Kraal et al. (2019). The maximum adsorption
capacity of Fh and FhAlg was determined to be ~0.21 and ~0.12 P/Fe (mol:mol), respectively.
This suggests that for Fh and FhAlg, P occupied up to half or the maximum of the available reactive
sites, respectively. P may hinder reduction via two mechanisms: 1. P may block the reducing
agent/ligand from reaching the reactive site (Borch et al.,, 2007; O’Loughlin et al., 2010;
O’Loughlin et al., 2013), and 2. P at the low loadings employed in this study may induce particle
aggregation leading to the lower exposure of reactive sites (Kraal et al., 2019). On the other hand,

adsorbed P may also facilitate reduction by preventing the aggregation of the Fh particles through
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repulsive forces (Kukkadapu et al., 2004). These mechanisms likely played a role in our

experiments leading to the observed results.

4.3.2. Biotic dissolution

The microbial reduction experiments with S. putrefaciens CN32 displayed the same overall
picture of the reactivity of the Fhs as the abiotic reduction experiments. In fact, the rates of abiotic
and biotic reduction were positively correlated with an R? value of 0.8 indicating that the
mechanisms that control the abiotic rate of Fe reduction also apply to that mediated biotically
(Figure S10). In contrast to our observations, Borch et al. (2009) reported that the degree of
reduction of Fh-coated sand by S. putrefaciens CN32 significantly decreased with increasing P
surface coverage (50% and 100%). Likewise, O’Loughlin et al. (2013) found that the rate of
reduction of P-lepidocrocite coprecipitates (0.007 — 0.1 P/Fe mol:mol) by S. putrefaciens CN32
decreased relative to that of P-free lepidocrocite. The difference in the findings between those
studies and this study could be attributed to the properties of the synthetic mineral and the
suspension of the mineral vs. mineral coating on sand. In the latter case, aggregation and
interaction of the Fh particles is limited whereas in suspension adsorbed P may impose repulsion
between the Fh particles facilitating access of bacteria to reactive sites.

P was detected in the CDM and its release can be attributed to weakly bound P. P is also
an important limiting nutrient for bacteria and its release into solution may have stimulated the
growth of bacteria. However, cell count (CFU/mL) remained more-or-less comparable across
treatments indicating that bacterial growth may have played a minor role in dictating the rate of Fe
reduction (Figure S6). P may also stimulate the reduction of Fe by forming aqueous complexes
with Fe(Il) or a ferrous bearing P mineral thereby preventing Fe(Il) from saturating the surface of

the Fhs, which otherwise would block bacteria from reaching reactive sites. Indeed, across all
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experiments, the Pprop of dissolved P decreased throughout the duration of the experiment,
suggesting that P may have additionally stimulated the biotic reduction by thermodynamically
driving the reaction forward (Fredrickson et al., 1998; Zachara et al., 1998; Zachara et al., 2002;
Kukkadapu et al., 2004).

Alginate enhanced the rate of reduction despite forming large aggregates and possessing a
negative surface charge. Past studies have shown that in the case of OM-Fe associations, the factors
that control the bioavailability of Fe include: the mode of association between the mineral and OM
(i.e. adsorption vs. coprecipitation) (Eusterhues et al., 2014a; Kleber et al., 2015), type and
composition of OM (Poggenburg et al., 2016; Wen et al., 2023), C/Fe molar ratio (Shimizu et al.,
2013; Eusterhues et al., 2014; Adhikari et al., 2017), surface charge (Amstaetter et al., 2012), and
extent of OM induced aggregation (Amstaetter et al., 2012; Adhikari et al., 2016; Poggenburg et
al., 2016; Poggenburg et al., 2018; Wen et al., 2023). OM may also enhance the rate of reduction
by 1. acting as electron shuttles (depending on the composition of the OM and C/Fe ratio) (Shimizu
et al., 2013; Adhikari et al., 2017), 2. complexing Fe(Il) away from the surface of the mineral (like
P) (Urrutia et al., 1999; Adhikari et al., 2017), and 3. altering the crystallinity of the mineral during
coprecipitation (Eusterhues et al., 2014a; Cooper et al., 2017). Alginate lacks quinones like
structures that function as electron shuttles, moreover alginate poorly complexes with Fe(II). In
fact, the proportion of Fe(Il)dissolved relative to Fe(Il)wta during the reduction of alginate-Fh
coprecipitates was comparable to that of alginate-free Fhs (Figure 5). Thus, the subtle impact of
alginate on the crystallinity of the Fh apparently overcomes the inhibitory effect of the negative
charge and particle aggregation leading the enhancement of Fe reduction by S.putrefaciens CN32.
In agreement with our observations, a synthetic Fh-EPS coprecipitate (C/Fe 1.0) and naturally

occurring BIOS were reduced more rapidly and to a greater extent than pure Fh by S. putrefaciens
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CN32, despite having 13x and 2.5x lower SSA, respectively (Langley et al., 2009b; Langley et al.,
2009¢; Poggenburg et al., 2016).

Across all experiments, P enhanced the extent of Fe reduction, whereas alginate had a
negative impact. This can be attributed to the inhibiting effects of P and alginate on the Fe(II)-
mediated transformation of Fh into crystalline Fe minerals that are less bioavailable than Fh
(Fredrickson et al., 1998; Zachara et al., 1998; Glasauer et al., 2003; Cutting et al., 2009).
Conversely, alginate may saturate the Fh surfaces as it is released during reduction thereby
preventing the bacteria from reaching the reactive Fe sites. This notion is supported by the fact
that the cell counts in the biotic microcosms with alginate-Fh coprecipitates decreased faster than

those with alginate-free Fhs (Figure S6).

4.4. Biogenic secondary Fe minerals

It 1s well established in the literature that the specific identity of the biogenic minerals
formed during Fe(IIl) reduction depends on a multitude of factors including: the stability of the
iron oxide phase (Fredrickson et al., 1998; Cutting et al., 2009), Fe(II) concentration and rate of
release (Fredrickson et al., 1998; Hansel et al., 2003; Amstaetter et al., 2012), solution's chemistry
(e.g. selection of buffer type (organic versus HCO3")) (Fredrickson et al., 1998; Zachara et al.,
2002), P concentration (Borch et al., 2007), OM content (Shimizu et al., 2013; Chen et al., 2015;
Poggenburg et al., 2016; Adhikari et al., 2017), and the orientation of the microcosm vessel
(Dippon et al., 2015). The transformation of Fh to crystalline Fe minerals is mediated by the
electron transfer from Fe(Il) upon adsorption to the surface of the Fh favoring lepidocrocite and
goethite formation through dissolution-precipitation reactions or magnetite through solid-state
reactions (Hansel et al., 2003; Kraal et al., 2022). Mineral transformation of Fh to goethite during

faster reduction or magnetite during slower reduction has been reported in several studies (Hansel
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et al., 2003; Borch et al., 2007; Amstaetter et al., 2012). Conversely, decreasing formation or a
complete lack of goethite and magnetite during Fe(III) reduction of Fh with increasing contents P
or OM has been observed as well (Amstaetter et al., 2012; Eusterhues et al., 2014; Henneberry et
al., 2012; Shimizu et al., 2013). P and OM have been reported to inhibit the transformation of Fh
into more crystalline Fe minerals through various mechanisms. These include Fe(Il) complexation,
blocking Fe(Il) binding sites on Fh, inhibiting Fe (oxyhydr)oxide polymerization, and direct
electron transfer between OM and Fe(II) (Cornell and Schwertmann, 2003; Jones et al., 2009;
Chen et al., 2015; Adhikari et al., 2016; Poggenburg et al., 2016; Kraal et al., 2022; Hua et al.,
2023; Chi et al., 2024).

In our study, alginate favored the formation of goethite over magnetite, whereas P at low
concentration (P/Fe 0.01 mol:mol) favored the formation of magnetite over goethite in line. The
mode of sorption of P at the low molar ratio (0.01) used in this study also had an effect on the
proportion of goethite, where pre-adsorption led to a lower proportion of goethite in comparison
to the Fhs with coprecipitated P (Figure S7). This is likely due to the fact that in the former case
more P is associated with the surface of Fh thereby contributing to the inhibition of Fe(II) mediated
dissolution-precipitation reactions. Such notion is also applicable for the Fhs with the highest P
concentration (P/Fe 0.1 mol:mol). At this concentration, the exposure of FhCop 0.1 to Fe(II)
(Fe(Il)/Fe(IIT) 0.28 or 1.6) for 6 days led to minor alteration of the short-range structure, but
strongly suppressed Fe(Ill) crystallization as determined by Fe-EXAFS in accordance with our
results (Kraal et al., 2022). In contrast, magnetite and green rust were the dominant biogenic
minerals that formed following the reduction of Fh with 50% P surface coverage and OM-Fh
associations (Borch et al., 2009). However, the CDM in our experiments did not contain carbonate,

which was the dominant interlayer anion in the green rust phases found by Amstaetter et al. (2012),
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Shimizu et al. (2013), and Borch et al. (2013). Finally, the combined presence of alginate and P
led to complete inhibition of Fh transformation indicative of a cooperative inhibitory effect. In
accordance with this observation, woody peat OM and P pre-adsorbed to Fh inhibited its complete

transformation into crystalline phases following exposure to Fe(II) for 14 days (Chi et al., 2024).

5. Conclusions

In this study, we analyzed the stability of (P)-(OM)-Fh coprecipitates during abiotic and
biotic reduction as a function of the sorption mode of P. We found that the sorption mode of P
significantly impacted the reactivity of Fh towards reductive dissolution mediated abiotically and
biotically, such that P-(OM)-Fh coprecipitates possessed the highest reactivity relative to (OM)-
Fh with pre-adsorbed P at corresponding P content. Such enhancement was attributed to the
modification of macroscopic properties of the Fhs such as aggregation state, as well as the “subtle”
impacts of P and alginate on the mineralogical structure of the Fhs. P and alginate also modulated
the composition of the biogenic secondary Fe minerals following the biotic reduction of the Fhs.
Notably, complete stabilization of P-OM-Fh at the highest P loading (P/Fe 0.1) against
transformation suggests a cooperative inhibitory effect. The study shows that even minor levels of
P and/or OM impact Fh’s susceptibility to reductive dissolution, especially when formed from
coprecipitation. Moreover, the high reactivity of P-OM-Fh coprecipitates implies that they poorly
retain nutrients under reducing conditions in the environment suggesting a rapid release of P and

C, which is relevant in both natural and engineered systems for carbon and nutrient management.
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Table S1: Description of the 2-line ferrihydrite minerals synthesized for this study.

Mineral Description
Fh Pure 2-line ferrihydrite

FhAds P/Fe 0.01 Ferrihydrite with pre-adsorbed phosphate with a P/Fe molar ratio of 0.01

FhAds P/Fe 0.1 Ferrihydrite with pre-adsorbed phosphate with a P/Fe molar ratio of 0.1

FhCop P/Fe 0.01 Ferrihydrite coprecipitated with phosphate at a P/Fe molar ratio of 0.01

FhCop P/Fe 0.1 Ferrihydrite coprecipitated with phosphate at a P/Fe molar ratio of 0.1

FhAlg Ferrihydrite coprecipitated with alginate (C/Fe 1.00 mol:mol)

FhAlgAds P/Fe 0.01 Ferrihydrite coprecipitated with alginate (C/Fe 1.00 mol:mol) and with

FhAlgAds P/Fe 0.1
FhAlgCop P/Fe 0.01

FhAlgCop P/Fe 0.1

pre-adsorbed phosphate at a P/Fe molar ratio of 0.01

Ferrihydrite coprecipitated with alginate (C/Fe 1.00 mol:mol) and with
pre-adsorbed phosphate at a P/Fe molar ratio of 0.1

Ferrihydrite coprecipitated with alginate (C/Fe 1.00 mol:mol) and
phosphate at a P/Fe molar ratio of 0.01

Ferrihydrite coprecipitated with alginate (C/Fe 1.00 mol:mol) and
phosphate at a P/Fe molar ratio of 0.1
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Figure S1: (a) N2 adsorption/desorption isotherms and (b) Barett-Joyner—Halenda (BJH)

distributions for the desorption branch of the isotherms of different ferrihydrite samples.
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Figure S2: (a) N2 adsorption/desorption isotherms and (b) Barett-Joyner—Halenda (BJH)
distributions for the desorption branch of the isotherms of different ferrihydrite-alginate samples.
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Table S2: IR band assignments for pure Na-alginate. Italicized wavenumber values correspond to
bands obtained from the Savitsky-Golay secondary derivative with 19 points of smoothing.

Wavenumbers (cm™!)

Assignment

1596 Vasym(C-O-0O) carboxylate
1408 vsym(C-O-0) carboxylate
1298 O(C-H)
1175 vsym(C-0O) of glycosidic linkage
1130 v(C-0) of pyranose ring
v(C-C) of pyranose ring
d(C-C-C) of pyranose ring
1080 v(C-0O-C) of pyranose ring
Vv(C-C) of pyranose ring
Vasym(C-O-C) of glycosidic linkage
1024 Vibrations due to mannuronic and guluronic acid residues:
Vasym(C-O-C) of glycosidic linkage
v(C-0) of pyranose ring
v(C-C)
v(C-0) of secondary alcohols
998 v(C-0) of pyranose ring
Vv(C-C) of pyranose ring
d(C-C-C) of pyranose ring
950 Vibrations due to mannuronic acid residues:
v(C-C)
d(C-C-H)
935 v(C-C) of mannuronic acid residues
883 0(C1-H) B-mannuronic acid residues
814 Vibrations due to mannuronic acid residues:
3(C-0O-C) of glycosidic linkage
d(C-C-C) of pyranose ring
0(0-C-C) of pyranose ring
O(C-C-H)
779 a-L-guluronic acid residues
725 Ring breathing

Band identification acquired from: Sartori et al. (1997); Chandia et al. (2001); Leal et al. (2008);

Cardenas-Jiron et al. (2011).
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Abstract

This study investigated the impacts of y-radiation at a final dose of 25 kGy on the physicochemical
properties of a range of wet iron oxyhydroxides (2-line ferrihydrite, lepidocrocite, and goethite)
synthesized in the presence of varying concentrations of the polysaccharide Na-alginate (starting
solutions containing C/Fe ratios of 0, 0.5, 1.0, and 1.5). The degree of impact to the minerals was
examined by chemical extractions, and various analytical techniques including XRD, FTIR-ATR,
Mossbauer spectroscopy, and N2 adsorption-desorption isotherms, as well as by assessing their
bioavailability towards the model Fe(III) reducing bacteria Shewanella putrefaciens CN32. Across
all the coprecipitates studied, it was found that y-irradiation led to a substantial dissolution of Fe
and the concomitant release of Fe(Il) and alginate into solution. Despite this observation, the bulk
mineralogy and crystallinity of the studied iron oxyhydroxides, as determined by XRD and FTIR-
ATR, did not appear to change. However, analyses via Mossbauer spectroscopy (77 and 5 K)
revealed that the crystallinity of the 2-line ferrihydrites increased post-irradiation. Moreover,
among the minerals studied, the specific surface area and porosity decreased for only the post-
irradiated 2-line ferrihydrite coprecipitates with a C/Fe ratio of 0.5 or 1.0. The bioreduction rates
of the studied minerals and their irradiated counterparts did not significantly differ, whereas the
extent of bioreduction of post-irradiated 2-line ferrihydrite coprecipitates (C/Fe 0.5, 1.0, and 1.5)
exhibited a significant increase of up to 28%. In contrast, the extent of Fe reduction for select post-
irradiated lepidocrocite (C/Fe 0.5) and goethite (C/Fe 1.5) coprecipitates was slightly higher than
determined for their corresponding native controls. The observed differences in bioavailability
between the native and irradiated coprecipitates were attributed to irradiation induced alteration of
particle aggregation and coagulation as determined by particle size analyses and visual

observations. In summary, the findings suggest that even a low total dose of 25 kGy, y-radiation
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can lead to significant physicochemical changes in coprecipitates with relatively low organic
matter content. Therefore, future research designed to investigate organic matter-Fe composite
systems in natural samples should be cognizant of the potential effects of sterilization through vy-
irradiation. These effects could potentially result in inaccurate over- or under- estimations of the
bioavailability of Fe or organic matter, as well as the possible adsorption capacity of organic

matter-Fe coprecipitates for contaminants.

Keywords
Iron Oxyhydroxides, Na-Alginate, Co-precipitate, y-Irradiation, Mdssbauer Spectroscopy,

Bioavailability, Shewanella putrefaciens

1. Introduction

Sterilization of natural samples is essential for distinguishing biotic from abiotic reactions
in laboratory experiments investigating the rate and extent of biogeochemical processes, and to
prevent sample alteration during experimentation and storage (McNamara et al., 2003). From the
range of available sterilization methods reported in the literature, apparently all come with a
disadvantage. Autoclaving, for instance, can significantly alter the physicochemical properties of
natural samples, including a decrease of surface area as a consequence of heat induced
transformation of poorly crystalline Fe oxyhydroxide minerals into crystalline iron oxides as well
as particle aggregation (Berns et al., 2008; Radloff et al., 2008; Zhao et al., 2017; Otte et al., 2018),
and release of nutrients and organic matter (Salonius et al., 1967; Lotrario et al., 1995; McNamara
et al., 2003; Berns et al., 2008; Buessecker et al., 2019). On the other hand, the application of
chemical agents was reported to result in the increase of extractable of Fe(Il) and Fe(IIl)

(Buessecker et al., 2019; Layglon et al., 2020), as well as the chemical alteration of organic matter
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properties and trace metal behaviour (Wolf et al., 1989; Buessecker et al., 2019; Retelletti Brogi
et al., 2019; Layglon et al., 2020). Moreover, the application of chemical agents may hinder the
inoculation of sterilized samples with model microorganisms (Langley et al., 2009a; Langley et
al., 2009d; Langley et al., 2009¢).

