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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 Ny 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 ferri-
hydrites 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-ra-
diation 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 y-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.

1. Introduction

instance, can significantly alter the physicochemical properties of nat-
ural samples, including a decrease of surface area as a consequence of

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 alter-
ation during experimentation and storage (McNamara et al., 2003).
From the range of available sterilization methods reported in the liter-
ature, apparently all come with a disadvantage. Autoclaving, for
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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; Bues-
secker et al., 2019). On the other hand, the application of chemical
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agents was reported to result in the increase of extractable of Fe(II) and
Fe(IIl) (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
etal., 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., 2009¢; Langley
et al., 2009d).

Although autoclaving tends to be more commonly used due to its
lower cost and ease of accessibility, sterilization by gamma(y)-irradia-
tion 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, e,q, HoO2) 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 to 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., 2009d; 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 CO5 production,
and changes to the polycondensation, aromaticity, and molecular
weight properties of humic and fulvic acids (Da Silva et al., 1997; Gor-
aczko 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®t, Cs™,
Sr2+, and Eu3+, 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 carbohy-
drates (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(IIl)-bearing
minerals (e.g. goethite) to Fe(II) within organic poor sediment was re-
ported 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 irra-
diation 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., 2003), and (4) enhanced remobilization of uranium from sedi-
ments (30 kGy) (Seder-Colomina et al., 2022).
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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/sta-
bility, 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
etal., 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 et al., 2021; Li et 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 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 come into contact
with Oy (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 poly-
saccharides 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 prop-
erties, organo-mineral coprecipitates have been a subject of intense
research to determine their role in the environment towards contami-
nant, 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., 2022b), 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., 2014; 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,
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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 oxy-
hydroxides that were synthesized in the presence of organic matter
(coprecipitation). Specifically, we synthesized 2-line ferrihydrite, lep-
idocrocite, 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 environ-
ment 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(II)-oxidizing bacteria Gallionella spp. and Leptothrix spp., respec-
tively, 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 constitu-
ents from extracellular polymeric substances such as proteins, phos-
phate, and nucleic acids, as well as aromatic components from natural
OM to irradiation (Tourney and Ngwenya, 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 nat-
ural 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 pre-
pared aseptically by using sterile UPW or by filtering (0.22 pm 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 Supple-
mentary 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
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 bicar-
bonate (HCO3:Fe ~2) (Schwertmann and Cornell, 2008; Gault et al.,
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2011). For each mineral, washing of the precipitates proceeded by
centrifugation/vortexing and washing with sterile UPW until the con-
ductivity 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 poly-
propylene 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 ina 2 L
glass beaker and transported on ice to Nordion (Canada) Inc. where
y-irradiation proceeded using a °°Co source at a rate of 12-15kGy/h 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 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 counter-
part 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 asepti-
cally 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 homogenized, and then characterized for their physi-
cochemical properties (Sections 2.3.1-2.3.5) and bioavailability (Section
2.5) as described below.

2.3.1. >"Fe Mossbauer spectroscopy

Given the sensitivity of ferrihydrite to structural alteration, only the
native and post-irradiated 2-line ferrihydrite samples were analysed
with 5’Fe Mdssbauer spectroscopy. Samples for analyses were handled
and dried under an anoxic atmosphere composed of a mixture of 95% Ny
and 5% Hy. 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 pm
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) 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 oxy-
hydroxides was determined by X-ray diffraction (XRD). Air-dried sam-
ples were thoroughly ground to fine powders with an agate mortar and
pestle and analysed with a Rigaku Ultima IV diffractometer using a Cu-
Ko X-ray source, operating at 45 kV and 40 mA. Continuous scans were
run from 10 to 80° 20O using a step size of 0.02° at a rate of 0.7°/min.
Specific surface area (SSA) measurements on duplicate samples
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prepared in the same manner as XRD were carried out using a Quan-
tachrome 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 Ny
adsorption and 19 desorption points were recorded at 77 K in the partial
pressure region 5 x 1073 0.99 P/P,. 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/Pj, whereas the mesopore volume
(2-50 nm) was determined by applying the Barrett-Joyner-Halenda
(BJH) method as determined by the accompanying Autosorb-1 soft-
ware (Mikutta et al., 2008; Poggenburg et al., 2016). Total pore volume
was determined from the last point of the N5 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 also analysed with Fourier Transform
Infrared Spectroscopy (FTIR) using a Nicolet 6700 spectrophotometer
(ThermoFisher Scientific) equipped with a deuterated triglycine sulfate
(DTGS) 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 HyO 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% H203 and 2 mL
trace metal grade HNOj3 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 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 trip-
licates 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
HCI (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 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(II) content (HClgeqp), and
another aliquot was reduced with 0.28 M CIH4NO in 0.28 M HClI for a
duration of 30 min to determine total Fe (HCliare) concentration
following determination with the ferrozine assay (Stookey, 1970; Kostka
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and Luther, 1994; Viollier et al., 2000). The 0.5 M HCI extractable Fe(III)
was calculated as HClgeqm = HCliotalre — HClpeqn. For the ascorbate
extraction, the digests were filtered (Cytiva polyethersulfone mem-
brane, 0.22 pm) 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 oxy-
hydroxides 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 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 1 h. Sub-
sequently, the pH of 50 mL aliquots was adjusted with filtered 10 mM
NaOH or HNOj3 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 auto-
matic 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 pm) 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. Sub-
sequently, 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(II) 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 oxy-
hydroxides phases was observed following dilution. Finally, where
possible, aliquots of the filtrates were also dried at 40 °C for charac-
terization with FTIR-ATR as described above (Section 2.3.2.).

2.5. Bioavailability

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. Ste-
rility 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, min-
eral 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 asep-
tically 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



T. Najem et al.

CDM:TSB mixtures. After 24 h, the passaging procedure was repeated
with 95:5 CDM:TSB containing 100 pM phosphate, and continued by
transferring into 99:1 CDM:TSB containing 200 pM phosphate for a
period of 30 h. The final step involved growing the bacteria in 100%
CDM containing 400 pM phosphate for a period of 36 h. The concen-
tration of phosphate was progressively increased to acclimate the bac-
teria 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 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 pM of sodium phos-
phate. 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 experi-
ment), total and dissolved Fe(II), and total Fe. pH was monitored uti-
lizing 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(Ill)) was determined by dispensing 1 mL of unfiltered iron oxy-
hydroxide suspension into 1 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 pm) 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 HCL. 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 HCl for a period of 24
h. 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 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(II)-bearing
minerals.
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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) (Fig. S1). Prior to irradia-
tion, the Fh coprecipitates exhibited a viscous gel-like texture which
upon irradiation, 40-80% of their volume was converted into a brown
liquid (Fig. 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 (Fig. 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
(Fig. S2). Fig. 1 shows the amount of dissolved Fe species (Fe(II) and
total Fe (Fe(I) + Fe(IIl)) and organic carbon (DOC) in the filtered su-
pernatants 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 (Fig. 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 (Fig. 1). However,
following irradiation of the Fh coprecipitates, the amount of dissolved
Fe species and DOC increased linearly with increasing initial C/Fe ratio
(Fig. 1). The relative amount of the dissolved Fe(II) and total Fe were
within the range of 0.1-0.7%, and 3.5-9%, respectively (Fig. 1). This
increase was accompanied by an increase in DOC falling within the
range of 2-35% (Fig. 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
(Fig. 1). Such notion is supported by the detection of DOC in the su-
pernatants of these systems (Fig. 1). As was observed for the Fh copre-
cipitates, 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) (Fig. 1). Following
irradiation of the Lp coprecipitates, the amount of dissolved Fe(II), total
Fe, and DOC increased by 9-15x, 16-23x, and 2.5-3x, respectively,
relative to native controls (Fig. 1). Similarly, for the irradiated Gt
coprecipitates, the amount of dissolved Fe(lI), total Fe, and DOC
increased by 40-100x%, 30-50x, and 1.1-2x, respectively, relative to the
native controls (Fig. 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 dis-
solved Fe species as well as DOC increased with increasing initial con-
centration of alginate (Fig. 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
(I11) species (Fig. 1).

3.2. Chemistry of solids

Fig. 2 shows the total, ascorbate and 0.5 M HCI extractable Fe con-
tent of the native and irradiated iron oxyhydroxides normalized by their
wet mass. Also shown is the proportion of 0.5 M HCI extractable Fe(II),
as well as the C/Fe molar ratio measured in the dry native and post-
irradiated iron oxyhydroxides (Fig. 2). Post-irradiation, the total Fe
content was found to increase especially for the coprecipitates (Fig. 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 (Fig. 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, Fig. 2).
Conversely, post-irradiation, the 0.5 M HCl extractable Fe fraction from
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Fig. 1. Amount of dissolved Fe(Il), total Fe, and organic carbon (DOC) measured in the filtered (0.22 pm) aqueous supernatants collected following the centrifu-
gation 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.