Although autoclaving tends to be more commonly used due to its lower cost and ease of
accessibility, sterilization by gamma(y)-irradiation has been determined to be the most appropriate
method by several studies (McNamara et al., 2003; Herbert et al., 2005; Berns et al., 2008;
Borisover et al., 2016; Lees et al., 2018; Buessecker et al., 2019). Such preference is attributed to
its effectiveness as a biocide that precludes the use of toxic chemicals, and the harsh pressure and
heat treatments through autoclaving especially where repeated treatments are required (Wolf et al.,
1989; Lensi et al., 1991; McNamara et al., 2003; Zhao et al., 2017). Typically, elimination of
microbial activity is dose-dependent where up to 70 kGy or higher may be necessary to inactivate
certain radio-resistant bacteria (McNamara et al., 2003). The mechanism of sterilization by y-
radiation proceeds via direct and indirect pathways (McNamara et al., 2003). The latter leads to
production of the radiolysis products (e.g., ‘OH, e7aq, H202) from water that are also associated
with the alteration of the physicochemical properties of natural samples (Plotze et al., 2003; Bank
et al., 2008; Berns et al., 2008). Although some studies found no discernible changes in the
physicochemical properties of natural or synthetic samples at doses ranging from 10-60 kGy, or
the observed changes were deemed minimal (McNamara et al., 2003; Herbert et al., 2005; Radloff
et al., 2008; Langley et al., 2009a; Langley et al., 2009e; Borisover et al., 2016; Skulcova et al.,
2018; Wehr and Kirchhof, 2021), others reported significant changes.

Irradiation induced changes associated with the organic matter fraction of soils/sediments

were reported by a number of studies including a dose-dependent (1-500 kGy) increase of CO2
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production, and changes to the polycondensation, aromaticity, and molecular weight properties of
humic and fulvic acids (Da Silva et al., 1997; Goraczko and Slawinski, 2008; Goraczko et al.,
2008; Kelsey et al., 2010; Zhao et al., 2020; Zhao et al., 2021). Such changes also affected the
complexation affinity of the organic compounds towards Ca*", Cs*, Sr**, and Eu®*, as well as the
sorption and bioaccumulation behaviour of the organic contaminants p,p'-DDE and anthracene
(Kelsey et al., 2010; Zhao et al., 2020; Zhao et al., 2021; Zhao et al., 2022a). Dose-dependent
increase of dissolved organic matter (DOM) with lower polycondensation and aromaticity was
also reported by a number of studies following irradiation of soils and sediments (McNamara et
al., 2003; Zhang et al., 2016). Such changes were attributed to radical-induced cleavage of C-C
bonds and depolymerization of carbohydrates (Salonius et al., 1967; Lensi et al., 1991; Tuominen
et al., 1994; Berns et al., 2008; Schaller et al., 2011; Buchan et al., 2012; Zhang et al., 2016; Otte
et al., 2018; Buessecker et al., 2019). Accompanying the release of DOM, Schaller et al. (2011)
observed a concomitant increase of dissolved Fe and Mn, and the remobilization of As and U into
solution following the irradiation of organic-rich sediments to a final dose of 60 kGy. At a lower
dose (20 kGy), significant reduction of Fe(Ill)-bearing minerals (e.g. goethite) to Fe(II) within
organic poor sediment was reported by Bank et al. (2008). Consequently, this significantly
modified the cation exchange capacity thereby enhancing the adsorptive capacity of the sediment
towards U(VI) (Bank et al., 2008). Other reported irradiation induced changes include: (1) a 16%
decrease in soil surface area (10 kGy) (Lotrario et al., 1995), (2) changes in the aggregation state
of soil, resulting in an increase in surface area (36 kGy) (Berns et al., 2008), (3) slight alterations
in the surface area of specific minerals and a decrease in cation exchange capacity due to the

radiation-induced reduction of Fe(IIl) to Fe(Il) within clay minerals (1.1 MGy) (Plotze et al.,
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2003), and (4) enhanced remobilization of uranium from sediments (30 kGy) (Seder-Colomina et
al., 2022).

The contradictory findings or the extent of reported changes in the literature could be
attributed to differences related to the dose applied, and the physicochemical properties of the
natural sample, including mineralogy, moisture content, and organic matter content or
type/stability, as well as the duration of the experiment (Salonius et al., 1967; Lotrario et al., 1995;
Da Silva et al., 1997; McNamara et al., 2003; Radloff et al., 2008; Slizovskiy and Kelsey, 2010;
Lees et al., 2018; Otte et al., 2018; Wehr and Kirchhof, 2021). Nonetheless, despite the fact that
most studies reported an increase in DOM following y-irradiation, few studies have examined the
relationship between organic matter content and irradiation induced changes of the
physicochemical properties of natural samples (Kelsey et al., 2010; Borisover et al., 2016;
Skulcova et al., 2018; Buessecker et al., 2019). Moreover, given the apparent sensitivity of iron
bearing minerals and organic matter to y-irradiation, there is a significant gap in research
concerning its impact on those constituents, particularly in cases where they coexist in close
proximity.

Close association between organic matter and iron (oxyhydr)oxides in the environment
occurs through a number of sequestration processes that remove organic matter from solution to
the solid mineral particles (Kaiser et al., 1997; Kaiser, 2003; Fortin and Langley, 2005; Mikutta et
al., 2008; Lalonde et al., 2012; Kleber et al., 2015; Bao et al., 2021; Curti et al., 2021; Possinger
etal., 2021; Liet al., 2023). These processes include the adsorption of organic matter to the surface
of preformed- and the coprecipitation of organic matter with neoformed- mineral phases where the
latter comprises several interlinked complex processes (Kaiser et al., 1997; Kaiser, 2003;

Schwertmann et al., 2005; Wagai and Mayer, 2007; Mikutta et al., 2008; Pedrot et al., 2011; Chen
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et al., 2014; Kleber et al., 2015; Curti et al., 2021; Possinger et al., 2021; Li et al., 2023). Such
processes are abundant in the environment and they occur within the porewaters of soils and
sediments (Wagai and Mayer, 2007; Cismasu et al., 2011; Lalonde et al., 2012; Zhao et al., 2016),
oxic-anoxic transition zones where Fe(Il)-bearing anoxic solutions come into contact with O2
(Riedel et al., 2013), and industrial coagulation water treatment landfills (Henneberry et al., 2012).
In addition to plant-derived organic matter, microbes also contribute to this C pool by producing
polysaccharides that serve as templates for the precipitating iron (oxyhydr)oxide minerals (Chan
et al., 2004; Fortin and Langley, 2005; Chan et al., 2009; Kallenbach et al., 2016; ThomasArrigo
et al.,, 2022). These organo-mineral coprecipitates possess distinct physicochemical and
mineralogical properties than minerals formed in the absence of organic matter and mineral-
organic associations that form by organic matter adsorption to pre-existing mineral surfaces
(Schwertmann et al., 2005; Eusterhues et al., 2008; Mikutta et al., 2008; Cismasu et al., 2011;
Kleber et al., 2015; ThomasArrigo et al., 2022). Organo-mineral coprecipitates are characterized
by small crystal size, defective crystallographic structure, low specific surface area, distinct
aggregation state, and distinct surface charge (Eusterhues et al., 2008; Mikutta et al., 2008; Toner
et al, 2009; ThomasArrigo et al., 2022). Because of these properties, organo-mineral
coprecipitates have been a subject of intense research to determine their role in the environment
towards contaminant, nutrient, and trace metal mobility (Grybos et al., 2007; Mikutta et al., 2014;
Fabisch et al., 2016; Hao et al., 2016; Sowers et al., 2017; Chen et al., 2018; Field et al., 2019; Xue
et al., 2019; Dong et al., 2022), C storage (Lalonde et al., 2012; Han et al., 2019; Patzner et al.,
2022; Martens et al., 2023), long term stability (Kaiser et al., 2007; Cismasu et al., 2016; Najem
et al,, 2016; Zhao et al., 2022c), and susceptibility/bioavailability to microbial degradation

(Langley et al., 2009b; Pedrot et al., 2011; Amstaetter et al., 2012; Shimizu et al., 2013; Eusterhues

190



et al., 2014a; Adhikari et al., 2016; Poggenburg et al., 2016; Adhikari et al., 2017; Cooper et al.,
2017; Zhao et al., 2017; Mejia et al., 2018; Poggenburg et al., 2018; Han et al., 2019; Zeng et al.,
2020; Dong et al., 2023). Within this context, past and ongoing research have highlighted the
importance of physicochemical and mineralogical properties as well as organic matter content/type
in modulating the reactivity of organo-mineral coprecipitates. Therefore, given sensitivity in
reactivity of iron (oxyhydr)oxides to changes in crystallinity and organic matter content,
determining the extent of impact of y-radiation on the reactivity of organo-mineral coprecipitates
is important for future studies employing this technique to natural samples.

In this study, we examined the impact of y-radiation on the physical and chemical
properties, as well as bioavailability of various iron oxyhydroxides that were synthesized in the
presence of organic matter (coprecipitation). Specifically, we synthesized 2-line ferrihydrite,
lepidocrocite, and goethite - both in the presence and absence of Na-alginate. These minerals were
selected for their representation of a range of thermodynamic stability, and their abundance in the
environment including biogenic iron oxides (BIOS) (Cornell and Schwertmann, 2003; Fortin and
Langley, 2005; Langley et al., 2009b; Gault et al., 2011; Fabisch et al., 2016; Najem et al., 2016;
ThomasArrigo et al., 2022). Additionally, alginate was chosen as the organic compound due to its
chemical resemblance to the twisted stalks and sheaths produced by the Fe(Il)-oxidizing bacteria
Gallionella spp. and Leptothrix spp., respectively, that contribute to the formation of BIOS (Chan
et al., 2004; Chan et al., 2009). Polysaccharides are also important components of plant root
exudates, contributing up to ~10% of the total organic matter pool in soils and sediments (Kleber
et al., 2015). However, the reader should consider that alginate does not capture the response of
other constituents from extracellular polymeric substances such as proteins, phosphate, and nucleic

acids, as well as aromatic components from natural OM to irradiation (Tourney and Ngwenya,
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2014; Kleber et al., 2015). Lastly, a total dose of 25 kGy was chosen for this study, because it
represents the lower range of sterilization where most microbes in natural samples are reportedly

eliminated (McNamara et al., 2003).

2. Materials and Methods
2.1. Synthesis of iron oxyhydroxides and coprecipitates

Prior to mineral syntheses, all necessary glassware and components were initially
submerged in 10% HNO3 bath for a minimum duration of 24 h then washed 3x with ultrapure
water (UPW) (18 MQecm). The glassware was then baked in a muffle-furnace at 450°C for a
duration of 8 h to remove any residual organic matter, and then sterilized by autoclaving. Prior to
use, alginate was sterilized by spreading the dry powder on the base of a beaker or Pyrex bottle
followed by irradiation with an ultraviolet light source for a period of 1 h. FTIR-ATR of the UV-
irradiated alginate powder revealed no discernible structural changes (data not shown). To ensure
sterility, all working solutions were prepared aseptically by using sterile UPW or by filtering (0.22
um pore size filter).

2-line ferrihydrite (Fh), lepidocrocite (Lp), and goethite (Gt) were synthesized in the
absence and presence of Na-alginate at C/Fe molar ratios of 0, 0.5, 1.0, and 1.5 according to
published methodologies (Glasauer et al., 2003; Mikutta et al., 2008; Schwertmann and Cornell,
2008; Langley et al., 2009b). The selected C/Fe concentrations in the co-precipitates were
representative of those found in BIOS, as well as commonly occurring concentrations in soils and
sediments (Chen et al., 2014; Kleber et al., 2015; Zhao et al., 2016; Field et al., 2019). A detailed
description of the mineral synthesis procedures is given in the Supplementary Material. Briefly,
Fh was synthesized from the neutralization of a ferric chloride solution with a base (1 M NaOH)

to pH ~7.00 (Glasauer et al., 2003; Langley et al., 2009b) consistent with studies researching
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synthetic Fh-OM-coprecipitates (Shimizu et al., 2013; Adhikari et al., 2016; Adhikari et al., 2017).
Lp was synthesized from the oxidation of a ferrous chloride solution while manually maintaining
the pH at 6.7-6.9 with a base (1 M NaOH) (Schwertmann and Cornell, 2008). This chosen method
precludes the addition of contaminating additives and high temperature (e.g. 50 °C or 70 °C)
(Schwertmann and Cornell, 2008), which may damage the structure of alginate. High surface area
Gts representative of those occurring in BIOS were synthesized at pH 7 from the oxidation of a
ferrous chloride solution in the presence of bicarbonate (HCO3":Fe ~2) (Schwertmann and Cornell,
2008; Gault et al., 2011). For each mineral, washing of the precipitates proceeded by
centrifugation/vortexing and washing with sterile UPW until the conductivity of the supernatant
decreased to <25 pS/cm. Subsequently, for each mineral, the precipitates were equally divided and
aseptically combined into 2 separate straight sided glass jars (60 mL) with polypropylene screw
caps, thoroughly homogenized in open atmosphere, and stored for a maximum period of 10 days
at 4 °C until the radiation treatment. It should be noted that the wet precipitates occupied ~90% of
the jar volume, and sterile UPW was added where deemed necessary to reduce the volume of the

headspace. The final total Fe concentration for each mineral in the jars are given in Table S1.

2.2. Gamma (y)-irradiation

For each mineral synthesized, one of the two jars was placed in a 2 L glass beaker and
transported on ice to Nordion (Canada) Inc. where y-irradiation proceeded using a ®°Co source at
a rate of 12-15 kGy/hr to a total dose of ~25 kGy. Prior to irradiation, ice cubes were added to the
beaker and distributed in between and on top of the jars to mitigate any temperature increase during
the irradiation treatment. Ice was added again at the mid-point of the irradiation process at which

point the ice was observed to have melted. Upon completion of the treatment, the samples were
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transported back to the laboratory on ice and then quickly stored in the fridge at 4°C until use.

Shipping, treatment, and handling of the samples were carried out within 3 h.

2.3. Characterization of the iron oxyhydroxides

For a particular mineral, both the non- and its y-irradiated counterpart were subsampled in
tandem to avoid any variability in reactivity due to ageing and/or handling. Initially, the jars were
centrifuged at 4200 rpm for 10 min and, where possible, the supernatant was aseptically transferred
in its entirety into a 40 mL VOA glass vial which was then immediately transferred into an anoxic
chamber for subsequent analyses (Section 2.4). The separated iron oxyhydroxide precipitates were
aseptically homogenised, and then characterized for their physicochemical properties (Sections

2.3.1 - 2.3.5) and bioavailability (Section 2.5) as described below.

2.3.1. 7Fe Mossbauer spectroscopy

Given the sensitivity of ferrihydrite to structural alteration, only the native and post-
irradiated 2-line ferrihydrite samples were analysed with >’Fe Mdssbauer spectroscopy. Samples
for analyses were handled and dried under an anoxic atmosphere composed of a mixture of 95%
N2 and 5% Ha. The powdered samples were loaded into Plexiglas holders (area: 1 cm?), forming a
disc. These samples were kept in airtight jars at -20 °C until measurement. Holders were inserted
into a closed-cycle exchange gas cryostat (Janis cryogenics, USA) under a backflow of He to
minimize exposure to air. Spectra were collected at 77 K and 5 K using a constant acceleration
drive system (WissEL, Germany) in transmission mode with a >’Co/Rh source. All spectra were
calibrated against a 7 um thick a->"Fe foil that was measured at room temperature. Analysis was

carried out using Recoil (University of Ottawa) and the extended Voigt Based Fitting (VBF)
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routine (Lagarec and Rancourt, 1997). The half width at half maximum (HWHM) was constrained

to 0.123 mm/s during fitting.