the Lp coprecipitates significantly decreased by 30-40%, but it did not
exhibit a specific trend (P < 0.05, two tailed t-test, Fig. 2). However,
ascorbate extractable Fe did not significantly differ between the corre-
sponding native and irradiated Lp coprecipitates (P > 0.05, two tailed t-
test, Fig. 2). Interestingly, irradiation of Gt coprecipitated with C/Fe
ratio of 0.5 significantly decreased the 0.5 M HCl and ascorbate
extractable Fe by ~20% (P < 0.05, two tailed t-test, Fig. 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, Fig. 2).
The fraction of Fe(Il) associated with the solid phase (adsorbed/struc-
tural) was expected to increase following irradiation, as was observed in
the supernatants of the coprecipitates (Fig. 2). However, among the iron
oxyhydroxide studied, 0.5 M HCI extractable Fe(II) did not increase
following irradiation nor did it show a specific trend, and this can be
attributed to the possible oxidation of Fe(I) during mixing/weighing of
the iron oxyhydroxides in open atmosphere (Fig. 2).

Irradiation induced changes to the C/Fe content of the coprecipitates
were also investigated (Fig. 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 bicar-
bonate (Gt) during synthesis (Fig. 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 (Fig. 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,
Fig. 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, Fig. 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, Fig. 2).
Finally, irradiation did not significantly affect the C content of the Gt
coprecipitates (P > 0.05, two tailed t-test, Fig. 2).

3.3. Specific surface area and porosity

The N3 adsorption-desorption isotherms for the various studied iron
oxyhydroxides are presented in Figs. S3-S5, whereas Fig. 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
(Figs. 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 N, adsorption compared to their
native controls (Figs. 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. Fig. 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 (Fig. 3). Similarly, the post-irradiated Fh coprecipitated with
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Fig. 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.

C/Fe of 1.0 exhibited a decrease of around 40% in MIV, 40% in MEV,
50% in TPV, and 45% in SSA (Fig. 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 (Figs. 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, Fig. 3).

3.4. Surface charge and particle size

Plots of the {-potential versus pH for the native and post-irradiated
minerals are presented in Figs. S6-S8. Native coprecipitates exhibited
a reduced pHjep, when compared to that of their corresponding pure
mineral phases, in agreement with past studies (Mikutta et al., 2008).
The pHje,, 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
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values at the 95% confidence interval (P < 0.05, two tailed t-test).

determined for their corresponding irradiated counterpart (Figs. S6-S8).
Irradiation of the Fh coprecipitates led to some changes in their surface
charge when compared to that of their native corresponding counter-
parts. Namely, for the Fh coprecipitate with a C/Fe ratio of 0.5, the pHiep,
decreased from ~6.6 to ~3.6 post-irradiation (Fig. 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

(Fig. S6). In contrast, post-irradiation, the surface charge of the Lp and
Gt coprecipitates remained comparable to that of their native counter-
parts (Figs. S7 and S8).

Fig. 4 shows the particle size measurements of the native and post-
irradiated minerals. For the native Fh minerals, the particle size gener-
ally increased with increasing alginate content, although the particle
size of the coprecipitates exhibited significant variability as seen from
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the large error bars indicative of variable particle size distribution
(Fig. 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 (Fig. 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, Fig. 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 (Fig. 4). Post-irradiation, similar changes were
observed for the Lp minerals as in Fh minerals; however, across all of the
Lp coprecipitates analysed, there was a significant decrease in particle
size (P < 0.05, two tailed t-test, Fig. 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
(Fig. 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, Fig. 4).

3.5. Mineralogy

3.5.1. X-ray diffraction

Fig. 5 shows the x-ray diffraction patterns of the different iron oxy-
hydroxide 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-irradi-
ated counterpart were not evident, suggesting that, at the bulk level,
y-irradiation did not affect the mineralogy of the studied minerals
(Fig. 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 spec-
troscopy. The IR spectrum for Na-alginate is presented in Fig. 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 Fig. 6. The complete IR spectra of the studied iron
oxyhydroxides are presented in Figs. 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).