2.3.2. Powder X-ray diffraction, specific surface area, and Fourier Transform Infrared
Spectroscopy

The bulk mineralogy of the native and y-irradiated iron oxyhydroxides was determined by
X-ray diffraction (XRD). Air-dried samples were thoroughly ground to fine powders with an agate
mortar and pestle and analysed with a Rigaku Ultima IV diffractometer using a Cu-Ka X-ray
source, operating at 45 kV and 40 mA. Continuous scans were run from 10-80° 20 using a step
size of 0.02° at a rate of 0.7°/min. Specific surface area (SSA) measurements on duplicate samples
prepared in the same manner as XRD were carried out using a Quantachrome Autosorb-1.
Approximately, 100-300 mg of a sample was initially degassed under vacuum at 50 °C for 24 h
using a 9 mm cell. After the determination of degassing stability and final dry mass, 33 N2
adsorption and 19 desorption points were recorded at 77 K in the partial pressure region 5x107-
0.99 P/Py. The SSA was determined by applying the BET equation on the standard partial pressure
region (0.05-0.3 P/Py) or by applying the criteria established by Rouquerol et al. (2007) where
deemed necessary. The micropore volume was determined by applying the Dubinin-Radushkevich
(DR) method to adsorption points below 0.01 P/Po, whereas the mesopore volume (2-50 nm) was
determined by applying the Barrett-Joyner-Halenda (BJH) method as determined by the
accompanying Autosorb-1 software (Mikutta et al., 2008; Poggenburg et al., 2016). Total pore
volume was determined from the last point of the N2 adsorption isotherm (0.99 P/Py). Lastly, the
mineral SSA and pore volumes were corrected for the weight of retained alginate content as

described in Mikutta et al. (2008).
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Powdered samples were also analysed with Fourier Transform Infrared Spectroscopy
(FTIR) wusing a Nicolet 6700 spectrophotometer (ThermoFisher Scientific) equipped with
a deuterated triglycine sulfate (D7GS) detector and a diamond crystal coated with ZnSe in
attenuated total reflectance (ATR) mode. Prior to analyses, the powdered samples were dried under
vacuum in an Oxoid™ Anoxic jar (~27 inHg below atmosphere) at 50 °C for a period of 24 h to
minimize the contribution of surface adsorbed H20 to the spectra. While at 50 °C, the samples
were flushed with pure nitrogen (GR 4.5) and allowed to cool in a desiccator until analyses. Four
individual measurements were made on duplicated samples (2 measurements each) in order to
determine the homogeneity of sample in terms of particle size and composition together with
instrumental reproducibility. For each sample, spectra were acquired from 4000 to 500 cm™ at 4
cm’! resolution, with 128 scans averaged per spectrum. Subsequently, the spectra were processed
using the OMNIC software package (Thermo Fisher Scientific, version 9) where the spectra were

averaged, automatically baseline corrected, and normalized to the maximum absorbance value.

2.3.3. Iron and carbon content

The pseudo-total iron content of dry powdered or wet samples was determined by
suspending a known amount into 6 mL of UPW, and fully digested by the addition of 4 mL trace
metal grade 30% H202 and 2 mL trace metal grade HNOs3 followed by heating at 75 °C for 24 h.
After dilution with 1% HNOs (v/v), the Fe content was determined via inductively coupled plasma
— optical emission spectroscopy using a Varian Vista-PRO CCD Simultaneous ICP-OES,
operating under standard conditions. All digestions were carried out in duplicates (powdered
samples) or triplicates (wet samples). For carbon content determination, approximately 10 mg of

a dry powdered sample was weighed into a tin capsule. The prepared samples were then analysed
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for carbon content at the University of Ottawa at the Jan Veizer Stable Isotope Laboratory using

the Elementar Vario Isotope Cube.

2.3.4. Chemical extractions

To determine the poorly-crystalline Fe fraction in the non- and y-irradiated precipitates,
chemical extractions were carried out in triplicates following a the methods outlined in Kostka and
Luther (1994) with some modifications. Briefly, ~20 mg of wet sample was accurately weighed
into 20 mL scintillation vials followed by the addition of either HCI1 (0.5 M) or ascorbate (pH 8.0).
The HCI extraction proceeded under oxic conditions for a duration of 1 h, whereas the ascorbate
extraction proceeded under anoxic conditions for a duration of 24 h in the dark. Following
extraction with HCI1 (0.5 M), the digests were filtered (Cytiva polyethersulfone membrane, 0.22
um) and an aliquot was analysed with the ferrozine assay to determine the Fe(II) content (HClreqr)),
and another aliquot was reduced with 0.28 M CIH4NO in 0.28M HCI for a duration of 30 min to
determine total Fe (HClwtire) concentration following determination with the ferrozine assay
(Stookey, 1970; Kostka and Luther, 1994; Viollier et al., 2000). The 0.5M HCI extractable Fe(III)
was calculated as HClgeamn = HCliotalre — HClreqny. For the ascorbate extraction, the digests were
filtered (Cytiva polyethersulfone membrane, 0.22 um) under anoxic conditions and the filtrates
were analysed using the ferrozine assay. To determine the fraction of amorphous Fe in the
precipitates, the concentration of Fe extracted by ascorbate or HCl was normalized by the total Fe

concentration (Section 2.3.3.).

2.3.5. Electrophoretic mobility and particle size
The electrophoretic mobility (EM) and particle size of the iron oxyhydroxides was

measured in a filtered (Sartorius polyethersulfone membrane, 0.22 pm) 10 mM NaNOs; solution
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using a Zetasizer Nano-ZS (Malvern, Instruments) at 25°C. Initially, the iron oxyhydroxides were
dispersed by adding a wet sample (equivalent to 25-30 mg of dry solid per litre) to 500 mL of
background electrolyte and stirred for 1h. Subsequently, the pH of 50 mL aliquots was adjusted
with filtered 10 mM NaOH or HNOs to a constant desired value between pH 3-9. The EM
measurements were determined from the average of 5 runs comprising of 10 cycles each. Particle
size of the suspensions was determined from the average of two individual measurements taken at

pH ~6 in automatic mode.

2.4. Characterization of the supernatants

The liquid portions that remained after the separation of solids from the suspensions via
centrifugation, i.e. supernatants, were vacuum filtered (Sartorius polyethersulfone membrane, 0.22
um) into 40 mL glass VOA vials under anoxic conditions. Prior to filtering, the filter membrane
was rinsed by passing 500 mL of anoxic deionized water through followed by a few mL of a
sample which were discarded. Subsequently, a 0.5 mL aliquot of a filtrate was preserved in 4.5
mL of 0.5 M trace metal grade HCl in the dark until analysis for dissolved Fe(Il) using the ferrozine
assay. For the determination of total dissolved Fe, 0.5 mL of a filtrate was digested in duplicates
and analysed as described above (Section 2.3.3.). For the determination of the dissolved carbon
content, where possible, a known volume of a filtrate was diluted into UPW and analysed at the
University of Ottawa using a modified OI Analytical model 1030 wet TOC analyser. No
precipitation of separate iron oxyhydroxides phases was observed following dilution. Finally,
where possible, aliquots of the filtrates were also dried at 40 °C for characterization with FTIR-

ATR as described above (Section 2.3.2.).

2.5. Bioavailability
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The sterility of the native and y-irradiated precipitates was initially confirmed by
aseptically suspending sub-samples of a precipitate into 5 mL of tryptic soy broth (TSB) and
allowed to incubate for 1 week. Sterility of all precipitates was confirmed by the lack of

development of turbidity.

2.5.1. Microbial Medium and Preparation of Cultures

Microbial Fe(III) reduction experiments were carried out with a well characterized,
facultative, dissimilarity Fe(Ill)-reducing bacterium, Shewanella putrefaciens strain CN32 (S.
putrefaciens CN32). Microcosm reduction experiments were carried out in a chemically defined
medium (CDM) (pH ~6.7) composed of 20 mM sodium lactate as the electron donor, 4 mM 1,4-
piperazinediethanesulfonic acid (PIPES) buffer, mineral salts solution, and trace metals solution
(Glasauer et al., 2003; Langley et al., 2009a). For transfer into CDM, S. putrefaciens CN32 was
initially revived from a glycerol stock solution by streaking onto tryptic soy agar (TSA) plates at
room temperature (~22 °C). For inoculation, the bacteria were prepared according to the protocols
of Glasauer et al. (2003) and Langley et al. (2009). Briefly, cells were prepared by aseptically
inoculating 50 mL of TSB with a colony of S. putrefaciens CN32 from TSA plates, and kept on a
stir plate (125 rpm) for 24 h at 22 °C. Subsequently, 0.5 mL of the culture was transferred into 50
mL of 50:50 CDM:TSB mixtures. After 24 h, the passaging procedure was repeated with 95:5
CDM:TSB containing 100 uM phosphate, and continued by transferring into 99:1 CDM:TSB
containing 200 uM phosphate for a period of 30 h. The final step involved growing the bacteria in
100% CDM containing 400 uM phosphate for a period of 36 h. The concentration of phosphate
was progressively increased to acclimate the bacteria to depleted nutrients and microcosm
conditions (Glasauer et al., 2003; Langley et al., 2009b). Following the acclimation period, the
bacteria were harvested by centrifugation at 4000 rpm and the cell pellet was re-suspended into 2
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mL of fresh, sterile CDM. Finally, the BioRad Protein Assay II dye reagent was used to standardize
the concentrated cell suspension in order for the microcosms to contain a cell density of ~107
CFU/mL (Glasauer et al., 2003; Langley et al., 2009b).

The experimental setup consisted of 500 mL acid-washed Pyrex bottles (microcosms)
containing 450 mL of sterile CDM amended with 4 mM Fe in the form of iron oxyhydroxide, and
400 uM of sodium phosphate. The experiments were conducted in triplicates and controls to which
no bacteria were added were included. Prior to inoculation with S. putrefaciens CN32, the
microcosms were wrapped in aluminium foil in order to avoid potential photochemical reactions
and then transferred into an anoxic chamber where inoculation proceeded. Throughout the paper,
we refer to the microcosms to which cells were added as “biotic” microcosms, whereas controls
to which no bacteria were added are referred to as “control” microcosms. It should be noted that
for a mineral phase, the microcosms for the native precipitate and its y-irradiated counterpart were
set up and inoculated in tandem to minimize potential variations due to media preparation (pH,
temperature) and culture preparation (inoculum size and the state of the cells) (Glasauer et al.,

2003).

2.5.2. Sampling and analyses

Sampling of each system was performed immediately following the addition of the cells
(time 0) and then periodically at selected time points. Sampling was carried out by vigorously
shaking the microcosms to suspend the iron oxides into solution. Immediately, 20 mL of the
suspension was poured into a sterile 20 mL scintillation vial from which all sub-sampling
proceeded to minimize the potential contamination of the microcosms (Langley et al., 2009a). The
sub-sampled suspensions were analysed for pH, cell viability (at the start and end of the

experiment), total and dissolved Fe(Il), and total Fe. pH was monitored utilizing standard
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calibrated laboratory meters and probes, whereas cell viability was determined by colony counts
on TSA plates (Glasauer et al., 2003; Langley et al., 2009a). Fe(II) associated with the solid phase
(total Fe(Il)) was determined by dispensing 1 mL of unfiltered iron oxyhydroxide suspension into
I mL of trace metal grade 6 M HCI (final concentration of 3 M) and allowed to digest for at least
24 h under anoxic conditions prior to dilution and analysis via the ferrozine assay (Stookey, 1970;
Viollier et al., 2000). Dissolved Fe(Il) was determined by filtering (0.22 um) 6 mL of the
suspension into an acid-washed 20mL scintillation vial, and immediately dispensing 0.5 mL of the
filtrate into 4.5 mL of trace metal grade 0.5 M HCI. Digestion proceeded for at least 24 h under
anoxic conditions prior to analysis by the ferrozine assay. To determine total Fe, 2 mL of the
unfiltered iron oxyhydroxide suspensions were digested with 2 mL of trace metal grade 12 M HCI
for a period of 24 h. Following dilution, Fe determination proceeded by dispensing 100 puL aliquot
of the digest into 900 puL of 0.28 M CIH4NO in 0.28 M HCI for a duration of 30 min and then

determining the concentration of Fe?" using the ferrozine assay.

2.5.3. Biogenic solids

At the end of the experimental period, post-reduction minerals were collected by
centrifugation (3000 rpm), washed 3x with anoxic UPW, and dried under anoxic conditions. The
powdered precipitates were analysed by XRD as described above, using an air sensitive sample

holder in order to prevent the oxidation of potential Fe(IT)-bearing minerals.

3. Results
3.1. Chemistry of supernatants
Irradiation induced physical changes to the coprecipitates were visually apparent with

changes being most obvious for the ferrihydrite (Fh) coprecipitates (C/Fe 0.5, 1.00, and 1.5)
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(Figure S1). Prior to irradiation, the Fh coprecipitates exhibited a viscous gel-like texture which
upon irradiation, 40-80% of their volume was converted into a brown liquid (Figure S1). The pH
of the supernatants collected from the various iron oxyhydroxides remained more-or-less neutral
and did not exhibit a substantial change following irradiation nor did it exhibit a specific trend
(Figure S2). However, in some cases the pH of the supernatants slightly decreased following
irradiation, which was attributed to the oxidation of ferrous iron and subsequent hydrolysis of
ferric iron (Figure S2). Figure 1 shows the amount of dissolved Fe species (Fe(Il) and total Fe
(Fe(Il) + Fe(Ill)) and organic carbon (DOC) in the filtered supernatants relative to the initial total
concentration (Table S1). The amount of dissolved Fe species in the supernatants of the pure iron
oxyhydroxides was low and did not change post-irradiation (Figure 1). For the native Fh
coprecipitates, a liquid sample could only be collected from Fh coprecipitated with C/Fe of 0.5
and it did not contain a measurable amount of dissolved Fe species or DOC (Figure 1). However,
following irradiation of the Fh coprecipitates, the amount of dissolved Fe species and DOC
increased linearly with increasing initial C/Fe ratio (Figure 1). The relative amount of the dissolved
Fe(Il) and total Fe were within the range of 0.1-0.7%, and 3.5-9%, respectively (Figure 1). This
increase was accompanied by an increase in DOC falling within the range of 2-35% (Figure 1).
Dissolved Fe species were also detected in the supernatants of the native lepidocrocite
(Lp) and goethite (Gt) coprecipitates, a probable consequence of the incomplete oxidation of Fe(II)
and complexation of Fe/stabilization of Fe-colloids by alginate which remained in suspension
(Figure 1). Such notion is supported by the detection of DOC in the supernatants of these systems
(Figure 1). As was observed for the Fh coprecipitates, irradiation led to significant difference in
the amount of dissolved Fe(Il), total Fe, and DOC in the supernatant of these systems when

compared to their native controls (P<0.05) (Figure 1). Following irradiation of the Lp
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coprecipitates, the amount of dissolved Fe(Il), total Fe, and DOC increased by 9-15x, 16-23x, and
2.5-3x, respectively, relative to native controls (Figure 1). Similarly, for the irradiated Gt
coprecipitates, the amount of dissolved Fe(Il), total Fe, and DOC increased by 40-100x, 30-50x,
and 1.1-2x, respectively, relative to the native controls (Figure 1). For the irradiated Lp and Gt
coprecipitates, apart from Gt with C/Fe of 1.5, it was also observed the amount of the dissolved
Fe species as well as DOC increased with increasing initial concentration of alginate (Figure 1).
Across all the irradiated coprecipitates, dissolved Fe(II) made up a small proportion of the total
dissolved Fe pool indicating that the majority of this pool was comprised of oxidized Fe(III)
species (Figure 1).
3.2. Chemistry of solids

Figure 2 shows the total, ascorbate and 0.5 M HCI extractable Fe content of the native and
irradiated iron oxyhydroxides normalized by their wet mass. Also shown is the proportion of 0.5
M HCI extractable Fe(Il), as well as the C/Fe molar ratio measured in the dry native and post-
irradiated iron oxyhydroxides (Figure 2). Post-irradiation, the total Fe content was found to
increase especially for the coprecipitates (Figure 2). The amount of Fe extracted from the post-
irradiated Fh precipitates by either extractant was either equivalent to the total Fe (100%
extraction) or did not significantly differ (P>0.05, two tailed t-test) from that of the native controls
(Figure 2). Also, as was observed with pure Fh, irradiation did not significantly affect the 0.5 M
HCI nor the ascorbate extractable Fe fraction of the pure Lp and Gt (P>0.05, two tailed t-test,
Figure 2). Conversely, post-irradiation, the 0.5 M HCI extractable Fe fraction from the Lp
coprecipitates significantly decreased by 30-40%, but it did not exhibit a specific trend (P<0.05,
two tailed t-test, Figure 2). However, ascorbate extractable Fe did not significantly differ between

the corresponding native and irradiated Lp coprecipitates (P>0.05, two tailed t-test, Figure 2).
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Interestingly, irradiation of Gt coprecipitated with C/Fe ratio of 0.5 significantly decreased the 0.5
M HCI and ascorbate extractable Fe by ~20% (P<0.05, two tailed t-test, Figure 2). In contrast, for
Gt coprecipitates with C/Fe ratio of 1.0 or 1.5, both extractants recovered comparable amounts of
Fe (P>0.05, two tailed t-test, Figure 2). The fraction of Fe(Il) associated with the solid phase
(adsorbed/structural) was expected to increase following irradiation, as was observed in the
supernatants of the coprecipitates (Figure 2). However, among the iron oxyhydroxide studied, 0.5
M HCI extractable Fe(Il) did not increase following irradiation nor did it show a specific trend,
and this can be attributed to the possible oxidation of Fe(Il) during mixing/weighing of the iron
oxyhydroxides in open atmosphere (Figure 2).