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 (Figs. 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 wave-
numbers (Fig. S10). Specifically, this band shifted from 3205 cm’l,
3206 cm ™}, and 3177 em™! to 3215 ecm ™}, 3216 cm™}, and 3204 cm™!
post-irradiation for Fh coprecipitates with C/Fe ratios of 0.5, 1.0, and
1.5, respectively (Fig. 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 (Fig. 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 (Figs. 3 and 6, and
Fig. S10). Specifically, for Fh with a C/Fe ratio of 0.5, the intensity of the
carboxylate asymmetric stretching band (Vasym(G-O-O), 1590-1592
em™Y) increased by ~16%, the symmetric stretching band (Vsy,(C-0-0),
1406-1408 cm ™) remained unchanged, while the asymmetric stretch-
ing of the glycosidic linkage band (Vasym(C-O-C) ~1024-1030 em™ D)
decreased by ~20% post-irradiation (Fig. 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 (Fig. 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 (Fig. 6). Across all post-irradiated Fh coprecipi-
tates, it was also observed that the band corresponding to the asym-
metric stretching of the carboxylate groups broadened due to the
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Fig. 5. Powder x-ray diffractograms of the native iron oxyhydroxides and their
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axis. Fh, Lp, and Gt correspond to 2-line ferrihydrite, lepidocrocite, and
goethite, respectively.

possible appearance of a shoulder band (Fig. 6).

Irradiation did not influence the mineralogy of pure Lp as the bands
position and intensity were similar to those of the native Lp (Fig. S11).
Similarly, the IR spectra of the post-irradiated Lp coprecipitates also
exhibited most of the characteristic absorption bands of their corre-
sponding native counterparts, suggesting minimal irradiation induced
changes in crystallinity and mineralogy (Fig. S11). Across all post-
irradiated coprecipitates, the intensity of the band centered at ~1022
cm ! corresponding to the in-plane 5(0—H) vibration of the Lp mineral
decreased (Fig. S11). However, this band overlapped the band region
corresponding to the vibrations due to mannuronic and guluronic acid
residues within alginate (Figs. 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 cor-
responding to alginate also decreased in intensity (Fig. S11). For post-
irradiated Lp coprecipitates, specifically those with C/Fe 0.5 or 1.0,
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the position of their vasym(C-0-0) band shifted towards higher wave-
numbers by ~7 and 5 cm_l, respectively (Fig. 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 (Fig. 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 ¥(O—H) did not change, but slightly
shifted by ~6 cm ! towards lower wavenumbers (Fig. 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 (Fig. S11).

Irradiation did not influence the mineralogy of pure Gt as the bands
position and intensity were similar to those of the native Gt (Fig. S12).
Similarly, the intensity, peak positions, and peak separation distance of
the in-plane (8(0—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 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 (Fig. S12).

3.5.3. °’Fe Mossbauer 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 Fig. 7, and the derived Mossbauer param-
eters 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 ferri-
hydrite. 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 tem-
peratures. All post-irradiation spectra collected at 77 K show a broad-
ening of the Fe(Ill) doublet relative to the pre-irradiation spectra
(Fig. 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 oxy-
hydroxides 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 crys-
talline than ferrihydrite (Table 1). The 77 K spectrum of post-irradiated
Fh coprecipitated with C/Fe ratio of 1.5 also exhibited an Fe(II) doublet
with the parameters CS = 1.3 mm/s and QS = 2.7 (4.5% of the total
spectral area) (Table 1).

The results of the spectra collected at 5 K are consistent with those
collected at 77 K (Fig. 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 (Fig. 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
Mossbauer (~2%) and is consistent with past observations of broad-
ening of the Fe(II) doublet upon Fe(II) sorption to iron oxyhydroxides
(Table 1) (Notini et al., 2019).

3.6. Bioavailability
Microbial Fe(III) reduction curves of the native and irradiated iron

oxyhydroxides are presented in Fig. 8, which show the increase of total
Fe(II) and dissolved Fe(II) relative to total Fe throughout the
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Fig. 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.

experimental period (up to 25 days). The rates of Fe(IIl) 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 (Fig. 8). The extent of Fe(III) reduction
was determined from the maximum amount of total Fe(I) 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 Fig. 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 (Fig. S13).