Irradiation induced changes to the C/Fe content of the coprecipitates were also investigated
(Figure 2). A minor amount of C was measured in the pure iron oxyhydroxides which likely
originated from the adsorption of atmospheric carbonate (Fh and Lp) or from the addition of
bicarbonate (Gt) during synthesis (Figure 2). Post-irradiation, no change was observed in the C/Fe
ratio for the pure phases whereas the C/Fe ratio was observed to decrease for specific coprecipitates
(Figure 2). For instance, the C/Fe remained the same for Fh with C/Fe ratio of 0.5, but significantly
decreased by ~10 and 30% for Fh coprecipitated with C/Fe ratios of 1.0 and 1.5, respectively. Such
changes appeared to increase with increasing initial alginate content (P<0.05, two tailed t-test,
Figure 2). For the Lp coprecipitates with C/Fe ratios of 0.5 and 1.5, the C content significantly
decreased by 12 and 9%, respectively, post-irradiation (P<0.05, two tailed t-test, Figure 2).
Although the C content also decreased for the post-irradiated Lp coprecipitated with C/Fe 1.0 such
decrease was not significant (P>0.05, two tailed t-test, Figure 2). Finally, irradiation did not

significantly affect the C content of the Gt coprecipitates (P>0.05, two tailed t-test, Figure 2).
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Figure 1: Amount of dissolved Fe(II), total Fe, and organic carbon (DOC) measured in the filtered
(0.22 um) aqueous supernatants collected following the centrifugation of the native iron
oxyhydroxides and their corresponding y-irradiated counterparts. The amounts are reported
relative to the total initial amount in the jars. The data represents the mean + standard deviation of
two measurements from each supernatant collected. Note the scale for the goethite precipitates.
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Figure 2: Chemical extractions of the solid iron phase of the native iron oxyhydroxides and their
corresponding y-irradiated counterparts. The fractions of poorly crystalline Fe containing phases
as determined by 0.5 M HCl and ascorbate are presented relative to the total Fe. The figure includes
the C/Fe molar ratios determined from the solid native and y-irradiated precipitates. Values for the
chemical extractions correspond to the mean + standard deviation of three replicates, whereas
values for the C/Fe molar ratios correspond to the mean + standard deviation of two replicates. Fh,
Lp, and Gt correspond to 2-line ferrihydrite, lepidocrocite, and goethite, respectively.
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3.3. Specific surface area and porosity

The N2 adsorption-desorption isotherms for the various studied iron oxyhydroxides are
presented in Figures S3-S5, whereas Figure 3 summarizes the derived specific surface area (SSA)
and pore volumes, including micropore (MIV), mesopore (MEV), and total pore (TPV) volumes.
The N2 adsorption-desorption isotherm shapes of the post-irradiated iron oxyhydroxides closely
resembled their corresponding native controls (Figures S3-S5). However, a distinction was
observed with the post-irradiated Fh coprecipitates, specifically those with C/Fe ratios of 0.5 and
1.0, which exhibited reduced N2 adsorption compared to their native controls (Figures S3). It was
found that irradiation had a significant impact on the porosity and SSA of Fh coprecipitates with
C/Fe ratios of 0.5 or 1.0 (P<0.05, two tailed t-test. Figure 3). After irradiation, the MIV, TPV, and
SSA of Fh coprecipitated with C/Fe of 0.5 decreased by approximately 15%, 20%, and 15%,
respectively, while MEV remained unchanged (Figure 3). Similarly, the post-irradiated Fh
coprecipitated with C/Fe of 1.0 exhibited a decrease of around 40% in MIV, 40% in MEV, 50%
in TPV, and 45% in SSA (Figure 3). It was also found that despite having a similar C/Fe content,
the SSA of irradiated Fh coprecipitated with C/Fe of 1.5 remained significantly lower than that of
native Fh coprecipitated with C/Fe of 1.0 (Figures 2 and 3). Finally, for all other iron
oxyhydroxides studied, there were no significant changes in MIV, MEV, TPV, or SSA post-

irradiation in comparison to their native counterparts (P>0.05, two tailed t-test, Figure 3).
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Figure 3: Specific surface area, micropore volume, mesopore volume, and total pore volume values
of the native iron oxyhydroxides and their corresponding y-irradiated counterparts. Data points
represent the mean + standard deviation of two replicates. Data extracted from the N2 adsorption-
desorption isotherms provided in Figure S3-S5. Fh, Lp, and Gt correspond to 2-line ferrihydrite,
lepidocrocite, and goethite, respectively. Asterix indicates significance in difference between
values at the 95% confidence interval (P<0.05, two tailed t-test).
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3.4. Surface charge and particle size

Plots of the {-potential versus pH for the native and post-irradiated minerals are presented
in Figures S6-S8. Native coprecipitates exhibited a reduced pHiep when compared to that of their
corresponding pure mineral phases, in agreement with past studies (Mikutta et al., 2008). The pHiep
of the native pure minerals Fh, Lp, and Gt were estimated to be 7.2, 7.4, and 7.6, respectively,
which were comparable to those determined for their corresponding irradiated counterpart (Figures
S6-S8). Irradiation of the Fh coprecipitates led to some changes in their surface charge when
compared to that of their native corresponding counterparts. Namely, for the Fh coprecipitate with
a C/Fe ratio of 0.5, the pHiep decreased from ~6.6 to ~3.6 post-irradiation (Figure S6). The opposite
was observed for the Fh coprecipitates with C/Fe ratio of 1.0 and 1.5, whereby their surface charge
became more positive post-irradiation (Figure S6). In contrast, post-irradiation, the surface charge
of the Lp and Gt coprecipitates remained comparable to that of their native counterparts (Figures
S7 and S8).

Figure 4 shows the particle size measurements of the native and post-irradiated minerals.
For the native Fh minerals, the particle size generally increased with increasing alginate content,
although the particle size of the coprecipitates exhibited significant variability as seen from the
large error bars indicative of variable particle size distribution (Figure 4). Following irradiation,
the particle size of the pure Fh did not change, whereas for the Fh coprecipitates it substantially
decreased suggesting changes in the particle size distribution (Figure 4). However, significant
difference in the average particle size was only observed between native and post-irradiated Fh
coprecipitated with C/Fe ratio of 1.0 (P<0.05, two tailed t-test, Figure 4).

For the native Lp minerals, the particle size decreased as the alginate content increased to

C/Fe ratio of 0.5, which increased with increasing alginate content (Figure 4). Post-irradiation,
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similar changes were observed for the Lp minerals as in Fh minerals; however, across all of the
Lp coprecipitates analyzed, there was a significant decrease in particle size (P<0.05, two tailed t-
test, Figure 4). The particle size of the native Gt minerals also decreased as the alginate content
increased to C/Fe ratio of 0.5. This size remained constant as the initial C/Fe ratio increased to 1.0
but increased as the initial alginate content increased to C/Fe ratio of 1.5 (Figure 4). However,
unlike Fh and Lp coprecipitates, the particle size of post-irradiated Gt coprecipitates did not show

significant changes and remained relatively constant (P>0.05, two tailed t-test, Figure 4).
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Figure 4: Size of particles (Z-average) measured native iron oxyhydroxides and their
corresponding y-irradiated counterparts. Data represents the mean + standard deviation of 2
individual replicates. Asterix indicates significance in difference between values at the 95%
confidence interval (P<0.05, two tailed t-test). Fh, Lp, and Gt correspond to 2-line ferrihydrite,
lepidocrocite, and goethite, respectively.
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3.5. Mineralogy
3.5.1. X-ray diffraction

Figure 5 shows the x-ray diffraction patterns of the different iron oxyhydroxide phases
before and after y-irradiation. Reflections indicative of 2-line ferrihydrite, lepidocrocite, and
goethite were identified in the diffractograms, and they corresponded closely with those published
in the literature (Schwertmann and Cornell, 2008). Substantial differences between the
diffractograms of a native and its corresponding y-irradiated counterpart were not evident,
suggesting that, at the bulk level, y-irradiation did not affect the mineralogy of the studied minerals
(Figure 5). Additionally, a comparison of the full width at half maximum (FWHM) between native

minerals and their y-irradiated counterparts showed no substantial differences (data not shown).

3.5.2. Fourier Transform Infrared Spectroscopy

Additional information about the chemical composition, functional groups, and degree of
crystallinity was obtained through FTIR spectroscopy. The IR spectrum for Na-alginate is
presented in Figure S9, and the corresponding band assignments are given in Table S2. The IR
spectra within the 1800 - 800 cm™ region of the native and post-irradiated Fhs are presented in
Figure 6. The complete IR spectra of the studied iron oxyhydroxides are presented in Figures S10-
S12, and the assignments of the most characteristic vibrational modes are summarized in Tables
S3-S5 as determined by theory and the literature (Sartori et al., 1997; Chandia et al., 2001; Cornell
and Schwertmann, 2003; Leal et al., 2008; Schwertmann and Cornell, 2008; Cardenas-Jiron et al.,

2011).
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lepidocrocite, and goethite, respectively.
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The spectra of y-irradiated Fh coprecipitates exhibited most of the characteristic absorption
bands of their native counterparts with a slight shift in wavenumbers but displayed some notable
differences (Figures 6 and S10). Among all of the post-irradiated Fh coprecipitates, the centre of
the broad stretching O-H band v(O-H) shifted to higher wavenumbers (Figure S10). Specifically,
this band shifted from 3205 cm™, 3206 cm™, and 3177 cm™ to 3215 cm™, 3216 cm™, and 3204
cm™! post-irradiation for Fh coprecipitates with C/Fe ratios of 0.5, 1.0, and 1.5, respectively (Figure
S10). Additionally, post-irradiation, the intensity of this band decreased for Fh coprecipitates with
C/Fe of 0.5 and 1.0 but remained unchanged for Fh coprecipitated with C/Fe of 1.5 (Figure S10).
The observed shifting and changes in intensity of this band suggests possible changes related to
strength of the hydrogen bonds or water uptake. Changes to the intensity of the bands
corresponding to alginate were also evident (as determined by measurement of peak heights),
consistent with the decrease of C content, post-irradiation (Figures 3 and 6, and Figure S10).
Specifically, for Fh with a C/Fe ratio of 0.5, the intensity of the carboxylate asymmetric stretching
band (Vasym(C-0-0), 1590-1592 cm™) increased by ~16%, the symmetric stretching band (vsym(C-
0-0), 1406-1408 cm™') remained unchanged, while the asymmetric stretching of the glycosidic
linkage band (Vasym(C-O-C) ~1024-1030 cm™') decreased by ~20% post-irradiation (Figure 6). For
Fh with a C/Fe ratio of 1.0, the intensity of the carboxylate asymmetric stretching band remained
the same, the symmetric stretching band decreased by ~11%, and the asymmetric stretching of the
glycosidic linkage band decreased by ~17% post-irradiation (Figure 6). For Fh with a C/Fe ratio
of 1.5, the intensity of the carboxylate asymmetric stretching band remained the same, the
symmetric stretching band decreased by ~16%, and the asymmetric stretching of the glycosidic

linkage band decreased by ~21% post-irradiation (Figure 6). Across all post-irradiated Fh
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coprecipitates, it was also observed that the band corresponding to the asymmetric stretching of
the carboxylate groups broadened due to the possible appearance of a shoulder band (Figure 6).
Irradiation did not influence the mineralogy of pure Lp as the bands position and intensity
were similar to those of the native Lp (Figure S11). Similarly, the IR spectra of the post-irradiated
Lp coprecipitates also exhibited most of the characteristic absorption bands of their corresponding
native counterparts, suggesting minimal irradiation induced changes in crystallinity and
mineralogy (Figure S11). Across all post-irradiated coprecipitates, the intensity of the band
centered at ~1022 cm™! corresponding to the in-plane 5(O-H) vibration of the Lp mineral decreased
(Figure S11). However, this band overlapped the band region corresponding to the vibrations due
to mannuronic and guluronic acid residues within alginate (Figures S9 and S11, Table S4). This
suggests that the decrease in intensity of this band region is likely related to the decrease in C
content post-irradiation given that the other bands corresponding to alginate also decreased in
intensity (Figure S11). For post-irradiated Lp coprecipitates, specifically those with C/Fe 0.5 or
1.0, the position of their vasym(C-O-0O) band shifted towards higher wavenumbers by ~7 and 5 cm’
! respectively (Figure S11). A slight decrease in intensity of the v(O-H) band for the post-
irradiated Lp coprecipitates with C/Fe ratio of 0.5 and 1.0 was also observed (Figure S11).
However, for both coprecipitates, the position of this band did not substantially change. In contrast,
for the post-irradiated Lp coprecipitate with C/Fe ratio of 1.5 the intensity of the v(O-H) did not
change, but slightly shifted by ~6 cm™ towards lower wavenumbers (Figure S11). In addition to
reduced intensity, the post-irradiated Lp coprecipitates exhibited broadening of the asymmetric
band corresponding to the carboxylate functional group, also due to the appearance of a shoulder

band as was observed with the post-irradiated Fh coprecipitates (Figure S11).
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Figure 6: FTIR spectra in the 1800-800 cm™ region of 2-line ferrihydrite coprecipitated with
alginate (C/Fe ratio of 0.5, 1.0, and 1.5 mol:mol) before and after y-irradiation. The spectrum of
Na-alginate was added for comparison. Notice the changes in intensity of the bands centred at
~1400 and 1030 cm™ and the broadening of the band centred at ~1590 cm™ following the
irradiation treatment. Arrows point to the possible appearance of a shoulder band.

Irradiation did not influence the mineralogy of pure Gt as the bands position and intensity
were similar to those of the native Gt (Figure S12). Similarly, the intensity, peak positions, and
peak separation distance of the in-plane (6(O-H)) and out of plane (y(O-H)) vibrational bands,

which are indicators of crystallinity (Schwertmann et al., 1985; Cornell and Schwertmann, 2003;

Villacis-Garcia et al., 2015), were comparable to those determined for the corresponding native
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controls. This suggests that irradiation did not affect the crystallinity of the Gt coprecipitates. In
comparison to post-irradiated Fh and Lp coprecipitates, the IR spectra of the post-irradiated Gt
coprecipitates did not exhibit substantial changes in the intensity or positions of the bands
corresponding to v(O-H) and alginate (Figure S12).

3.5.3. 97Fe Méssbauer spectroscopy

Mossbauer spectra collected at 77 and 5 K were used to characterize changes in the
crystallinity and redox state of the post-irradiated Fhs relative to the native controls. The
Mossbauer spectra of the native and irradiated Fhs are shown in Figure 7, and the derived
Mossbauer parameters are given in Table 1. In all spectra collected at 77 K, we observed a doublet
with the parameter value of centre shift (CS): 0.35-0.5 mm/s and quadrupole split (QS): 0.7-0.85
mm/s, consistent with 2-line ferrihydrite. In spectra collected at 5 K, two sextets were observed:
sextet A with parameters of CS = 0.48 mm/s, QS = 0 mm/s, hyperfine field (H) = 50 T, and sextet
B with parameters of CS = 0.42 mm/s, QS = -0.03 mm/s, hyperfine field (H) = 45 T, consistent
with ferrihydrite that is magnetically ordered at this temperature (Byrne and Kappler, 2022).

The post-irradiated Fhs show significant differences at both temperatures. All post-
irradiation spectra collected at 77 K show a broadening of the Fe(III) doublet relative to the pre-
irradiation spectra (Figure 7). This broadening may be fit by the addition of a collapsed sextet with
a low hyperfine field (5.4-20.6 T) and may indicate ferric oxyhydroxides that are partially ordered
(Murad and Cashion, 2004; Byrne and Kappler, 2022). As this ferric oxyhydroxide phase shows
ordering at 77 K while 2-line ferrihydrite does not, this phase may be more crystalline than
ferrihydrite (Table 1). The 77 K spectrum of post-irradiated Fh coprecipitated with C/Fe ratio of
1.5 also exhibited an Fe(Il) doublet with the parameters CS = 1.3 mm/s and QS =2.7 (4.5% of the

total spectral area) (Table 1).
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The results of the spectra collected at 5 K are consistent with those collected at 77 K (Figure
7). All spectra exhibit two sextets consistent with ferrihydrite. In the case of post-irradiated Fh
coprecipitated with C/Fe ratio of 1.5, a small broadened Fe(II) doublet was added, consistent with
the fits at 77 K (Figure 7). It should be noted that the proportion of relative area of the Fe(II)
doublet differ slightly between the 77 and the 5 K spectra as the proportion approaches the lower
limit of detection of the Mdssbauer (~2%) and is consistent with past observations of broadening

of the Fe(II) doublet upon Fe(II) sorption to iron oxyhydroxides (Table 1) (Notini et al., 2019).
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Table 1: Mossbauer parameters for 2-line ferrihydrite and coprecipitates before and after y-
irradiation determined from spectra collected at liquid nitrogen (77 K) and liquid helium
temperature (5 K).