The overall trends in the distribution of Fe(II) throughout the mi-
crobial reduction of the post-irradiated iron oxyhydroxides were similar
to those observed for their corresponding native controls (Fig. 8).
However, a notable exception was found in the case of the post irradi-
ated Fh coprecipitates, in which case a deviation in the extent of Fe
reduction was observed at day 8 and gradually increased until termi-
nation of the experiment (Fig. 8). The post-irradiated Fh coprecipitates
exhibited a 23-28% increase in the amount of Fe reduced compared to
the native Fh coprecipitates (Fig. 9 and Table S6). Additionally, the
extent of Fe(Ill) reduction among the irradiated Fh coprecipitates dis-
played significant variability based on C content (P < 0.05, one-way
ANOVA), peaking at a C/Fe ratio of 1.0 (Fig. 9 and Table S6). Howev-
er, relative to the irradiated Fh with C/Fe 0.5, the difference in the
extent of Fe(III) reduction amounted to only ~5% (Fig. 9 and Table S6).
Concurrently, with the release of biogenic Fe(Il), pH also increased over
the course of the experiment in the biotic systems (Fig. 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 (Fig. S13). Despite
these observations, however, the rate of Fe(Ill) reduction displayed no
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significant difference between the post-irradiated minerals and their
corresponding native counterparts (P > 0.05, two tailed t-test, Fig. 9 and
Table S6). Moreover, the concentrations of dissolved Fe(II) reached a
similar proportion of the total Fe(Il) as those measured for the corre-
sponding native Fhs (Fig. 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 (Figs. 8 and 9). Significant deviations in the extent
of Fe(III) 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% variation, respectively (Fig. 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 coprecipi-
tates was not as substantial (Figs. S14 and S15). Similar to the obser-
vations made for the Fh systems, the rates of Fe(III) reduction for the
native Lp and Gt precipitates paralleled those determined for their
respective irradiated counterparts (Fig. 9 and Table S6). Lastly, among
all the post-irradiated Lps and Gts biotic microcosms, the concentrations
of dissolved Fe(II) reached a comparable proportion of the total Fe(II) as
measured for the corresponding native systems (Fig. 8).

3.6.1. Biogenic solids

X-ray diffractograms of the post-reduction minerals are shown in
Figs. S16-S18. Broad reflections of residual Fh were observed in the
biogenic solids after microbial reduction of native and irradiated Fhs
(Fig. S16). Fe(III) reduction transformed pure native and post-irradiated
Fh into Fh with slightly sharper reflections at 35 and 62°, indicating
higher crystallinity (Fig. S16). However, no crystalline iron (oxyhydr)
oxides such as goethite, lepidocrocite, or magnetite were detected in the
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Fig. 7. Mossbauer 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.

biogenic solids following the microbial reduction of the native and post-
irradiated Fhs (Fig. S16). The addition of 400 pM phosphate led to
vivianite (Fe3(PO4)208H>0) precipitation in the biogenic solids from the
native and post-irradiated pure Fh as well as post-irradiated Fh copre-
cipitates, but not from the native Fh coprecipitates (Fig. S16). Moreover,
SEM and EDS analysis revealed plate-like morphologies rich in P and Fe,
likely vivianite, where XRD confirmed its presence (Figs. S19-522).

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 (Figs. S17 and S18).
SEM and EDS also confirmed the data observations made by XRD
(Figs. S23 and S24). Interestingly, vivianite was absent from the
biogenic solids from the native and irradiated Gt coprecipitated with C/
Fe of 0.5 (Fig. S17).
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4. Discussion
4.1. Effects of Na-alginate

The effects of y-irradiation at a dose of 25 kGy on the physico-
chemical properties and bioavailability were tested on a range of syn-
thetic 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 pre-
cipitation 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
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Fig. 7. (continued).

evaluation of bioavailability by S. putrefaciens CN32. Generally, copre-
cipitation with alginate led to the precipitation of minerals 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 obser-
vations 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., 2019). Furthermore, the synthesized minerals exhibited sim-
ilarities to the properties documented in literature for naturally occur-
ring 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.
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4.2. Impact of y-irradiation: mineralogy

It is well established in the literature that the interaction of high
energy y-radiation with H,O molecules leads to the production of a
variety of primary and secondary radicals, and molecular products ac-
cording to (Wren and Glowa, 2000; Joseph et al., 2008; Sutherland et al.,
2017):

H20 _Y) eaq77 .H7 .OH, Hz(:)z7 .H027 I‘Iz7 .0277and Hg()+ (l)

Past and recent studies have exploited radiolysis products to inves-
tigate 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) 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; Maric et al.,
2019; Maric et al., 2020a; Mari¢ et al., 2020b). Accordingly, the nature
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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).