. CS QS Relative area 2
Sample T (K) Site (mm/s)  (mms) H (T) (%) X
Fh 77 Fe(III) 0.43 0.79 100 0.76
5 Ferrihydrite A 0.46 -0.01 49.9 55.0 0.68
Ferrihydrite B 0.44 -0.01 46.8 45.0 '
v Fh 77 Fe(III) 0.43 0.77 72.7 L13
Collapsed sextet 0.38 -0.05 10.6 27.3 '
5 Ferrihydrite A 0.46 0.0 50.1 48.7 0.79
Ferrihydrite B 0.43 -0.02 469 51.3 '
Fh C/Fe 0.5 77 Fe(III) 0.43 0.81 100 1.24
5 Ferrihydrite A 0.48 0.0 50.2 30.0 0.70
Ferrihydrite B 0.42 -0.01 47.1 70.0 '
v Fh C/Fe 0.5 77 Fe(III) 0.44 0.80 79.9 18
Collapsed sextet 0.45 -0.05 20.7 20.1 ’
5 Ferrihydrite A 0.46 0 50.0 39.9 071
Ferrihydrite B 0.42 -0.02  46.6 60.1 '
Fh C/Fe 1.0 77 Fe(III) 0.44 0.79 100 1.33
5 Ferrihydrite A 0.48 -0.02  49.6 57.0 076
Ferrihydrite B 0.42 -0.04  45.1 43.0 '
vy Fh C/Fe 1.0 77 Fe(III) 0.45 0.78 86.4 0.84
Collapsed sextet 0.45 0.00 10.8 13.6 '
5 Ferrihydrite A 0.47 0.00 49.8 54.0 076
Ferrihydrite B 0.43 -0.04 457 46.0 '
Fh C/Fe 1.5 77 Fe(III) 0.43 0.79 100 1.01
5 Ferrihydrite A 0.45 0.00 49.1 54.0 0.68
Ferrihydrite B 0.43 0.00 45.1 46.0 '
vy Fh C/Fe 1.5 77 Fe(III) 0.46 0.80 63.4
Fe(II) 1.3 2.7 4.5 0.75
Collapsed sextet 0.45 -0.05 54 32.1
5 Fe(II) 1.2 2.25 1.5
Ferrihydrite A 0.47 -0.02 493 61.5 1.73
Ferrihydrite B 0.39 -0.05  44.6 37.0
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(Figure 7 continued)
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Figure 7: Mdssbauer spectra of native and post y-irradiated 2-line ferrihydrites coprecipitated with
alginate (C/Fe ratios of 0, 0.5, 1.0, and 1.5 mol:mol), taken at liquid nitrogen (77 K) and liquid
helium temperature (5 K). Symbols show experimental data and lines represent their fit.
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3.6. Bioavailability

Microbial Fe(Ill) reduction curves of the native and irradiated iron oxyhydroxides are
presented in Figure 8, which show the increase of total Fe(II) and dissolved Fe(Il) relative to total
Fe throughout the experimental period (up to 25 days). The rates of Fe(Ill) reduction by S.
putrefaciens CN32 were calculated by linear regression of selected time points that corresponded
to the period of maximum accumulation of total Fe(Il) relative to total Fe (Figure 8). The extent
of Fe(III) reduction was determined from the maximum amount of total Fe(II) relative to total Fe,
which equated to the average of the last 3 measurement points of an experiment (n =9). A summary
of the regression data and the maximum amount of Fe reduced for the native and post-irradiated
iron oxyhydroxides are presented in Figure 9 and Table S6. Control experiments showed no
changes in the concentration of Fe(II) or pH throughout the experimental period, and their sterility
was confirmed at the start and end of the experimental period (Figure S13).

The overall trends in the distribution of Fe(II) throughout the microbial reduction of the
post-irradiated iron oxyhydroxides were similar to those observed for their corresponding native
controls (Figure 8). However, a notable exception was found in the case of the post irradiated Fh
coprecipitates, in which case a deviation in the extent of Fe reduction was observed at day 8 and
gradually increased until termination of the experiment (Figure 8). The post-irradiated Fh
coprecipitates exhibited a 23-28% increase in the amount of Fe reduced compared to the native Fh
coprecipitates (Figure 9 and Table S6). Additionally, the extent of Fe(Ill) reduction among the
irradiated Fh coprecipitates displayed significant variability based on C content (P<0.05, one-way
ANOVA), peaking at a C/Fe ratio of 1.0 (Figure 9 and Table S6). However, relative to the
irradiated Fh with C/Fe 0.5, the difference in the extent of Fe(III) reduction amounted to only ~5%

(Figure 9 and Table S6). Concurrently, with the release of biogenic Fe(Il), pH also increased over
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the course of the experiment in the biotic systems (Figure S13). It was observed that the pH reached
higher values by 0.2-0.3 pH units during the microbial reduction of the post-irradiated Fh
coprecipitates when compared to their corresponding native counterparts (Figure S13). Despite
these observations, however, the rate of Fe(Ill) reduction displayed no significant difference
between the post-irradiated minerals and their corresponding native counterparts (P>0.05, two
tailed t-test, Figure 9 and Table S6). Moreover, the concentrations of dissolved Fe(Il) reached a
similar proportion of the total Fe(Il) as those measured for the corresponding native Fhs (Figure
9).

In contrast to the Fh coprecipitates, the impact of irradiation on the reduction extent of the
more crystalline Lp and Gt coprecipitates exhibited variability (Figures 8 and 9). Significant
deviations in the extent of Fe(Ill) reduction were only observed for the Lp and Gt coprecipitates,
specifically in the cases of native Lp coprecipitated with a C/Fe ratio of 0.5 and native Gt
coprecipitated with a C/Fe ratio of 1.5, when compared to their respective post-irradiated
counterparts (P<0.05, two tailed t-test). These differences accounted for approximately 10% and
8% wvariation, respectively (Figure 9 and Table S6). The levels of pH also increased within the
biotic systems, but in contrast to the Fh systems, the difference between the native and post-
irradiated Lp and Gt coprecipitates was not as substantial (Figures S14 and S15). Similar to the
observations made for the Fh systems, the rates of Fe(Ill) reduction for the native Lp and Gt
precipitates paralleled those determined for their respective irradiated counterparts (Figure 9 and
Table S6). Lastly, among all the post-irradiated Lps and Gts biotic microcosms, the concentrations
of dissolved Fe(Il) reached a comparable proportion of the total Fe(Il) as measured for the

corresponding native systems (Figure 8).
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Figure 8: Changes in total and dissolved Fe(II) relative to total Fe for native iron oxyhydroxides
and their corresponding y-irradiated counterparts during anaerobic Fe reduction by S. putrefaciens
CN32. Dashed lines represent the maximum production of total Fe(Il) from which the rate of Fe
reduction was calculated. Data markers represent means =+ standard deviations derived from three

experimental replicates of each system.
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Figure 9: Derived rate and extent of Fe(IIl) reduction of the native iron oxyhydroxides and their
corresponding y-irradiated counterparts. Data was collected from three individual experimental
replicates for each system. Asterix indicates significant difference between the values at the 95%
confidence interval (P<0.05, two-tailed t-test). Fh, Lp, and Gt correspond to 2-line ferrihydrite,
lepidocrocite, and goethite, respectively. Please see Table S6 for the numerical values.
3.6.1. Biogenic solids

X-ray diffractograms of the post-reduction minerals are shown in Figures S16-S18. Broad
reflections of residual Fh were observed in the biogenic solids after microbial reduction of native
and irradiated Fhs (Figure S16). Fe(III) reduction transformed pure native and post-irradiated Fh
into Fh with slightly sharper reflections at 35 and 62 degrees, indicating higher crystallinity (Figure

S16). However, no crystalline iron (oxyhydr)oxides such as goethite, lepidocrocite, or magnetite

were detected in the biogenic solids following the microbial reduction of the native and post-
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irradiated Fhs (Figure S16). The addition of 400 uM phosphate led to vivianite (Fe3(PO4)28H20)
precipitation in the biogenic solids from the native and post-irradiated pure Fh as well as post-
irradiated Fh coprecipitates, but not from the native Fh coprecipitates (Figure S16). Moreover,
SEM and EDS analysis revealed plate-like morphologies rich in P and Fe, likely vivianite, where
XRD confirmed its presence (Figures S19-S22).

Microbial reduction of the native and irradiated Lps or Gts led to biogenic solids consisting
mainly of residual Lp or Gt, respectively, together with vivianite, with no other differences
(Figures S17 and S18). SEM and EDS also confirmed the data observations made by XRD (Figures
S23 and S24). Interestingly, vivianite was absent from the biogenic solids from the native and

irradiated Gt coprecipitated with C/Fe of 0.5 (Figure S17).

4. Discussion
4.1. Effects of Na-alginate

The effects of y-irradiation at a dose of 25 kGy on the physicochemical properties and
bioavailability were tested on a range of synthetic iron oxyhydroxide minerals with variable
thermodynamic stability and alginate content (C/Fe ratio of 0, 0.5, 1.0, and 1.5 mol:mol). Such
effects were tested on minerals in the wet state since air-drying or freeze-drying significantly
affects the aggregation state and reactivity of iron oxyhydroxides (Roden and Zachara, 1996;
Raiswell et al., 2010). Coprecipitation of 2-line ferrihydrite (Fh), lepidocrocite (Lp), and goethite
(Gt) with variable alginate content led to the precipitation of minerals with variable
physicochemical properties, bioavailability, and therefore sensitivity. The effects of alginate
content were evident through several analyses, including chemical extractions, measurements of
porosity and SSA, XRD, FTIR spectroscopy, and the evaluation of bioavailability by S.

putrefaciens CN32. Generally, coprecipitation with alginate led to the precipitation of minerals
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with lower crystallinity and smaller particle size as a consequence of alginate-induced poisoning
of crystal growth, but with variable effects on the porosity and in turn on the SSA as well as
bioavailability. These observations agree with past studies that have investigated the impact of
organic substances, encompassing polysaccharides, humic and fulvic acids, as well as simple
organic compounds, on the physicochemical properties of various synthetic iron oxyhydroxides
(Liu and Huang, 2003; Schwertmann et al., 2005; Eusterhues et al., 2008; Mikutta et al., 2008;
Shimizu et al., 2013; Chen et al., 2014; Poggenburg et al., 2016; Liu et al., 2019b). Furthermore,
the synthesized minerals exhibited similarities to the properties documented in literature for
naturally occurring BIOS (Langley et al., 2009b; Toner et al., 2009; Gault et al., 2011; Najem et
al., 2016; ThomasArrigo et al., 2022). Hence, the investigated iron oxyhydroxide minerals are of

environmental relevance.

4.2. Impact of y-irradiation: mineralogy

It is well established in the literature that the interaction of high energy y-radiation with
H20 molecules leads to the production of a variety of primary and secondary radicals, and
molecular products according to (Wren and Glowa, 2000; Joseph et al., 2008; Sutherland et al.,

2017):

H20 A eaq, 'H, "OH, H202, "HO2, H2, ‘02", and H30" (1

Past and recent studies have exploited radiolysis products to investigate the formation of various
iron oxyhydroxides using suspensions of dissolved ferrous iron, ferric iron, or ferric iron
precipitates under various conditions (e.g. regarding pH and dissolved oxygen), and in the presence

or absence of stabilizing agents (e.g. organic polymers) as well as ‘OH scavengers (e.g. alcohols)
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under various doses of irradiation (Wang and Xin, 1999; Jurkin et al., 2011; Yakabuskie et al.,
2011; Jurkin et al., 2016a; Jurkin et al., 2016b; Sutherland et al., 2017; Mari¢ et al., 2019; Mari¢
et al., 2020a; Mari¢ et al., 2020b). Accordingly, the nature and concentration of the formed
products depend on the dose rate, and conditions of the solution including temperature, pH,
dissolved Oz concentration, and solutes present in the system (Hochanadel and Ghormley, 1962;
Joseph et al., 2008; Yakabuskie et al., 2011; Sutherland et al., 2017). Within neutral solutions with
dissolved oxygen, initial reactions are likely driven by a range of oxidizing and reducing radicals
including "OH, eaq, and "H, and as the system rapidly reaches steady state, the contribution from
H202 becomes more relevant as its concentration increases (Wren and Glowa, 2000; Joseph et al.,
2008). Thus, in our systems, the radiolytic products react with each other, and available solutes
leading to oxidation and reduction reactions as concurrent competitive processes. Upon irradiation
of our systems, the reaction is initiated as rapid reduction of lattice ferric iron to ferrous iron
according to:
Fe(Ill) + eag” — Fe*(ag) (2)
However, the mobility of Fe*" is limited by rapid oxidation in solution and precipitation:

Fe* (ag) + OH" — Fe**(aq) + OH™ (3)
Fe* + 30H" S Fe(OH)* + 20H" & Fe(OH), + OH™ S Fe(OH); 4)

The mobility of Fe?" is also limited by adsorption and subsequent oxidation by H202, according
to:

Fe?*(ag) — Fe(Il)ad (5)
Fe(IT)ad + H202 — 2Fe(I1l)ad + 20H" (6)

Thus, in the absence of alginate, reactions 3-6 limit the release of Fe*" into solution, explaining the

lack of measurable concentrations of this species in the supernatants of the post-irradiated pure
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minerals Fh, Lp, and Gt (Figure 1). Moreover, the lack of changes of pH may indicate an equal
production of protons and hydroxide ions (Figure S2).

The cycle of concurrent radiolytically-induced reduction/oxidation reactions was also
hypothesized to operate in a manner similar to Ostwald ripening, resulting in the coarsening of
metal oxide nanoparticles through bridging and aggregation (Yakabuskie et al., 2011; Sutherland
et al., 2017), which may eventually lead to transformation. This cycle may explain the observed
increase in crystallinity of the Fhs in this study. Along the same lines, Brown et al. (2014) reported
increased crystallite size and the partial transformation of 2-line ferrihydrite into a crystalline
mineral phase resembling akageneite after irradiation to a total dose of 1 MGy. Their study
suggested that the presence of trace amounts of CI from the synthesis procedure, which involved
neutralizing a FeCls solution, could have facilitated the formation of akageneite. In a similar
manner, the Fhs in our study were synthesized using a similar procedure. Hence, it is possible that
the observed crystalline phase represents an intermediate state between akageneite and 2-line
ferrihydrite, reflecting the findings of Brown et al. (2014). It is worth noting that the irradiated Fh
coprecipitates exhibited similar changes in crystallinity compared to the irradiated pure Fh (Table
1). While no direct relationship was observed between the extent of the collapsed sextet at 77 K
and alginate content, our results are intriguing, as the existing literature indicates that organic
matter hinders the transformation of 2-line ferrihydrite into crystalline phases by binding particles
and impeding dissolution-precipitation (goethite) and solid-state (hematite) conversion reactions
(Cornell and Schwertmann, 2003; Chen et al., 2015; Najem et al., 2016). Nevertheless, despite the
observed alterations in Fhs’ crystallinity, they could not be distinguished through XRD, FTIR-

ATR, chemical extractions, and, in the case of pure Fhs, their SSA and PV suggesting that at the
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first glance the irradiated Fhs and their native counterparts exhibit similar reactivity (Figures 2 and
3).

In contrast to 2-line ferrihydrite, irradiation of a stable iron oxide phase such as hematite
to a final dose of 1 MGy led to the partial formation of a poorly crystalline iron oxide phase (Brown
et al., 2014). In our study, the fact that the extractable Fe fractions were comparable between the
post-irradiated and native controls for pure Lp and Gt indicates that the possible formation of a
poorly crystalline iron oxide phase is insignificant at the low dose (25 kGy) applied in this study
(Figure 2). Conversely, 0.5 M HCI extracted a lower amount of Fe from the post-irradiated Lp
coprecipitates when compared to their native controls (Figure 2). The reason for this is unknown,
since we should expect the Gt coprecipitates to exhibit a similar trend (Figure 2). However, the
comparability of PV, SSA, together with ascorbate extractable Fe measurements between the
irradiated Lp and Gt coprecipitates and their native controls indicate minimal irradiation induced

changes at their surface (Figures 2 and 3).

4.3. Impact of y-irradiation: role of Na-alginate

The presence of alginate in our systems adds another level of complexity. When exposed
to irradiation, alginate undergoes degradation (Al-Assaf et al., 2016). Several studies have
proposed the mechanism behind this degradation, which, in dilute solutions, initiates with the
abstraction of H from the alginate chain by the radicals "H and "OH generated during the radiolysis
of water (1) (Nagasawa et al., 2000; Wasikiewicz et al., 2005; Le Quang and Vo Thi, 2009; Al-
Assaf et al., 2016). The alginate derived radicals are inherently unstable, leading to the cleavage
of the 1,4-glycosidic bonds thereby reducing the molecular weight of alginate to form
oligosaccharides and additional organic radicals through multiple pathways (Nagasawa et al.,

2000; Wasikiewicz et al., 2005; Le Quang and Vo Thi, 2009; Al-Assaf et al., 2016). Indeed,
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irradiation of <1% alginate solutions, similar to the maximum alginate content in our jars, to a dose
of 30 kGy led to a decrease in the molecular weight of alginate by ~96% (Nagasawa et al., 2000;
Lee et al., 2003; Wasikiewicz et al., 2005). Degradation of alginate may also proceed by reaction
with the radiolytically produced H202, however we expect this reaction to play a minor role given
that the rate of this reaction increases with increasing temperature (Li et al., 2010). Accompanying
the decrease in molecular weight, studies have also reported the concomitant reduction in the
viscosity of the alginate solutions, mirroring our observations for the post-irradiated coprecipitates,
particularly for the Fh coprecipitates (Figure S1) (Nagasawa et al., 2000; Lee et al., 2003;
Wasikiewicz et al., 2005). This reduced viscosity likely explains the observed increased wet Fe
content in the post-irradiated coprecipitates (Figure 2).

The irradiation of the coprecipitates resulted in elevated levels of DOC, total dissolved Fe,
and Fe(Il) in the supernatants (Figure 1). Notably, the absence of dissolved Fe species in the
supernatants of post-irradiated pure iron oxyhydroxide phases, coupled with the apparent strong
relationship between DOC and total dissolved Fe, provides compelling evidence for the role of
alginate in promoting the dissolution of the coprecipitates during irradiation. FTIR-ATR analyses
of the supernatants further confirmed the presence of alginate/alginate degradation products in
solution (Figures S25-S27). The IR spectra of the products collected from the supernatants of the
post-irradiated coprecipitates exhibited some differences when compared to the IR spectra of Na-
alginate or, where possible, the products collected from the supernatants of the corresponding
native coprecipitates (Figures S25-S27). Notably, the intensity of the band centered at ~1024-1030
cm', presumed to correspond to the vasym(C-O-C) of the glycosidic linkage, was reduced relative
to the intensity of the vasym(C-O-O) band centred at 1590-1592 cm™'. Additionally, there was

broadening and shifting of the vasym(C-O-O) band, centred at 1590-1592 cm™', by 4-6 cm™! to lower
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wavenumbers (Figures S25-S27). The former change could be attributed to the cleavage of the
1,4-glycosidic bonds in agreement with observations made by Le Quang and Vo Thi (2009),
whereas the latter can be attributed to the complexation of the released Fe(IlI) by the carboxylate
functional groups leading to changes in the local environment around these groups. The observed
irradiation induced release of DOC into solution is in line with previous studies, which has been
attributed to the breakdown of cellular biomass and carbohydrates by radicals, as described here
for alginate (McNamara et al., 2003; Berns et al., 2008; Zhang et al., 2016; Otte et al., 2018).
Moreover, the release of dissolved iron along with DOC corresponds to the findings of Schaller et
al. (2011), who attributed this increase to the leaching of iron from microbial cells and/or
organic/inorganic sediment particles.

The measurable amounts of Fe(Il) detected in the supernatants of the post-irradiated
coprecipitates indicate a reduction of lattice Fe that is likely mediated by the reducing radical, eaq”
, as in reaction (2). However, it is apparent that alginate facilitated this reaction given that the
concentration of dissolved Fe(Il) increased with increasing initial concentration of alginate across
all coprecipitates (Figure 1). Structural reduction of Fe(III) to Fe(II) by irradiation to a dose of ~84
kGy was also apparent by Mossbauer spectroscopy in clay powders intercalated with simple
alcohols (ethylene glycol and tert-butanol) (Gournis et al., 2000). The reduction was attributed to
the hydrogen generated from the homolysis of the irradiated alcohols, whereas the generated
alcohol radicals either dimerize or react with each other to generate stable molecules (Gournis et
al., 2000). Alcohols may also facilitate the reduction of Fe(Ill) by maintaining a reducing
environment, to some extent, by scavenging the ‘OH radical thereby hindering the oxidation of
Fe(II) back to Fe(IlT) (Wang and Xin, 1999; Jurkin et al., 2016a; Jurkin et al., 2016b; Mari¢ et al.,

2020b). In our systems, alginate likely serves multiple roles. Firstly, alginate functions to stabilize
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and disperse iron oxide particles in solution thereby enhancing the contact between solid and liquid
phase upon irradiation and increasing the probability of contact with the irradiation generated
reducing species (Wang and Xin, 1999; Goti¢ et al., 2009; Liu et al., 2009; Jurkin et al., 2011;
Jurkin et al., 2016a; Mari¢ et al., 2019; Mari¢ et al., 2020b). Secondly, alginate and its degradation
products function as scavengers for the oxidizing radical *OH playing a role that is analogous to
alcohols (Falkeborg et al., 2014). Thirdly, alginate and its degradation products bind Fe(II) and
Fe(III) thereby providing further protection against oxidation and preventing the precipitation of

new mixed Fe(Il)/Fe(Ill) phases, respectively.

4.4. Impact of y-irradiation: differences among the oxyhydroxides

The C content of the native coprecipitates increased with increasing initial alginate
concentration, and at corresponding initial C/Fe ratio the final C content among the coprecipitates
exhibited the following trend: Fh >> Lp > Gt (Figure 2). Therefore, synthesis of Fh via
neutralization of acidic Fe(III) solution led to a higher uptake of alginate as opposed to synthesis
via Fe(IT) oxidation and subsequent Fe(II) hydrolysis pathway for Lp and Gt (Figure 2). The C/Fe
ratio for the Fh coprecipitates ranged from 0.5 to 1.5, whereas it varied from 0.24 to 0.64 for Lp
coprecipitates and from 0.24 to 0.44 for Gt coprecipitates (Figure 2). Consequently, Lp and Gt that
were coprecipitated with an initial C/Fe ratio of 1.0 or 1.5 retained a C/Fe ratio that is equivalent
to- or close to- that of Fh coprecipitated with a C/Fe ratio of 0.5 (Figure 2). The former synthesis
procedure also led to the formation of larger aggregates as determined by particle size analyses
such that at corresponding initial C/Fe ratios, the native Fh coprecipitates exhibited the largest
particle sizes among the studied coprecipitates (Figure 4). Moreover, for the native Fh with a C/Fe
ratio of 0.5, the particles exhibited a pHicp of ~6.6, which decreased to <4 as the C/Fe ratio

increased to 1.0 and 1.5 (Figure S6). In contrast, all of the native Lp and Gt coprecipitates exhibited
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a pHiep of <4 (Figures S7 and S8). The different synthesis pathways of the studied minerals also
led to different changes in PV and SSA (Figure 3). With increasing alginate content, the SSA of
the Fh coprecipitates decreased, while the SSA of the Lp coprecipitates increased, whereas the
SSA of the Gt coprecipitates decreased (Figure 3). Consequently, given the distinct mineralogy
and physicochemical properties among the synthetic coprecipitates, it is not surprising that they
would exhibit a varying response to the irradiation treatment.

For instance, changes in the PV and SSA were detected only in the post-irradiated Fh
coprecipitates with a C/Fe ratio of 0.5 and 1.0 (Figure 3). The observed changes induced by
irradiation could be attributed to the modification of the coprecipitates' surface that is likely
associated with the release of DOC and Fe. These modifications are evidenced by the {-potential
measurements for these minerals (Figure S6). For Fh with C/Fe ratio of 0.5, the C content did not
change post-irradiation, and the amount of DOC in solution accounted for ~2% of the initial total
C pool (Figures 1 and 2). This amount was considerably lower when compared to the amount of
DOC measured following the irradiation of Fh coprecipitated with C/Fe ratios of 1.0 or 1.5 (Figure
1). This observation could be attributed to the re-adsorption of the negatively charged alginate
products to the surface of the Fh particles as evidenced by the decrease of pHicp for this mineral
(Figure S6). Adsorption proceeds at the surface of Fh thereby blocking the pores and in turn
reducing the SSA as was determined for this mineral (Figure 3). This reaction may also explain
the observed decline in the PV and SSA for the post-irradiated Fh coprecipitated with a C/Fe ratio
of 1.0, whereas the PV and SSA for post-irradiated Fh coprecipitated with a C/Fe ratio of 1.5 could
not be assessed by N2-adsorption as a consequence of the already blocked pores by alginate (Figure
3). For the latter coprecipitates, their surface charge became more positive relative to their

corresponding native counterparts, which could be attributed to charge neutralization by the
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adsorption of Fe(Ill) (Figure S6). Modifications to the surface of the post-irradiated Fh
coprecipitates could be also reflected by the observed changes to the FTIR-ATR spectra (Figure
6). Notably, broadening of the bands corresponding to the carboxylate functional groups indicative
of changes in the local environment around these groups as was observed for the supernatants post-
irradiation (Figure S25).

In contrast to the Fh coprecipitates, the PV and SSA of the Lp and Gt coprecipitates did
not change post-irradiation, even at equivalent or near equivalent C/Fe ratios to Fh coprecipitated
with a C/Fe ratio of 0.5 (Figure 3). Moreover, their surface charge remained comparable to that of
their native counterparts, whereas irradiation induced changes to the particle size were only evident
among the Lp coprecipitates as opposed to the Gt coprecipitates (Figure 4). Likewise, irradiation
induced surface modifications as highlighted by changes to the local environment around the
carboxylate function groups were only evident among the Lp coprecipitates as opposed to the Gt
coprecipitates (Figure S11). The apparent difference in the extent of irradiation induced changes
between the Lp and Gt coprecipitates could be attributed to the higher poorly crystalline Fe fraction
of the former as determined by the 0.5 M HCl and ascorbate chemical extractions (Figure 2). This
poorly crystalline Fe fraction coprecipitated with alginate may be more susceptible to irradiation
induced degradation than the crystalline phases such as Gt. However, despite the apparent
similarity of changes in the discussed physicochemical properties of the Lp coprecipitates to those
observed for the Fh coprecipitates, the lack of changes to PV and SSA of the former coprecipitates,
especially at the highest C/Fe contents, is unknown and warrants further investigation. Likewise,
the reason for the lack of irradiation induced changes to the physiochemical properties of the Gt
coprecipitates in comparison to Lp and Fh coprecipitates is unknown. However, it remains possible

that the difference in synthesis pathways may have resulted in variations in the distribution and
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arrangement of alginate within the coprecipitates. Such notion may explain the different response

of the coprecipitates to the irradiation treatment.

4.5. Impact of y-irradiation: bioavailability

In addition to the analytical techniques employed in this study, microbial Fe(III) reduction
experiments were carried out to further probe the impact of y-irradiation on the bioavailability (rate
and extent of Fe reduction) of the various iron oxyhydroxides studied (Figures 8 and 9, Table S6).
It is very well established in the literature that the rate and extent of Fe(Il) reduction by Fe(III)
reducing bacteria (FeRB) is dictated by several factors, including: cell concentration (O’Loughlin
et al., 2010), SSA (Roden and Zachara, 1996; Roden, 2003), particle aggregation (Roden and
Zachara, 1996; Roden, 2003; Cutting et al., 2009), crystallinity and morphology (Cutting et al.,
2009), solubility (Bonneville et al., 2004; Bonneville et al., 2009), Fe(Il) concentration (Roden
and Zachara, 1996; Fredrickson et al., 1998; Roden and Urrutia, 2002), the presence of simple
organic ligands (Urrutia et al., 1999; O’Loughlin et al., 2010), and redox-active molecules (e.g.
electron shuttles) (Jiang and Kappler, 2008). In the case of Fe-OM precipitates, additional factors
control the bioavailability of Fe and these include: the mode of association between the mineral
and OM (i.e. adsorption vs. coprecipitation) (Eusterhues et al., 2014a; Kleber et al., 2015), type of
OM (Poggenburg et al., 2016), C/Fe molar ratio (Shimizu et al., 2013; Eusterhues et al., 2014a;
Adhikari et al., 2017), surface charge (Amstaetter et al., 2012), extent of OM induced aggregation
(Amstaetter et al., 2012; Adhikari et al., 2016; Poggenburg et al., 2016; Poggenburg et al., 2018),
and the orientation of the experimental vessels (Dippon et al., 2015). In the current study, it was
observed that the initial cell counts for a biotic system using both a native and a corresponding
post-irradiated iron oxyhydroxide were comparable within the margin of error (Table S7). This

observation indicates that any variations observed in the rate or extent of Fe(III) reduction can be
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confidently attributed to differences associated with the physicochemical properties of the mineral
phases.

SSA is commonly employed as a quantitative measure to assess the availability of reactive
sites for FeRB (Roden and Zachara, 1996; Roden, 2003). Therefore, this parameter can serve as
an indicator of the potential bioavailability of iron oxyhydroxides, with an increase in SSA
generally favouring microbial Fe(IIl) reduction, and conversely, a decrease impeding it (Roden
and Zachara, 1996; Roden, 2003). In the case of the Fh coprecipitates with a C/Fe ratio of 0.5 or
1.0, we observed a reduction in SSA following the irradiation treatment (Figure 3). As a result,
one might expect that the bioavailability of those minerals would be lower than that of their
corresponding native controls. However, the rates of Fe(IIl) reduction for those minerals were
comparable, while the extent of Fe(Ill) reduction was noticeably higher for the irradiated Fh
coprecipitates compared to their native controls (Figures 8 and 9, Table S6). This suggests that
SSA alone is an unreliable predictor of mineral bioavailability, especially in the context of Fe-
OM-coprecipitates (Mikutta and Kretzschmar, 2008; Mikutta et al., 2008; Chen et al., 2014;
Poggenburg et al., 2016; Poggenburg et al., 2018). Our findings align with those of several other
studies (Mikutta and Kretzschmar, 2008; Langley et al., 2009d; Langley et al., 2009¢; Poggenburg
et al., 2016), and suggest that other factors control the bioavailability of the studied minerals.

An increased rate of Fe(III) reduction by Shewanella oneidensis MR-1 was reported for 2-
line ferrihydrite post-irradiation to a dose of 1 MGy (Brown et al., 2014). Furthermore, the rate
and extent of Fe(IIl) reduction were doubled in the presence of an electron shuttle (riboflavin)
(Brown et al., 2014). This enhancement was attributed to the partial transformation of ferrihydrite
into an akageneite-like phase, and reduced aggregation of ferrihydrite particles (Brown et al.,

2014). While we observed a similar partial conversion of Fh into a phase with higher crystallinity
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following irradiation, the rate and extent of reduction for the irradiated Fh were found to be
comparable to that of the native control (Figures 8 and 9, Table S6). Additionally, we found that
the particle size of the irradiated Fh aggregates in suspension was similar to that of the native
control (Figure 4). Consequently, the lower dosage used in this study (25 kGy) did not appear to
significantly affect the aggregation state of Fh particles, as opposed to the high dosage applied by
Brown et al. (2014). Similarly, the bioavailability of pure Lp and Gt did not change post-irradiation
(Figures 8 and 9, Table S6), consistent with the lack of alterations in their bulk mineralogy, PV,
SSA, particle size, and poorly crystalline Fe fraction as determined by chemical extractions
compared to their native controls. Brown et al. (2014) observed that in the absence of an electron
shuttle, there was no difference in the bioavailability between irradiated (1 MGy) and native
hematite, despite the irradiation induced partial transformation of the mineral into a poorly
crystalline Fe(Ill) phase. However, a difference was observed only when an electron shuttle
(riboflavin) was present. Therefore, the addition of an electron shuttle, combined with
spectroscopic analyses, might reveal a different outcome for these minerals (Lp and Gt).

In contrast to pure ferrihydrite, the aggregation state of the post-irradiated coprecipitates
differed from that of the native controls (Figure 4). When the coprecipitates were suspended in the
chemically defined medium, we observed variations in the stability of the aggregates (Figure S28).
Specifically, the native Fh coprecipitates appeared to form large aggregates that settled quickly at
the bottom of the microcosm bottles. In contrast, the irradiated Fh coprecipitates appeared to form
both stable suspensions and larger aggregates, probably due to irradiation-induced degradation of
alginate. This observation became more apparent throughout the experimentation period (Figure
S28), and measurements of particle size further corroborated our findings (Figure 4). This

observation might elucidate the difference in the extent of reduction for the post-irradiated
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ferrihydrite coprecipitates compared to their native controls (Figures 8 and 9, Table S6). Larger
aggregates would impede the accessibility for the bacteria to available sites, whereas the smaller
aggregates would increase site accessibility (Amstaetter et al., 2012; Adhikari et al., 2017).
Furthermore, the similarity of the particle size among the post-irradiated Fh coprecipitates likely
explains their comparability of the extent of Fe(III) reduction (Figures 4 and 9). It is also possible
that as Fe reduction progresses, the aggregation state of the coprecipitates undergoes changes due
to the release and re-adsorption of alginate, a process that may differ between alginate and alginate
oligosaccharides.

The particle size of the Lp coprecipitates similarly decreased after irradiation, and yet the
degree of microbial Fe reduction in comparison to their native counterparts was not as substantial
as seen for the Fh coprecipitates (Figure 4). However, it is also possible that distinctions may
become more apparent over a longer time period, exceeding 25 days, due to the slower rates of
Fe(Ill) reduction of the Lp coprecipitates (Figure 8). The difference in the extent of Fe(IIl)
reduction between the native and post-irradiated Gt coprecipitates was also not as substantial as
seen for the Fh coprecipitates (Figure 8). The lack of changes in the particle size for the Gt
coprecipitates might account for the similarity of bioavailability between the irradiated and native
coprecipitates for Gt coprecipitates.

In addition to OM controlling the aggregation state and thus the bioavailability of iron
oxyhydroxide coprecipitates, OM, depending on the C/Fe ratio and type, may also enhance the
bioavailability of iron oxyhydroxides through multiple pathways. Enhancement may proceed
through (1) the alleviation of the thermodynamic constraint from the buildup of enzymatically
generated Fe(II) on the oxyhydroxide surface (Fredrickson et al., 1998; Urrutia et al., 1999; Roden,

2003; Hyacinthe et al., 2006), and (2) the stabilization of thermodynamically unstable minerals,
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particularly Fh and Lp, against Fe(Il)-catalyzed transformation into minerals that are less
susceptible to microbial Fe(IIl) reduction, such as magnetite or goethite (Fredrickson et al., 1998;
Zachara et al., 2002; Kleber et al., 2015). However, alginate and alginate oligosaccharides exhibit
a limited capacity to chelate Fe(Il) (Falkeborg et al., 2014). Among the minerals studied, this is
further emphasized by the similar proportion of dissolved Fe(II) in relation to total Fe(II) between
a native and its corresponding post-irradiated coprecipitate, which also matches that of a

corresponding pure phase (Figure 8).