Sample T Site CS QS H Relative Ve
X (mm/ (mm/ (V] area (%)
s) s)
Fh 77 Fe(IID) 0.43 0.79 100 0.76
5 Ferrihydrite 0.46 —0.01 49.9 55.0 0.68
A
Ferrihydrite 0.44 —-0.01 46.8  45.0
B
vy Fh 77 Fe(III) 0.43 0.77 72.7 1.13
Collapsed 0.38 —-0.05 106 273
sextet
5 Ferrihydrite 0.46 0.0 50.1 48.7 0.79
A
Ferrihydrite 0.43 —0.02 46.9 51.3
B
Fh C/Fe 77 Fe(1II) 0.43 0.81 100 1.24
0.5
5 Ferrihydrite 0.48 0.0 50.2 30.0 0.70
A
Ferrihydrite 0.42 —0.01 47.1 70.0
B
yFh C/ 77 Fe(III) 0.44 0.80 79.9 1.8
Fe
0.5
Collapsed 0.45 —0.05 20.7 20.1
sextet
5 Ferrihydrite 0.46 0 50.0 39.9 0.71
A
Ferrihydrite 0.42 —0.02 46.6  60.1
B
Fh C/Fe 77 Fe(IID) 0.44 0.79 100 1.33
1.0
5 Ferrihydrite 0.48 —-0.02 49.6  57.0 0.76
A
Ferrihydrite 0.42 —0.04 451  43.0
B
yFh C/ 77 Fe(IID) 0.45 0.78 86.4 0.84
Fe
1.0
Collapsed 0.45 0.00 108 13.6
sextet
5 Ferrihydrite 0.47 0.00 49.8 54.0 0.76
A
Ferrihydrite 0.43 —0.04 45.7  46.0
B
Fh C/Fe 77 Fe(1II) 0.43 0.79 100 1.01
1.5
5 Ferrihydrite 0.45 0.00 49.1 54.0 0.68
A
Ferrihydrite 0.43 0.00 45.1  46.0
B
yFh C/ 77 Fe(III) 0.46 0.80 63.4 0.75
Fe
1.5
Fe(II) 1.3 2.7 4.5
Collapsed 0.45 —0.05 5.4 32.1
sextet
5 Fe(II) 1.2 2.25 1.5 1.73
Ferrihydrite 0.47 —0.02 49.3 615
A
Ferrihydrite 0.39 —0.05 44.6 37.0
B

and concentration of the formed products depend on the dose rate, and
conditions of the solution including temperature, pH, dissolved O
concentration, and solutes present in the system (Hochanadel and
Ghormley, 1962; Joseph et al., 2008; Yakabuskie et al., 2011; Suther-
land et al., 2017). Within neutral solutions with dissolved oxygen, initial
reactions are likely driven by a range of oxidizing and reducing radicals
including *OH, e,q, and °H, and as the system rapidly reaches steady
state, the contribution from H-O- becomes more relevant as its con-
centration increases (Wren and Glowa, 2000; Joseph et al., 2008). Thus,
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in our systems, the radiolytic products react with each other, and
available solutes leading to oxidation and reduction reactions as con-
current competitive processes. Upon irradiation of our systems, the re-
action is initiated as rapid reduction of lattice ferric iron to ferrous iron
according to:

Fe(Ill) + e, —>Fe* ) @)

However, the mobility of Fe?* is limited by rapid oxidation in so-
lution and precipitation:

Fe® 4q + OH" —Fe®" ) + OH™ 3

Fe’" +30H sFe(OH)?! 4+ 20H sFe(OH),” + OH sFe(OH), 4

The mobility of Fe?" is also limited by adsorption and subsequent
oxidation by H30», according to:

Fe®' (g =Fe(ll) 4 5)

Fe(II),4 + HyO,—2Fe(1Il),, + 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 minerals Fh,
Lp, and Gt (Fig. 1). Moreover, the lack of changes of pH may indicate an
equal production of protons and hydroxide ions (Fig. S2).

The cycle of concurrent radiolytically-induced reduction/oxidation
reactions was also hypothesized to operate in a manner similar to Ost-
wald 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 Cl from the synthesis procedure, which involved neutralizing
a FeClj 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 ferri-
hydrite, reflecting the findings of Brown et al. (2014). It is worth noting
that the irradiated Fh coprecipitates exhibited similar changes in crys-
tallinity 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 first glance the irradiated Fhs and their native
counterparts exhibit similar reactivity (Figs. 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 for-
mation 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 in-
dicates that the possible formation of a poorly crystalline iron oxide
phase is insignificant at the low dose (25 kGy) applied in this study
(Fig. 2). Conversely, 0.5 M HCI extracted a lower amount of Fe from the
post-irradiated Lp coprecipitates when compared to their native controls
(Fig. 2). The reason for this is unknown, since we should expect the Gt
coprecipitates to exhibit a similar trend (Fig. 2). However, the compa-
rability of PV, SSA, together with ascorbate extractable Fe
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Fig. 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(II) from which the rate of Fe reduction was calculated. Data markers
represent means + standard deviations derived from three experimental replicates of each system.