4.6. Characterization of bioreduced solids

The specific identity of biogenic minerals formed during Fe(IIl) reduction depends on
various factors including: the stability of the iron oxide phase (Fredrickson et al., 1998; Cutting et
al., 2009), Fe(II) concentration and rate of release (Fredrickson et al., 1998; Hansel et al., 2003;
Amstaetter et al., 2012), solution's chemistry (e.g. buffer type and PO4 concentration) (Fredrickson
et al., 1998; Zachara et al., 2002; Borch et al., 2007), OM content (Shimizu et al., 2013; Chen et
al., 2015; Poggenburg et al., 2016; Adhikari et al., 2017), and the orientation of the microcosm
vessel (Dippon et al., 2015). The absence of crystalline phases in our Fh experiments is partly due
to phosphate, which inhibits goethite and magnetite formation by binding to Fh surfaces and
forming vivianite and Fe(Il) complexes (Hansel et al., 2003; Borch et al., 2007; Amstaetter et al.,
2012). Experimental work at our laboratory indicated that at a concentration of 400 uM, phosphate
is fully adsorbed by the native Fhs studied (data not shown). Thus, vivianite precipitation occurs
as Fe(III) reduction exceeds the adsorption capacity of a mineral phase towards phosphate (Figure
8). However, irradiation induced changes to the surface area of Fh coprecipitates (C/Fe 0.5 and
C/Fe 1.0) may have reduced their capacity to adsorb phosphate, thereby allowing for vivianite to

reach saturation and precipitate.
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In addition to phosphate, OM also contributes to stabilizing Fh against transformation
(Cornell and Schwertmann, 2003; Kleber et al., 2015). OM has been shown to hinder surface
interactions with Fe(Il), thereby reducing the rate of electron transfer between Fe(II) and Fe(III)
necessary for the formation of goethite and magnetite (Amstaetter et al., 2012; Shimizu et al.,
2013; Chen et al., 2015). Furthermore, OM can alter the pathway of mineral transformation, a
property that is dependent on the C/Fe ratio (Shimizu et al., 2013; Chen et al., 2015; Adhikari et
al., 2017). At a high C/Fe ratio of 4.3, Shimizu et al. (2013) postulated that the aggregation of Fh-
OM-coprecipitates created microenvironments that limited the diffusion of Fe(II) and HCO3™ into
the solution, effectively trapping these species and creating favourable conditions for the
precipitation of green rust. However, considering the influence of irradiation on aggregate stability
and the reduction of the C content in the Fh coprecipitates, it leads us to hypothesize that irradiation
might lead to erroneous conclusions regarding the pathways of mineral transformation and the

specific minerals that may form in natural samples.

5. Conclusions

In this study, we found that y-irradiation to a total dose of 25 kGy led to significant
reduction and dissolution of synthetic iron oxyhydroxides coprecipitated with varying
concentrations of Na-alginate. The extent of such reactions was found to increase with increasing
alginate content. Our results may explain the observations made by Schaller et al. (2011) who
reported a significant release of DOC and a concomitant release of Fe and Mn as well as U and As
following irradiation of organic rich sediments. Irradiation was also found to have a significant
impact on the physicochemical and mineralogical properties of Fh coprecipitates (C/Fe 0.5, 1.0,
and 1.5). The observed irradiation induced decrease in SSA and aggregation of these coprecipitates

may lead to over-or-underestimation of the adsorption capacity of a natural sample towards
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contaminants and nutrients (e.g. As, P, Cu). Likewise, enhanced bioavailability may lead to
erroneous conclusions regarding the extent of Fe reduction and organic matter release, which has
important implications for research relevant to C cycling that is associated with the iron
oxyhydroxide mineral fractions.

We attempted to investigate the impact of irradiation on the physicochemical properties of
iron oxyhydroxides with variable thermodynamic stability to reflect those occurring in natural
samples, including BIOS (Gault et al., 2011; ThomasArrigo et al., 2022). Synthesis of such
minerals required the use of variable synthesis procedures that led to the formation of minerals
with distinct physicochemical properties as a consequence of the variations in the distribution and
arrangement of alginate within the coprecipitates. Consequently, whether the observed irradiation-
induced changes, particularly in Fh coprecipitates, accurately reflect those found in natural
samples or are solely attributable to the chosen synthesis pathway, remains uncertain. For example,
whether or not Fh that is synthesized in the absence of Cl (e.g. Fe(NO3)3) will undergo similar
changes in crystallinity remains to be determined in future studies.

For this research, we opted for Na-alginate as the representative organic compound,
because the impact of irradiation on this polysaccharide is well characterized in the literature (Le
Quang and Vo Thi, 2009). However, it is important to note that the impact of irradiation varies
with OM type and stability, which may lead to soil/sediment specific effects (Da Silva et al., 1997;
Zhao et al., 2020; Zhao et al., 2021). Moreover, the chemistry of the natural sample plays an
important role in modulating the impact of irradiation due to the presence of redox sensitive
compounds capable of scavenging the reducing and oxidizing radicals (Cataldo and Angelini,

2012; Brown et al., 2015). In addition to this consideration, it is important to note that the response
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of OM to irradiation is dose-dependent (Da Silva et al., 1997; Zhao et al., 2020). Consequently,
irradiation induced changes to Fe-coprecipitates may become more apparent at higher doses.
Finally, the results from this study could be also relevant to deep geological repository
(DGR) environments where spent fuel is intended to be stored (Brown et al., 2015; Zhao et al.,
2021; Zhao et al., 2022a), and deep subsurface environments (Blair et al., 2007). Within such
conditions where radioactive decay fuels the flux of y-radiation may enhance the dissolution of
Fe-OM-coprecipitates and the microbial reduction of Fe(IIl). Nonetheless, from a sterilization
point of view, our results indicate that y-irradiation induced physicochemical changes to the
minerals tested which is contrary to numerous other studies identifying y-sterilization as a
minimally invasive technique. Therefore, future researchers must be cognizant of the potential
effects of sterilization through y-irradiation on Fe-OM-coprecipitates.
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Mineral syntheses

Pure 2-line ferrihydrite (Fh) was synthesized by the rapid addition of 1M NaOH to a solution of
80mmol FeCl3*6H20 under vigorous stirring to a final pH of 7.0 (Langley et al., 2009b). The
ferrihydrite-alginate coprecipitates were synthesized in a similar fashion to pure Fh from the point
of NaOH addition to the Fe(IIl) solution (Mikutta et al., 2008). For the synthesis, an appropriate
amount of Na-alginate powder was initially dissolved in 450 mL of sterile UPW for a period of 24
h in the dark. Subsequently, the pH of the alginate-solution was adjusted to ~2.5 with 6M trace
metal grade HCI using a sterile pH probe while vigorously mixing. Following pH adjustment, the
alginate solution obtained a homogenous milky appearance at which point 200 mL of FeCl3*6H20
solution of appropriate concentration was added to the alginate solution while vigorously mixing.
At this point the pH of the mixture dropped to 1.4-1.8 and had an orange-milky appearance. | M
NaOH was then added rapidly as described with Fh until a red-brown precipitate had formed. The
pH of the final solution was ~7.00, which was monitored and adjusted for at least 20 min until pH
fluctuation had ceased. While in suspension, the final mixture was aseptically and equally divided
into sterile 50 mL flacon tubes. Washing of the precipitate proceeded by centrifugation/vertexing
and washing with sterile UPW until the conductivity of the supernatant decreased to <25 puS/cm.

Pure lepidocrocite (Lp) was synthesized following the method outlined in Schwertmann and
Cornell (2008). Briefly, 11.93 g of FeCl2¢4H20 (60 mmol) was dissolved in 100 mL UPW and
filtered (Cytiva polyethersulfone membrane, 0.22 pum) to sterilize and to remove any oxidized
products directly into sterile 200 mL. UPW while stirring. Subsequently, the pH of the acidic
solution was adjusted to 6.7 with 1 M NaOH, at which point filtered compressed air was introduced
at a rate of 100-115 mL/min. During the oxidation process, the pH of the solution was manually
adjusted (6.7 — 6.9) by the addition of base until fluctuation had stabilised for at least 30 min.
Synthesis of lepidocrocite-alginate coprecipitates proceeded in the same manner described for Lp
with some modifications. Initially, an appropriate amount of Na-alginate was dissolved in 300 mL
of sterile UPW in the dark for a duration of 24 h. After the pH adjustment of the alginate solution
to 2.5, synthesis and pH adjustment proceeded as described with Lp. However, it was noted that
the synthesis time of Lp increased with increasing organic matter content, in which case the time
increased from 3 h (pure Lp) to 6-8 h (C/Fe 1.0 and 1.5). Consequently, minor amounts of goethite
had formed likely as a result of the long exposure time of the solution to CO2 (HCO3") from the
compressed air. Therefore, to eliminate/minimize such contamination, lepidocrocite-alginate
coprecipitates (C/Fe of 1.0 and 1.5) were synthesized by bubbling with pure Oz at a rate of ~25
mL/min. Division and washing of the Lp precipitates proceeded as described for Fh.

Pure goethite (Gt) was synthesized via the oxidation of a Fe(II) solution following the method
outlined in Schwertmann and Cornell (2008). Prior to synthesis, deoxygenated sterile UPW was
prepared by sparging with filtered N2 for 1 h to remove oxygen, and then transferred into a Coy
Labs anaerobic chamber operating with an atmosphere of 95:5 N2:Hz. Subsequently, inside the
anaerobic chamber, 15 g of FeCl2¢4H20 (75.45 mmol) was dissolved into 150 mL of the anaerobic
UPW and then filtered (Cytiva polyethersulfone membrane, 0.22 pm) directly into 850 mL of DI
water in a 2 L Pyrex glass bottle and stirred. Outside the anaerobic chamber, 170 mL of a freshly
prepared and filter sterilized solution of 1 M NaHCO3 was aseptically added to the Fe(IT) solution
while stirring at 800-900 rpm. This final mixture was then sparged with compressed air at a rate
of 30-40 mL/min for a duration of 48 h. Goethite-alginate coprecipitates were prepared by
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dissolving an appropriate amount of alginate into 500 mL of deoxygenated UPW for 24 h inside
the anaerobic chamber and covered with aluminium foil. Under anaerobic conditions, 150 mL of
75.45 mmol of Fe(II) solution was then filtered directly into the alginate solution while vigorously
stirring, and then topped off with anaerobic UPW to a final volume of 1 L. Subsequent synthesis
proceeded as described for pure Gt. The final Gt precipitates were allowed to settle for up to 1
week prior to division and washing as described for Fh.
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Table S1: Total Fe concentration in the experimental jars. Both native and irradiated jars had
comparable concentrations. Fh, Lp, and Gt, correspond to 2-line ferrihydrite, lepidocrocite, and

goethite, respectively.

C/Fe (mol:mol) Fh (mM) Lp (mM) Gt (mM)
0 573.62+10.8 419.01£10.9 545.22+42.8
0.5 572.98+11.8 482.58+10.1 658.10+£8.8
1 236.81£9.6 442.73£5.5 604.75+6.8
1.5 166.81+8.5 452.07£12.9 600.87+3.4
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Fig. S1: 2-line ferrihydrite coprecipitated with alginate (C/Fe 1.0 and 1.5) before and after y-
irradiation (25 kGy). The pictures show loss of viscosity following the irradiation treatment and a
clear separation of phases (liquid and solid).
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Fig. S2: pH of the aqueous supernatants collected following the centrifugation of the native iron
oxyhydroxides and their corresponding y-irradiated counterparts. pH was measured under
anaerobic conditions to prevent changes due to the oxidation of ferrous iron. Fh, Lp, and Gt
correspond to 2-line ferrihydrite, lepidocrocite, and goethite, respectively.
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Fig. S3: Na-adsorption-desorption isotherms of the various 2-line ferrihydrite-alginate
coprecipitates (C/Fe 0, 0.5, and 1.0 mol:mol) before and after y-irradiation (25 kGy). Data points
represent the average of two measurements. Note the difference in the Y-axes scales.
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Fig. S4: N:2-adsorption-desorption isotherms of the various lepidocrocite-alginate coprecipitates
(C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) before and after y-irradiation (25 kGy). Data points represent
the average of two measurements. Note the difference in the Y-axes scales.
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average of two measurements. Note the difference in the Y-axes scales.
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Fig. S9: FTIR spectra of dried Na-alginate (A) normal spectrum and (B) Savitsky-Golay secondary
derivative spectrum with 19 points of smoothing. The latter spectrum was multiplied by -1. Refer

to Table S2 for the band assignments.
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Table S2: IR band assignments for pure Na-alginate. Italicized wavenumber values correspond to
bands obtained from the Savitsky-Golay secondary derivative with 19 points of smoothing.

Wavenumbers (cm™) Assignment
3226 v(O-H)
2919 v(C-H)
1596 Vasym(C-O-0O) carboxylate
1408, 1405 vsym(C-O-0) carboxylate
1298 8(C-H)
1175 vsym(C-O) of glycosidic linkage
1130 v(C-0O) of pyranose ring
v(C-C) of pyranose ring
d(C-C-C) of pyranose ring
1087, 1080 v(C-0O-C) of pyranose ring
v(C-C) of pyranose ring
Vasym(C-O-C) of glycosidic linkage
1028, 1025 Vibrations due to mannuronic and guluronic acid residues:
Vasym(C-O-C) of glycosidic linkage
v(C-0) of pyranose ring
v(C-C)
v(C-0O) of secondary alcohols
998 v(C-0O) of pyranose ring
v(C-C) of pyranose ring
d(C-C-C) of pyranose ring
952, 950 Vibrations due to mannuronic acid residues:
v(C-C)
O(C-C-H)
935 v(C-C) of mannuronic acid residues
883 0(C1-H) B-mannuronic acid residues
814 Vibrations due to mannuronic acid residues:
3(C-0O-C) of glycosidic linkage
d(C-C-C) of pyranose ring
0(0-C-C) of pyranose ring
O(C-C-H)
779 a-L-guluronic acid residues
725 Ring breathing

Band identification acquired from: Sartori et al. (1997); Chandia et al. (2001); Leal et al. (2008);

Cardenas-Jiron et al. (2011).
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Fig. S10: FTIR spectra of 2-line ferrihydrite coprecipitated with alginate (C/Fe of 0, 0.5, 1.0, and

1.5 mol:mol) before and after y-irradiation to a total dose of 25 kGy. Refer to Table S3 for the

band assignments.
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Table S3: IR band assignments for native and post-irradiated ferrihydrites coprecipitated with
and without Na-alginate (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™) Assignment
3292-3177 v(O-H)
2919 v(C-H)
1627 3(0-H)
1468, 1360 2-line ferrihydrite: vasym(C-O), vsym(C-O) adsorbed carbonate
1592-1589 Vasym(C-0-0) carboxylate
1408-1406 vsym(C-O-0) carboxylate
1298 d(C-H)
1175 vsym(C-O) of glycosidic linkage
1080 v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
1033 Vibrations due to mannuronic and guluronic acid residues:

vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring

v(C-C)
v(C-0) of secondary alcohols
883 d(C1-H) B-mannuronic acid residues
814 Vibrations due to mannuronic acid residues:

0(C-0-C) of glycosidic linkage
d(C-C-C) of pyranose ring
d(0-C-C) of pyranose ring
d(C-C-H)
565 2-line ferrihydrite: v(Fe-O)

268



Lepidocrocite C/Fe 1.5

I v - Irradiated

syun Aesnqay

500

3500

4000

Wavenumbers (cm1)
Lepidocrocite C/Fe 1.00

suun Aleniguy

3000 2500 2000 1500 1000 500

00

35

4000

Wavenumbers (cm)
Lepidocrocite C/Fe 0.5

£09T( 009T

090¢

suun Adeaiquy

500

1000

1500

2000

2500

3000

3500

4000

_1)

Wavenumbers (cm

Lepidocrocite

suun Aleagly

500

1000

1500

2000

2500

3000

3500

4000

_1)

Wavenumbers (cm
Fig. S11: FTIR spectra of lepidocrocite coprecipitated with alginate (C/Fe of 0, 0.5, 1.0, and 1.5

mol:mol) before and after y-irradiation to a total dose of 25 kGy. Refer to Table S4 for the band

assignments.
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Table S4: IR band assignments for native and post-irradiated lepidocrocite coprecipitated with
and without Na-alginate (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™)

Assignment

3450
3172-3015
2919
1630
1607-1600
1411-1409
1298
1175
1080

1155
1020-1024

883-877

793
753-741
597-590

v(O-H) of adsorbed H20
v(O-H) structural
v(C-H)
0(O-H) of adsorbed H.0
vasym(C-O-0) carboxylate
vsym(C-O-0) carboxylate
d(C-H)
vsym(C-O) of glycosidic linkage
v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
Lepidocrocite: In-plane 6(O-H)
Lepidocrocite: In-plane 8(O-H)
Vibrations due to mannuronic and guluronic acid residues:
vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring
v(C-C)
d(C1-H) B-mannuronic acid residues
Goethite (possible): 6(O-H) in plane
Goethite (possible): y(O-H) out of plane
Lepidocrocite: y(O-H) out of plane
Lepidocrocite: 1(O) out of plane (twisting)
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Fig. S12: FTIR spectra of goethite coprecipitated with alginate (C/Fe of 0, 0.5, 1.0, and 1.5

mol:mol) before and after y-irradiation to a total dose of 25 kGy. Refer to Table S5 for the band

assignments.
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Table S5: IR band assignments for native and post-irradiated lepidocrocite coprecipitated with
and without Na-alginate (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol).