measurements between the irradiated Lp and Gt coprecipitates and their
native controls indicate minimal irradiation induced changes at their
surface (Figs. 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 degrada-
tion (Al-Assaf et al., 2016). Several studies have proposed the mecha-
nism 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;
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Wasikiewicz et al., 2005; Le Quang and Vo Thi, 2009; Al-Assaf et al.,
2016). The alginate 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; Wasikie-
wicz et al., 2005; Le Quang and Vo Thi, 2009; Al-Assaf et al., 2016).
Indeed, 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 pro-
ceed by reaction with the radiolytically produced HyO,, however we
expect this reaction to play a minor role given that the rate of this
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reaction increases with increasing temperature (Li et al., 2010).
Accompanying the decrease in molecular weight, studies have also re-
ported the concomitant reduction in the viscosity of the alginate solu-
tions, mirroring our observations for the post-irradiated coprecipitates,
particularly for the Fh coprecipitates (Fig. 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 (Fig. 2).

The irradiation of the coprecipitates resulted in elevated levels of
DOG, total dissolved Fe, and Fe(Il) in the supernatants (Fig. 1). Notably,
the absence of dissolved Fe species in the supernatants of post-irradiated
pure iron oxyhydroxide phases, coupled with the apparent strong rela-
tionship between DOC and total dissolved Fe, provides compelling evi-
dence 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 prod-
ucts in solution (Figs. 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 (Figs. $25-S27). Notably, the in-
tensity of the band centered at ~1024-1030 cm™?, presumed to corre-
spond to the Vasym(C-O-C) of the glycosidic linkage, was reduced relative
to the intensity of the Vasym(C-O-0) band centred at 1590-1592 em L.
Additionally, there was broadening and shifting of the vVasym(C-0-O)
band, centred at 1590-1592 cm ™!, by 4-6 cm™! to lower wavenumbers
(Figs. 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
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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, e,q, as in reaction (2). However,
it is apparent that alginate facilitated this reaction given that the con-
centration of dissolved Fe(II) increased with increasing initial concen-
tration of alginate across all coprecipitates (Fig. 1). Structural reduction
of Fe(III) to Fe(Il) 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(IIl) by
maintaining a reducing environment, to some extent, by scavenging the
*OH radical thereby hindering the oxidation of Fe(II) back to Fe(III)
(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 and disperse iron oxide particles in
solution thereby enhancing the contact between solid and liquid phase
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upon irradiation and increasing the probability of contact with the
irradiation generated reducing species (Wang and Xin, 1999; Gotic et al.,
2009; Liu et al., 2009; Jurkin et al., 2011; Jurkin et al., 2016a; Maric¢
et al., 2019; Maric 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(IlI) thereby
providing further protection against oxidation and preventing the pre-
cipitation of new mixed Fe(II)/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 (Fig. 2). Therefore, synthesis of Fh via neutralization of
acidic Fe(IIl) solution led to a higher uptake of alginate as opposed to
synthesis via Fe(II) oxidation and subsequent Fe(III) hydrolysis pathway
for Lp and Gt (Fig. 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 (Fig. 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 (Fig. 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 (Fig. 4). Moreover, for the native Fh with a C/
Fe ratio of 0.5, the particles exhibited a pHje, of ~6.6, which decreased
to <4 as the C/Fe ratio increased to 1.0 and 1.5 (Fig. S6). In contrast, all
of the native Lp and Gt coprecipitates exhibited a pHie, of <4 (Figs. S7
and S8). The different synthesis pathways of the studied minerals also
led to different changes in PV and SSA (Fig. 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 (Fig. 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
(Fig. 3). The observed changes induced by irradiation could be attrib-
uted 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 (Fig. 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 (Figs. 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 (Fig. 1).
This observation could be attributed to the re-adsorption of the nega-
tively charged alginate products to the surface of the Fh particles as
evidenced by the decrease of pHje), for this mineral (Fig. S6). Adsorption
proceeds at the surface of Fh thereby blocking the pores and in turn
reducing the SSA as was determined for this mineral (Fig. 3). This re-
action 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 Np-adsorption as a consequence of the already
blocked pores by alginate (Fig. 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 adsorption of Fe(IIl) (Fig. S6). Modifications to the surface of the
post-irradiated Fh coprecipitates could be also reflected by the observed
changes to the FTIR-ATR spectra (Fig. 6). Notably, broadening of the
bands corresponding to the carboxylate functional groups indicative of
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changes in the local environment around these groups as was observed
for the supernatants post-irradiation (Fig. 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
(Fig. 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 (Fig. 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 (Fig. S11). The
apparent difference in the extent of irradiation induced changes be-
tween 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
HCI and ascorbate chemical extractions (Fig. 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 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, mi-
crobial 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 (Figs. 8 and 9,
Table S6). It is very well established in the literature that the rate and
extent of Fe(III) reduction by Fe(Ill) reducing bacteria (FeRB) is dictated
by several factors, including: cell concentration (O’Loughlin et al.,
2010), SSA (Roden and Zachara, 1996; Roden, 2003), particle aggre-
gation (Roden and Zachara, 1996; Roden, 2003; Cutting et al., 2009),
crystallinity and morphology (Cutting et al., 2009), solubility (Bonne-
ville et al., 2004; Bonneville et al., 2009), Fe(II) 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 associ-
ation between the mineral and OM (i.e. adsorption vs. coprecipitation)
(Eusterhues et al., 2014; Kleber et al., 2015), type of OM (Poggenburg
et al., 2016), C/Fe molar ratio (Shimizu et al., 2013; Eusterhues et al.,
2014; 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 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 po-
tential bioavailability of iron oxyhydroxides, with an increase in SSA
generally favouring microbial Fe(Ill) reduction, and conversely, a
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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 (Fig. 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(Ill) reduction for those minerals were comparable, while the
extent of Fe(IIl) reduction was noticeably higher for the irradiated Fh
coprecipitates compared to their native controls (Figs. 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 etal., 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., 2009c; Langley et al., 2009d; Pog-
genburg et al.,, 2016), and suggest that other factors control the
bioavailability of the studied minerals.

An increased rate of Fe(Ill) 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(III) reduc-
tion 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 following irradiation, the rate and extent of reduction for
the irradiated Fh were found to be comparable to that of the native
control (Figs. 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 (Fig. 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 (Figs. 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
(III) 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
(Fig. 4). When the coprecipitates were suspended in the chemically
defined medium, we observed variations in the stability of the aggre-
gates (Fig. S28). Specifically, the native Fh coprecipitates appeared to
form large aggregates that settled quickly at the bottom of the micro-
cosm 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 (Fig. S28), and
measurements of particle size further corroborated our findings (Fig. 4).
This observation might elucidate the difference in the extent of reduc-
tion for the post-irradiated ferrihydrite coprecipitates compared to their
native controls (Figs. 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(IIl) reduction (Figs. 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.

18

Chemical Geology 662 (2024) 122235

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 (Fig. 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(IlI) reduction of the Lp coprecipitates
(Fig. 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 (Fig. 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(Il) 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, particularly Fh and Lp, against Fe(Il)-catalyzed transformation
into minerals that are less susceptible to microbial Fe(III) reduction,
such as magnetite or goethite (Fredrickson et al., 1998; Zachara et al.,
2002; Kleber et al., 2015). However, alginate and alginate oligosac-
charides 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(Il) in relation to total Fe(II) between a
native and its corresponding post-irradiated coprecipitate, which also
matches that of a corresponding pure phase (Fig. 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(Il) con-
centration 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(II) 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 (Fig. 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 viv-
ianite to reach saturation and precipitate.

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(II),
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 depen-
dent on the C/Fe ratio (Shimizu et al., 2013; Chen et al., 2015; Adhikari
etal., 2017). At a high C/Fe ratio of 4.3, Shimizu et al. (2013) postulated
that the aggregation of Fh-OM-coprecipitates created microenviron-
ments that limited the diffusion of Fe(Il) 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



T. Najem et al.

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 to-
wards 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 im-
plications 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 physi-
cochemical properties of iron oxyhydroxides with variable thermody-
namic 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, accu-
rately 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 poly-
saccharide 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 impor-
tant 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 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(III). 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 iden-
tifying y-sterilization as a minimally invasive technique. Therefore,
future researchers must be cognizant of the potential effects of sterili-
zation through y-irradiation on Fe-OM-coprecipitates.
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