Wavenumbers (cm™) Assignment
3450 v(O-H) of adsorbed H20
3185-3166 v(O-H) structural
1640 0(0O-H) of adsorbed H.0
1507, 1321 Vasym(C-0), vsym(C-O) bound carbonate
1600 Vasym(C-0-0) carboxylate
1411-1410 vsym(C-O-0) carboxylate
1298 o(C-H)
1175 vsym(C-0) of glycosidic linkage
1080 v(C-O-C) of pyranose ring
v(C-C) of pyranose ring
1033 Vibrations due to mannuronic and guluronic acid residues:

Vasym(C-O-C) of glycosidic linkage
v(C-0O) of pyranose ring

v(C-C)
v(C-0O) of secondary alcohols
888-877 Goethite: In-plane 3(O-H)
793-791 Goethite: Out-of-plane y (O-H)
609-604 Goethite: vsym(Fe-O)

272



Table S6: Linear Fe(III) reduction rates and maximum percentage of total Fe reduced for the non-
irradiated and y-irradiated precipitates. The values represent the mean + standard deviation of 3
replicate experiments for each precipitate.

Rate (day™) Maximum Fe reduced (%)
Sample Native Y Native Y
Fh 0.042+0.003 (R?>=0.995) 0.042+0.003 (R*=0.995) 61.72+3.03  61.73+2.80
Fh0.5  0.044£0.008 (R2=0.976) 0.044+0.007 (R>=0.982) 43.22+1.24* 55.97+2.13*
Fh1.0  0.047+0.009 (R?=0.976) 0.051+0.009 (R>=0.976) 45.83+£1.13* 59.41+1.72%
Fh1.5 0.050+0.008 (R?=0.981) 0.061+0.008 (R>=0.989) 44.75+2.00* 61.74+2.13*
Lp 0.018£0.002 (R2 = 0.987) 0.018+0.002 (R2=0.990) 33.58+5.14  33.49+4.29
Lp0.5  0.016:0.004 (R2=0.962) 0.015:0.003 (R2=0.973) 34.85:2.18% 38.87+2.57*
Lp1.0  0.024£0.004 (R?=0.975) 0.024+0.003 (R?=0.991) 39.12+2.95  40.94+2.82
Lpl.5  0.028£0.007 (R2=0.963) 0.028+0.004 (R2=0.984) 42.46:2.53 44.78+2.83
Gt 0.013+0.002 (R2=10.985) 0.014+0.002 (R>=0.984) 30.57+2.71  31.00+3.13
Gt0.5  0.013+0.003 (R?=0.960) 0.013+0.003 (R>=10.967) 30.09+2.92  29.70+2.90
Gt 1.0 0.015+0.002 (R2=10.993) 0.017+0.002 (R>=0.993) 35.81+3.06 38.85+3.96
Gt1.5 0.017+0.002 (R2=0.986) 0.018+0.002 (R2=0.987) 34.03£2.97* 37.14+2.60*

* Significant difference between treatments at the 95% confidence interval (P<0.05, two-tailed t-

test)
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Fig. S13: Changes in pH during the anaerobic reduction of the native ferrihydrite-alginate
coprecipitates (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) and their corresponding y-irradiated counterparts
by S. putrefaciens CN32. Data markers represent means =+ standard deviations derived from three
experimental replicates of each system.
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Fig. S15: Changes in pH during the anaerobic reduction of the native goethite-alginate
coprecipitates (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) and their corresponding y-irradiated counterparts
by S. putrefaciens CN32. Data markers represent means =+ standard deviations derived from three
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Table S7: Cell concentration (log colony forming unit CFU/mL) of S. putrefaciens CN32 measured
at the start and end of the reduction experiments for the various native and irradiated iron
oxyhydroxide coprecipitates. Data represents the mean + standard deviation of 3 replicates for
each experiment. Across all experiments, no growth of any bacteria was observed in the control
microcosms.

Average Logio Colony Forming Unit

Sample Initial Final
e Native 7.84=0.12 6.49+0.04
v 7.7240.03 6.53=0.09
Native 7.84+0.18 6.44:0.11
FhCFe05 7.93+0.12 6.86£0.04
Native 7.70+0.10 6.37+0.06
FhCFel0 7.85+0.11 6.67+0.14
Native 7.67+0.04 6.18£0.23
FhCFels 7.67+0.10 6.460.10
Lo Native 7.87+0.11 6.49+0.04
p v 7.80+£0.25 6.53+0.09
Native 7.6240.15 7.1120.03
LpClFe 0.5 7.67+0.14 7.2540.03
Native 7.9320.11 7.00£0.04
LpClFel0 7.9240.10 6.99:0.06
Native 7.7620.10 6.83-0.05
Lp C/Fe 1.5 v 7.91+0.17 6.77+0.03
Gt* Native 7.93+£0.10 7.34+0.02
v 7.76£0.09 7.330.02
Native 7.53+0.36 7.09+0.09
GtC/Fe 0.5 v 7.86+0.19 7.02:0.07
Native 7.92+0.12 6.940.05
GtC/Fe 1.0 v 7.75+0.16 7.10:0.01
Native 7.87+0.02 6.80-£0.14
GtC/Fe 1.5 y 7.88+0.09 6.92+0.08

*Fh: 2-line ferrihydrite
Lp: lepidocrocite
Gt: goethite
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Fig. S16: X-ray diffraction patterns of post-reduction precipitates formed during the microbial
reduction of the native ferrihydrite-alginate coprecipitates (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) and
their corresponding y-irradiated counterparts. Dashed lines highlight the peaks from the sample
holder. For clarity, all patterns have been vertically separated on an arbitrary y-axis.
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Fig. S17: X-ray diffraction patterns of post-reduction precipitates formed during the microbial
reduction of the native lepidocrocite-alginate coprecipitates (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol)
and their corresponding y-irradiated counterparts. Dashed lines highlight the peaks from the
sample holder. For clarity, all patterns have been vertically separated on an arbitrary y-axis.
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Fig. S18: X-ray diffraction patterns of post-reduction precipitates formed during the microbial
reduction of the native goethite-alginate coprecipitates (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol) and
their corresponding v-irradiated counterparts. Dashed lines highlight the peaks from the sample
holder. For clarity, all patterns have been vertically separated on an arbitrary y-axis.
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Fig. S19: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of pure native and y-irradiated 2-line ferrihydrite by S. putrefaciens CN32.
The yellow circle corresponds to the area scanned to produce the EDX spectra.
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Fig. S20: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of native and y-irradiated 2-line ferrihydrite coprecipitated with alginate (C/Fe
0.5 mol:mol) by S. putrefaciens CN32. The yellow circle corresponds to the area scanned to
produce the EDX spectra.
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Fig. S21: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of native and y-irradiated 2-line ferrihydrite coprecipitated with alginate (C/Fe
1.0 mol:mol) by S. putrefaciens CN32. The yellow circle corresponds to the area scanned to
produce the EDX spectra.
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Fig. S22: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of native and y-irradiated 2-line ferrihydrite coprecipitated with alginate (C/Fe
1.5 mol:mol) by S. putrefaciens CN32. The yellow circle corresponds to the area scanned to
produce the EDX spectra.
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Fig. S23: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of native lepidocrocite coprecipitated with alginate (C/Fe of 0, 0.5, 1.0 and
1.5 mol:mol) by S. putrefaciens CN32. The yellow circle corresponds to the area scanned to
produce the EDX spectra.
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Fig. S24: SEM micrographs and EDX spectra of post-reduction precipitates formed during the
microbial reduction of native goethite coprecipitated with alginate (C/Fe of 0, 0.5, 1.0 and 1.5
mol:mol) by S. putrefaciens CN32. The yellow circle corresponds to the area scanned to produce
the EDX spectra.
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Fig. S25: FTIR spectra in the 1800 — 800 cm™ region of the dried supernatant collected from 2-
line ferrihydrite-alginate coprecipitates (C/Fe 0.5, 1.0, and 1.5 mol:mol) following y-irradiation,
centrifugation, and filtration (0.22 pm). The spectra indicate irradiation induced dissolution and
release of dissolved alginate into solution. The spectrum of dried Na-alginate was included for
comparison.
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Fig. S26: FTIR spectra in the 1800 — 800 cm™! region of the dried supernatant collected from the
native and y-irradiated lepidocrocite-alginate coprecipitates (C/Fe 0.5, 1.0, and 1.5 mol:mol)
following centrifugation, and filtration (0.22 pm). The spectra indicate irradiation induced
dissolution and release of dissolved alginate into solution. The spectrum of dried Na-alginate was
included for comparison.
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Fig. S27: FTIR spectra in the 1800 — 800 cm™ region of the dried supernatant collected from
goethite-alginate coprecipitates (C/Fe 0.5, 1.0, and 1.5 mol:mol) following vy-irradiation,
centrifugation, and filtration (0.22 pm). The spectra indicate irradiation induced dissolution and
release of dissolved alginate into solution. The spectrum of dried Na-alginate was included for
comparison.
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Fig. S28: Difference in the aggregation and coagulation of the native (left) and post-irradiated
(right) ferrihydrite coprecipitated with C/Fe ratio of 0.5. The picture was taken at the end of the
experimental period (25 days) of exposure to Shewanella putrefaciens CN32.
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Fig. S29: Electron micrographs of carbon coated native 2-line ferrihydrite-alginate coprecipitates
(C/Fe 0, 1.0, and 1.5 mol:mol) and their corresponding y-irradiated counterparts. The

micrographs show alginate induced aggregation. Arrows point to the possible presence of
alginate.
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Fig. S30: Electron micrographs of carbon coated native lepidocrocite-alginate coprecipitates (C/Fe
0, 1.0, and 1.5 mol:mol) and their corresponding y-irradiated counterparts. The micrographs show
alginate induced aggregation and alginate induced transition from the typical needle shape for
lepidocrocite crystals to nano-sized crystals.
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Fig. S31: Electron micrographs of carbon coated native goethite-alginate coprecipitates (C/Fe 0,
1.0, and 1.5 mol:mol) and their corresponding y-irradiated counterparts. The electron micrographs
show the alginate induced aggregation of goethite particles.
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F1g $32: Field- emlsswnSM mlcrographs of gold coated native pure lepldocrocr[e (Lp) and
goethite (Gt). The micrographs show the typical needle-like shape crystals for lepidocrocite and
nano-sized rod-like shape crystals for goethite.
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Chapter 5: General Conclusions and Future Work

The general conclusions of this thesis are as follows:

Chapter 2: The study demonstrates that the coprecipitation of OM with iron oxides significantly
alters their structural and surface properties, leading to increased Fe extractability and decreased
crystallinity with rising OM content, especially for lepidocrocite and goethite. These changes are
consistent with OM-induced inhibition of crystal growth and reflect characteristics observed in
naturally occurring BIOS. Chemical extractants such as 0.5 M HCI and ascorbate, commonly used
as proxies for Fe bioavailability, showed a clear increase in extractable Fe with increasing OM
content, suggesting a higher proportion of poorly crystalline, and presumably more labile, Fe
phases. However, microbial Fe(III) reduction did not increase proportionally; for lepidocrocite and
goethite-OM coprecipitates, reduction rates were equivalent to- and reduction extent only slightly
higher than-those of their pure mineral counterparts. This disconnect highlights that chemical
extractability does not necessarily equate to microbial bioavailability. Overall, the findings
emphasize that OM-driven changes in mineral properties can influence chemical reactivity, but
not always in ways that predict microbial behavior. Biogeochemical models must therefore
distinguish between chemical and biological indicators of Fe availability to accurately assess the

role of dissimilatory iron reduction in Fe and C cycling in natural environments.

Chapter 3: The study indicates that varying P loading, the sorption mechanism, and coprecipitation
with OM play an important role in determining the reactivity of a commonly occurring iron oxide,
2-line ferrihydrite. Collectively, our findings show that coprecipitation is a less effective
mechanism for stabilizing and sequestering P compared to adsorption. Moreover, the cooperative
role of OM and P renders the P-OM-Fe coprecipitates less stable and more labile towards microbial

and chemical reduction than OM-Fe coprecipitates with pre-adsorbed P or OM-Fe coprecipitates.
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Interestingly, this same interaction appears to inhibit the transformation of ferrihydrite into more
crystalline iron phases at high P loadings, suggesting a dual role where P and OM jointly increase
solubility while suppressing crystallization sustaining further reduction and potential release of
constituents. This suggests a fast turnover of P-OM-Fe within aquatic reducing environments,
particularly eutrophic lakes. These findings highlight the complex interplay between P, OM, and
Fe mineral phases and have important implications for nutrient cycling, contaminant mobility, and

iron oxide stability in redox-dynamic environments.

Chapter 4: The study indicates that y-irradiation at a relatively low dose (25 kGy) can significantly
impact the physicochemical and mineralogical properties of OM-iron oxide coprecipitates. Even
the mineralogically sensitive iron oxide, 2-line ferrihydrite, exhibited an increase in crystallinity
following irradiation. These findings highlight a critical consideration for researchers employing
y-irradiation as a sterilization method: such treatment can modify the physicochemical properties
of OM-Fe associations, potentially influencing their adsorptive behavior and bioavailability.
Therefore, caution is warranted when interpreting results from irradiated samples, especially in

studies aiming to assess natural geochemical reactivity or microbially mediated processes.

Future work:

OM is a heterogeneous mixture of molecular compounds formed by the decay of terrestrial
organic material or produced in aquatic systems by microbiota, and it is ubiquitous in natural
waters (Kleber et al., 2015). Thus, different types of OM possess different functional groups with
variable reactivity towards iron oxides. Although we chose Na-alginate as the representative OM
for this research future studies should further investigate the impact of different types of OM on

the reactivity of lepidocrocite-OM and goethite-OM coprecipitates towards abiotic and biotic
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reducing agents. Additionally, future studies should investigate how different types of OM
influences the reactivity of P-OM-Fe coprecipitates. In our study, we did not investigate the release
of OM following the reduction of P-OM-Fe coprecipitates and OM-Fe with pre-adsorbed P.
Further, we only investigated the impact of the sorption mode of P on OM-Fe coprecipitates with
a C/Fe ratio of 1.0 (mol:mol), although naturally occurring OM-Fe coprecipitates can have variable
C/Fe ratio that is less or above a ratio of 1. Thus, future investigations should determine the impact
of varying OM content on the reactivity of P-OM-Fe coprecipitates. Overall, these investigations
would enhance our understanding of the complex role of OM in regulating C, P and Fe cycling in
terrestrial and aquatic environments.

The past decade has seen a spike in research pertaining to understanding OM-Fe
associations under oxic and anoxic conditions. Given how important it is to determine the fate of
OM in relation to the rise of CO2 and global warming, this type of research will likely continue to
expand. Therefore, researchers may seek sterilization methods to study naturally occurring
samples. Although we investigated the impact of y-irradiation on alginate-iron oxide
coprecipitates, different types of OM will likely yield varying results. Given the complexity of
OM, naturally occurring OM may respond differently to y-irradiation (e.g. mechanism of
degradation) as a consequence of varying functional groups and complex molecular structure.
Therefore, future studies should investigate the impact of y-irradiation on the physicochemical and
mineralogical properties, and bioavailability of OM-Fe adsorbates/coprecipitates of varying OM
type and content. Furthermore, we only considered the impact of y-irradiation at a relatively low
dose, however microbes exhibit varying tolerance to radiation and may require a higher dose (up

to 75 kGy). A higher dose may lead to higher changes.
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The y-irradiation of alginate and the production of alginate oligosaccharides has found
several applications as a plant growth promoter in agricultural industries (Liu et al., 2019a; Wang
et al., 2019; Vasudevan et al., 2021; Baig et al., 2024; Li et al., 2024). We also observed the
production of Fe(Ill)-oligosaccharides complexes following the irradiation of the alginate-iron
oxide coprecipitates (Figure 1-5). The complexes were stable and remained in solution for ~4 years
at 4°C or 22°C at pH ~7. These complexes could be used to address Fe deficiency in plants, whilst

promoting growth.

Figure 1: Filtered (0.22 pm) supernatant following the y-irradiation of ferrihydrite-alginate
coprecipitates with varying C content (C/Fe 0, 0.5, 1.0, and 1.5 mol:mol). The picture shows
dissolved Fe(Ill)-alginate oligosaccharides that formed following y-irradiation at 25 kGy.
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